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Abstract (248 252 words)

The echinocandin caspofungin inhibits the catalytic subunit Gscl of the enzymatic complex
synthetizing 1,3-B glucan, an essential compound of the fungal wall. Studies in rodents showed
that caspofungin is effective against Pneumocystis asci. However, its efficacy against asci of
Pneumocystis jirovecii, the species infecting exclusively humans, remains controversial. The aim
of this study was to assess the sensitivity to caspofungin of the P. jirovecii Gscl subunit, as well
as of those of Pneumocystis carinii and Pneumocystis murina infecting respectively rats and mice.
In absence of an established in vitro culture method for Pneumocystis species, we used functional
complementation of the Saccharomyces cerevisiae gsc1 deletant. In the fungal pathogen Candida
albicans, mutations leading to amino acid substitutions in Gscl confer resistance to caspofungin.
We introduced the corresponding mutations into the Pneumocystis gscl genes using site-
directed mutagenesis. In spot dilution tests, the sensitivity to caspofungin of the complemented
strains decreased with the number of mutations introduced, suggesting that the wild-type
enzymes are sensitive. The minimum inhibitory concentrations of caspofungin determined by E-
test® and Yeastone® for strains complemented with Pneumocystis enzymes (respectively 0.125
and 0.12 microg/ml) were identical to those upon complementation with the enzyme of C.
albicans for which caspofungin presents low MICs. However, they were lower than the MICs upon
complementation with the enzyme of the resistant species Candida parapsilosis (0.19 and 0.25).
Sensitivity levels of Gscl enzymes of the three Pneumocystis species were similar. Our results

suggest that P. jirovecii is sensitive to caspofungin during infections, as P. carinii and P. murina.

Keywords: echinocandins, drug sensitivity, drug resistance, heterologous functional

complementation.
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INTRODUCTION

The Pneumocystis genus comprises fungal species that colonize the lungs of mammals (1-4). Each
of them displays strict host specificity for a single mammalian species. The species infecting
humans is Pneumocystis jirovecii, an opportunistic pathogen that can cause fatal pneumonia
[Pneumocystis pneumonia (PCP)] if not treated. The most effective drug against P. jirovecii is
currently cotrimoxazole, a combination of sulfamethoxazole and trimethoprim, two inhibitors of
enzymes that are involved in the folic acid biosynthesis pathway. However, potential resistance
is emerging due to the selection of strains carrying specific mutations in the active site of the
targets of both molecules (5-9). Moreover, cotrimoxazole can cause important side effects in
some patients, such as intolerance and toxicity. For these reasons, it is crucial to find new drugs

to treat PCP.

Echinocandins constitute an alternative class of antifungal drugs to consider for the
treatment of PCP. This class includes caspofungin (CAS), anidulafungin, and micafungin. They are
cyclic hexapeptides with fatty acyl side chains and act as non-competitive inhibitors of the
catalytic subunit Gscl of the 1,3-B glucan synthase enzymatic complex (10). The decrease of the
B-glucan synthesis results in the loss of cell integrity and rigidity that can lead to cell lysis. B-
glucan molecules are components of the cell wall that are homopolymers of B-1,3 linked
D- glucose with B-1,6 linked D-glucose side chains present in minority. The Gscl protein of
Pneumocystis carinii, the species infecting rats, was first reported to be inhibited by the
compound L-733,560, a molecule structurally close to echinocandins (11), but never used

clinically. More recently, Cushion et al. (12) reported the efficacy of the echinocandins
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(caspofungin, micafungin, and anidulafungin) in reducing cysts number within the lungs of the
host. Recently, we identified and functionally ascertained the function of the Gscl subunit of
P. jirovecii using complementation of the orthologous gene of Saccharomyces cerevisiae (13). The
presence of a unique gscl gene in the genome of P. jirovecii, as in that of P. carinii, further

suggests that the Gscl subunit is a potential interesting drug target to fight PCP.

In S. cerevisiae, the 1,3-B glucan synthase catalytic subunit is encoded by two different
genes, GSC1 and GSC2. A third paralog, GSC3, is also present but it is involved only during
sporulation. The two subunits GSC1 and GSC2 are functionally redundant, but their expression is
differentially regulated. The expression of GSC1 is constitutive and responsible for the cell wall
synthesis during the vegetative growth, while that of GSC2 is induced by glucose deprivation or
pheromones and is also involved in cell wall synthesis during sporulation. GSC1 and GSC2 genes
have an essential overlapping function, i.e., only disruption of both genes is lethal. Importantly,
the GSC2 gene can replace the function of the GSC1 gene during vegetative growth in the case of
loss by mutation or deletion (14). The S. cerevisiae strain with a deletion of the GSC1 gene shows
a reduced and impaired growth in presence of CAS (15) or anidulafungin (16), but not of
micafungin (16). On the other hand, the S. cerevisiae wild type shows a normal growth in
presence of low doses of CAS and anidulafungin, but its growth is severely impaired in presence
of micafungin. These observations showed that the S. cerevisiae Gscl and Gsc2 subunits have
different sensitivities to each echinocandin despite that their identity at the amino acids
sequence level is as high as 87% over the whole protein, with 81 and 94% identity at the level of
the 1,3-B glucan synthase domains 1 and 2, respectively (Table 1). To our knowledge, the

polymorphisms responsible for these different sensitivity have not been determined so far.
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Spontaneous mutants resistant to echinocandins were initially isolated in S. cerevisiae and
Candida albicans (17-19). Rare clinical isolates of C. albicans were also found to be resistant (20,
21). A specific substitution of a serine in position 645 to a proline (S645P) was identified in all
spontaneous and most clinical resistant C. albicans isolates (21). It is localized within a highly
conserved region of the Gscl protein in which other mutations conferring resistance to CAS were
also identified in C. albicans (21). This “Hot Spot no. 1” of mutations starts at residue 641 and
ends at residue 649 of C. albicans Gscl. A second but less relevant hotspot of mutations
conferring resistance has been identified in another region of the enzyme, from residue 1357 to
residue 1364. The S645P substitution has been most frequently observed, a phenylalanine to
serine substitution in position 641 (F641S) being the second most frequent substitution (22).The
mutation corresponding to the C. albicans S645P substitution introduced by site-directed
mutagenesis was found to confer reduced susceptibility to CAS in vitro to the mould Aspergillus

fumigatus (23, 24).

Although demonstrated to reduce efficiently the asci during P. carinii and P. murina
infections (10, 12, 25-28), the efficacy of CAS against P. jirovecii remains controversial. Indeed,
clinical reports documented the clearance of PCP treated with CAS alone (29-31), or used in
combination with cotrimoxazole (32-36) or clindamycin (37). However, failures of CAS treatment
were also described (38, 39). Despite the generally high conservation of active sites among
orthologous enzymes, one cannot exclude that the sensitivity to CAS may vary among P. jirovecii
and the two Pneumocystis species infecting rodents because these species are relatively distant
from each other (20% of mean divergence at nucleotide level in genomic coding sequences, 40).

The P. jirovecii Gscl subunit bears 90 and 91% identity with those of P. carinii and P. murina,
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respectively (Table 1). At the level of the 1,3-B glucan synthase domains 1 and 2, i.e., the active
sites, the identities are from 94 to 97%. These values are comparable to those between the Gscl
and Gsc2 subunits of S. cerevisiae (see above), which present drastically different sensitivities to

the different echinocandins.

The aim of the present study was to determine if the Gsc1 subunit of P. jirovecii is sensitive
to the echinocandin CAS, as those of P. carinii and P. murina. To investigate the issue, we analysed
the level of sensitivity of S. cerevisiae strains functionally complemented by the expression of the

wild-type or mutated enzymes of the three Pneumocystis species.
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MATERIALS AND METHODS

Strains and growth conditions. Y05251 is a S. cerevisiae haploid strain in which the 1,3-B glucan
synthase catalytic subunit gene GSC1 (also called FKS1) was deleted (MATa his3A0 leu2A0
met15A0 ura3A0 YLR342w::kanMX4). It was obtained from Euroscarf (European S. cerevisiae
Archive for Functional Analysis [http://www.euroscarf.de]). The strain, named the gsc1 deletant
hereafter, exhibits an impaired growth in the presence of low doses of CAS (14). The parental
strain of the gscl deletant is BY4741 (MATa his3A1 leu2A0 met15A0 uraA0), and was also
obtained from Euroscarf (hereafter named wild-type, WT). The latter was used as a control in the
sensitivity tests and in MIC assays. Strains were grown on complete yeast extract-peptone-
dextrose (YEPD) medium (1% wt/vol Difco yeast extract, 2% Dlfco peptone, 2% glucose).

Single colonies of Candida albicans (ATCC 10231) and Candida parapsilosis (sensu stricto,
i.e., group | of the C. parapsilosis complex; ATCC 22019) were streaked on Sabouraud medium
(0.5% wt/vol casein peptone, 0.5% meat extract peptone, 2% glucose), and then grown on
minimal solid yeast nitrogen base (YNB) medium (0.67% wt/vol yeast nitrogen base, 2% glucose,
2% Gibco agar) supplemented with a complete supplement mixture (CSM, MP Biomedicals). C.
albicans and C. parapsilosis were chosen because CAS presents respectively low and high MICs

for them.

Cloning of the fungal gsc1 genes. To identify the P. murina gsc1 gene, the P. carinii Gscl protein
(ID Q9HEZ4) was used as query sequence in BLASTp search against P. murina proteome at
http://blast.ncbi.nIm.nih.gov/Blast.cgi. A single putative ortholog was detected (locus tag

PNEG_03180). The P. murina gene sequence encoding the Gscl protein was then retrieved from
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the European Nucleotide Archive (http://www.ebi.ac.uk/ena). The cloning of the P. jirovecii and
S. cerevisiae gscl genes was previously described (13). Since the P. carinii and P. murina gscl
genes include each three introns, their cDNAs were synthesized and cloned into the p416GPD
vector (41) by GeneCust Europe (Ellange Luxemburg). Their size without introns is respectively
5835 bps and 5847 bps.

To perform a control of sensitivity of our heterologous expression model, the GSC1 genes
of C. albicans (GenBank D88815) and C. parapsilosis (EU221325) were amplified by PCR from
yeast genomic DNA extracted as described previously (42). The detailed procedures of PCR
amplification using the proofreading high-fidelity Expand polymerase (Roche Diagnostics) and
cloning were described previously (43). Their sizes are respectively 5694 and 5730 pbs. PCR
primers and conditions are listed in Tables S1 and S2. Because these primers were intended for
oriented cloning, they were designed to create unique restriction sites at ends of the PCR
products. After the PCR reactions, the products were extracted using the QlAquick gel extraction
kit (Qiagen, Basel, Switzerland). For cloning each Candida GSC1 gene into the p416GPD

expression vector, the double restriction described in Table S1 were used.

Site-directed mutagenesis. The Gscl protein sequences of C. albicans (UniProt ID 013428), S.
cerevisiae (P38631), P. jirovecii (LOPD34, locus tag PNEJI1_001061), P. carinii (Q9HEZ4), P. murina
(M7P3D9, locus tag PNEG_03180), and C. parapsilosis (A9YLC3) were aligned using T-Coffee (44).
This alignment allowed determining the positions within the Pneumocystis genes corresponding
to the mutations F641S and S645P conferring resistance to CAS in C. albicans (Fig. 2; alignment

of the complete proteins is shown in Fig. S1). To perform site-directed mutagenesis, two different
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kits were used. The QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies) was
used to create the mutation in the P. jirovecii gsc1 gene leading to the substitution of the serine
at position 718 of the Gscl protein into a proline (S718P). The Q5 Site-Directed Mutagenesis Kit
(BioLabs) was used to introduce the F7145/S718P double substitution in P. jirovecii, the S715P
substitution in P. carinii, and the S719P substitution in P. murina. Mutagenesis were performed
according to manufacturers’ instructions. Minipreparations of plasmid DNA were subsequently
carried out (45). In order to verify the presence of the desired mutations, an internal segment of
the gsc1 genes was amplified and subsequently sequenced. Primers for mutagenic reactions and
PCR amplifications are listed in Table S1. Mutagenesis amplification reactions and PCR conditions
are described in Table S2. Sequencing of both strands was performed using to the two primers
used for amplification, as well as the BigDye Terminator DNA sequencing kit and ABI PRISM 3100

automated sequencer (both from PerkinElmer Biosystems).

Transformation of the S. cerevisiae gsc1 deletant. Transformation with plasmids containing the
P. jirovecii gsc1 or the S. cerevisiae GSC1 gene were previously described (13). The S. cerevisiae
GSC1 gene could not be cloned in the p416GPD plasmid because of restriction sites issues, but
into p415GPD (leu marker instead of ura). The recombinant p416GPD plasmids containing the
Pneumocystis mutated gsc1 alleles, as well as the C. albicans or C. parapsilosis GSC1 gene were
introduced into the gscl deletant by transformation for uracil prototrophy using the one-step
method (46). Transformants were selected on solid YNB medium supplemented with CSM (MP
Biomedicals) lacking uracil. In order to be used as controls in the sensitivity tests and in the MIC

assays, the gsc1 deletant and the WT were transformed with the empty p416GPD plasmid. Three
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transformants clones of each constructed strain were randomly chosen and purified by growth

on the same selective medium.

Test of complementation and susceptibility to caspofungin. Before studying the sensitivity to
echinocandins, we had to assess the function of the P. carinii and the P. murina gscl genes, as
we previously carried out for the P. jirovecii gsc1 gene (13). Functional complementation of the
gscl deletant was proven by the spot dilution test on YNB selective medium lacking uracil and
supplemented with or without 150 ng/ml CAS (Fluka, Chemie AG). CAS appeared sensitive to
temperature variation in our hands. Consequently, the medium was cooled down to 54°C before
adding CAS. In addition, Petri dishes containing CAS were stored at room temperature, but not
at 4°C. The concentration of CAS used in our experiments was selected after several trials. To that
aim, transformant isolates carrying the P. carinii gsc1 or P. murina gscl gene were grown
overnight in selective medium YNB supplemented with CSM lacking uracil to avoid the loss of the
plasmid. Cells were then diluted at an optical density (OD) at 540 nm of 0.1 in NaCl 0.9% wt/vol
(ca. 7.5 x 10° cells/ml). Four serial 10-fold dilutions in NaCl 0.9% were prepared, and 3 pl of each
dilution were spotted on the medium. Spots were observed after 3 to 4 days of incubation at
30°C. The same procedure assessed the functionality and sensitivity to CAS of the strains
complemented with the mutated gsc1 alleles. The sensitivity to micafungin could not be studied
because the gscl1 deletant had no phenotype to complement on this drug, i.e., the Gsc2 subunit
is resistant. Anidulafungin could also not be studied because, for underdetermined reasons, the

results were not reproducible in our hands.
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MIC assessment using E-test®. Assays were performed according to manufacturer’s instructions.
Each strain was grown overnight in selective medium YNB + CSM lacking uracil, or leucine for S.
cerevisiae GSC1 gene, and then adjusted in NaCl 0.9 % to an OD540=0.2 (~1.5 x 106 cells/ml). One
hundred microliters of this dilution was spread on fresh YNB solid medium + CSM lacking uracil
or leucine. A single strip of E-test caspofungin (Biomérieux) was then applied on each petri dish.
MICs were read after 2 days of incubation at 30°C, or 35°C for the Candida species. The MIC was

defined as the concentration at which no growth was observed on both sides of the E-test strip.

MIC assessment using Sensititre YeastOne®. Assays were performed according to
manufacturer’s instructions, except that the incubation time was increased from 24 to 48 h for
all S. cerevisiae strains because of their low growth rate. Each strain was grown overnight in
selective medium YNB, then adjusted in NaCl 0.9 % to an OD540=0.2 (ca. 1.5 x 10° cells/ml).
Twenty microliters of this dilution were then diluted into 11 ml of YeastOne® inoculum broth in
order to obtain ca. 3 x 103 cells/ml. One hundred microliters was then transferred into each well
of a YeastOne® plate (Thermofisher Scientific). Plates were observed and MICs determined after
24 or 48 h of incubation at 30°C, or 35°C for the Candida species. MIC was defined as the first

well in which no pellet of cells was observable.



218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

12

RESULTS

Functional ascertainment of the P. carinii and P. murina gsc1 genes by complementation of the
S. cerevisiae gscl deletant. We identified a single Gscl protein within the P. murina proteome
by a homology search using the Gsc1 protein of P. carinii as the query sequence. To ascertain the
function of the P. carinii and P. murina gsc1 genes, recombinant plasmids expressing them were
introduced into the S. cerevisiae gscl deletant. The identities of the Gscl proteins studied
relatively to that of S. cerevisiae are given in Table S3. Serial dilution of the transformed strains
were spotted on medium containing or not CAS (spot dilution test, Fig. 1). The deletion of the
GSC1 gene in S. cerevisiae causes a paradoxical effect, i.e., an increased susceptibility to CAS,
though the target of CAS is absent (15). This is due to the replacement of Gsc1 by Gsc2, an enzyme
that is more sensitive to CAS (14). On the other hand, this replacement allows the growth of the
deletant strain on medium without CAS. On medium supplemented with CAS, a complete
restoration of the wild-type growth was observed in presence of the control S. cerevisiae GSC1
gene, but not in the presence of the empty vector (S. cerevisiae gsc1 deletant + empty plasmid,
Fig. 1). A partial restoration was observed in the presence of the P. carinii or P. murina gene, as
we previously reported for P. jirovecii and reproduced here (Fig. 1). These observations
demonstrated that the expression of P. carinii and P. murina gsc1 genes rescued the function of
the deleted S. cerevisiae GSC1 gene, ascertaining their function. In order to investigate the
sensitivity to CAS of the three Pneumocystis enzymes, we used site-directed mutagenesis to

introduce mutations that correspond to those conferring resistance in other fungi.
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Sensitivity to CAS of the S. cerevisiae strains complemented with the Pneumocystis Gscl
mutated proteins. Mutants resistant to echinocandins carrying mutations F641S and S645P
within the hotspot no. 1 of Gscl have been described in the pathogenic fungus C. albicans (17-
21). The sequences of this hotspot of mutations of the P. jirovecii, P. carinii, and P. murina Gscl
protein were aligned with those of C. albicans, S. cerevisiae, and C. parapsilosis (Fig. 2; alignment
of the complete proteins is shown in Fig. S1). This alignment identified the positions in the three
Pneumocystis gscl genes corresponding to the C. albicans F641S and S645P substitutions. Site-
directed mutagenesis was used to introduce one or two mutations encoding the corresponding
substitutions within the gsc1 gene of P. jirovecii, P. carinii, or P. murina (the polymorphisms

introduced at the nucleotide sequence level are described in Table S1).

The partial restoration of the wild-type growth on CAS observed with the P. jirovecii Gscl
enzyme increased in presence of one mutation (S718P compared to wild-type, Fig. 1), and
increased more upon introduction of the two mutations simultaneously (S718P + F714S
compared to S718P and wild-type). Similarly, the partial restoration with the P. carinii or P.
murina enzyme increased in presence of a single mutation (S715P and S719P compared to their
respective wild-type). This increase of complementation efficiency corresponds to a decrease of
sensitivity to CAS. This demonstrated that the three wild-type Pneumocystis enzymes present a

certain level of sensitivity to CAS.

Minimum inhibitory concentration (MIC) assessment using E-test® and Sensititre YeastOne®.

We determined the MICs of CAS for the S. cerevisiae WT and complemented gscl deletant
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strains. To assess the sensitivity of the two methods, we also analysed C. albicans and
C. parapsilosis, as well as the S. cerevisiae gsc1 deletant complemented with the GSC1 gene of
these two Candida species. CAS presents low MICs for the former Candida species, whereas it
presents high MICs for the latter (47, 48). The natural high MICs for C. parapsilosis are due to a
polymorphism at the end of the hotspot no. 1 that has not been observed in C. albicans so far
(49; proline to serine in position 660, Fig. 2). According to Espinel-Ingroff et al (47) and Canton et
al (48), the MICs of CAS for C. parapsilosis that we obtained were below the epidemiological
cutoff values for both E-test and YeastOne methods (0.5 versus 4 and 0.5 versus 2 pg/ml,
respectively). The MICs for C. albicans we obtained were also below the epidemiological cutoff
values of wild-type isolates (0.38 versus 0.5 and 0.12 versus 0.25 pg/ml, respectively). In
agreement with the spot dilution tests described here above, we observed using both E-test®
and YeastOne® a decreased MIC for the S. cerevisiae gscl deletant compared to the WT
(respectively 0.125 and 0.12 versus 0.250 and 0.25 pg/ml; Table 2; the E-test results are shown
in Fig. S3). All S. cerevisiae strains complemented with the Pneumocystis wild-type or mutated
genes had MICs identical to those of the gsc1 deletant (0.125 for E-test and 0.12 for Yeastone).
The increase of MIC of CAS conferred by the mutations introduced was not detected using E-test
or YeastOne. Thus, these methods are less sensitive than the spot dilution test used above since
the latter always allowed detection of this decrease in several experiments. The MIC values for
C. albicans whole cells using E-test® and YeastOne® were similar to those for the S. cerevisiae WT
strain (0.380 and 0.12 versus 0.250 and 0.25), whereas, consistently with its reported high MICs,
C. parapsilosis had higher MICs also in our hands using both methods (0.500 and 0.50). The

increased MICs for C. parapsilosis was also detected using both methods upon heterologous
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expression of its Gscl subunit in S. cerevisiae (respectively 0.190 and 0.25 versus 0.125 and 0.12
for C. albicans Gsc1), despite that MICs were systematically lower using heterologous expression
than whole cells. Using the heterologous expression system, the wild-type Pneumocystis Gscl
subunits had identical MICs than the C. albicans Gscl (0.125 and 0.12), whereas C. parapsilosis
Gscl presented higher MICs (0.190 and 0.25). These observations suggested that the sensitivity
level to CAS of the three Pneumocystis enzymes is similar to that of C. albicans, which presents

low MICs of CAS.

DISCUSSION

Because of the absence of an in vitro culture method, sensitivity to CAS cannot be performed
directly on whole Pneumocystis cells. A study reported the effects of echinocandins against P.
murina and P. carinii using suspension and biofilm culture methods (50). Unfortunately, these
methods are not established for P. jirovecii. Consequently, we studied the Gsc1 enzymes of three
Pneumocystis species in the heterologous system of expression of S. cerevisiae. We used site-
directed mutagenesis to introduce into the Pneumocystis enzymes the substitutions
corresponding to those conferring resistance to CAS in C. albicans. This revealed that, despite the
divergence among their active sites, the three Pneumocystis Gscl enzymes present low MICs of
CAS, and this to a similar level. Because CAS has been demonstrated to be effective in reducing
P. carinii and P. murina asci during infections (12, 27), this observation suggested that CAS could
also be effective against P. jirovecii. Moreover, MICs determination showed that the level of

sensitivity of Pneumocystis Gscl was similar to that of the C. albicans enzyme, suggesting that
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the sensitivity of the Pneumocystis enzymes is at a level that is usable clinically. It is of course
difficult to translate our results obtained at the enzyme level to the whole cell level. Nevertheless,
Gscl is a cell surface enzyme that is easily reachable by drugs, and thus more likely to behave
similarly among the three Pneumocystis species. A structural difference of the cell wall could
induce varying sensitivity to CAS of the Gscl subunit among the three Pneumocystis species.
However, there is presently no obvious reasons to think that the wall of P. jirovecii is different
from those of P. carinii and P. murina. The efficacy of echinocandins, and specifically of CAS, to
treat P. jirovecii infections remain controversial, and accordingly the American drug and
European medical agencies do not advise their use for that purpose. Our results bring new
arguments in favor of the use of this class of antifungals for the treatment of PCP, suggesting the
need to implement clinical trials in humans. Finally, our results support the high relevance of the

animal models as tools to understand the effect of CAS on the human pathogen P. jirovecii.

Studies in animal models showed that echinocandins provoke the disappearance of P.
carinii and P. murina asci but not of the trophic forms, probably because the latter cells have no
or little cell wall made of 1,3-B glucan (12). Thus, the treatment did not eradicate the infection,
and its cessation resulted in the repopulation in asci from the remaining trophic cells.
Consequently, it is likely that CAS is useful only if used in combination with another therapy
targeting trophic forms, or both cellular forms such as cotrimoxazole. CAS inhibited efficiently
the dissemination of the pathogen in animal models (12), which is consistent with the fact that

asci are believed to be the transmission particles (12, 50).

In conclusion, our results demonstrate that the human pathogen P. jirovecii Gscl enzyme

is sensitive to caspofungin, similarly to the enzymes of the animal pathogens P. carinii and P.
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325  murina. This suggests that echinocandins might be a good alternative to treat PCP in humans
326  when used in combination with an established treatment. The use of echinocandins to fight

327  Pneumocystis infections deserves further investigation.



328

329

330

331

332

333

18

ACKNOWLEDGMENTS

This work was supported by Swiss National Science Foundation grant 310030_165825. The
present work was submitted by A. Luraschi as a partial fulfilment for a PhD degree at the
Faculty of Biology and Medicine of the University of Lausanne. We thank Michel Monod for his

critical reading of the manuscript.



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

19

REFERENCES

1. Thomas CF, Jr, Limper AH. 2004. Pneumocystis pneumonia. N Engl ] Med 350:2487-2498.

2. Thomas CF, Jr, Limper AH. 2007. Current insights into the biology and pathogenesis of
Pneumocystis pneumonia. Nat Rev Microbiol 5:298-308.

3. Gigliotti F, Limper AH, Wright T. 2014. Pneumocystis. Cold Spring Harb Perspect Med
4:2019828.

4. Kovacs JA, Gill VJ, Meshnick S, Masur H. 2001. New insights into transmission, diagnosis,
and drug treatment of Pneumocystis carinii pneumonia. JAMA 286:2450-2460.

5. Lane BR, Ast JC, Hossler PA, Mindell DP, Bartlett MS, Smith JW, Meshnick SR. 1997.
Dihydropteroate synthase polymorphisms in Pneumocystis carinii. J Infect Dis 175:482—-485.

6. Mal, Borio L, Masur H, Kovacs JA. 1999. Pneumocystis carinii dihydropteroate synthase
but not dihydrofolate reductase gene mutations correlate with prior trimethoprim-
sulfamethoxazole or dapsone use. J Infect Dis 180:1969-1978.

7. Nahimana A, Rabodonirina M, Zanetti G, Meneau |, Francioli P, Bille J, Hauser PM. 2003.
Association between a specific Pneumocystis jiroveci dihydropteroate synthase mutation
and failure of pyrimethamine/sulfadoxine prophylaxis in human immunodeficiency virus—
positive and—negative patients. J Infect Dis 188:1017-1023.

8. Nahimana A, Rabodonirina M, Bille J, Francioli P, Hauser PM. 2004. Mutations of
Pneumocystis jirovecii dihydrofolate reductase associated with failure of prophylaxis. Anti

Ag Chem 48:4301-4305.



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

10.

11.

12.

13

14.

15

20

Queener SF, Cody V, Pace J, Torkelson P, Gangjee A. 2013. Trimethoprim resistance of
dihydrofolate reductase variants from clinical isolates of Pneumocystis jirovecii. Anti Ag
Chem 57:4990-4998.

Schmatz DM, Romancheck MA, Pittarelli LA, Schwartz RE, Fromtling RA, Nollstadt KH,
Vanmiddlesworth FL, Wilson KE, Turner MJ. 1990. Treatment of Pneumocystis carinii
pneumonia with 1, 3-beta-glucan synthesis inhibitors. Proc Natl Acad Sci U S A 87:5950—
5954,

Kottom TJ, Limper AH. 2000. Cell wall assembly by Pneumocystis carinii evidence for a
unique Gsc-1 subunit mediating 3-1, 3-glucan deposition. J Biol Chem 275:40628-40634.
Cushion MT, Linke MJ, Ashbaugh A, Sesterhenn T, Collins MS, Lynch K, Brubaker R,
Walzer PD. 2010. Echinocandin treatment of Pneumocystis pneumonia in rodent models
depletes cysts leaving trophic burdens that cannot transmit the infection. PLoS One

5:e8524.

. Luraschi A, Cissé OH, Pagni M, Hauser PM. 2017. Identification and functional

ascertainment of the Pneumocystis jirovecii potential drug targets Gscl and Kre6 involved
in glucan synthesis. J Euk Microbiol 64:481-490.

Mazur P, Morin N, Baginsky W, El-Sherbeini M, Clemas JA, Nielsen JB, Foor F. 1995.
Differential expression and function of two homologous subunits of yeast 1, 3-beta-D-

glucan synthase. Mol Cel Biol 15:5671-5681.

. Markovich S, Yekutiel A, Shalit I, Shadkchan Y, Osherov N. 2004. Genomic approach to

identification of mutations affecting caspofungin susceptibility in Saccharomyces cerevisiae.

Anti Ag Chem 48:3871-3876.



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

16.

17.

18.

19.

20.

21.

21

Johnson ME, Katiyar SK, Edlind TD. 2011. New Fks hot spot for acquired echinocandin
resistance in Saccharomyces cerevisiae and its contribution to intrinsic resistance of
Scedosporium species. Anti Ag Chem 55:3774-3781.

Douglas CM, Marrinan JA, Li W, Kurtz MB. 1994. A Saccharomyces cerevisiae mutant with
echinocandin-resistant 1, 3-beta-D-glucan synthase. J Bacteriol 176:5686-5696.

Kurtz MB, Abruzzo G, Flattery A, Bartizal K, Marrinan JA, Li W, Milligan J, Nollstadt K,
Douglas CM. 1996. Characterization of echinocandin-resistant mutants of Candida
albicans: genetic, biochemical, and virulence studies. Infect Imm 64:3244-3251.
Douglas CM, D'lppolito JA, Shei GJ, Meinz M, Onishi J, Marrinan JA, Li W, Abruzzo GK,
Flattery A, Bartizal K, Mitchell A, Kurtz MB. 1997. Identification of the FKS1 gene of
Candida albicans as the essential target of 1,3-beta-D-glucan synthase inhibitors. Anti Ag
Chem 41:2471-2479.

Mio T, Adachi-Shimizu M, Tachibana Y, Tabuchi H, Inoue SB, Yabe T, Yamada-Okabe T,
Arisawa M, Watanabe T, Yamada-Okabe H. 1997. Cloning of the Candida albicans
homolog of Saccharomyces cerevisiae GSC1/FKS1 and its involvement in beta-1,3-glucan
synthesis. J Bacteriol 179:4096—-4105.

Park S, Kelly R, Kahn JN, Robles J, Hsu MJ, Register E, Li W, Vyas V, Fan H, Abruzzo G,
Flattery A. 2005. Specific substitutions in the echinocandin target Fks1p account for
reduced susceptibility of rare laboratory and clinical Candida sp. isolates. Anti Ag Chem

49:3264-3273.



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

22.

23.

24,

25.

26.

27.

28.

22

Balashov SV, Park S, Perlin DS. 2006. Assessing resistance to the echinocandin antifungal
drug caspofungin in Candida albicans by profiling mutations in FKS1. Anti Ag Chem
50:2058-2063.

Gardiner RE, Souteropoulos P, Park S, Perlin DS. 2005. Characterization of Aspergillus
fumigatus mutants with reduced susceptibility to caspofungin. Med Mycol 43:299-305.
Rocha EM, Garcia-Effron G, Park S, Perlin DS. 2007. A Ser678Pro substitution in Fks1p
confers resistance to echinocandin drugs in Aspergillus fumigatus. Anti Ag Chem 51:4174—
4176.

Powles MA1, Liberator P, Anderson J, Karkhanis Y, Dropinski JF, Bouffard FA, Balkovec
JM, Fujioka H, Aikawa M, McFadden D, Schmatz D. 1998. Efficacy of MK-991 (L-743,872), a
semisynthetic pneumocandin, in murine models of Pneumocystis carinii. Anti Ag Chem
42:1985-1989.

Schmatz DM1, Powles MA, McFadden D, Nollistadt K, Bouffard FA, Dropinski JF, Liberator
P, Andersen J. 1995. New semisynthetic pneumocandins with improved efficacies against
Pneumocystis carinii in the rat. Anti Ag Chem 39:1320-1323.

Lobo ML, Esteves F, de Sousa B, Cardoso F, Cushion MT, Antunes F, Matos O. 2013.
Therapeutic potential of caspofungin combined with trimethoprim-sulfamethoxazole for
Pneumocystis pneumonia: a pilot study in mice. PLoS One 8:e70619.

Sun P, Tong Z. 2014. Efficacy of caspofungin, a 1,3-B-D-glucan synthase inhibitor, on

Pneumocystis carinii pneumonia in rats. Med Mycol 52:798-803.



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

29.

30.

31.

32.

33.

34.

35.

36.

23

Annaloro C, Della Volpe A, Usardi P, Lambertenghi Deliliers G. 2006. Caspofungin
treatment of Pneumocystis pneumonia during conditioning for bone marrow
transplantation. Eur J Clin Microbiol Infect Dis 25:52-54.

Hof H, Schniille P. 2008. Pneumocystis jiroveci pneumonia in a patient with Wegener's
granulomatosis treated efficiently with caspofungin. Myco 51 Suppl 1:65-67.
Armstrong-James D, Stebbing J, John L, Murungi A, Bower M, Gazzard B, Nelson M. 2011.
A trial of caspofungin salvage treatment in PCP pneumonia. Thorax 66:537-538.

Beltz K, Kramm CM, Laws HJ, Schroten H, Wessalowski R, Gébel U. 2006. Combined
trimethoprim and caspofungin treatment for severe Pneumocystis jiroveci pneumonia in a
five year old boy with acute lymphoblastic leukemia. Klin Padiatr 218:177-179.

Utili R, Durante-Mangoni E, Basilico C, Mattei A, Ragone E, Grossi P. 2007. Efficacy of
caspofungin addition to trimethoprim-sulfamethoxazole treatment for severe
Pneumocystis pneumonia in solid organ transplant recipients. Transplant 84:685—-688.
Ceballos ME, Ortega M, Andresen M, Wozniak A, Garcia P, Balcells ME. 2011. Successful
treatment with echinocandin in an HIV-infected individual failing first-line therapy for
Pneumocystis jirovecii pneumonia. AIDS 25:2192-2193.

Tu GW, Ju MJ, Xu M, Rong RM, He YZ, Xue ZG, Zhu TY, Luo Z. 2013. Combination of
caspofungin and low-dose trimethoprim/sulfamethoxazole for the treatment of severe
Pneumocystis jirovecii pneumonia in renal transplant recipients. Nephrol 18:736—742.

Lee WS, Hsueh PR, Hsieh TC, Chen FL, Ou TY, Jean SS. 2017. Caspofungin salvage therapy

in Pneumocystis jirovecii pneumonia. J Microbiol Immunol Infect 50:547-548.



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

37.

38.

39.

40.

41.

42.

43,

44,

45.

24

Li H, Huang H, He H. 2016. Successful treatment of severe Pneumocystis pneumonia 319 in
an immunosuppressed patient using caspofungin combined with clindamycin: a 320 case
report and literature review. BMC Pulm Med 16:144.

Kim T, Hong HL, Lee YM, Sung H, Kim SH, Choi SH, Kim YS, Woo JH, Lee SO. 2013. Is
caspofungin really an effective treatment for Pneumocystis jirovecii pneumonia in
immunocompromised patients without human immunodeficiency virus infection?
Experiences at a single center and a literature review. Scand J Infect Dis 45:484—488.
Kamboj M1, Weinstock D, Sepkowitz KA. 2006. Progression of Pneumocystis jiroveci
pneumonia in patients receiving echinocandin therapy. Clin Infect Dis 43:€92-94.

Stringer JR. 1996. Pneumocystis carinii: what is it, exactly? Clin Microbiol Rev 9:489-498.
Mumberg D, Muller R, Funk M. 1995. Yeast vectors for the controlled expression of
heterologous proteins in different genetic backgrounds. Gene 156:119-122.

Lo Presti L, Cockell M, Cerutti L, Simanis V, Hauser PM. 2007. Functional characterization
of Pneumocystis carinii brl1 by transspecies complementation analysis. Eukaryot Cell
6:2448-2452.

Luraschi A, Cissé OH, Monod M, Pagni M, Hauser PM. 2015. Functional characterization of
the Pneumocystis jirovecii potential drug targets dhfs and abz2 involved in folate
biosynthesis. Anti Ag Chem 59:2560—-2566.

Notredame C, Higgins DG, Heringa J. 2000. T-Coffee: a novel method for fast and accurate
multiple sequence alignment. J Mol Biol 302:205-217.

Birnboim HC, Doly J. 1979. A rapid alkaline extraction procedure for screening recombinant

plasmid DNA. Nucleic Acids Res 7:1513-1523.



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

46.

47.

48.

49.

50.

25

Chen DC, Yang BC, Kuo TT. 1992. One-step transformation of yeastin stationary phase. Curr
Genet 21:83-84.

Espinel-Ingroff A, Arendrup M, Canton E, Cordoba S, Dannaoui E, Garcia-Rodriguez J,
Gonzalez GM, Govender NP, Martin-Mazuelos E, Lass-Florl C, Lackner M, Lass-Florl C,
Linares Sicilia MJ, Rodriguez-Iglesias MA, Pelaez T, Shields RK, Garcia-Effron G, Guinea J,
Sanguinetti M, Turnidge J. 2016. Multi-center study of method-dependent epidemiological
cutoff values for detection of resistance in Candida spp. and Aspergillus spp. to
amphotericin B and echinocandins for the Etest agar diffusion method. Anti Ag Chem
61:01792-01816.

Canton E, Peman J, Hervas D, liiguez C, Navarro D, Echeverria J, Martinez-Alarcén J,
Fontanals D, Gomila B, Buendia B, Torroba L, Ayats J, Bratos A, Sanchez-Reus F,
Fernandez-Natal I, the FUNGEMYCA Study Group. 2012. Comparison of three statistical
methods for establishing tentative wild-type population and epidemiological cutoff values
for echinocandins, amphotericin B, flucytosine, and six Candida species as determined by
the colorimetric Sensititre YeastOne method. J Clin Microbiol 50:3921-3926.

Martinez A, Halliez MC, Aliouat el M, Chabé M, Standaert-Vitse A, Fréalle E, Gantois N,
Pottier M, Pinon A, Dei-Cas E, Aliouat-Denis CM. 2013. Growth and airborne transmission
of cell-sorted life cycle stages of Pneumocystis carinii. PLoS One 8:79958.

Cushion MT and Collins MS. 2011. Susceptibility of Pneumocystis to echinocandins in

suspension and biofilm cultures. Anti Ag Chem 55:4513-4518.



479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

26

LEGENDS

FIG 1. Sensitivity to caspofungin (CAS) of S. cerevisiae WT and functionally complemented gscl
deletant strains using the spot dilution test. The complementing genes expressed on plasmid,
wild-type or encoding the indicated amino acid substitution, are described on the left. The
growth of the S. cerevisiae deletant strain on medium without CAS is due to the activity of the
orthologous gene GSC2, that replaces the function of the deleted GSC1 gene. Log dilution of a
suspension of cells at ca. 7.5 x10°/ml were spotted on minimal selective medium without (left)
or with (right) 150 ng/ml of CAS, and incubated for 3 days at 30°C. The most concentrated
suspension is on the left. The complementing gene was expressed on plasmid p416GPD except
that of S. cerevisiae on p415GPD because of restriction sites issues. Minimal selective medium
YNB supplemented with CSM without uracil was used to select for p416GPD, while YNB
supplemented with CSM without leucin was used to select p415GPD. Three independent isolates

of each strain were analyzed, one representative isolate is shown here.

FIG 2. Multiple-sequence alignment of the region encompassing the hot spot no. 1 of mutations
of Gscl proteins. T-Coffee was used (44). The identical, strongly, and weakly conserved residues
are indicated by asterisks, double points, and single points, respectively. Dashes indicate gaps.
The hot spot no. 1 of mutations (21) is shown above the alignment by the dashed line. Residues
F641 and S645 conferring CAS resistance in C. albicans and the corresponding residues in the

other proteins are in bold. The natural resistance of C. parapsilosis is due to the polymorphism
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499  P660A at the end of the same hotspot of mutations. The alignment of the complete proteins is

500 show in Figure S1.



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

28

SUPPLEMENTAL MATERIAL

Table S1. Oligonucleotide primers used for mutagenesis reactions and PCR amplifications

Table S2. Conditions of mutagenesis and PCR reactions

Table S3. Sequence identity (%) of the S. cerevisiae Gscl protein to the ortholog proteins studied

in the complementation assays and MIC determinations

Fig. S1. Multiple sequence alignment of Gscl proteins of relevant fungi. T-Coffee was used (44).
The identical, strongly, and weakly conserved residues are indicated by asterisks, double points,
and single points, respectively. Dashes indicate gaps. The hot spots no. 1 (21) and 2 (49) of
mutations, as well as the 1,3-B glucan synthase domains 1 and 2, are indicated above the
alignment. Residues F641 and S645 conferring CAS resistance in C. albicans and the
corresponding residues in the other proteins are shown in bold. The natural resistance of C.

parapsilosis is due to a polymorphism at the end of the hotspot no. 1 (P660A).

Fig. S2. Multiple sequence alignment of S. cerevisiae Gsc proteins. The Uniprot accession
numbers of Gscl, Gsc2, and Gsc3 are respectively P38631, P40989, and Q04952. T-Coffee was
used (44). The identical, strongly, and weakly conserved residues are indicated by asterisks,
double points, and single points, respectively. Dashes indicate gaps. The 1,3-B glucan synthase

domains 1 and 2 are indicated above the alignment.
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Fig S3. E-test determination of the minimum inhibitory concentration (MIC) of caspofungin (CAS)
for the S. cerevisiae WT and functionally complemented gsc1 deletant strains, as well as for
Candida species. One hundred microliters of a suspension of cells at ca. 1.5 x 10° cells/ml were
spread on minimal selective medium lacking uracil, or lacking leucin for the S. cerevisiae GSC1
gene. The CAS E-test strip was deposited, and the plate was incubated at 30°C, or 35°C for the
Candida species. The concentration at which no growth was observed on both sides of the E-test

strip was defined as the MIC.



TABLE 1. Sequence identity (%) of Gsc proteins to their orthologs and paralogs

1,3-B glucan 1,3-B glucan

Whole synthase synthase

protein domain 1 domain 2
P. jirovecii Gsc1? to P. carinii Gsc1? 90 94 97
P. murina Gscl? 91 95 96
S. cerevisiae Gscl® 59 70 73
S. cerevisiae Gsc1? to  S. cerevisiae Gsc2? 87 81 94
S. cerevisiae Gsc3? 51 57 60

@ Alignment of these proteins is shown in Figure S1.

b Alignment of these proteins is shown in Figure S2.



TABLE 2. Minimum inhibitory concentrations (MIC) of caspofungin (CAS) for the S. cerevisiae

WT and functionally complemented gscl deletant strains, as well as for Candida

species ?
MIC (ug/ml) MIC (ug/ml)

Strain E-test YeastOne
S. cerevisiae WT + empty plasmid 0.250 0.25
S. cerevisiae gscl deletant + empty plasmid 0.125 0.12
S. cerevisiae gscl deletant + plasmid + S. cerevisiae GSC1 0.250 0.25
P. jirovecii gsc1 wild-type 0.125 0.12
S718P 0.125 0.12
S718P + F714S 0.125 0.12
P. carinii gsc1 wild-type 0.125 0.12
S715P 0.125 0.12
P. murina gsc1 wild-type 0.125 0.12
S719pP 0.125 0.12
C. albicans GSC1 0.125 0.12
C. parapsilosis GSC1 0.190 0.25
C. albicans 0.380 0.12
C. parapsilosis 0.500 0.50

9 One isolate among three of each complemented strain was chosen randomly for analysis.
One out of two experiments that gave similar results is reported here. Although obtained
using various methods that have various sensitivities, the MIC values previously published
correspond roughly to ours for S. cerevisiae WT (0.25 versus 0.03-0.4; 15, 16, 21) and gscl
deletant (0.12-0.125 versus 0.0015-0.1; 15, 16, 21), as well as for C. albicans (0.12-0.380
versus 0.12-0.25; 22, 47) and C. parapsilosis (0.50 versus 0.25-8; 47-49).
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TABLE S1. Oligonucleotide primers used for mutagenesis reactions and PCR amplifications?

Fragment
Experiment Target ® Primer 5'-3' nucleotide sequence ampl(lgz;j size Description
S718Psingle  Pjgscl Pjgsc1t2152cStart TAGGATCTCGCAGAGGAAGAGATAGAAAAAAGTATGATTCTGCA & ¢ 11564 Pj gsc1 position 2124 to 2167 containing the T2152C
substitution Pjgsc1t2152cEnd TGCAGAATCATACTTTTTTCTATCTCTTCCTCTGCGAGATCCTA b ¢ substitution (S718P in the protein)
introduction
S718P + Pj gscl Pjgsc1t2141c/t2152cStart CTCTTCCTCTGCGAGATCCTATTAG ¢ 11564 Pj gsc1 position 2147 to 2171 containing the T2152C
F714S . substitution (S718P in the protein)
ce
substitutions Pigsc1t2141¢/t2152cEnd ATAGAGAAAAGTATGATTCTGCAAAC Pj gsc1 position 2121 to 2146 containing the T2141C
introduction substitution (F714S in the protein)
Control Pj gsclinternal Pjgsclcontrol mutation A CTCCATGGAAACCGAACCTC 511 Pj gsc1 position 1880 to 1894
mutagenesis  fragment Pjgsclcontrol mutation B TATGTTTCTCCAAGGCGTCC Pj gsc1 position 2372 to 2391
S715P single Pc gscl Pcgsc1t2143cStart CTTGTCTCTTCCTTTGAGAGATC ¢ 11413 Pc gsc1 position 2133 to 2155 containing the T2143C
substitution substitution (S715P in the protein)
introduction Pcgsc1t2143cEnd AAGAAATAGGATTCTGCAAATTTG ¢ Pc gsc1 position 2109 to 2132
Control Pc gscl internal Pcgscl control mutation A TGCTCCATGGAAACCGAATGTTAG 471 Pc gsc1 position 1869 to 1892
mutagenesis  fragment Pcgscl control mutation B TGACCTAGCGACTGAACAAATAG Pc gscl position 2318 to 2340
S719P single Pm gscl Pmgsc1t2155cStart CTTGTCTCTTCCTTTGAGAGATC ¢ ¢# 11625 Pm gsc1 position 2145 to 2167 containing the T2155C
substitution Pmgsc1t2155cEnd substitution (S719P in the protein)
introduction AAGAAATAGGATTCAGCAAAC Pm gscl position 2124 to 2144
Control Pm gscl Pmgscl control mutation A GGAAACCGAATGTCAGCGGTC 462 Pm gsc1 position 1889 to 1905
mutagenesis  internal Pmgsc1 control mutation B GATCTGGCGACAGAACAAATAG Pm gsc1 position 2330 to 2351
fragment
Gene oriented Ca GSC1 CaGSC1 Smal start CGCCCCGGGATGTCGTATAACGATAATAATAATCf 5715 Ca GSC1 first 22 nt, Smal restriction site is underlined

cloning

CaGC1 Clal end

CCCCCCATCGATTTAAACTCTGAATGGATTTGTAG f

Ca GSC1 last 23 nt, Clal restriction site is underlined



Gene oriented Cp GSC1 CpGSC1 Spel start GCGACTAGTATGTCGTATAACGATAACAACf 5751 Cp GSC1 first 21 nt, Spel restriction site is underlined
cloning CpGSC1 Sall end CCCCCCGTCGACTTATCTGAACGCATTCGTAGf Cp GSC1 last 20 nt, Sall restriction site is underlined

9 Primers were synthesized by Microsynth (Balgach, Switzerland).

b pj, P. jirovecii ; Pc, P. carinii, Pm, P. murina; Ca, C. albicans; Cp, C. parapsilosis.

¢ Bold residues represent the nucleotide to be substituted.

4 Designed with the QuikChange Primer Design Program ( ).
¢ Designed with the NEBaseChanger program ( ).

fThese primers include the underlined restriction sites for oriented cloning and three or six upstream bases allowing restriction.


http://www.agilent.com/genomics/qcpd
http://nebasechanger.neb.com/

TABLE S2. Conditions of mutagenesis and PCR reactions

Initial
denaturation Denaturation Annealing Elongation Final extension
Experiment Target® sec °C sec °C sec °C sec °C sec °C
S718P single substitution Pj gscl 60 95 50 95 50 60 700 68 420 68
introduction®
S718P + F714S Pj gscl 30 98 10 98 30 56 360 72 120 72
substitutions introduction®
Control mutagenesis? Pj gscl 180 94 30 94 30 57 40 72 600 72
internal
fragment
S715P single substitution Pc gscl 30 98 10 98 30 57 360 72 120 72
introduction®
Control mutagenesis? Pc gscl 180 94 30 94 30 63 40 72 600 72
internal
fragment
S719P single substitution Pm gsc1 30 98 10 98 30 57 360 72 120 72
introduction®
Control mutagenesis? Pm gsc1 180 94 30 94 30 60 60 72 600 72
internal
fragment
Gene oriented cloning® Ca GSC1 180 94 25 94 30 57 360 68 360 72

Gene oriented cloning® Cp GSC1 180 94 25 94 30 52 360 68 360 72




9 Pj, P. jirovecii ; Pc, P. carinii; Pm, P. murina, Ca, C. albicans; Cp, C. parapsilosis.

b Using the Quickchange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies).

¢ Using the Q5 Site-Directed Mutagenesis Kit (BioLabs).

4 Amplification using the proofreading high-fidelity Expand polymerase (Roche Diagnostics), 35 cycles.

¢ Amplification using the Kapa Long Range HotStart polymerase (kappa Biosystem), 35 cycles.



TABLE S3. Sequence identity (%) of the S. cerevisiae Gscl protein to the ortholog proteins
studied in the complementation assays and minimum inhibitory concentration

(MIC) determinations®

1,3-B glucan 1,3-B glucan

Whole synthase synthase
protein domain 1 domain 2
S. cerevisiae to P. jirovecii 59 69 70
P. carinii 59 71 70
P. murina 59 71 70
C. albicans 72 80 80
C. parapsilosis 71 76 81

@ Alignment of Gscl proteins is shown in Figure S1.
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DRKGKRRGSSEASETFSDFTMRSDMVRAAEYDSYGRFDERYRSYEPSTESLNQMASRQRGYRP-DSQISYTG
DRKGKRRGSSEGSE TFSDFTMRSDMARAAEFDSYGRFDERYRSYGPSTESLNQMASRQRGYRP-DSQISYTG
GHPMNAQGYNADPEAFSDFSYNGQAPGTPGYDQYGT ------------------------ QYT-PSQMSYGG
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DPRSSGASTP1YGGQGQGYDPTQ--FNMSSNLPYPAWSADPQAP IKIEHIED I FIDLTNKFGFQRDSMRNMF
P-NSSGTSTPIYGNY----DPNAI-AMALPNEPYPAWTADSQSPVSIEQIEDIFIDLTNRLGFQRDSMRNMF
N-RSSGASTPVYGMEY ---NQAAMMTSARSREPYPAWTAENQIP I SKEE1ED I FIDLTNKFGFQRDSMRNMY
N-RSSGASTPIYGMYY---NQAAMMTSARSREPYPTWTAENQIP I SKEEIED I FIDLTNKFGFQRDSMRNMY
N-RSSGASTP1YGMYY---NQAAMMTSARSREPYPAWTAENQ I PVSKEE I ED I FI DLTNKFGFQRDSMRNMY
DPRSSGASTPIYGVQGQGYDPTQ——FQVSSNLPYPAWSADPQAPIKIEHIEDIFIDLTNKFGFQRDSMRNMF

*** *** ** *** * * * *

DYFMTLLDSRSSRMSPAQALLSLHADY I GGDNANYRKWYFSSQQDLDDSLGFANMTLGK I GRKARKASKKSK
DHFMVLLDSRSSRMSPDQALLSLHADY I GGDTANYKKWYFAAQLDMDDE I GFRNMSLGKLSRKARKAKKKNK
DHMMVLLDSRASRMTPNQALLSLHADY I GGDNANYRNWYFAAQLDLDDAVGFSNMDFEK-NKKTNHSQKFSK
DHMMVLLDSRASRMTPNQALLSLHADY I GGDNANYRNWYFAAQFDLDDAVGFSNMDLDK-NRKSNYSQKSSK
DHMMVLLDSRASRMTPNQALLSLHADY I GGDNANYRNWYFAAQFDLDDAVGFSNMDLGK-NRKSSYSQKSSK
DYFMTLLDSRSSRMAPAQALLSLHADYIGGDNANYRKWFFSSQQDLDDTLGFANMTLGKIGRKARKASKKSK

* - * ***** *** * ************** *** * * * * ** ** ** = X

KARKAAEEHGQDVDALANELEGDYSLEAAE IRWKAKMNSLTPEERVRDLALYLL IWGEANQVRFTPECLCY
KAMEEANP--EDTEETLNKIEGDNSLEAADFRWKAKMNQLSPLERVRHIALYLLCWGEANQVRFTAECLCFI

S-QKNT----- TAKDILQALESDNPLESAIYRWKTKCSQMSQYDRARELALYLLCWGEANQVRFTPECLCFI
KFQKNS----- ASKSILQALDGDNSLESATYRWKTRCTQMSQYDRARELALYLLCWGEANQVRFTPECLCFI
KFQKNS———-- ASKNITLQALDGDNSLESATYRWKTRCTQMSQYDRARELALYLLCWGEANQVRFTPECLCFI

KARKAAEEHGEDVDALANELEGDYSLEAAEIRWKAKMNTLTPEERVRDIALYLLLWGEANQVRFTPECLCYL

* ** * *** - -

1,3-3 glucan synthase-domain 1

YKSATDYLNSPLCQQRQEPVPEGDYLNRVITPLYRFIRSQVYE1YDGRFVKREKDHNKVY IGYDDVNQLFWYP
YKCALDYLDSPLCQQRQEPMPEGDFLNRVITPIYHFIRNQVYEI'VDGRFVKRERDHNK IVGYDDLNQLFWYP
FKCANDYLNSPQCQAMVEPVPEGSYLNDIITPLY 1'YMRDQGYE I INGKYVRRERDHNK 1 IGYDD INQLFWYS
FKCANDYLNSPQCQAMVEPAPEGSYLNDVITPLYAYMRDQGYE I INGRYVRRERDHNK1 IGYDD INQLFWYP
FKCANDYLNSPQCQAMVEPAPEGSYLNDVITPLYTYMRDQGYE I INGRYVRRERDHNK 1 1GYDD INQLFWYP
YKTAVDYLESPLCQQRQEPVPEGDYLNRVITPLYRFLRSQVYEIYEGRFVKREKDHNKVIGYDDVNQLFWYP

* * Kkk - ** ** ** *** ** *** * - * * *kk -k - * **
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EGIAKIVLEDGTKLIELPLEERYLRLGDVVWDDVFFKTYKETRTWLHLVTNFNR IWWMHIS IFWMYFAYNSP
EGIERIVLSDKTRI IDLPPEQRYLRLKDVVWKKVFFKTYRETRSWFHLFTNFNRIWI IHITVYWFYTAANSP
EGIQRIVLSDKTRMVDLPLDQRYPRFKDVVWKKAFFKTYRETRSWFHLFTNFNRIWI IHITVYWFYTAANSP
EGIERIVLSDKTRMVDLPLDQRYPRFKDVVWKKAFFKTYRETRSWFHLFTNFNRIWI IHITVYWFYTAANSP
EGVSRIIFTDGTRLIDIPKEERYLRLGEVEWSNVFFKTYKEIRTWLHFVTNENRIWI THGSIYWMYTAYNSP

TLYTKHYVQT INQQPLASSRWAACAIGGVLASFIQILATLFEWIFVPREWAGAQHLSRRMLFLVLIFLLNLV
TFYTHNYQQLVDNQPLAAYKWASCALGGTVASL IQIVATLCEWSFVPRKWAGAQHLSRRFWFLCIIFGINLG
TVYTHNYQQSLDNQPPFAYRMSAVSFGGGVASLLMI IATLAEWAYVPRKWAGAQHLTRRLLFL ILFL I INVA
TVYTHNYQQSLDNQPPFAYRMSAVGFGGGVASLLMIVATLAEWAYVPRKWPGAQHLTRRLLFL ILFF I INVA
TVYTHNYQQSLDNQPPFAYRMSAVGFGGGVASLLMI TATLAEWAYVPRRWPGAQHLTRRLLFLILFLTINVA
TLYTKNYVQTINQQPLASSRWAACAIGGIIAAFLQILATIFEWMFVPREWAGAQHLTRRLMFLILIFLVNLA

* **--* * == =kKk - - -k% -*--- * - **- ** -*** * ***** **- KKk == -

PPVYTFQITKLV-1YSKSAYAVSIVGFFIAVATLVFFAVMPLGGLFTSYMNKRSRRY TASQTFTANY IKLKG
PIIFVFAYDKDT-VYSTAAHVVAAVMFFVAVAT I IFFSIMPLGGLFTSYMKKSTRRYVASQTFTAAFAPLHG
PGVYVIKFAPWKPKVSVVTTLISI IHFLIAMFTFLFFAIMPLGGLFGNYLYKKTRRYVASQTFTANFAKLKG
PGVYVIKFAPWKPNVSIVTTLISIMHFLIAIFTFLFFAIMPLGGLFGNYLYKKTRRYVASQTFTANFAKLKG
PGVYVIKFAQWKPNVSVVTTLISIMHFLIAIFTFLFFAIMPLGGLFGNYLYKKTRRYVASQTFTANFAKLKG
PVVYTFKVAGLT- LYSKSSYALSVVGFFIAVATLVFFAVMPLGGLFTSYMNKRSRRYISSHTFTANFVKLRG

* - - - - - - - *--*- *--**--******* *- * -***--* **** - * *

Hot spot 1
LDMWMSYLLWFLVFLAKLVESYFFLTLSLRDP IRNLSTMTMRCVGEVWYKD I'VCRNQAK IVLGLMYLVDLLL
LDRWMSYLVWVTVFAAKYSESYYFLVLSLRDPIRILSTTAMRCTGEYWWGAVLCKVQPKIVLGLVIATDFIL
NDLWLSYGLWIAVFACKFAESYFFLSLSLRDPIRYLNTMTIGHCGIRYLGSILCPYQAKITLGIMY ITDLVL
NDLWLSYGLWIAVFACKFAESYFFLSLSLRDP IRYLNTMT IGHCGIRYLGSSLCPYQAKITLGIMY ITDLVL
NDLWLSYGLWIAVFACKFAESYFFLSLSLRDP IRYLNTMTIGHCGIRYLGSALCPYQAKITLGIMY ITDLVL
LDMWMSYLLWVLVFLAKLVESYFFLTLSLRDAIRNLSKTTMRCTGEVWYGDIVCRQQAKIVLGLMYAVDLLL
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FFLDTYMWY I ICNCIFSIGRSFYLGISILTPWRNIFTRLPKRIYSKILATTEMEIKYKPKVLISQIWNAIVI
FFLDTYLWY I IVNTIFSVGKSFYLGISILTPWRNIFTRLPKRIYSKILATTDMEIKYKPKVLISQVWNATTI
FFLDTYLWY I IWNTICSVARSFYLGVSIWTPWRNIFSRMPKRI'YSKILATNDMEIKYKPKVLISQ---—---
FFLDTYLWY I IWNT ICSVARSFYLGVSIWTPWRNIFSRMPKRITYSKILATNDME IKYKPKVLISQVWNAVVI
FFLDTYLWY I IWNT ICSVARSFYLGVSIWTPWRNIFSRMPKRITYSKILATNDME IKYKPKVLISQVWNAVVI
FFLDTYLWYIICNCIFSIGRSFYLGISILTPWRNIFTRLPKRIYSKILATTEMEIKYKPKVLISQIWNAIVI
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SMYREHLLAIDHVQKLLYHQVPSE IEGKRTLRAPTFFVSQDDNNFETEFFPRNSEAERR I SFFAQSLATPMP
SMYREHLLAIDHVQKLLYHQVPSE IEGKRTLRAPTFFVSQDDNNFETEFFPRDSEAERR ISFFAQSLSTPIP
———————————————————— VPSEQEGKRTLRAPTFFISQEDHSFKTEFFPSHSEAERRISFFAQSLSTPIP
SMYREHLLAIDHVQKLLYHQVPSEQEGKRTLRAPTFF I SQEDHSFKTEFFPSHSEAERR I SFFAQSLSTPIP
SMYREHLLAIDHVQKLLYHQVPSEQEGKRTLRAPTFFI1SQEDHSFKTEFFPSHSEAERR ISFFAQSLSTPIP
SMYREHLLAIDHVQKLLYHQVPSE IEGKRTLRAPTFFASQDDNNFETEFFPRNSEAERR I SFFAQSLATPMP

Kk =-Kk=- K- -kk -k

EPLPVDNMPTFTVFTPHYSEKILLSLRE I IREDDQFSRVTLLEYLKQLHPVEWDCFVKDTKILAEETAAYEN
EPLPVDNMPTFTVLTPHYAERILLSLREI IREDDQFSRVTLLEYLKQLHPVEWECFVKDTKILAEETAAYEG
EPLPVDNMPTFTVLVPHYGEKILYSLREI IREDDQLSRVTLLEYLKQLHPVEWDCFVKDTKILAEETSLYNG
EPLPVDNMPTFTVLVPHYGEKILYSLRE I IREDDQLSRVTLLEYLKQLHPVEWDCFVKDTKILAEETSLYNG
EPLPVDNMPTFTVLVPHYGEKILYSLRE I IREDDQLSRVTLLEYLKQLHPVEWDCFVKDTKILAEETSLYNG
EPVPVDNMPTFTVFTPHYSEKILLSLREIIREDDQFSRVTLLEYLKQLHPVEWECFVKDTKILAEETAAYEN

Kk - **********- *** * **

GDDSEKLSEDGLKSKIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRTVSGFMNYARAIKLLYRVENPE
NE-NEAEKEDALKSQIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRTISGFMNYSRAIKLLYRVENPE
GSSFDKDEKDTVKSKIDDLPFYCVGFKSAAPEYTLRTRIWASLRSQTLYRTVSGFMNYSRAIKLLYRVENPD
GVPFDKDEKDTVKSKIDDLPFYCVGFKSSAPEYTLRTRIWASLRSQTLYRTVSGFMNYSRAIKLLYRVENPD
GVPFDKDEKDTVKSK IDDLPFYCVGFKSSAPEYTLRTRIWASLRSQTLYRTVSGFMNYSRAIKLLYRVENPD
GEDAEKASEDGLKSKIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRTVSGFMNYARAIKLLYRVENPE

oot

LVQYFGGDPEGLELALERMARRKFRFLVSMQRLSKFKDDEMENAEFLLRAYPDLQIAYLDEEPALNEDEEPR
1VQMFGGNAEGLERELEKMARRKFKFLVSMQRLAKFKPHELENAEFLLRAYPDLQIAYLDEEPPLTEGEEPR
VVQMFGGNTDKLEHELERMARRKFKFV I SMQRFFKFNKEEQENTEFLLRAYPDLQIAYLDEEPPSHEGDEPK
VVQMFGGNTDKLEHELERMARRKFKFD I SMQRFFKFSKEELENTEFLLRAYPDLQIAYLDEEPPMNEGDEPK
VVQMFGGNTDKLEHELERMARRKFKFV I SMQRFFKFSKEELENTEFLLRAYPDLQIAYLDEEPPMNEGDEPK
LVQYFGGDPEGLELALEKMARRKFRFLVSMQRLSKFKDDEMENAEFLLRAYPDLQIAFLDEEPALNEDEEPR
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VYSAL IDGHCEMLENGRRRPKFRVQLSGNP I LGDGKSDNQNHAV I FHRGEY 1QL IDANQDNYLEECLKIRSV
1'YSAL IDGHCE I LDNGRRRPKFRVQLSGNP I LGDGKSDNQNHAL IFYRGEY I1QL IDANQDNYLEECLKIRSV
1'YSSLIDGYSE IMEDGRRRPKFRIQLSGNP ILGDGKSDNQNHAT IFYRGEY IQL IDANQDNYLEECLKIRSV
1'YSSLIDGYSE IMENGKRRPKFRIQLSGNP ILGDGKSDNQNHAT IFYRGEY 1QL IDANQDNYLEECLKIRSV
1YSSLIDGYSE IMENGKRRPKFRIQLSGNP I LGDGKSDNQNHA T IFYRGEY IQL IDANQDNYLEECLKIRSY
VYSSLIDGHCEMLENGRRRPKFRVQLSGNPILGDGKSDNQNHAIIFHRGEYIQLIDANQDNYLEECLKIRSV

** **** * -

LAEFEEMNVEHVNPYAPNLKSED-NNTKKDPVAFLGAREY I FSENSGVLGDVAAGKEQTFGTLFARTLAQIG
LAEFEELNVEQVNPYAPGLRYEE--QTTNHPVAIVGAREY IFSENSGVLGDVAAGKEQTFGTLFARTLSQIG
LAEFEEMSPLEEFPYNPNENS----- KVNNPVAILGAREY I FSENIGVLGDVAAGKEQTFGTLFARTLAQIG
LAEFEEMTPTEESPYNPNEIS----- SATNPVAILGAREY IFSENIGVLGDVAAGKEQTFGTLFARTLAQIG
LAEFEEMTP IEESPYNPNEVS----- SAANPVAILGAREY IFSENIGVLGDVAAGKEQTFGTLFARTLAQIG
LAEFEELNVEHVNPYSPDLKSENPLHEKKAPVAILGAREY IFSENSGVLGDVAAGKEQTFGTLFARTLAQIG

ke e ** K KAhK - - -kk%k

GKLHYGHPDFLNATFMLTRGGVSKAQKGLHLNED I YAGMNAMMRGGK IKHCEYYQCGKGRDLGFGSILNFTT
GKLHYGHPDF INATFMTTRGGVSKAQKGLHLNED I YAGMNAMLRGGR IKHCEYYQCGKGRDLGFGT ILNFTT
GKLHYGHPDFLNGPFMTTRGGVSKAQKGLHLNED I YAGMTALLRGGR IKHCEYYQCGKGRDLGFGSILNFTT
GKLHYGHPDFLNGPFMTTRGGVSKAQKGLHLNED I YAGMTALLRGGR IKHCEYYQCGKGRDLGFGSILNFTT
GKLHYGHPDFLNGPFMTTRGGVSKAQKGLHLNED I YAGMTALLRGGR IKHCEYYQCGKGRDLGFGSILNFTT
GKLHYGHPDFLNATFMLTRGGVSKAQKGLHLNED I YAGMNAMMRGGK IKHCEYYQCGKGRDMGFGS ILNFTT

FhkKhkhkhkhkk -k *x EE - kkk -

1,3-B glucan synthase domain 2
KIGAGMGEQMLSREYFYLGTQLPLDRFLSFYYGHPGFHINNLFIQLSLQVFILVLANLNSLAHEAIMCSYNK
KIGAGMGEQMLSREYYYLGTQLPVDRFLTFYYAHPGFHLNNLFIQLSLQMFMLTLVNLSSLAHESIMCIYDR
KVGTGMGEQMLSREYYYLGTQLPLDRFLSFYYAHPGFHINNLFIILSVQLLMIVMINLGSMYNILLICKPRR
KVGTGMGEQMLSREYYYLGTQLPLDRFLSFYYAHPGFHINNLFIILSVQLLMIVMINLGSMYNILLICRPRR
KVGTGMGEQMLSREYYYLGTQLPLDRFLSFYYAHPGFHINNLF I ILSVQLLMIVMINLGSMYNILLICRPRR
KIGAGMGEQMLSREYYYLSTQLPLDRFLSFYYGHPGFHINNLFIQLSLQVFMLVLANLNSLAHESIICSYDR

*** Kk - * -- - k% *

Hot spot 2
DVPVTDVLYPFGCYNIAPAVDWIRRYTLSIFIVFFISFIPLVVQEL Il ERGVWKAFQRFVRHF I SMSPFFEVF
NKPKTDVLVPIGCYNFQPAVDWVRRYTLSIFIVFWIAFVPIVVQEL I ERGLWKATQRFFCHLLSLSPMFEVF
GQPITDPFLPVGCYSLAPVLDWIKRSIISIFIVFFIAFIPLVVQELTERGVWRASTRLAKHFGSLSPLFEVF
GQPITDPYLPVGCYSIAPVLDWIKRS I ISIFIVFFIAFIPLVVQELTERGVWRASTRLAKHFGSLSPLFEVF
GQPITDPYLPVGCYSLAPVLDWIKRSIISIFIVFFIAFIPLVVQELTERGVWRASTRLAKHFGSLSPLFEVF
DVPVTDVLYPFGCYNIAPAVDWIRRYTLSIFIVFFISFIPLVVQELIERGVWKACQRFVRHFISLSPMFEVF

* k% * *** - % ** -% * * * E * * * - K- K- ** *kkk

VAQIYSSSVFTDLTVGGARY ISTGRGFATSRIPFSILYSRFADSS I YMGARLML ILLFGTVSHWQAPLLWFW
AGQIYSSALLSDLAIGGARY ISTGRGFATSRIPFSILYSRFAGSATYMGARSMLMLLFGTVAHWQAPLLWFW
VSQIYANSLLQNLAFGGARY IGTGRGFATTRIPFSILFSRFAGASIYLGSRTLIMLLFATVTMWIPHLVYFW
VSQIYANSLLQNLAFGGARY IGTGRGFATTRIPFSILFSRFAGASIYLGSRTLIMLLFATVTMWIPHLVYFW
VSQIYANSLLQNLAFGGARY IGTGRGFATTRIPFSILFSRFAGASIYLGSRTLIMLLFATVTMWIPHLVYFW
VAQIYSSSVFTDLTVGGARYISTGRGFATSRIPFSILYSRFADSSIYMGARLMLILLFGTVAHWQAPLLWFW

*** - ** * * - - *** ** * * -

ASLSALMFSPFIFNPHQFAWEDFFLDYRDF IRWLSRGNTKWHRNSWIGYVRLSRSR I TGFKRKLTGDVSEKA
ASLSSL IFAPFVFNPHQFAWEDFFLDYRDY IRWLSRGNNQYHRNSWIGYVRMSRAR I TGFKRKLVGDESEKA
VSVLALCICPFIFNPHQFSWTDFFVDYREF IRWLSRGNSRSHANSWIGYCRLSRTRITGFKRKALGQPSEKL
VSVLALCISPFIFNPHQFSWTDFFVDYREF IRWLSRGNSRSHANSWIGYCRLSRTRITGFKRKALGQPSEKL
VSVLALCISPFIFNPHQFSWTDFFVDYREF IRWLSRGNSRSHANSWIGYCRLSRTR I TGFKRKALGQPSEKL
ASLSSLMFSPFIFNPHQFAWEDFFIDYRDFIRWLSRGNTKWHRNSWIGYVRLSRSRITGFKRKLTGDISEKA

SR - Kk -k -k kkk - ekok- - -k - * - kkk

AGDASRAHRSNVLFADFLPTLIYTAGLYVAYTFINAQTGVTSYPYEINGSTDPQPVNSTLRLIICALAPVVI
AGDASRAHRTNL IMAEI IPCA1YAAGCFIAFTFINAQTGVKT———————- TDDDRVNSVLRITICTLAPIAV
SGDIPRAGFNNVFFSEVIGPLILVILSLVPFCFMNSRPGFEPFGKSN---PARNGSNPLIRIAIVSFAPICV
SGD IPRAGFSNVFFSEV IGPMILVLLSLVPYCF INSRPGFEPFGKSN---PAKNGSNPL IRIAIVSFAPICV
SGD IPRAGFSNVFFSEV IGPMILVLLSLVPYCF INSRPGFEPFGKSN---PAKNGSNPL IRIAIVSFAPICV
AGDASRAHRSNILFADFLPTLIYTAGLYVAFTFINAQTGVTQYPYEIDGSTDVQEVNSVLRLIVCSLAPVVI

** **
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DMGCLGVCLAMACCAGPMLGLCCKKTGAV IAGVAHGVAVIVHI IFFIVMWVTEGFNFARLMLGIATMIYVQR
NLGVLFFCMGMSCCSGPLFGMCCKKTGSVMAG I AHGVAV IVHIAFFIVMWVLESFNFVRMLIGVVTCIQCQR
NALVAFVFFGMACCMGP ILT ICCKKFGAVLATISHATAVIVLVAFFEVLWFLEGWSFSKTILGLVTMISLQR
NAMVAFVFFGMACCMGP ILT ICCKKFAAVLATISHATAVI ILVTFFEVLWFLEGWSFSKTILGLVTMISLQR
NAMVAFVFFGMACCMGP ILT I CCKKFGAVLAT ISHATAVI ILVTFFEVLWFLEGWSFSKTILGLVTMISLQR
DCGVLFGCVGMACCAGPMMGLCCKKTGAVIAGIAHGIAVIVHIVFFIVMWVMEGFNFARMLLGFATMIYVQR

* ** ** - **** - =% *** - k% K- * * -k * * **

LLFKFLTLCFLTREFKNDKANTAFWTGKWYNTGMGWMAFTQPSREFVAK I IEMSEFAGDFVLAHI ILFCQLP
LIFHCMTALMLTREFKNDHANTAFWTGKWYGKGMGYMAWTQPSRELTAKV IELSEFAADFVLGHVILICQLP
AFLKMLT IMILTREFKHDGSNLAWWTGRWYSNNLGVHAMSQPAREFVCKV IELSLFAADFCLGHLLLFILTP
AFLKILT IMILTREFKHDGSNLAWWTGRWYSNNLGVYAMSQPAREFVCKV IELSLFAADFCLGHLLLFILTP
AFLKMLT IMILTREFKHDGSNLAWWTGRWYSNNLGVYAMSQPAREFVCKV IELSLFAADFCLGHLLLFILTP
LLFKFLTLAFLTREFKNDKANTAFWTGKWYNTGMGWMAFTQPSREFVAKIVEMSEFAGDFMLAHIILFCQLP

-k ****** * * * - *** ** -k * ** ** * - * * ** ** * * -k -

FLFIPLVDRWHSMMLFWLKPSRL IRPP1YSLKQARLRKRMVRKYCVLYFAVLILFIVIIVAPAVASGQIPVD
L1 11PKIDKFHSIMLFWLKPSRQIRPP1YSLKQTRLRKRMVKKYCSLYFLVLAIFAGCI IGPAVASAKIHK-
ILAIPY IDRWHSMLLFWLRPSRQIRPP IFSLKQNKLRKRIVRRYATLFFGLFLLFLMI ILVPAVGHSKFPK-
ILAIPY IDRWHSMLLFWLRPSRQIRPP IFSLKQNKLRKRIVRRYATLFFGLFLLFLMI ILVPALGHSKFPK-
ILAIPY IDRWHSMLLFWLRPSRQIRPP I FSLKQNKLRKRIVRRYATLFFGLFLLFLMI ILVPALGHSKFPK-
ILAVPLIDRWHSMMLFWLKPSRLIRPPIYSLKQARLRKRMVRKYVTLYFAVLLLFVVIIAAPAAASGSIKVD

SH-mkk- - - Fkok - Fok - - * *x

QFANIGGSGS IADGLFQPRNVSNNDTGN-HRPKTYTWSYLSTRFTGTTTPYSTNPFRV 1897
HIGDS--LDGVVHNLFQPINTTNNDTGS-Q----- MSTYQSHYYTHTPSLKTWSTI-K 1876

SLNNIPAL--KNLGL IQPSNDPRGATGRTTRPANSNGTYKMFT——————————————— 1919
SLNNITAFL--KNLGLIQPSNDPRGATGRTTRPGNSNGTYKLFIY-=———=———————— 1944
SLNNITAFL--KNLGLIQPSNDPRGATGRTTRPGNSNGTYKLFIY-=———=———————~ 1948

QFADIGSKGSIAYGLFQPRNVSNNDTGPTNRPKSYTWSYLSEKYSGHTTAYSTNAF R 1909
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MNTDQQPYQGQTDYTQGPGNGQS--——-—-~- Q-EQDYDQYGQPLYPSQ--ADGYYDPNVAA--GTEADMYGQQPP
MSYNDPNLNGQ-YYSNGDGTGDGNYPTYQVTQDQSAYDEYGQP 1Y TQNQLDDGYYDPNEQYVDGTQF-PQGQDP-
MDFMSP = = = = = = e
*

NESYDQDYTNGEYYGQPPNM---AAQDGENFSDFSSYGPPGTPGYDSYGGQYTASQMSYGE-PNSSGTSTP1YGN
SQDQGPYNNDASYYNQPPNMMNPSSQDGENFSDFSSYGPPSGT-Y--PNDQYTPSQMSYPDQDGSSGASTP-YGN

————————— YDPNATAMALPNEPYPAWTADSQSPVSIEQIEDIFIDLTNRLGFQRDSMRNMFDHFMVLLDSRSSR
GVVNGNGQYYDPNAIEMALPNDPYPAWTADPQSPLPIEQIED IFIDLTNKFGFQRDSMRNMFDHFMTLLDSRSSR
——————————————— KFSLTDVEYPAWCQDDEVPITMQEIREIFVELMDKFGFQKSSMENMYQHLMGQLDSRASR

2 * sk mkkmmk - - mkkok - kk Kok - k- ok Fkkk - kk

MSPDQALLSLHADY IGGDTANYKKWYFAAQLDMDDE I GFRNMSLGK-LSRK-ARKAKKKNKKAMEEANP ——————
MSPEQALLSLHADY IGGDTANYKKWYFAAQLDMDDE I GFRNMKLGK-LSRK-ARKAKKKNKKAMQEASP————--
TGAQNALVSLHVSYIGGEHANYRKWYFAAQLDLDEEIGFQNMRLHGKARQRNVKMAKKRG VSIKEQIKQWNEKE

- ** *** **** *** ** * - ***

——————— EDTEETLNKIEGDNSLEAADFRWKAKMNQLSPLERVRHIALYLLCWGEANQVRFTAECLCFIYKCALD

——————— EDTEETLNQIEGDNSLEAADFRWKSKMNQLSPFEMVRQ IALFLLCWGEANQVRFTPECLCFIYKCASD

QEFINNHPKITLTQEQLEDQTNLKSADYKWKLKMKKLTPENMIRQLALYLLCWGEANQVRFAPECLCFIFKCALD
Sk

_Fmmkk ke kk- mk-k - kel

Domain 1
YLDSPLCQQRQEPMPEGDFLNRVITPIYHFIRNQVYEI-VDGRFVKRERDHNK 1VGYDDLNQLFWYPEGIAKIVL
YLDSAQCQQRPDPLPEGDFLNRVITPLYRFIRSQVYEI-VDGRYVKSEKDHNKY IGYDDVNQLFWYPEGIAKIVM
YDISTSSSEKTVKSPEYSYLNDVITPLYEFLRGQVYKKDAKGNWKRREKDHKNIIGYDDINQLFWYPEGFERIIL

*x 'k* **** 'k 'k 'k 'k'k* - 'k 'k* - **** ********* -k -

EDGTKLIELPLEERYLRLGDVVWDDVFFKTYKETRTWLHLVTNFNRIWWMHISIFWMYFAYNSPTFYTHNYQQLV
EDGTRLIDLPAEERYLKLGE I PWDDVFFKTYKETRSWLHLVTNFNRIWIMHISVYWMYCAYNAPTFYTHNYQQLV
NNGERLVDKPLEERYLYFKDVAWSKVFYKTYRETRSWKHCFTNFNRFWIIHFAPFWFFTTFNSPTLYTKNYIQLL

=k == Kk KhhkkhkkhkkAk - -- % ** *** *** * * ***** * -k - - - * ** ** **x **

DNQPLAAYKWASCALGGTVASL IQIVATLCEWSFVPRKWAGAQHLSRRFWFLC I IFGINLGP I IFVFAYDKDTVY
DNQPLAAYKWATAALGGTVASL IQVAATLCEWSFVPRKWAGAQHLSRRFWFLCV IMGINLGPVIFVFAYDKDTVY
NNQPTPQVRLSVIAFGGTIACLVQILATVFEWGFVPREWPGAQHLSSRMIGLLFCLAINLGPSVYVLGFFEWDVH

*** - * *** * * * ** ** **** * E * - ***** - -k

STAAHVVAAVMFFVAVAT I I FFS IMPLGGLFTSYMKK--STRRYVASQTFTAAFAPLHGLDRWMSYLVWVTVFAA
STAAHVVGAVMFFVAVATLVFFSVMPLGGLFTSYMKK--STRSYVASQTFTASFAPLHGLDRWMSYLVWVTVFAA
SKSAYIVSIVQLIIAFLTTFFFAVRPLGGLFRPYLNKDKKHRRYISSQTFTASFPKLTGRSKWFSYGLWVFVYLA

*Kkn - Kkkkkk * - -k dok mkkkkkk -k ok Kk sk-kk o -kk k- ok

Hot spot 1
KYSESYYFLVLSLRDPIRILSTTAM-RCTGEYWWGAVLCKVQPKIVLGLVIATDFILFFLDTYLWY I IVNTIFSV
KYAESYFFLILSLRDPIRILSTTSM-RCTGEYWWGNK ICKVQPKIVLGLMIATDFILFFLDTYLWY IVVNTVFSV
KYIESYFFLTLSLRDPIRVLSIMDLSRCQGEYLLGPILCKWQAKITLVLMLLSDLGLFFLDTYLWYIICNCIFSI

Fok kkk - kok kkkekokokokok - ek - Kk kkk * sk ok Kk ok km - ks kkkokokokokokokkok - ok

GKSFYLGISILTPWRNIFTRLPKRIYSKILATTDME IKYKPKVLISQVWNAT I ISMYREHLLAIDHVQKLLYHQV
GKSFYLGISILTPWRNIFTRLPKRIYSKILATTDMEIKYKPKVLISQIWNAT11SMYREHLLAIDHVQKLLYHQV
VLSFSLGTSILTPWKNVYSRLPKRIYSKILATSEMDVKFKAKILISQVWNAIVISMYREHLLSIEHLQRLLFQQV

** Kk *-*** ***** **

62

133
143

199
218
66

266
285
140

334
353
215

408
427
290

483
502
365

558
577
440

631
650
515

705
724
590

780
799
665



Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

Gscl
Gsc2
Gsc3

781
800
666

855
874
741

905
924
816

976
995
891

1051
1070
965

1125
1144
1040

1200
1219
1113

1275
1294
1188

1350
1369
1263

1425
1444
1338

1500
1519
1413

1574
1593
1487

PSEIEGKRTLRAPTFFVSQDDNNFET-EFFPRDSEAERRISFFAQSLSTP IPEPLPVDNMPTFTVLTPHYAERIL
PSEIEGKRTLRAPTFFVSQDDNNFET-EFFPRDSEAERR I SFFAQSLSTP IPEPLPVDNMPTFTVLTPHYAERIL
DSLMGDTRTLKSPTFFVAQDDSTFKSMEFFPSNSEAKRRISFFAQSLATPISEPVPVDCMPTFTVLVPHYSEKIL

*** ***** *** * - *** *** ** *kk ******* *** * *x

LSLREI IREDDQFSRVTLLEYLKQLHPVEWECFVKDTKILAEETAAYEGN-—=—=—————————— o ——
LSLREIIREDDQFSRVTLLEYLKQLHPVEWDCFVKDTKILAEETAAYENN-———————————— e ———
LGLKEIIREESPKSKITVLEYLKHLHPTEWECFVKDTKLLSMEKSFLKEAESSHDEDRLEIPDALYDPRSSPLSD

H K kekeokeokok - Fom =k dekokokok s kekok ok s koo - k- ok

--——ENEAEKEDALKSQIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRTISGFMNYSRAIKLLYRVENPEI
----EDEPEKEDALKSQIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRT ISGFMNYSRAIKLLYRVENPEI
HTESRKLPTEDDLIKEKINDLPFSYFGFNSSEPSYTLRTRIWASLRTQTLYRTLSGFMNYSKAIKLLYRIENPSL

-k * EE ** * * *** -

VQMFGGNAEGLERELEKMARRKFKFLVSMQRLAKFKPHELENAEFLLRAYPDLQIAYLDEEPPLTEGEEPRIYSA
VQMFGGNADGLERELEKMARRKFKFLVSMQRLAKFKPHELENAEFLLRAYPDLQIAYLDEEPPLNEGEEPRIYSA
VSLYRGNNEALENDLENMASRKFRMVVAMQRYAKFNKDEVEATELLLRAYPNMFISYLLEELEQNESEK TYYSC

TRk - ek mdkk-dkk hkk- - -dk-dkkk kkks -k sk dkekokokokk - - ke -k ek

L IDGHCE I L-DNGRRRPKFRVQLSGNP I LGDGKSDNQNHAL IFYRGEY 1QL IDANQDNYLEECLKIRSVLAEFEE
LIDGHCE I L-ENGRRRPKFRVQLSGNP I LGDGKSDNQNHAL IFYRGEY 1QL IDANQDNYLEECLKIRSVLAEFEE
LTNGYAEFDEESGLRKPIFKIRLSGNPILGDGKSDNQNHSIIFYRGEYIQVIDANQDNYLEECLKIRSVLSEFEE

=% - sk kek k- - -

LNVEQVNPYAPGLRYEEQTTNHPVAIVGAREY I FSENSGVLGDVAAGKEQTFGTLFARTLSQIGGKLHYGHPDFI
LGIEQIHPYTPGLKYEDQSTNHPVAIVGAREY I FSENSGVLGDVAAGKEQTFGTLFARTLAQIGGKLHYGHPDFI
LELNPTIPYIPGIEYEEEP——PPIAIVGSREYIFSENIGVLGDIAAGKEQTFGTLFARTLAEIGGKLHYGHPDFL

*x 'k* 'k* -

Domain 2
NATFMTTRGGVSKAQKGLHLNED I YAGMNAMLRGGR IKHCEYYQCGKGRDLGFGT ILNFTTKIGAGMGEQMLSRE
NATFMTTRGGVSKAQKGLHLNED I YAGMNAVLRGGR IKHCEYYQCGKGRDLGFGT ILNFTTKIGAGMGEQMLSRE
NGIFMTTRGGLSKAQRGLHLNEDIYAGMNAICRGGKIKHSDYYQCGKGRDLGFGSILNFTTKIGAGMGEQLLSRE

- *** *** -

YYYLGTQLPVDRFLTFYYAHPGFHLNNLFIQLSLQMFMLTLVNLSSLAHES IMC1YDRNKPKTDVLVPIGCYNFQ
YYYLGTQLPIDRFLTFYYAHPGFHLNNLFIQLSLOQMFMLTLVNLHALAHESILCVYDRDKPITDVLYPIGCYNFH
YYYLGTQLPMDRFLSFFYAHPGFHLNNLFISFSVQLFFVLLLNLGALNHEIIACFYDKDAPITNLETPVGCYNIQ

***-*** *******-**-*****-

Hot spot 2

PAVDWVRRYTLSIFIVFWIAFVPIVVQEL I1ERGLWKATQRFFCHLLSLSPMFEVFAGQIYSSALLSDLAIGGARY
PAIDWVRRYTLSIFIVFWIAFVPIVVQEL IERGLWKATQRFFRHILSLSPMFEVFAGQIYSSALLSDIAVGGARY
PALHWVSIFVLSIFIVFFIAFAPLLIQEVLEKGIWRAASRFLHHLLSMAPLFEVFVCQVYSNSLLMDLTFGGAKY

*Kk - Kk = KkAhkkhkkhkkhkAhkkhk-kkhkkhk K- -mmkkhk--mkmk-k-k- khkhk- K-kkhk--k-kkhkhk *=kk -kk K-- Khkk-%k

ISTGRGFATSRIPFSILYSRFAGSATYMGARSMLMLLFGTVAHWQAPLLWFWASLSSL IFAPFVFNPHQFAWEDF
ISTGRGFATSRIPFSILYSRFAGSATYMGSRSMLMLLFGTVAHWQAPLLWFWASLSAL IFAPFIFNPHQFAWEDF
ISTGRGFAITRLDFFTLYSRFVNISTYSGFQVFFMLLFAT I SMWQPALLWFWITV ISMCFAPF I FNPHQFAFMDF

FhAAKXAKAKAAXKX =k=- KX E =kk X - - =kkkk - = k% E = = == Kkhkkhkkhk-kkhkkhkkhkkhkkhkkhk- Kkk

FLDYRDY IRWLSRGNNQYHRNSWIGYVRMSRAR I TGFKRKLVGDESEKAAGDASRAHRTNL IMAET -TIPCATYAA
FLDYRDY IRWLSRGNNKYHRNSWIGYVRMSRSRVTGFKRKLVGDESEKSAGDASRAHRTNL IMAET -1PCATYAA
FIDYKTFIHWLFSGNTKYQKESWANFVKSSRSRFTGYKSKTVDDISEDSGHDSKKARFWNVFFAELFLPFCVFL—

Fookk- -k-kk *h k- mh- kkmk kk-k Kk ok ok kk - -k - *om o mkk-

GCFIAFTFINAQTGVKTTDDDRVNSVLRI I ICTLAP IAVNLGVLFFCMGMSCCSGPLFGMCCKKTGSVMAG IAHG
GCFIAFTFINAQTGVKTTDEDRVNSTLRITICTLAPIVIDIGVLFFCMGLSCCSGPLLGMCCKKTGSVMAG IAHG
FNFTAFSFINAQTGVS——DSTPTSAVFRLLLVTFLPIFLNSIVLFLLFWVSLFVVPGLSYCCKDAGAVIAFIAHT

* ** ******** * - K*= X*k - - *** - * - *** * * * Kkk
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VAVIVHIAFFIVMWLESFNFVRMLIGVVTCIQCQRL IFHCMTALMLTREFKNDHANTAFWTGKWYGKGMGYMAW
TAVVWHIVFFIVMWVLEGFSFVRMLIGVVTCIQCQRL IFHCMTVLLLTREFKNDHANTAFWTGKWYSTGLGYMAW
FSVLVYLLDFELMWFLQGWNFTRTLILLITCINMHLILFKVFTTIFLTREYKNNKAHLAWWNGKWYNTGMGWSII

* ** * - * * KKk - *** - - **** ** -k - * * **** * *

TQPSRELTAKVIELSEFAADFVLGHVILICQLPLI11PKIDKFHS IMLFWLKPSRQI-RPP1YSLKQTRLRKRMV
TQPTRELTAKV IELSEFAADFVLGHVILIFQLPVICIPKIDKFHS IMLFWLKPSRQI-RPP 1 YSLKQARLRKRMV
LQPIREYFVKIMESSYFAADFFLGHFLLFIQTPIILLPFIDYWHTMVLFWMNPRSIIAHKRILTRKQRALRSRIV

** Kk * - * * ***** *** -k= X * * * *Kk =Kk - *** -k * * = k% ** * *

KKYCSLYFLVLAIFAGCI 1GPAVASAKIHKHIGDSLDGV-VHNLFQP INTTNNDTGSQMSTYQSHYYTHTPSLKT
RRYCSLYFLVLI1FAGCIVGPAVASAHVPKDLGSGLTGT-FHNLVQPRNVSNNDTGSQMSTYKSHYYTHTPSLKT
SKYFSLYFVMLGVLLFMLIAPFFAGDFVSS PQELLEGTLFEGIFQPNNQNNNDTGPNA———PSTILTTTPTLPT

sk dkkk - -k s Rk ok Rekokkk - *okk -k ok
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FIG S3.

S. cerevisiae S. cerevisiae P. jirovecii gsc1 P. jirovecii gsc1 P. jirovecii gsc1 P. carinii gsc1 P. carinii gsc1
+empty plasmid gsc1 deletant Gsc1 wild-type $718P F714S + S718P wild-type $715P
+empty plasmid

S. cerevisiae gsc1 deletant + plasmid +

P. murl ina gscl P. murina gsc1 C. albicans C. parapsilosis C. albicans C. parapsilosis
wild-type $719P GSC1 GsC1

S. cerevisiae gsc1 deletant + plasmid +



