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Figure 14:The transcription factors Bcr1 and Efg1 are required for 
Tor1 dependent cellular aggregation and adhesin 
expression.  (A) and (C)  bcr1/bcr1, efg1/efg1 and  ectopically 
complemented mutant strains were grown in Spider medium at 
37°C in the absence (-) or in the presence (+) of 20 nM 
rapamycin and examined microscopically at the indicated times.  
(B) and (D)  ALS1, ALS3, HWP1 and ECE1 mRNA expression, 
upon treatment with 20 nM rapamycin for 90 minutes in wild 
type cells grown in Spider medium at 37°C, as measured by 
quantitative real time PCR.  Induction of ALS1, ALS3, HWP1 
and ECE1 expression upon rapamycin treatment is reduced in 
bcr1/bcr1 and efg1/efg1 strains and restored in complemented 
strains relative to untreated wild type cells under the same 
growth conditions.  Relative expression levels represent mean 
ΔCt values normalized to TDH3 expression levels and relative to 
expression values in untreated cells.  Bars represent standard 
deviation for three replicates.  
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2.3 Discussion 

The Tor protein kinase is a globally conserved constituent of a signal 

transduction pathway that orchestrates transcription, translation and protein 

degradation in eukaryotic cells in response to nutrients.  The aim of this work was 

to assess whether Tor function has been evolutionarily conserved among the 

ascomycete fungal species C. albicans and S. cerevisiae.  Our studies show that 

Tor1 mediated transcriptional regulation of translation and nitrogen starvation 

responses is similar between the two species, indicative of a conserved Tor1 

signaling role in nutrient response pathways among ascomycetes.  We have also 

uncovered a novel nutrient dependent role for Tor1 signaling in repressing cell-

cell adhesion and expression of the adhesin genes ALS1, ALS3, HWP1, and 

ECE1 in C. albicans.  Tor1 mediated cell-cell adhesion is dependent on the 

adhesins Als1 and Als3 and adhesin expression is driven by the transcriptional 

activators Bcr1 and Efg1.  In addition, Tor1 promotes expression of the 

transcriptional repressors Nrg1 and Tup1, indicating that under ample nutrient 

conditions, Tor1 controls adhesin expression by a dual mechanism involving 

repression of activators and activation of repressors as outlined in Figure 15.  

Cell-cell adhesion is an important virulence trait associated with C. albicans 

biofilm development and the governance of this process by Tor1 underscores the 

pivotal role that nutrient responsive pathways play in pathogen-associated 

virulence attributes. 
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Figure 15: Proposed model by which Tor1 regulates ALS1, ALS3, 
HWP1 and ECE1 expression.  Limiting nutrients, perception of 
a signal or rapamycin treatment results in inactivation of Tor1 
leading to induction of adhesin expression and cellular 
aggregation.  Induction of adhesin expression results from a 
two-fold mechanism: by direct or indirect (dashed lines) 
downregulation of NRG1 and TUP1 expression and by 
activation of the transactivators Bcr1 and Efg1.  
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2.3.1 Tor1 and nutrient sensing in C. albicans 

Exposure of S. cerevisiae cells to rapamycin triggers changes in gene 

expression that mimic those observed during nutrient starvation, such as 

transcriptional repression of genes required for ribosome biogenesis and 

induction of genes involved in nitrogen utilization.  These and other observations 

have led to the model that the Tor pathway regulates growth and proliferation in 

response to nutrients (reviewed in [3]).  Consistent with this model, our results 

strongly suggest that in C. albicans, Tor1 functions in an analogous fashion since 

rapamycin treatment elicited a similar nutrient scavenging transcriptional 

response.  This response includes the coordinate downregulation of genes 

required for ribosome biogenesis, translation initiation and tRNA synthesis (Table 

4, Section 2.6), and concomitant induction of genes coding for amino acid 

transporters and peptidases necessary for nutrient acquisition and protein 

degradation (Table 5, Section 2.6).  Exposure to rapamycin also resulted in 

robust expression of nitrogen catabolite repressed (NCR) genes (Table 5, 

Section 2.6) such as those encoding the high affinity ammonium permease Mep2 

and the general amino acid permease Gap2.  Thus, Tor1 control of the NCR 

response also appears to be functionally conserved.  Furthermore, in 

Schizosaccharomyces pombe, the Tor1 homologue tor2+ is also involved in 

repressing nitrogen starvation-responsive genes [129,130] signifying that this role 

for Tor1 signaling is broadly conserved among fungal species.  
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2.3.2 Tor1 regulation of filamentation 

 Our microarray analysis also revealed a novel role for Tor1 in regulating 

hyphae-specific gene transcription (Table 1).  Expression of the hyphae induced-

transcripts ALS1, RBT1, ALS3, ECE1, and SUN41 increased upon Tor1 

inhibition, implicating Tor1 in governing the yeast-to-hyphae morphological 

transition.  In accord with this line of evidence, we found that Tor1 is required for 

C. albicans filamentation on agar surfaces under a variety of hyphae inducing 

conditions (Figure 3).  These results are consistent with previous reports 

documenting rapamycin suppression of filamentous differentiation in S. 

cerevisiae, C. albicans, and C. neoformans [28,126,127].  Surprisingly, 

rapamycin did not inhibit hyphal growth in liquid medium.  This interesting and 

paradoxical effect suggests that Tor1 is required for contact-dependent induction 

of C. albicans hyphal growth on semi solid surfaces and perhaps during contact 

with host cells or extracellular matrix.  In addition, we find that Tor1 is also 

required for hyphal growth induction during nitrogen limiting conditions (Figure 3).   

Recently, there has been increasing evidence-implicating Tor1 signaling in this 

developmental transition.  In S. cerevisiae, Tor1 mediated gene expression of the 

high affinity ammonium transporter Mep2 is controlled by the GATA 

transcriptional regulator Gln3 [30,31,32].  Similarly, in C. albicans the Gln3 

homologue regulates the expression of MEP2 and is a likely effector of Tor1 

signaling.  Filamentous growth is blocked in mep2/mep2 and gln3/gln3 mutants 
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under limiting nitrogen conditions, mirroring the inhibition of filamentous growth in 

rapamycin treated wild type cells grown on SLAD medium (Figure 3) 

[131,132,133].    

The differential regulation of filamentation by Tor1 is a reflection of the 

complexity inherent within the Tor1 signaling network and of its role as an 

integrator of diverse signals and filamentous growth. 

 

2.3.3 Regulation of cell-cell adhesion by Tor1 signaling 

 Another unique finding revealed during our analysis of Tor1 function in C. 

albicans is an unexpected role in regulating cell-cell adhesion.  Tor1 dependent 

cell-cell adhesion appears to be conditional since it is only observed in liquid 

Spider media suggesting that it requires a signal present in this medium.  This 

conditional regulation of cell-cell adhesion could constitute a specialized signal 

transduction pathway (involving Tor1) utilized by C. albicans to regulate cell 

adherence in unique niches of the mammalian host, or upon perception of 

nutritional or environmental signals.  Nevertheless, our data strongly indicates a 

role for Tor1 signaling in regulating this process.   

Tor1 dependent cell adherence could arise from changes in cell wall 

composition upon Tor1 inhibition resulting in non-specific electrostatic 

interactions.  However, several lines of evidence support a model in which Tor1 

regulates cell adherence via transcriptional regulation of cell surface adhesins.  
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First, inhibition of Tor1 results in induced expression of genes encoding the 

adhesins Als1, Als3, Hwp1, and Ece1 (Table 8, Section 2.6, Figure 7), all of 

which play complementary roles in promoting cell adhesion in in vivo and in vitro 

models of biofilm formation [97,98,100].  In particular, both Als1 and Als3, which 

have overlapping functions in cell adherence during biofilm development, are 

also required for Tor1 mediated cellular aggregation (Figure 10) [97,98,100].  

Thus, Tor1 inhibits cell adhesion by promoting repression of adhesin gene 

expression. 

Second, the finding that rapamycin induced cellular aggregation and 

adhesin expression is strongly dependent on the transcriptions factors Efg1 and 

Bcr1 (Figure 14) further strengthens our model.  Both Efg1 and Bcr1 are known 

transactivators of ALS1, ALS3, HWP1, and ECE1 gene expression and in the 

context of biofilm formation Bcr1 has a well-established role in promoting cellular 

adhesive interactions [56,57,97,134].  Our genetic analysis thus strongly 

suggests that Tor1 functions to negatively regulate Efg1 and Bcr1 activity thereby 

preventing induction of adhesin expression.   

Our studies also implicate the adhesin transcriptional repressors Nrg1 and 

Tup1 in Tor1 mediated cell adhesion [67,69,70,94,112,113].  Rapamycin 

treatment of wild type cells resulted in downregulation of NRG1 and TUP1 mRNA 

expression (Figures 12 and 13), which could result in relief of transcriptional 

repression at adhesin gene promoters.  This model is consistent with the known 
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hyper-flocculant phenotypes of nrg1/nrg1 and tup1/tup1 mutant strains.  

Interestingly, this level of regulation appears to be transient since Tor1 inhibition 

did not result in constitutive hyphal induction in contrast to that observed in 

nrg1/nrg1 and tup1/tup1 mutant strains.   

Based on these studies, it is evident that Tor1 governs cellular adhesion 

by multiple mechanisms.  One simple model consolidating our observations is 

that Tor1 controls NRG1 and TUP1 expression through Efg1 and Bcr1.  Efg1 is a 

known transcriptional activator of TEC1 gene expression [134], and Tec1 is 

necessary for BCR1 expression [64].  However, this model is not consistent with 

the finding that tec1/tec1 mutant cells continue to aggregate in the presence of 

rapamycin (data not shown).  Furthermore, neither bcr1/bcr1 nor efg1/efg1 

strains exhibit constitutive hyphal induction, suggesting that steady state levels of 

NRG1 and TUP1 mRNAs remain unchanged in these mutant backgrounds and 

arguing that Tor1 regulation of NRG1 and TUP1 gene expression is independent 

from Efg1 and Bcr1.  Therefore, our results are consistent with a model that 

under ample nutrient conditions, Tor1 blocks cellular aggregation by promoting 

expression of the adhesin transcriptional repressors Nrg1 and Tup1 and by 

downregulating Bcr1 and Efg1 activity (Figure 15).  Conversely, during nutrient 

limiting conditions or sensing of an environmental signal or upon rapamycin 

treatment, Tor1 is inactivated leading to adhesin expression and aggregation of 

cells, a process central for C. albicans niche colonization and biofilm formation.   
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Whether these events reflect a synergistic mechanism for maximal 

adhesin induction, or are differentially regulated by distinct signals in various host 

environments, requires further dissection.  In summary, our results link the 

nutrient-responsive Tor signal transduction cascade to regulation of cell-cell 

adhesion in a major human fungal pathogen.  Rapamycin also modulates 

aggregation of C. guilliermondii cells (Figure 6), and expression of adhesion 

molecules in mammalian endothelial cells [135], opening the possibility that 

Tor1’s regulation of cell-cell adhesion might be broadly conserved among 

organisms including metazoans.  

 

2.4 Materials and Methods 

 

2.4.1 Strains and growth media 

Strains used in this study are listed in Table 2.  Wild type cells were grown 

at 30°C or 37°C on YPD (2% Bacto Peptone, 1% yeast extract and 2% dextrose), 

SLAD (1.7 g/L Yeast Nitrogen Base without amino acids and ammonium sulfate 

(Fisher scientific), supplemented with 100 µM ammonium sulfate and 2% 

dextrose), alkaline M199 (pH 8) (9.5 g/L Medium 199 with Earle’s salts and L-

glutamine and without sodium bicarbonate (Gibco), buffered with 100 mM 

HEPES), Spider , Spider without mannitol and supplemented with either 2% 

glucose or 2% glycerol, YPD supplemented with 10% Fetal Bovine Serum 
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(Gibco), RPMI (RPMI 1640 liquid media with Glutamine and without sodium 

bicarbonate (Gibco) supplemented with 2% dextrose and buffered with 0.165M 

MOPS, pH 7), Lee’s [136], and SD media.  Strains were grown in either solid 

media containing 2% agar or in liquid cultures in the presence of rapamycin (LC 

Laboratories) or drug vehicle (90% EtOH/10% Tween-20). 

Table 2: Strains used in Chapter 2 

Strain Genotype Ref. 

SC5314 Wild type [137] 

JRB12 SC5314 TOR1-1/TOR1 [103] 

CAYC2 ura3Δ::imm434/ura3Δ::imm434 als1Δ::hisG/als1Δ::hisG-URA3-hisG [80] 

CAYF17

8U 

ura3Δ::λimm434::URA3-IRO1/ura3Δ::λimm43 als3::ARG4/als3::HIS1 
arg4::hisG/arg4::hisG his1::hisG/his1::hisG 

[97] 

CAL4 hwp1Δ::hisG/hwp1Δ::hisG ura3Δ::imm434/ura3Δ::imm434 [56] 

FJS6 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG/his1::hisG ece1::Tn7-UAU1/ece1::Tn7-URA3 

[97] 

YAG171 ura3Δ::imm434/ura3Δ::imm434 rbp1::MX3/rbp1::CaURA3MX3R [103] 

CJN1348 ura3Δ::λimm434::URA3-IRO1/ura3Δ::λimm434 als1::hisG/als1::hisG 
als3::dpl::200/als3::dpl200 

[98] 

CJN1352 ura3Δ::λimm434::URA3-IRO1/ura3Δ::λimm434 als1::hisG/als1::hisG 
als3::dpl::200/als3::dpl200 ALS1::pAgTEF1-NAT1-AgTEF1UTR-TDH3-
ALS1/ALS1 

[98] 

CJN1356 ura3Δ::λimm434::URA3-IRO1/ura3Δ::λimm434 als1::hisG/als1::hisG 
als3::dpl::200/als3::dpl200 ALS3::pAgTEF1-NAT1-AgTEF1UTR-TDH3-
ALS3/ALS3 

[98] 

JKC18 ura3Δ::λimm434/ura3Δ::λimm434 cph1::hisG/cph1::hisG [138] 

HLY1921 ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG/his1::hisG 
arg4::hisG/arg4::hisG cph2::ARG4/cph2::URA3 

[63] 

HLC67 ura3Δ::λimm434/ura3Δ::λimm434 efg1::hisG/efg1::hisG [47] 

HLC74 ura3Δ::λimm434/ura3Δ::λimm434 efg1::hisG/efg1::hisG (EFG1) [47] 

CJN896 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG::pHIS1/his1::hisG tec1::Tn7-UAU1/tec1::Tn7-URA3 

[64] 
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CJN702 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG::pHIS1/his1::hisG bcr1::ARG4/bcr1::URA3 

[64] 

CJN698 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG::pHIS1-BCR1/his1::hisG bcr1::ARG4/bcr1::URA3 

[64] 

CJN517 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG::pHIS1/his1::hisG czf1::Tn7-UAU1/czf1::Tn7-URA3 

[64] 

CJN267 ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG 
his1::hisG::pHIS1/his1::hisG rim101::Tn7-UAU1/rim101::Tn7-URA3 

[64] 

BCa23-3 ura3Δ::λimm434/ura3Δ::λimm434 nrg1::hisG/nrg1::hisG [112] 

BCa23-7 ura3Δ::λimm434/ura3Δ::λimm434 nrg1::hisG/nrg1::hisG 
ACT1::NRG1/ACT1 

[112] 

BCa2-9 ura3Δ::λimm434/ura3Δ::λimm434 tup1::hisG/tup1::hisG [65] 

BCa2-11 ura3Δ::λimm434/ura3Δ::λimm434 tup1::hisG/tup1::hisG (TUP1) [65] 

DK128 ura3Δ::λimm434/ura3Δ::λimm434 rfg1::hisG/rfg1::hisG-URA3-hisG [139] 

ATCC 
6260 

Candida guilliermondii  

 
 

2.4.2 Microarray analysis 

For microarray analysis, cell cultures were grown in YPD medium at 30°C 

to an O.D600=0.5.  Cultures were treated with either 20 nM rapamycin or drug 

vehicle and incubated for 60 minutes at 30°C.  Total RNA was extracted using a 

RiboPureTM-Yeast RNA extraction kit (Ambion Inc.) and corresponding cDNA 

synthesized using an AffinityScriptTM-Multiple Temperature Reverse 

Transcriptase kit (Stratagene).  cDNA generated from drug vehicle treated cells 

were used as reference and labeled with Cy3 (Amersham) and cDNA 

synthesized from rapamycin treated cells were labeled with Cy5 (Amersham) and 

used as the experimental sample.  Labeled cDNA were hybridized overnight at 

42°C to a 70-mer C. albicans AROS V1.2 oligo microarray set (OPERON 

Table 2: (continued) 
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technologies) printed at Duke University microarray facility.  Hybridized arrays 

were scanned with an Axon GenePix scanner (GenePix 400B, Molecular 

Devices) and data extracted using GenePix Pro 4 software (Molecular Devices).  

Normalization and expression analysis was performed using GeneSpring (Silicon 

Genetics) and Excel software. 

For microarray analysis of strains grown on Spider medium, cell cultures 

were grown in YPD liquid medium at 30°C to an O.D600=0.5.  Cells were washed 

twice and resuspended in Spider liquid medium.  Cultures were treated with 

either 20 nM rapamycin or drug vehicle and shaken for 90 minutes at 37°C.  All 

microarray analyses were performed with 4 independent biological replicates.  

Probability scores were calculated with GraphPad Software 

(http://www.graphpad.com/quickcalcs/pvalue1.cfm) using two degrees of 

freedom and values from a t-test on the ratio of median values, which was scaled 

by the standard deviation of four independent replicates. Significantly modulated 

genes were selected from those whose expression was above two fold higher or 

lower than wild type and with a p-value less than 0.05. 

 

2.4.3 Filamentation and cellular aggregation assays 

Filamentation of C. albicans was induced by growing cells on SLAD, 

alkaline M199 (pH 8) and Spider agar media containing 15 nM rapamycin or drug 

vehicle and incubated at 37°C for 7 days.  Colonies were photographed at a 4.5X 
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magnification.  For cellular aggregation assays cells were grown in YPD medium 

to an O.D600=0.5, washed twice and resuspended in Spider media.  Cultures 

were treated with either 20 nM or drug vehicle, incubated at 37°C, and 

photographed immediately after shaking. Cells aliquots were imaged by DIC 

microscopy at 40X magnification using a Zeiss Axioskop 2 upright microscope. 

 

2.4.4 Northern analysis 

For adhesin northern analysis, cells were grown in Spider media following 

the same procedure as used for cellular aggregation assays and cells treated 

with 20 nM rapamycin and drug vehicle for 90 minutes at 37°C.  For NRG1 and 

TUP1 expression analysis, cells were similarly treated and 20 ml aliquots 

harvested at 0, 30, 60 and 90 minutes.  Total RNA was isolated using a 

RiboPureTM-Yeast RNA extraction kit (Ambion Inc) and 30 µg of total RNA loaded 

onto a 1% formaldehyde agarose gel.  Following transfer, membranes were 

hybridized to radioactive DNA probes for each specific gene (see Table 3 for 

primer sequences used).  Hybridized probe signal was detected using a 

phosphoimager and quantified with Image Quant 5.2 (Molecular Dynamics) 

software. 
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Table 3: Primers used in Chapter 2 studies 

Primer Primer name Primer sequence 
ALS1_F JOHE18703 5'-CAACTACATTATCAACTACTTCAAACTC-3' 
ALS1_R JOHE18704 5'-AGTAACAGATCCACTAGTAACAAGTTC-3' 
ALS3_F JOHE18709 5'-GTTGAAACAGAATCTTCTACTGTTACTACT-3' 
ALS3_R JOHE18710 5'-TAGTAAGCATATGTAAACTAACTAAAGATG-3' 
HWP1_F JOHE17704 5'-TTCTTCTTCATCATCATCTACTACTC-3' 
HWP1_R JOHE17705 5'-GTAAGTGGTGTAAATAGTATCTTTAGATGT-3 
ECE1_F JOHE18533 5'-CTACTGTTTTTGCTTTATCTTCTCA-3' 
ECE1_R JOHE18534 5'-CTCTTTTTGATTAAATTGCTAAGTG-3' 
NRG1_F JOHE17710 5'-CATACCATCAACAATACTACAACTATC-3' 
NRG1_R JOHE17711 5'-CTAGCTAAATGTCCTGAAGTAGTAAAC-3' 
TUP1_F JOHE17712 5'-AGAAGATTATGACTCAAAGTACCAAC-3' 
TUP1_R JOHE17713 5'-AATGTATTGTGACTTGTCGATAACC-3' 
ACT1_F JOHE17730 5'-AGAGACATTAAAGAAAGATTGTGTTAC-3' 
ACT1_R JOHE17731 5'-AATAATCTTAACTTTCATAGAAGATGG-3' 

 

 

 

2.4.5 Als3 localization by indirect immunofluorescence 

Localization of Als3 in hyphae of wild type and als3/als3 strains was 

assayed by indirect immunofluorescence using a rabbit polyclonal antiserum 

raised against a recombinant Als3 N-terminus fragment that was kindly provided 

by Dr. Scott Filler [140].  Als3 antibodies were enriched by 3 sequential 

incubations of antiserum, on ice for one hour, with hyphae generated from 3 X 

109 als3/als3 blastopores grown in RPMI at 37°C for 3 hours.  Localization of 

Als3 was performed by growing wild type and als3/als3 mutant strains using the 

same procedure as used for cell aggregation assays.  Cells were treated with 20 

nM rapamycin or drug vehicle for 90 minutes at 37°C.  After treatment, cell 
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cultures were fixed with 1% formaldehyde and spotted onto poly-lysine coated 

multi well slides.  Slides were incubated with a 1:50 dilution of enriched Als3-N 

antiserum and a 1:50 dilution of anti-rabbit IgG secondary antibody conjugated to 

Alexa-594 (Molecular Probes).  Cells were visualized with a 40X objective on a 

Zeiss Axioskop 2 upright microscope equipped with an LP 615 filter. 

 

2.4.6 Real time quantitative PCR (RT-qPCR) 

Cells were grown in Spider media as above and treated with 20 nM 

rapamycin and drug vehicle for 90 minutes at 37°C.  Total RNA was extracted 

and cDNA generated using an AffinityScriptTM QPCR cDNA Synthesis kit 

(Stratagene).  RT-qPCR products were obtained using 0.15 µg of cDNA, a 

Brilliant® SYBR® Green QPCR Master Mix kit (Stratagene) and a ABI-7900 light 

cycler.  Primers used for RT-qPCR are described in [91].  Expression levels were 

calculated by comparative delta Ct and normalized to TDH3.  Expression values 

are presented as Ct values of rapamycin treated samples relative to TDH3 

normalized Ct values of vehicle treated samples.  

 

2.4.7 Accession numbers 

Information for the following C. albicans genes can be found at the 

Candida Genome Database (CGD) Web site (http://www. candidagenome.org): 

ALS1 (orf19.5741), ALS3 (orf19.1816), HWP1 (orf19.1321), ECE1 (orf19.3374), 
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BCR1 (orf19.723), TEC1 (orf19.5908), NRG1 (orf19.7150), TUP1 (orf19.6109), 

EFG1 (orf19.610), TOR1 (orf19.2290), GAP2 (orf19.6993), MEP2 (orf19.5672), 

CAN1 (orf19.97), CAN2 (orf19.111), HIP1 (orf19.4940), DIP5 (orf19.2942), DUR3 

(orf19.781), CAR1 (orf19.3934), GDH2 (orf19.2192), URE2 (orf19.155), GAT1 

(orf19.1275), GLN3 (orf19.3912), GCN4 (orf19.1358), RBT1 (orf19.1327), 

SUN41 (orf19.3642), SAP10 (orf19.3839), SAP8 (orf19.242), RFG1 (orf19.2823), 

CZF1 (orf19.3127), RBP1 (orf19.6452), CPH1 (orf19.4433), CPH2 (orf19.1187).  

Information for the S. cerevisiae TOR1 gene (YJR066W) can found at the 

Saccharomyces Genome Database (SGD) Web site (http://www. 

yeastgenome.org).  Microarray data sets can be found at the Gene Expression 

Omnibus Web site (http://www.ncbi.nlm.nih.gov/geo/) under the accession 

number GSE13176. 
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2.6 Supplemental tables 

Table 4: Genes repressed by rapamycin treatment of wild type (SC5314) cells during growth in YPD at 30°C 

 

 

 

orf19_Id 
Locus 
name 

S. cerevisiae 
best hit 

Fold 
change 

p-
value Description 

Ribosome biogenesis     
orf19.2917 - NUG1 -12.2 0.0004 Predicted component of nuclear 60S pre-ribosomes 

orf19.7384 - NOG1 -6.8 0.0001 
Putative GTPase component of 60S ribosomal 
subunit 

orf19.4815 YTM1 YTM1 -6.1 0.0001 Protein similar to S. cerevisiae Ytm1p 
orf19.4029 - SQT1 -4.5 0.0002 Predicted to aid 60S ribosomal subunit assembly 
orf19.6975 YST1 RPS0A -2.5 0.0002 Ribosome-associated protein 
orf19.4336 RPS5 RPS5 -2.4 0.0076 Predicted ribosomal protein 
orf19.6375 RPS20 RPS20 -2.4 0.0015 Predicted ribosomal protein 
orf19.4490 RPL17B RPL17B -2.3 0.0062 Predicted ribosomal protein 
orf19.6085 RPL16A RPL16A -2.2 0.0040 Ribosomal protein Rpl16Ap 
orf19.827.1 RPL39 RPL36A -2.1 0.0160 Ribosomal protein L39 
orf19.2425.2 RPL28 RPL28 -2.1 0.0074 Predicted ribosomal protein 
orf19.4632 RPL20B RPL20A -2.1 0.0009 Predicted ribosomal protein 
orf19.2478.1 - RPL7A -2.0 0.0134 Predicted ribosomal protein of the large subunit 7A 
orf19.1700 RPS7A RPS7A -2.0 0.0034 Predicted ribosomal protein 

      
rRNA processing     
orf19.4093 - NOP7 -100 0.0365 Predicted nucleolar protein 
orf19.3478 NIP7 NIP7 -100 0.0023 Predicted nucleolar protein 
orf19.3990 - RPC17 -100 0.0064 Predicted RNA polymerase III subunit C17 
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orf19.2847 - RPC82 -100 0.0425 Predicted RNA polymerase III subunit C82 
orf19.2998 - TSR2 -100 0.0030 Predicted ORF from Assembly 19 
orf19.809 - NOP12 -100 0.0330 Predicted nucleolar protein 
orf19.7424 - NSA2 -100 0.0134 Predicted protein of 66S pre-ribosomal particles 
orf19.6090 - NSR1 -13.7 0.0003 Predicted nucleolar protein 
orf19.7050 NOP15 NOP15 -10.2 0.0158 Putative nucleolar ribosome biogenesis factor 
orf19.3138 NOP1 NOP1 -9.3 0.0000 Nucleolar protein 
orf19.1833 - CBF5 -8.9 0.0001 Predicted pseudouridine synthase 
orf19.3962 HAS1 HAS1 -7.6 0.0004 Nucleolar RNA helicase 
orf19.501 - NOP2 -7.5 0.0006 Predicted RNA m(5)C methyltransferase 
orf19.4697 MDN1 MDN1 -6.4 0.0000 Predicted dynein-related AAA-type ATPase 

orf19.7215 - UTP10 -5.4 0.0034 
Predicted component of the small subunit 
processome 

orf19.526 NHP2 NHP2 -5.3 0.0003 Predicted nucleolar protein 

orf19.7599 - UTP5 -4.4 0.0003 
Predicted component of the small subunit 
processome 

orf19.7618 - PNO1 -4.3 0.0000 
Predicted nucleolar protein for pre-18S rRNA 
processing 

orf19.6417 - TSR1 -4.2 0.0047 Predicted ORF from Assembly 19 
orf19.5884 - URB2 -3.5 0.0002 Predicted nucleolar rRNA processing protein 
orf19.172 - RPC19 -3.4 0.0044 Predicted RNA polymerase III subunit C19 
orf19.7255 RPC10 RPC10 -2.7 0.0016 Predicted RNA polymerase III subunit C10 

orf19.5436 - UTP8 -2.6 0.0012 
Predicted component of the small subunit 
processome 

      
Mitochondrial ribosome biogenesis    

orf19.4204 - PET123 -100 0.0114 
Predicted mitochondrial ribosomal protein of small 
subunit 

orf19.7485 - MRPL9 -100 0.0287 Mitochondrial ribosomal protein of the large subunit 
orf19.1545 - MRPS8 -100 0.0091 Mitochondrial ribosomal protein of the small subunit 
orf19.5161 - MRPL49 -8.7 0.0009 Mitochondrial ribosomal protein of the large subunit 
orf19.5279 - MRPL51 -7.6 0.0010 Mitochondrial ribosomal protein of the large subunit 
orf19.397 - MRPL28 -6.5 0.0008 Mitochondrial ribosomal protein of the large subunit 
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orf19.2214 - MRPL7 -5.0 0.0001 Mitochondrial ribosomal protein of the large subunit 
orf19.7012 - MRPS16 -5.0 0.0004 Mitochondrial ribosomal protein of the small subunit 
orf19.2275 - MNP1 -4.7 0.0000 Putative mitochondrial ribosomal protein 
orf19.5684 - MRPL38 -4.5 0.0003 Mitochondrial ribosomal protein of the large subunit 

orf19.1967 - IMG1 -4.5 0.0000 
Predicted mitochondrial ribosomal protein of large 
subunit 

orf19.3797 - MRPL11 -4.4 0.0000 Mitochondrial ribosomal protein of the large subunit 
orf19.5698 - MRPL1 -4.4 0.0001 Mitochondrial ribosomal protein of the large subunit 
orf19.3559 - MRPS35 -4.2 0.0004 Mitochondrial ribosomal protein of the small subunit 
orf19.4018 - RSM7 -4.0 0.0006 Predicted mitochondrial ribosomal protein 
orf19.688 - MRPS18 -4.0 0.0006 Mitochondrial ribosomal protein of the small subunit 
orf19.3064 - MRPL27 -4.0 0.0006 Mitochondrial ribosomal protein of the large subunit 
orf19.3297 - RSM27 -3.9 0.0007 Predicted mitochondrial ribosomal protein 
orf19.7019 YML6 YML6 -3.4 0.0004 Mitochondrial ribosomal protein 
orf19.6752 - RSM10 -2.4 0.0022 Predicted mitochondrial ribosomal protein 
orf19.3022 - RSM24 -2.1 0.0074 Predicted mitochondrial ribosomal protein 

      
Translation initiation      
orf19.6213 SUI2 SUI2 -100 0.0427 Putative translation initiation factor 
orf19.4261 TIF5 TIF5 -4.2 0.0004 Putative translation initiation factor 
orf19.5351 TIF11 TIF11 -3.7 0.0014 Predicted translation initiation factor eIF1alpha 
orf19.407 GCD6 GCD6 -3.7 0.0001 Putative catalytic subunit of eIF2B 
orf19.4635 NIP1 NIP1 -3.6 0.0003 Putative translation initiation factor 
orf19.7236 TIF35 TIF35 -3.4 0.0004 Putative translation initiation factor 
orf19.2967 TIF34 TIF34 -3.4 0.0021 Putative translation initiation factor 
orf19.6904 GCN3 GCN3 -3.2 0.0002 Protein described as a translation initiator 
orf19.4223 GCD11 GCD11 -3.1 0.0000 Subunit of translation initiation factor eIF2 
orf19.5081 FUN12 FUN12 -3.1 0.0091 Putative translation initiation factor 
orf19.6345 RPG1A RPG1 -2.8 0.0001 Putative translation initiation factor 
orf19.6776 GCD2 GCD2 -2.6 0.0134 Putative translation initiation factor 

orf19.6913 GCN2 GCN2 -2.3 0.0438 
Translation initiation factor 2-alpha (eIF2alpha) 
kinase 

orf19.3324 TIF TIF1|TIF2 -2.3 0.0254 
Protein similar to S. cerevisiae translation initiation 
factor 
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orf19.7613 HCR1 HCR1 -2.0 0.0064 Putative translation initiation factor 
      

Translation elongation     
orf19.4932 - MEF1 -6.6 0.0116 Predicted mitochondrial elongation factor 
orf19.6047 TUF1 TUF1 -4.9 0.0005 Putative translation elongation factor 
orf19.6208 MEF2 MEF2 -4.0 0.0038 Predicted mitochondrial elongation factor 
orf19.3541 ERF1 SUP45 -3.5 0.0172 Putative translation release factor 1 

      
tRNA synthesis     

orf19.2039 - MSF1 -6.2 0.0031 
Predicted beta subunit of phenylalanyl-tRNA 
synthetase 

orf19.3341 - YDR341C -4.7 0.0000 Putative tRNA-Arg synthetase 
orf19.3341 - YDR341C -4.7 0.0000 Putative tRNA-Arg synthetase 
orf19.500 - GCD10 -4.6 0.0330 Predicted subunit of tRNA methyltransferase 
orf19.518 - NCL1 -4.2 0.0009 tRNA (cytosine-5-)-methyltransferase activity 
orf19.4051 HTS1 HTS1 -4.1 0.0009 Putative tRNA-His synthetase 
orf19.5685 THS1 THS1 -3.2 0.0002 Putative threonyl-tRNA synthetase 
orf19.269 SES1 SES1 -2.9 0.0023 Seryl-tRNA synthetase 
orf19.2560 CDC60 CDC60 -2.9 0.0012 Cytosolic leucyl tRNA synthetase 
orf19.6749 KRS1 KRS1 -2.9 0.0011 Putative tRNA-Lys synthetase 
orf19.5746 ALA1 ALA1 -2.8 0.0042 Putative cytoplasmic alanyl-tRNA synthetase 
orf19.6702 DED81 DED81 -2.7 0.0004 Putative tRNA-Asn synthetase 
orf19.5226 WRS1 WRS1 -2.6 0.0010 Putative tRNA-Trp synthetase 
orf19.2138 ILS1 ILS1 -2.4 0.0049 Protein similar to isoleucyl-tRNA synthetase 
orf19.7064 GLN4 GLN4 -2.3 0.0026 Putative tRNA-Gln synthetase 
orf19.3955 MES1 MES1 -2.2 0.0098 Cytoplasmic methionyl-tRNA synthetase 
orf19.2407 DPS1-1 DPS1 -2.1 0.0032 Putative tRNA-Asp synthetase 

      
Amino acid 
biosynthesis     
orf19.5906 ADE6 ADE6 -11.9 0.0022 Enzyme of adenine biosynthesis 
orf19.4827 ADE2 ADE2 -9.5 0.0042 Phosphoribosylaminoimadazole carboxylase 
orf19.7484 ADE12 ADE12 -5.0 0.0001 Predicted enzyme of adenine biosynthesis 
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orf19.492 ADE1 ADE1 -3.2 0.0009 Enzyme of adenine biosynthesis 
orf19.3554 ADE17 ADE17 -2.1 0.0095 Enzyme of adenine biosynthesis 
orf19.3941 AAT1 - -9.5 0.0036 Aspartate aminotransferase 
orf19.1716 URA7 URA7 -7.2 0.0000 Predicted major CTP synthase isozyme 
orf19.2360 URA3 URA3 -6.3 0.0032 Orotidine-5'-phosphate decarboxylase 
orf19.1977 URA2 URA2 -2.8 0.0133 Predicted ORF from Assembly 19 
orf19.4177 - URA4 -2.5 0.0083 Predicted ORF from Assembly 19 
orf19.4026 HIS5 HIS5 -2.5 0.0079 Predicted histidinol-phosphate aminotransferase 
orf19.88 HIS1 HIS1 -2.1 0.0108 ATP phosphoribosyl transferase 
orf19.4040 ILV5 ILV5 -4.1 0.0024 Protein described as ketol-acid reductoisomerase 
orf19.5480 ILV3 ILV3 -3.9 0.0012 Putative dihydroxyacid dehydratase 
orf19.1613 ILV1 ILV1 -2.3 0.0000 Protein described as threonine dehydratase 
orf19.6086 ILV2 ILV2 -2.2 0.0003 Protein described as acetolactate synthase 
orf19.3846 LEU4 LEU4 -4.3 0.0116 Putative 2-isopropylmalalate synthase 
orf19.2618 LYS4 LYS4 -2. 0.0120 Protein described as homoaconitase 
orf19.2551 MET2 MET2 -3.7 0.0019 Putative homoserine acetyltransferase 
orf19.6780 MET6 MET6 -2.5 0.0153 Putative methyltransferase 
orf19.3911 MET8 MET8 -2.0 0.0145 Predicted bifunctional dehydrogenase 
orf19.5838 SAH1 SAH1 -3.2 0.0052 S-adenosyl-L-homocysteine hydrolase 
orf19.5263 - SER2 -6.3 0.0000 Predicted ORF from Assembly 19 
orf19.3099 SER33 SER3 -3.2 0.0057 Predicted enzyme of amino acid biosynthesis 
orf19.5243 TRP4 TRP4 -3.1 0.0377 Predicted enzyme of amino acid biosynthesis 
orf19.1067 TRP3 TRP3 -2.3 0.0013 Predicted enzyme of amino acid biosynthesis 

      
Glycolysis and glyoxylate cycle    
orf19.6540 GPM2 - -10.4 0.0189 Putative phosphoglycerate mutase 
orf19.5323 PFK2 PFK2 -6.0 0.0000 Beta subunit of phosphofructokinase 
orf19.2608 MDH1-3 - -3.1 0.0009 Predicted malate dehydrogenase 
orf19.3575 ADH5 - -2.7 0.0005 Putative alcohol dehydrogenase 
orf19.6632 CDC19 CDC19 -2.6 0.0114 Putative pyruvate kinase 
orf19.4618 ACO2 YJL200C -2.5 0.0044 Aconitate hydratase 2 
orf19.3997 FBA1 FBA1 -2.5 0.0463 Putative fructose-bisphosphate aldolase 
orf19.3542 ADH1 ADH1 -2.2 0.0228 Alcohol dehydrogenase 
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Other functions     
orf19.5160 - LEM3 -100 0.0269 Predicted protein of the plasma membrane and ER 
orf19.3419 - SAP190 -100 0.0378 Similar to S. cerevisiae Sap185p   
orf19.2020 MAE1 MAE1 -17.0 0.0000 Malic enzyme 
orf19.1868 HGT6 HXT6 -16.0 0.0000 Putative glucose transporter 
orf19.4099 RNR22 - -12.5 0.0009 Putative ribonucleoside diphosphate reductase 
orf19.5437 ECM17 ECM17 -11.1 0.0336 Predicted enzyme of sulfur amino acid biosynthesis 
orf19.2803 RHR2 RHR2 -10.3 0.0000 Putative glycerol 3-phosphatase 
orf19.508 HEM13 HEM13 -9.6 0.0000 Coproporphyrinogen III oxidase 
orf19.1575 QDR1 QDR1 -9.3 0.0001 Transporter of antibiotic resistance 
orf19.496 PRS1 PRS3 -8.2 0.0001 Phosphoribosylpyrophosphate synthetase 
orf19.5288 - MSH1 -7.7 0.0003 Putative mitochondrial DNA binding protein 
orf19.6437 IFE2 BDH1 -7.5 0.0001 Putative alcohol dehydrogenase 
orf19.550 CDC23 CDC23 -7.4 0.0420 Putative anaphase-promoting complex component 
orf19.5818 PDX3 PDX3 -7.0 0.0000 Predicted ORF from Assembly 19 
orf19.7325 SUR2 SUR2 -7.0 0.0000 Putative ceramide hydroxylase 
orf19.3656 - SCO1 -6.8 0.0000 Copper-binding protein 
orf19.1030 - COX15 -6.2 0.0001 Predicted ORF from Assembly 19 

orf19.406 - FPR3 -6.1 0.0002 
Predicted nucleolar peptidyl-prolyl cis-trans 
isomerase 

orf19.2489 ERG1 ERG1 -6.1 0.0000 Squalene epoxidase 
orf19.5674 - KAP123 -6.0 0.0009 Predicted karyopherin beta 4 
orf19.6565 PGA10 - -5.7 0.0037 Plasma membrane protein 
orf19.3037 - OXA1 -5.6 0.0005 Predicted ORF from Assembly 19 
orf19.7187 - PAB1 -5.5 0.0000 Putative poly(A)-binding protein 
orf19.4813 MAM33 MAM33 -5.4 0.0008 Predicted ORF from Assembly 19 
orf19.3126 - GUA1 -5.3 0.0004 Predicted ORF from Assembly 19 
orf19.3325 - CCT6 -5.3 0.0044 Predicted ORF from Assembly 19 
orf19.3577 - GLG2 -5.3 0.0000 Putative glycogen synthesis initiator 
orf19.4581 COQ5 COQ5 -5.2 0.0061 Putative methyltransferase 
orf19.7577 - PMH1 -5.0 0.0000 Predicted mannosyltransferase I 
orf19.1756 MSS51 MSS51 -4.8 0.0002 Putative mRNA maturation factor 
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orf19.489 GPD1 GPD1 -4.8 0.0014 Putative glycerol-3-phosphate dehydrogenase 
orf19.3670 DAP1 DAP1 -4.8 0.0002 Protein similar to S. cerevisiae Dap1p 
orf19.2028 GAL1 GAL3 -4.6 0.0202 Galactokinase 
orf19.5630 MXR1 MXR1 -4.6 0.0018 Methionine sulfoxide reductase 
orf19.391 APA2 APA1 -4.6 0.0000 Protein described as ATP adenylyltransferase II 
orf19.171 UPC2 UPC2 -4.4 0.0017 Transcription factor 
orf19.4777 - DBP2 -4.3 0.0005 Predicted ATP-dependent RNA helicase 
orf19.5348 DAK2 DAK2 -4.2 0.0014 Dihydroxyacetone kinase 
orf19.1361 TPS3 TPS3 -4.1 0.0004 Regulatory subunit of trehalose-phosphate synthase 
orf19.5281 - MAS6 -3.8 0.0011 Predicted ORF from Assembly 19 
orf19.1448 - SCP160 -3.8 0.0085 Predicted ORF from Assembly 19 
orf19.5832 APT1 APT1 -3.5 0.0000 Predicted ORF from Assembly 19 
orf19.1626 HPT1 HPT1 -3.4 0.0000 Predicted phosphoribosyltransferase 
orf19.388 - DYS1 -3.4 0.0001 Predicted Deoxyhypusine synthase 
orf19.2183 CAF16 CAF16 -3.3 0.0012 ABC family protein 
orf19.7478 KRE30 ARB1 -3.2 0.0026 YEF3-subfamily ABC family protein 
orf19.2524 - COQ1 -3.2 0.0003 Predicted ORF from Assembly 19 
orf19.685 MGE1 MGE1 -3.1 0.0009 Predicted ORF from Assembly 19 
orf19.1413 YHM1 GGC1 -3.1 0.0091 Putative mitochondrial carrier protein 
orf19.2795 YFH1 YFH1 -3.1 0.0029 Frataxin 
orf19.198 - LHP1 -3.1 0.0007 Putative RNA binding protein 
orf19.7386 ASN1 ASN2|ASN1 -3.0 0.0024 Protein described as asparagine synthetase 
orf19.5989 - MBA1 -3.0 0.0004 Predicted ORF from Assembly 19 
orf19.4048 - HRP1 -2.9 0.0001 Predicted ORF from Assembly 19 
orf19.18 DES1 - -2.9 0.0016 Putative delta-4 sphingolipid desaturase 
orf19.6074 IMH3 IMD4 -2.9 0.0168 Inosine monophosphate (IMP) dehydrogenase 

orf19.2286 HBR1 FAP7 -2.9 0.0082 
Protein involved in regulation of MTL gene 
expression 

orf19.7551 - LIA1 -2.8 0.0012 Predicted ORF from Assembly 19 
orf19.3675 ALO1 ALO1 -2.8 0.0001 D-Arabinono-1,4-lactone oxidase 
orf19.6432 GAL7 GAL7 -2.8 0.0012 Predicted ORF from Assembly 19; Gcn4p-regulated 
orf19.4381 - AFG2 -2.8 0.0012 Predicted ORF from Assembly 19 
orf19.2364 VTC3 VTC2 -2.8 0.0139 Putative polyphosphate synthetase 
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orf19.2951 MIS11 MIS1 -2.8 0.0117 Predicted precursor of C1-tetrahydrofolate synthase 
orf19.6423 HOM6 HOM6 -2.8 0.0067 Predicted homoserine dehydrogenase 
orf19.6916 - FBP26 -2.8 0.0119 Predicted ORF from Assembly 19 
orf19.2877 - ATP11 -2.7 0.0155 Predicted ORF from Assembly 19 
orf19.5855 PDC11 PDC1 -2.7 0.0188 Protein similar to pyruvate decarboxylase 
orf19.5006 - MBP1 -2.7 0.0179 Predicted ORF from Assembly 19 
orf19.1201 - GCV3 -2.7 0.0067 Predicted ORF from Assembly 19 
orf19.7057 - DIA4 -2.6 0.0023 Predicted ORF from Assembly 19 
orf19.2711 - GUS1 -2.6 0.0007 Predicted ORF from Assembly 19 
orf19.1115 - ELP2 -2.6 0.0001 Predicted ORF from Assembly 19 
orf19.4537 - GUK1 -2.6 0.0003 Predicted ORF from Assembly 19 
orf19.1770 - DST1 -2.6 0.0000 Predicted ORF from Assembly 19 
orf19.1588 CYC1 CYC1 -2.6 0.0046 Cytochrome C 
orf19.5942 - FMP21 -2.6 0.0182 Predicted ORF from Assembly 19 
orf19.392 - ITT1 -2.6 0.0492 Putative zinc finger protein 
orf19.1381 - CBP4 -2.6 0.0006 Predicted ORF from Assembly 19 
orf19.2956 - LSB5 -2.5 0.0032 Predicted ORF from Assembly 19 
orf19.6717 MGM101 MGM101 -2.5 0.0003 Putative mitochondrial genome maintenance protein 
orf19.719 - FSH1 -2.5 0.0001 Predicted ORF from Assembly 19 
orf19.1416 - HRD1 -2.5 0.0008 Predicted ORF from Assembly 19 
orf19.1404 COX11 COX11 -2.5 0.0067 Putative mitochondrial inner membrane protein 
orf19.4022 - DUS1 -2.5 0.0139 Predicted ORF from Assembly 19 
orf19.797 SDH4 - -2.5 0.0077 Succinate dehydrogenase 

orf19.7394 BAT21 BAT2 -2.5 0.0000 
Predicted branched chain amino acid 
aminotransferase 

orf19.6435 GDA1 GDA1 -2.5 0.0372 Golgi membrane GDPase 
orf19.6082 - FMP43 -2.4 0.0045 Predicted ORF from Assembly 19 
orf19.4004 - GSF2 -2.4 0.0018 Predicted ORF from Assembly 19 
orf19.7052 - CCT3 -2.4 0.0257 Predicted ORF from Assembly 19 
orf19.6672 - INP52 -2.4 0.0247 Predicted Polyphosphatidylinositol phosphatase 
orf19.4304 - MDJ1 -2.4 0.0017 Predicted ORF from Assembly 19 
orf19.2774 GAP1 - -2.4 0.0003 General amino acid permease 
orf19.488 - LIP5 -2.4 0.0027 Predicted ORF from Assembly 19 
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orf19.528 MEX67 MEX67 -2.4 0.0458 Nuclear export protein 
orf19.336 - - -2.3 0.0217 Predicted ORF from Assembly 19 
orf19.1214 YAH1 YAH1 -2.3 0.0138 Similar to oxidoreductases 
orf19.6126 - MAP2 -2.3 0.0153 Predicted ORF from Assembly 19 
orf19.2720 KGD2 KGD2 -2.3 0.0003 Predicted dihydrolipoamide S-succinyltransferase 
orf19.458 - CCT4 -2.3 0.0028 Predicted ORF from Assembly 19 
orf19.6668 - BCS1 -2.3 0.0057 Predicted ORF from Assembly 19 
orf19.6374 - CUE1 -2.3 0.0012 Predicted ORF from Assembly 19 
orf19.1236 - ATP10 -2.3 0.0320 Predicted ORF from Assembly 19 
orf19.3026 - GVP36 -2.3 0.0172 Predicted ORF from Assembly 19 
orf19.2475 - MAS1 -2.3 0.0014 Predicted ORF from Assembly 19 
orf19.410 PGA26 - -2.3 0.0011 Putative GPI-anchored protein of unknown function 
orf19.3363 - ARH1 -2.2 0.0069 Predicted ORF from Assembly 19 
orf19.1940 VTC4 VTC4 -2.2 0.0043 Polyphosphate synthetase 
orf19.7410 - CAT5 -2.2 0.0013 Predicted ORF from Assembly 19 
orf19.3167 - CYM1 -2.2 0.0110 Putative lysine-specific metalloprotease 
orf19.5515 - COX10 -2.2 0.0055 Predicted ORF from Assembly 19 
orf19.6640 - CBP3 -2.2 0.0028 Predicted ORF from Assembly 19 
orf19.7581 TPS1 TPS1 -2.2 0.0216 Trehalose-6-phosphate synthase 
orf19.439 - CUS1 -2.2 0.0043 Predicted ORF from Assembly 19 
orf19.2422 - MHR1 -2.2 0.0069 Predicted ORF from Assembly 19 
orf19.4195.1 ARC1 ARC1 -2.2 0.0157 Predicted ORF from Assembly 19 
orf19.2363 FCA1 FCY1 -2.2 0.0007 Cytosine deaminase 
orf19.7445 - FMP31 -2.2 0.0130 Predicted ORF from Assembly 19 
orf19.3268 - VID24 -2.1 0.0010 Predicted ORF from Assembly 19 
orf19.1609 - YKL056C -2.1 0.0093 Putative protein that associates with ribosomes 
orf19.411 - KRI1 -2.1 0.0344 Predicted ORF from Assembly 19 
orf19.6155 - - -2.1 0.0014 Similar to GTPase regulators 
orf19.5493 - CDC9 -2.1 0.0009 Predicted ORF from Assembly 19 
orf19.3038 GSP1 GSP1 -2.1 0.0168 Small RAN G-protein 
orf19.4560 TPS2 TPS2 -2.1 0.0043 Trehalose-6-phosphate (Tre6P) phosphatase 
orf19.6987 - BFR1 -2.1 0.0131 Predicted ORF from Assembly 19 
orf19.6257 - DNM1 -2.0 0.0125 Predicted ORF from Assembly 19 



Table 4: (continued) 

 

90 

orf19.6822 GLT1 GLT1 -2.0 0.0009 Putative NAD(+)-dependent glutamate synthase 
orf19.6880 - DCN1 -2.0 0.0000 Predicted ORF from Assembly 19 
orf19.898 - COG4 -2.0 0.0115 Predicted ORF from Assembly 19 
orf19.1291 HEM2 HEM2 -2.0 0.0216 Predicted porphobilinogen synthase 
orf19.793 ABZ1 ABZ1 -2.0 0.0004 Predicted para-aminobenzoate (PABA) synthase 
orf19.343 CAK1 - -2.0 0.0107 Monomeric CDK-activating kinase (CAK) 

      
Unknown function     
orf19.2798 - SCJ1 -100 0.0492 Predicted ORF from Assembly 19 
orf19.6623 - YDR332W -100 0.0415 Putative helicase 
orf19.6973 - ELF1 -100 0.0097 Predicted ORF from Assembly 19 
orf19.4479 - - -100 0.0299 Predicted ORF from Assembly 19 
orf19.322 - YJL010C -100 0.0029 Predicted ORF from Assembly 19 
orf19.6911 - - -100 0.0232 Predicted ORF from Assembly 19 
orf19.2259 - - -100 0.0054 Predicted ORF from Assembly 19 
orf19.4121 - - -100 0.0081 Predicted ORF from Assembly 19 
orf19.7345 - - -100 0.0440 Predicted ORF from Assembly 19 
orf19.6391 - YGR205W -100 0.0225 Predicted ORF from Assembly 19 
orf19.7320 - - -100 0.0111 Predicted ORF from Assembly 19 
orf19.2899 LIP7 - -100 0.0037 Predicted lipase 
orf19.3573 - - -100 0.0394 Predicted ORF from Assembly 19 
orf19.6156 - PEX6 -100 0.0491 Predicted ORF from Assembly 19 
orf19.4105 - YER093C-A -100 0.0315 Predicted ORF from Assembly 19 
orf19.3545 - - -100 0.0079 Predicted ORF from Assembly 19 
orf19.5973 - - -35.3 0.0186 Predicted ORF from Assembly 19 
orf19.5812 - PHB2 -14.0 0.0325 Predicted ORF from Assembly 19 
orf19.3810 - YOR051C -14.0 0.0015 Predicted ORF from Assembly 19 
orf19.6676 - MTD1 -13.2 0.0003 Predicted ORF from Assembly 19 
orf19.7011 - DPH5 -12.1 0.0010 Predicted ORF from Assembly 19 
orf19.7664 - RRP12 -11.2 0.0047 Predicted ORF from Assembly 19 
orf19.4587 - YCR087C-A -10.4 0.0001 Predicted ORF from Assembly 19 
orf19.512 - HGH1 -8.1 0.0000 Predicted ORF from Assembly 19 
orf19.7459 - KRE33 -7.5 0.0193 Predicted ORF from Assembly 19 
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orf19.6816 - YBR238C -6.9 0.0000 Predicted ORF from Assembly 19 
orf19.4580 - YJR096W -6.8 0.0002 Predicted ORF from Assembly 19 
orf19.5967 - - -6.7 0.0001 Predicted ORF from Assembly 19 
orf19.3649 FGR44 RBS1 -6.5 0.0238 Predicted ORF from Assembly 19 
orf19.5356 - FES1 -6.4 0.0006 Predicted ORF from Assembly 19 
orf19.4846 - YNL313C -6.3 0.0253 Predicted ORF from Assembly 19 
orf19.6418 - YGR210C -6.0 0.0007 Predicted ORF from Assembly 19 
orf19.7107 - YDL06C -5.9 0.0009 Predicted ORF from Assembly 19 
orf19.2068 - YJL122W -5.6 0.000 Predicted ORF from Assembly 19 
orf19.4617 - - -5.5 0.0418 Predicted ORF from Assembly 19 
orf19.633 - MAK3 -5.5 0.0001 Predicted ORF from Assembly 19 
orf19.5136 - - -5.2 0.0211 Putative methyltransferase 
orf19.904 - YGR017W -5.1 0.0002 Predicted ORF from Assembly 19 
orf19.1956 - - -5.1 0.0145 Predicted ORF from Assembly 19 
orf19.4836 - - -5.0 0.0154 Predicted ORF from Assembly 19 
orf19.5627 - - -4.7 0.0004 Predicted ORF from Assembly 19 
orf19.2324 - - -4.6 0.0298 Predicted ORF from Assembly 19 
orf19.6600 - UBA4 -4.5 0.0000 Predicted ORF from Assembly 19 
orf19.1546 - YLR193C -4.4 0.0210 Predicted ORF from Assembly 19 
orf19.2261 - - -4.4 0.0024 Predicted ORF from Assembly 19 
orf19.951 - HSH49 -4.4 0.0230 Predicted ORF from Assembly 19 
orf19.679 - - -4.3 0.0008 Predicted ORF from Assembly 19 
orf19.4929 FGR39 - -4.3 0.0235 Predicted ORF from Assembly 19 
orf19.6736 - - -4.2 0.0267 Predicted ORF from Assembly 19 
orf19.665 - FMP38 -4.2 0.0241 Predicted ORF from Assembly 19 
orf19.3291 NEP1 EMG1 -4.1 0.0010 Predicted ORF from Assembly 19 
orf19.6710 - HMT1 -4.1 0.0003 Predicted ORF from Assembly 19 
orf19.6853 - - -4.0 0.0116 Predicted ORF from Assembly 19 
orf19.3422 - - -4.0 0.0007 Predicted ORF from Assembly 19 
orf19.3312 FMP27 YLR454W -4.0 0.0008 Predicted ORF from Assembly 19 
orf19.240 - FMP29 -3.8 0.0000 Predicted ORF from Assembly 19 
orf19.4447 - FMP18 -3.4 0.0004 Predicted ORF from Assembly 19 
orf19.5433 YMC1 YMC1 -3.2 0.0072 Predicted ORF from Assembly 19 
orf19.3357 - FMP36 -3.2 0.0055 Predicted ORF from Assembly 19 
orf19.2953 - FYV4 -3.1 0.0143 Predicted ORF from Assembly 19 
orf19.2948 - TOM20 -2.9 0.0002 Predicted ORF from Assembly 19 
orf19.1462 - SNO1 -2.8 0.0233 Predicted ORF from Assembly 19 
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 orf19.4624 - SMP2 -2.7 0.0022 Predicted ORF from Assembly 19 
orf19.1252 HRT2 YMR027W -2.6 0.0102 Predicted ORF from Assembly 19 
orf19.1788 YME1 YME1 -2.5 0.0082 Predicted ORF from Assembly 19 
orf19.3696 - XKS1 -2.3 0.0217 Predicted ORF from Assembly 19 
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Table 5: Upregulated features induced by rapamycin treatment of                                                                  
wild type (SC5314) cells during growth in YPD at 30°C 

 

orf19 Id 
Locus 
name 

S. cerevisiae 
best hit 

Fold 
change p-value Description 

      
Permeases and transporters    
orf19.6249 HAK1 - 60.8 0.0175 Similar to potassium transporters 
orf19.6993 GAP2 GAP1 60.0 0.0069 General amino acid permease 
orf19.2602 OPT1 OPT1 54.6 0.0397 Oligopeptide transporter 
orf19.5672 MEP2 MEP2 52.0 0.0011 Ammonium permease 
orf19.111 CAN2 CAN1 47.9 0.0368 Arginine permease 
orf19.4531 - YOL075 34.2 0.0408 PDR-subfamily ABC transporter 
orf19.97 CAN1 - 32.6 0.0037 Arginine permease 
orf19.2946 HNM4 - 18.2 0.0175 Putative choline permease 
orf19.2003 HNM1 - 13.4 0.0006 Predicted choline transporter 
orf19.7566 - GNP1 12.2 0.0471 Predicted glutamine permease 
orf19.6656 DUR3 - 9.1 0.0198 Polyamine transporter 
orf19.4940 HIP1 HIP1 7.0 0.0001 Predicted histidine permease 
orf19.7100 - AVT1 5.9 0.0317 Predicted amino acid vacuolar transporter 
orf19.5170 ENA21 - 5.0 0.0043 Similar to S. cerevisiae sodium transporter   
orf19.2942 DIP5 DIP5 4.9 0.0099 Putative dicarboxylic amino acid permease 
orf19.6948 CCC1 CCC1 4.8 0.0227 Predicted manganese transporter 
orf19.2072 - HNM1 4.7 0.0431 Predicted choline transporter 
orf19.5759 SNQ2 SNQ2 4.5 0.0004 Putative S. cerevisiae Snq2p transporter 
orf19.5100 MLT1 - 4.3 0.0057 Vacuolar membrane transporter  
orf19.1357 FCY21 FCY2 4.0 0.0103 Putative purine-cytosine permease  

      
Nitrogen starvation response    
orf19.7029 - GUD1 27.5 0.0231 Predicted guanine deaminase 
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orf19.2065 - DAL2 23.6 0.0208 Predicted allantoicase 
orf19.3121 - URE2 21.2 0.0055 Predicted nitrogen catabolite repressor 
orf19.3418 - CAR1 17.7 0.0367 Predicted arginase 
orf19.2686 - CPS1 6.0 0.0005 Putative carboxypeptidase 
orf19.2192 GDH2 GDH2 4.0 0.0058 Putative NAD-specific glutamate dehydrogenase 
orf19.1275 GAT1 GAT1 3.1 0.049 Transcriptional regulator of nitrogen utilization 

      
Drug resistance     
orf19.3120 - - 12.2 0.0094 Putative PDR-subfamily ABC transporter  
orf19.730 - YPR127W 8.7 0.0361 Protein of aldo-keto reductase family 
orf19.1783 - YOR1 7.3 0.0025 Predicted ABC family transporter 
orf19.304 - - 6.4 0.0495 Putative MDR transporter  

      
Amino acid and protein degradation    
orf19.1847 ARO10 ARO10 37.3 0.0100 Pyruvate decarboxylase 
orf19.4135 PRC2 - 16.7 0.0430 Carboxypeptidase 
orf19.539 LAP3 LAP3 12.5 0.0281 Aminopeptidase  
orf19.5197 APE2 APE2 7.2 0.0226 Leucine aminopeptidase 
orf19.1628 LAP41 LAP4 6.5 0.0229 Predicted vacuolar aminopeptidase 
orf19.3591 APE3 APE3 4.5 0.0105 Predicted vacuolar aminopeptidase Y 

      
Transcription regulation     

orf19.5338 GAL4 GAL4 5.5 0.0309 Transcription factor 
orf19.1358 GCN4 GCN4 4.3 0.0142 Transactivator of amino acid starvation response  
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Table 6:  Genes repressed by rapamycin treatment of TOR1-1/TOR1 (RapaR)                                                  
cells during growth in YPD at 30°C 

orf19_Id 
Locus 
name 

S. cerevisiae 
best hit 

Fold 
change 

p-
value Description 

orf19.396 - EAF6 -35.0 0.0430 Predicted ORF from Assembly 19 
orf19.3670 GAL1 GAL3 -3.2 0.0212 Galactokinase 

orf19.2947 SNZ1 SNZ1 -2.8 0.0219 
Similar to stationary-phase-related 
proteins 

orf19.633 - - -2.8 0.0220 Putative methyltransferase 
orf19.3672 GAL10 GAL10 -2.1 0.0000 Putative UDP-glucose 4-epimerase 
orf19.3554 AAT1 - -2.1 0.0333 Unknown function 

 

 

 

Table 7:  Genes induced by rapamycin treatment of TOR1-1/TOR1 (RapaR)                                                       
cells during growth in YPD at 30°C 

orf19_Id 
Locus 
name 

S. cerevisiae 
best hit 

Fold 
change p-value Description 

orf19.2602 OPT1 OPT1 9.0 0.0041 Oligopeptide transporter 
orf19.341 - - 8.8 0.0013 Predicted ORF from Assembly 19 
orf19.780 - DUR1,2 8.6 0.0029 Predicted ORF from Assembly 19 
orf19.6053 CIS2 ECM38 5.1 0.0013 Putative regulator of cell wall biogenesis 
orf19.3926 - RNY1 4.3 0.0030 Predicted ORF from Assembly 19 
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orf19.5641 CAR2 CAR2 3.6 0.0021 Alkaline upregulated 
orf19.1327 RBT1 - 3.3 0.0091 Putative cell wall protein 
orf19.7106 - VPS70 3.3 0.0043 Predicted ORF from Assembly 19 
orf19.993 - - 3.2 0.0064 Predicted ORF from Assembly 19 
orf19.2114 - - 3.1 0.0181 Predicted ORF from Assembly 19 
orf19.1847 ARO10 ARO10 3.1 0.0003 Protein described as pyruvate decarboxylase 
orf19.5741 ALS1 - 3.0 0.0034 Adhesin 
orf19.1473 - - 2.8 0.0486 Predicted ORF from Assembly 19 
orf19.3934 CAR1 CAR1 2.6 0.0034 Putative arginase 
orf19.5197 APE2 APE2 2.6 0.0003 Protein repressed during the mating process 
orf19.4716 GDH3 GDH3 2.5 0.0165 Putative NADP-glutamate dehydrogenase 
orf19.4445 - - 2.5 0.0151 Predicted ORF from Assembly 19 
orf19.4082 DDR48 - 2.4 0.0009 Stress-associated protein 
orf19.6570 NUP1 - 2.4 0.0281 Nucleoside permease 
orf19.5773 - YOL057W 2.4 0.0067 Predicted ORF from Assembly 19 
orf19.5250 - - 2.3 0.0020 Predicted ORF from Assembly 19 
orf19.789 PYC2 PYC2 2.2 0.0178 Putative pyruvate carboxylase 
orf19.6656 DUR3 - 2.2 0.0001 Putative urea transporter 
orf19.3974 PUT2 PUT2 2.2 0.0244 Alkaline upregulated 
orf19.7098 - YKL070W 2.2 0.0071 Predicted ORF from Assembly 19 
orf19.889 THI20 THI20 2.2 0.0092 Putative phosphomethylpyrimidine kinase 
orf19.4933 - - 2.1 0.0298 Predicted ORF from Assembly 19 
orf19.7522 - - 2.1 0.0000 Predicted ORF from Assembly 19 
orf19.2397 - - 2.1 0.0281 Predicted ORF from Assembly 19 
orf19.5992 - - 2.1 0.0029 Predicted zinc-finger protein  
orf19.6757 - GCY1 2.1 0.0030 Predicted ORF from Assembly 19 
orf19.434 PRD1 PRD1 2.0 0.0004 Putative Zinc metalloendopeptidase 
orf19.6402 CYS3 CYS3 2.0 0.0117 Putative enzyme of amino acid biosynthesis 



 

97 

i

v 

Table 8: Upregulated gene expression after rapamycin treatment of wild-type cells                                       
grown in Spider liquid medium for 90 minutes at 37°C 

orf19_Id 
Locus 
name 

S. cerevisiae 
best hit 

Fold 
change 

p-
value Description 

Adhesion      
orf19.374 ECE1 - 519.2 0.0176 GPI anchored protein    
orf19.1816  ALS3 FLO1 180.1 0.0033 Adhesin 
orf19.5741 ALS1 FLO9 20.7 0.0059 Adhesin 
orf19.548 CDC10 CDC10 5.5 0.0443 Septin 
orf19.4565 BGL2 BGL2 3.8 0.0098 Beta-1,3-glucan transferase 
orf19.5908 TEC1 TEC1 3.8 0.0042 TEA/ATTS transcription factor 
orf19.1490 MSB2 MSB2 3.4 0.0125 Cell surface flocculin  

      
Cell wall organization    
orf19.6081 PHR2 GAS1 10.5 0.0414 1,3-beta-glucanosyltransferase 
orf19.5760 IHD1 SRP40 9.7 0.0082 Putative GPI-anchored protein  
orf19.5073 DPM1 DPM1 7.6 0.0001 Dolichol phosphate mannose synthase 
orf19.1690 TOS1 TOS1 7.1 0.0210 Putative alpha agglutinin anchor subunit 
orf19.3642 SUN41 SIM1 6.0 0.0019 Putative cell wall protein 
orf19.5244 MCD4 MCD4 5.4 0.0289 Required for (GPI) anchor synthesis  
orf19.3732 ERG25 ERG25 5.1 0.0323 Putative C-4 methyl sterol oxidase  
orf19.4265 UAP1 QRI1 4.4 0.0541 Acetylglucosamine pyrophosphorylase 

orf19.1738 UGP1 UGP1 3.3 0.0198 
UTP-glucose-1-phosphaturidyl 
transferase  

orf19.2706 CRH11 RH1 3.2 0.0029 Predicted glycosyl hydrolase  
orf19.4109 PMT4 PMT4 3.0 0.0048 Protein mannosyltransferase  

      
Vesicle trafficking    
orf19.4579 ERV29 ERV29 6.1 0.0194 Similar to S. cerevisiae Erv29p 
orf19.6176 SEC61 SEC61 5.8 0.0039 Similar to S. cerevisiae Sec61p 
orf19.2937 PMM1 SEC53 4.8 0.0781 Similar to S. cerevisiae Sec53p 
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orf19.4180 SEC72 SEC72 4.3 0.0407 
ER protein-translocation complex 
member 

orf19.491 SEC63 SEC63 4.3 0.0040 Similar to S. cerevisiae Sec63p 

orf19.3052 YPT1 YPT1 4.2 0.0494 
Functional homolog of S. cerevisiae 
Ypt1p 

orf19.5618 VPS45 VPS45 4.1 0.0293 Predicted vacuolar sorting protein 
orf19.4732 SEC24 SEC24 3.8 0.0051 Similar to S. cerevisiae Sec24p 
orf19.3409 SEC1 SEC12 3.0 0.0064 Similar to S. cerevisiae Sec12p 

      
Copper and iron utilization    
orf19.3646 CTR1 CTR1 12.8 0.0368 Copper transporter 
orf19.1715 IRO1 YJL225C 7.2 0.0342 Putative transcription factor 
orf19.3940 CUP1 - 5.5 0.0433 Copper ion binding protein.  
orf19.7068 MAC1 MAC1 4.5 0.0277 Transcriptional regulator of CTR1 
orf19.543 FUM1 FUM1 3.4 0.0111 Putative fumarate hydratase 

      
Drug resistance     
orf19.4805 RSN1 RSN1 7.5 0.0060 Drug pump (Tunicamycin) 
orf19.4082 DDR48 DDR48 6.3 0.0099 Stress-associated protein 
orf19.7306 - YPR127W 5.7 0.0383 Protein of aldo-keto reductase family 
orf19.5170 ENA21 ENA2 5.1 0.0057 Putative sodium transporter 
orf19.2170 - PHM7 5.0 0.0108 Putative drug transporter 

orf19.600 TRK1 TRK2 4.1 0.0514 
Putative low-affinity potassium 
transporter 

orf19.4531 - YOL075C 3.5 0.0310 Putative PDR-subfamily ABC transporter 

orf19.5759 SNQ2 SNQ2 3.1 0.0297 
Similar to S. cerevisiae Snq2p 
transporter 

orf19.6812 PMT2 PMT2 2.7 0.0223 Protein mannosyltransferase   
      

Protein modification    
orf19.1702 ARF3 ARF3 7.7 0.0185 Putative ADP-ribosylation factor 6  
orf19.5964 ARF2 ARF2 4.1 0.0130 Putative ADP-ribosylation factor  
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Cell polarity/actin cytoskeleton    
orf19.6573 BEM2 BEM2 7.0 0.0461 Ras guanine nucleotide exchange factor  
orf19.3013 CDC12 CDC12 4.7 0.0118 Septin 
orf19.4413 CMD1 CMD1 4.0 0.0297 Calmodulin 
orf19.6146 CLG1 CLG1 3.5 0.0251 Predicted cyclin-like protein  
orf19.390 CDC42 CDC42 3.4 0.0303 Rho-type GTPase 
orf19.5076 PFY1 PFY1 3.3 0.0164 Profilin 
orf19.5015 MYO2 MYO2 2.3 0.0114 Putative class V myosin I 

      
Other functions     
orf19.3981 MAL31 MAL31 7.7 0.0161 Maltose permease   
orf19.7308 TUB1 TUB1 4.5 0.0110 Alpha-tubulin 
orf19.4456 GAP4 GAP1 4.3 0.0165 Putative amino acid permease 
orf19.3668 HGT2 RGT2 3.5 0.0071 Similar to C. albicans Hgt1p 
orf19.5537 WSC2 WSC2 3.4 0.0171 Similar to S. cerevisiae Wsc2p 
orf19.3839 SAP10 MKC7 3.2 0.0457 Secreted aspartyl proteinase  
orf19.1480 SDH6 YMR118C 3.2 0.0036 Succinate dehydrogenase 

orf19.4716 GDH3 GDH3 24.4 0.0111 
Putative NADP-glutamate 
dehydrogenase  

      
Unknown function     
orf19.3710 YHB5 - 10.9 0.0044 Protein related to flavohemoglobins 
orf19.6021 IHD2 - 10.7 0.0058 Unknown function 
orf19.2432 HAC1 - 7.0 0.0190 Unknown function 
orf19.3352 - - 6.7 0.0461 Unknown function 
orf19.1301 - - 6.6 0.0001 Protein of unknown function 
orf19.4666 - - 6.0 0.0102 Unknown function 
orf19.4792 - - 5.9 0.0074 Unknown function 
orf19.699 - - 4.9 0.0451 Protein of unknown function 
orf19.7531 - - 4.7 0.0343 Protein of unknown function  
orf19.2923 - - 4.7 0.0472 Putative transporter 
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orf19.3219 - - 4.4 0.0325 Unknown function 
orf19.5495 - - 4.4 0.0262 Unknown function 
orf19.3826 - - 4.3 0.0219 Unknown function 
orf19.7330 - - 4.2 0.0232 Unknown function 
orf19.815 - - 4.1 0.0118 Predicted GEF 
orf19.2769 - - 4.0 0.0238 Unknown function 
orf19.4607 - - 4.0 0.0372 Unknown function 
orf19.7314 CDG1 - 3.9 0.0434 Similar to cysteine dioxygenases 
orf19.6318 - - 3.7 0.0423 Membrane protein of unknown function 

orf19.4897 SFH5 - 3.7 0.0401 
Putative phosphatidylinositol transfer 
protein 

orf19.3737 - - 3.7 0.0186 Unknown function 
orf19.7579 FGR34 - 3.6 0.0381 Unknown function 
orf19.5619 - - 3.6 0.0058 Unknown function 
orf19.6731 - - 3.5 0.0170 Unknown function 
orf19.3843 - - 3.4 0.0130 Unknown function 
orf19.3944 - - 3.3 0.0141 Unknown function 
orf19.5642 - - 3.2 0.0423 Unknown function 
orf19.4914 - - 3.2 0.0239 Unknown function 
orf19.6023 ERC2 - 3.2 0.0004 Predicted membrane protein 
orf19.3633 - - 3.2 0.0239 Unknown function 
orf19.2965 - - 3.2 0.0135 Unknown function 
orf19.7060 - - 3.1 0.0030 Unknown function 
orf19.7504 - - 3.1 0.0275 Protein of unknown function 
orf19.7163 - - 3.1 0.0037 Unknown function 
orf19.6608 - - 3.1 0.0190 Unknown function 
orf19.7038 - - 3.0 0.0140 Unknown function 
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3. Conservation, duplication, and loss of the Tor signaling cascade in the 
fungal kingdom: targeting the Tor pathway for therapy of zygomycosis 

The target of rapamycin (Tor) signaling cascade is highly conserved 

among eukaryotic species and controls essential processes in the cell, including 

protein synthesis, ribosomal biogenesis, autophagy, and cytoskeletal 

organization.  Although this pathway has been well studied in several organisms, 

relatively little is known about its conservation or divergence in basal fungal 

lineages.  The recent proliferation of genome sequencing in diverse fungal 

species has provided the first opportunity for comparative genome analysis 

across a eukaryotic kingdom.  Here we report a high degree of conservation of 

both Tor protein domains and signaling cascades components in the 

zygomycetes Phycomyces blakesleeanus, Rhizopus oryzae, and Mucor 

circinelloides, and in the chytridiomycete Batrachochytrium dendrobatidis.  

Conservation was also found in the choanoflagellate species Monosiga 

brevicollis, and thus the Tor signaling cascade evolved prior to the last common 

ancestor to the metazoan and fungal lineages.   

While most fungal organisms have one Tor homolog, Saccharomyces 

cerevisiae and Schizosaccharomyces pombe have two, resulting from an 

independent gene duplication event in S. pombe and from a whole genome 

duplication event in S. cerevisiae.  Surprisingly, the chytrid B. dendrobatidis, 

responsible for global amphibian decline and extinctions, has two Tor homologs 
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that based on phylogenetic reconstruction arose via a third independent gene 

duplication event.  The obligate microsporidian pathogen Encephalitozoon 

cuniculi lacks Tor and major Tor signaling cascade components and is the first 

reported eukaryotic organism to lack this essential pathway.  

 The rapamycin sensitive growth of the fungi included in this study, most 

notably the zygomycetes, demonstrate that the function of the Tor signaling 

pathway is highly conserved across the fungal kingdom.  Our analysis has also 

uncovered a potential role for a novel FKBP homolog in the genome of M. 

circinelloides, in rapamycin action to inhibit the Tor signaling cascade.  

Rapamycin also proves to be protective in the heterologous host Galleria 

mellonella during infection with the human fungal pathogen M. circinelloides, 

providing a novel therapeutic vantage point for the treatment of zygomycosis.  

 

3.1 Introduction 

Advances in genome sequencing and annotation technologies have 

become an invaluable tool in aiding our understanding of organismal biology.  

Capitalizing on this genomic revolution, the Fungal Genome Initiative (FGI) is 

producing and analyzing the sequence of over 25 fungal organisms that are 

important to medicine, agriculture, and industry.  These include fungi that are 

pathogens of humans (i.e. Candida albicans, Cryptococcus neoformans, 

Aspergillus fumigatus) and plants (i.e. Magnaporthe grisea and Ustilago maydis) 
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as well as fungi that serve as basic models for molecular and cellular biology 

(Saccharomyces cerevisiae and Schizosaccharomyces pombe).  Comparative 

genomics between closely related organisms has emerged as an important tool 

for understanding phenotypic differences, such as pathogenicity, and has 

allowed for identification of conserved molecular pathways that can serve as 

targets for the development of broad-spectrum antimicrobial drugs.   

Protein kinases controlling growth and proliferation of fungal pathogens 

represent attractive drug targets, both because they are likely to be essential to 

fungal propagation and development, and because these enzymes are likely to 

be conserved among fungal species, allowing the use of inhibitors of these 

kinases as broad spectrum antimicrobial therapeutic agents.  Moreover, the 

importance of protein kinases in the regulation of crucial cellular processes 

makes them interesting subjects of fundamental investigations into the cell 

biology of pathogenic organisms.    

Among the repertoire of protein kinases essential for cellular physiology, 

the Tor protein kinase has been the focus of intense investigation given its role 

as a key controller of growth in eukaryotic cells in response to nutrients.  This is 

supported by observations that in S. cerevisiae, Tor inhibition by the natural 

product rapamycin elicits many of the cellular responses that are triggered by 

nutrient starvation, such as inhibition of protein synthesis, downregulation of 

amino acid permeases, protein degradation, autophagy, and cell cycle arrest 
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(reviewed in [3,124]).  We now know that these effects are largely mediated by 

Tor’s activity in promoting the expression of genes encoding tRNA’s, ribosomal 

proteins, rRNA, and amino acid permeases during ample nutrient conditions 

[29,30,31,32].  Tor activity also supports translation through suppression of the 

amino acid control response regulated by the kinase Gcn2 [36,37,141,142].   

 In contrast to most eukaryotic organisms, S. cerevisiae has two highly 

homologous Tor proteins, Tor1 and Tor2.  Both form two distinct multiprotein 

complexes: TORC1 and TORC2.  Tor1 or Tor2 (in the absence of Tor1) 

associate with the proteins Lst8, Tco89, Kog1, and Bit61 to form TORC1, while 

TORC2 is formed by the exclusive association of Tor2 with Lst8, Avo1, Avo2, 

and Avo3 [15,16,17].  Each complex mediates Tor functions through two 

seemingly separate signaling branches.  The TORC1 signaling pathway is 

composed of various readouts that collectively control protein synthesis, mRNA 

synthesis and degradation, ribosome biogenesis, nutrient transport, and 

autophagy.  These TORC1 readouts are largely transduced by the PP2A like 

protein phosphatase Sit4 and its regulatory subunit Tap42, and the Sch9 protein 

kinase.  Direct phosphorylation of Tap42 leads to activation of Sit4, which 

promotes dephosphorylation and cytoplasmic/nuclear redistribution of an array of 

transcription factors and occupancy at their target promoters.  The AGC kinase 

Sch9 is also a direct substrate of TORC1 and mediates many Tap42-

independent TORC1 signaling events including its transcriptional control of all the 
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genes coding for ribosome biogenesis (reviewed in [3,124]).  On the other hand, 

TORC2 is involved in control of actin polarization and cell wall integrity through 

phosphorylation of its substrate the protein kinase Ypk2, which in turn activates 

the cell wall integrity pathway by phosphorylating the Rho1 GTPase GEF Rom2 

(reviewed in [124]).   

The Tor kinase has also received wide attention as an antifungal target 

due to its inhibition by the natural product rapamycin.  Rapamycin was first 

identified for its antimicrobial activity against C. albicans [4,5].  Subsequently, 

rapamycin was shown to have robust antifungal acitivity against several human 

fungal pathogens such as Candida stelloidea, C. neoformans, A. fumigatus, 

Fusarium oxysporum, and several pathogenic Penicillium species [121,143,144].  

It was later found to have potent immunosuppressive activity [6].  In yeast and 

mammalian T-cells, rapamycin inhibits TOR through its association with the 

prolyl-isomerase FKBP12, forming a binary complex that binds to the highly 

conserved FRB (FKBP12-Rapamycin Binding) domain of TOR.  This is 

supported by identification of mutations in the FRB domain that confer rapamycin 

resistance by blocking FKBP12-rapamycin binding to Tor and by structural 

studies defining the molecular details of FKBP12-rapamycin inhibition of Tor 

[11,22,145,146,147,148].  FKBP12 catalyzes cis-trans peptidyl-prolyl 

isomerization, a rate limiting step in protein folding (reviewed in [149].  

Remarkably, FKBP12 also serves as the receptor for the antimicrobial and 
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immunosuppressant FK506.  Both rapamycin and FK506 bind to the active site of 

FKBP12 and inhibit its prolyl isomerase activity.  The target of FKBP12-FK506 is 

calcineurin, a Ca2+-regulated protein phosphatase consisting of a catalytic A (Cn 

A) and a regulatory B (Cn B) subunit [150].  In humans, calcineurin regulates 

nuclear localization of the transcription factor NFAT during the response to 

antigen presentation [151].  In S. cerevisiae, calcineurin regulates cation 

homeostasis and cell integrity via the transcription factor Crz1 [151].  In C. 

neoformans, mutants lacking calcineurin are viable at 24°C, but inviable at 37°C 

and avirulent in animal models of cryptococcosis [104,144]. 

While the Tor signaling cascade has been extensively studied in 

organisms such as humans, S. cerevisiae, and S. pombe, little is known about 

the pathway in the earliest branching fungal lineages such as zygomycetes and 

chytridiomycetes.  In this study we have examined representative fungal lineages 

and mined their known or recently determined genomes for Tor signaling 

components.  Our analysis include the ascomycetes S. cerevisiae, and S. pombe 

(as reference), the zygomycetes Phycomyces blakeesleanus, Rhizopus oryzae, 

Mucor circinelloides, the chytridiomycete Batrachochytrium dendrobatidis as well 

as selected outgroups, including the newly sequenced choanoflagellate 

Monosiga brevicollis, a unicellular motile aquatic relative to metazoans, and the 

microsporidian Encephalitozoon cuniculi.  Microsporidians have significant 

reduced genomes (∼2-3 Mb) and are obligate intracellular pathogens [152].  The 
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composition of their mating type locus is remarkably similar in content and 

architecture to fungal zygomycetes establishing a close relationship of these 

organisms to fungi [153].   

S. cerevisiae, and S. pombe have two Tor homologs, and interestingly in 

this study we found two Tor homologs in the chytrid B. dendrobatidis, but only 

one homolog in other organisms included in this study.  Importantly, B. 

dendrobatidis is a fungus that infects keratinized skin of amphibians causing the 

disease chytridiomycosis, which is linked to mass mortalities of amphibians in the 

American continent, Europe and Australia, and has been implicated in the 

extinction of the sharp-snouted day frog (Taudactylus acutirostris) in Australia 

[154,155,156].  In each fungal species with two Tor homologs, these genes arose 

independently via gene duplication and divergence, and in the case of S. 

cerevisiae as a remnant of an ancestral whole genome duplication event [157].  

Remarkably, E. cuniculi lacks components of the entire Tor pathway, consistent 

with previous observations reporting the loss of several protein kinases involved 

in nutrient sensing, and is the first eukaryotic species reported to date that lacks 

Tor and its cascade components [158].   

Finally we show that growth of the zygomycete M. circinelloides, a human 

pathogen and common etiological agent of zygomycosis [108], is abolished by 

combinatorial inhibition of Tor and calcineurin with rapamycin and FK506 

respectively.  The mechanism of action for both macrolides might be dependent 
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on the FKBP (FK506 Binding Protein) family member FKBP19, rather than 

FKBP12, suggesting a potential novel mechanism by which these drugs exert 

their toxic effects.  Remarkably, rapamycin improved survival of the invertebrate 

Galleria mellonella in a model of systemic mucormycosis, suggesting a 

therapeutic effect by rapamycin.  In conclusion, this study demonstrates once 

again the high conservation of the Tor signaling cascade and also provides 

insight into rapamycin action against pathogenic fungi for novel therapeutic 

vantage points.  

 

3.2 Results 

 

3.2.1 Tor protein conservation, duplication, and loss among basal fungal 
lineages 

While the Tor signaling pathway has been conserved among all 

ascomycete and basidiomycete fungal species studied so far, little is known 

about the pathway in basal fungal lineages, which include several fungal 

pathogens of clinical and environmental relevance.  Profiting on the recent 

release of whole genome sequences for several basal fungal lineages, we have 

taken a comparative genomics approach and annotated the Tor signaling 

cascade among basal fungal lineages to asses its potential as an antifungal 

therapeutic target and to gain mechanistic and evolutionary insights into the Tor 

molecular toolkit. 
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Our analysis includes the zygomycetes Phycomyces blakesleeanus, 

Rhizopus oryzae, and Mucor circinelloides, and the chytridiomycete 

Batrachochytrium dendrobatidis.  Our reasoning for focusing on these species is 

based on the availability of whole genome sequence for all four species and 

because they are representative of the two most basal lineages in the fungal 

kingdom-the zygomycota and chytridiomycota.  In addition, R. oryzae and M. 

circinelloides are common etiological agents of mucormycosis, an aggressive 

and invasive human fungal disease, while B. dendrobatidis has been implicated 

as a primary cause of amphibian disease and subsequent world wide population 

declines, thereby representing species of medical and environmental interest. 

We have also included in our analysis the microsporidian Encephalitozoon 

cuniculi; and obligate intracellular parasite of the human gastrointestinal tract, 

which causes diarrheal disease in immunocompromised individuals and has 

been placed on the list of priority pathogens for biodefense research by the 

Environmental Protection Agency.  Phylogenetic classification of these species 

has been controversial and ambiguous due their sparse and small genomes (< 

2000 genes) and rapidly evolving genes.  While at first thought to be an ancient 

eukaryotic lineage closely related to fungi, recent evidence now demonstrate that 

they are true fungi that descended from a zygomycete ancestor and therefore 

represent a new and distinct basal fungal lineage [153].  As an outgroup, we 

have mined the genome of the choanoflagellate Monosiga brevicollis, a marine 
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flagellated unicellular organism representative of a distinct lineage that evolved 

prior to the origin and diversification of metazoans [159].  By virtue of their 

phylogenetic position in the tree of life, choanoflagellates serve as useful 

organisms for identifying, the presence of a pre-metazoan Tor signaling cascade.     

Reciprocal BlastP searches and domain prediction (Simple Modular 

Architecture Research Tool-SMART) analyses revealed a high degree of 

conservation among Tor proteins in the genomes of the zygomycete and 

chytridiomycete species examined (Table 9 and Figure 16).  Similar findings 

were also observed in M. brevicollis, indicating that the Tor protein was present 

prior to metazoan emergence and diversification and is of ancestral origin, in 

accord with its conservation in metazoans, plants and fungi.  

    
Table 9: Percent identity of fungal Tor protein domains in relation to 

S. cerevisiae Tor2 protein domains 

      Saccharomyces cerevisiae Tor2 domains 

 
Tor 2 
homolog 

FAT 
domain 

FRB 
domain 

Kinase 
domain 

FATC 
domain 

Saccharomyces cerevisiae Tor1 68% 69% 78% 87% 90% 
Candida glabrata Tor1 64% 73% 79% 88% 81% 
Candida glabrata Tor2 57% 53% 58% 73% 78% 
Schizosaccharomyces pombe Tor1 44% 43% 52% 60% 60% 
Schizosaccharomyces pombe Tor2 49% 49% 57% 63% 72% 
Phycomyces blakesleeanus Tor 48% 46% 60% 58% 72% 
Rhizopus oryzae Tor 48% 47% 61% 60% 69% 
Mucor circinelloides Tor 46% 44% 60% 60% 72% 
Batrachochytrium dendrobatidis Tor1 45% 41% 62% 59% 60% 
Batrachochytrium dendrobatidis Tor2 45% 45% 53% 60% 66% 
Monosiga brevicollis Tor 41% 34% 42% 52% 63% 
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Figure 16: Schematic representation of fungal Tor proteins and Tor 
domains. The Tor kinases are modular proteins containing 
several HEAT (Huntingtin, Elongation factor 3, PP2A A subunit, 
Tor) repeats, a FAT (FRAP,ATM, and TRRAP) domain, an FRB 
(FK506-Rapamycin Binding) domain, and a FATC (FAT domain 
at the C-terminus) domain. The HEAT repeats and FAT 
domains mediate protein-protein interactions, while the FRB 
domain is targeted by the macrolide drug rapamycin. 

 

Remarkably, the microsporidian pathogen E. cuniculi lacks a Tor homolog 

and all known Tor signaling components (Table 11 and [158]) and is the first 

eukaryote examined to date in which the entire Tor signaling cascade has been 
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lost.  Given that Tor controls essential processes in the cell, including protein 

synthesis, ribosomal biogenesis, autophagy, and cytoskeletal organization, it is 

unprecedented that a eukaryotic organism could survive in the absence of this 

essential signal transduction cascade.  Strikingly, many other protein kinases and 

pathways involved in sensing nutrients and generating energy (such as ATP 

synthases and enzymes for fatty acid beta oxidation and the TCA cycle) are 

absent from the E. cuniculi genome, having been presumably lost during E. 

cuniculi’s streamlined adaptation to its intracellular host [158].  Genome surveys 

also revel a total absence of the Tor signaling cascade in the genomes of the 

closely related microsporidian Enterocytozoon bieneusi, a frequent pathogen of 

HIV-infected patients [160] and of the distantly related microsporidian 

Antonospora locustae, suggesting that this entire pathway might have been lost 

among microsporidian species (Table 11).  Interestingly, the presence of Tor 

kinases and components of the Tor signaling cascade in the obligate eukaryotic 

intracellular pathogens Trypanosoma cruzi and Trypanosoma brucei, suggests 

that loss of the Tor cascade could be specific to microsporidian species rather 

than a general loss during adaptation of intracellular pathogens to their host (data 

not shown and [161]).  

Surprisingly, while all three of the zygomycete species examined have one 

Tor homolog, the amphibian fungal pathogen B. dendrobatidis has two, an 

unexpected finding since most fungal species have only one.  Both homologs are 
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located on distinct contigs in the genome assembly and pair wise alignments 

between these contigs reveal an overall lack of homology surrounding each Tor 

homolog and is likely that these paralogs arose via a gene duplication event 

rather than from a segmental, chromosomal, or whole genome duplication event 

(Figure 17).   

 

Figure 17: Pairwise alignments of Batrachochytrium dendrobatidis 
Supercontings 8 and 15.  Pairwise alignments of genomic 
sequences from B. dendrobatidis genome assembly 
Supercontigs 8 and Supercontigs 15 reveal a lack of sequence 
conservation and ORF synteny organization in ORF’s 
surrounding B. dendrobatidis TOR homologs.  

 

Emergence of Tor paralogs has occurred several times in the fungal 

kingdom.  While in S. cerevisiae and in the human pathogen Candida glabrata, 

Tor paralogs are remnants of an ancestral whole genome duplication event, in S. 

pombe Tor paralogs arose from an independent gene duplication event.  

Similarly, based on phylogenetic reconstruction, in B. dendrobatidis this gene 
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pair likely arose from a gene duplication event independent from those that 

occurred in S. cerevisiae and S. pombe (Figure 18).   

 

 

Figure 18: Phylogenetic reconstruction of 12 fungal species based on 
amino acid sequences of Tor1 and Tor2.  

Retention of a second Tor paralog in S. cerevisiae, S. pombe and B. 

dendrobatidis correlates with the essential nature of the Tor signaling cascade.  

One notable exception found in our analysis is the loss of a second homolog in 

R. oryzae since its genome is thought to be derived from an ancestral duplication 
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event.  Evidence for a recent large-scale duplication event stems from the large 

number of R. oryzae proteins with high identity scores.  A total of 4231 protein 

pairs have been identified, approximately 10 times as many as in S. cerevisiae 

and by far the highest of any fungal species analyzed thus far [162].  It is 

interesting why most species retained a second Tor homolog following whole 

genome duplication and target gene loss, while R. oryzae has not.  

 

3.2.2 Tor protein domains and domain organization is highly conserved 
among basal fungal Tor homologs 

Although Tor kinases resemble lipid kinases, they actually belong to a 

family of Serine/Threonine protein kinases known as phosphatidylinositol kinase-

related kinases (PIKKs) [163].  The significance if any, of the resemblance to lipid 

kinases is not understood.  Aside from being protein kinases, the Tor proteins 

function as large (∼ 280 kDa) molecular scaffolds comprised of several protein-

protein interacting domains that mediate multi-protein complex formation.  Partly 

due to their highly modular nature, the Tor proteins function as centralized and 

evolutionarily constrained hubs within Tor signaling cascades [164].  In 

agreement, we find that the modular architecture of Tor proteins has been 

strikingly conserved among basal fungal lineages (Table 9, Figure 16).  Not only 

is there a high degree of primary sequence conservation among Tor functional 

domains, the predicted length of each domain has also been faithfully maintained 

(with the exception of M. brevicollis HEAT repeats) (Figure 16). 
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The amino terminus of S. cerevisiae Tor contains ∼20 tandem HEAT 

repeats, a common motif among mammalian Huntingtin, Elongation factor 3, the 

A subunit of the phosphatase PP2A and Tor, from which HEAT derives its name.  

Each HEAT repeat is composed of ∼ 50 amino acids that form anti parallel helical 

structures thought to mediate protein interactions [165,166].  Multiple divergent 

HEAT repeats comprise the FAT or Toxic domain which follows the block of 

canonical HEAT repeats [167,168].  This putative scaffolding domain is found in 

all PIKK’s and is always accompanied by a small FATC domain located at the 

carboxy terminus.  Overexpression of the FAT domain is toxic to yeast; and 

although the significance of this is not yet appreciated, this toxicity is suppressed 

by overexpression of phospholipase C [167].  The FATC domain is composed of 

∼ 35 amino acids in an α helix with a disulfide loop and is highly conserved.  One 

or multiple HEAT motifs were identified by SMART analysis in the N-terminus 

region of all Tor homologs with the exception of M. brevicollis (data not shown).  

In comparison with S. cerevisiae Tor2, the FAT domain is least conserved in M. 

brevicollis (34% amino acid identity), as is the case with most other domains 

examined (Table 9).  The FAT domains are well conserved in comparison with S. 

cerevisiae Tor2 and is the most highly conserved domain among all species 

examined, with percent identity scores ranging from 60% (B. dendrobatidis) to 

90% identity (S. cerevisiae Tor1) in comparison to S. cerevisiae Tor2 (Table 9). 
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The FKBP12 rapamycin-binding (FRB) domain is a highly conserved 

sequence of ∼100 amino acids found in all Tor proteins examined.  This region, 

which lies between the FAT domain and the kinase domain is responsible for 

binding of the FKBP12-rapamycin complex, an event that results in G1 phase 

arrest in the cell cycle in S. cerevisiae and mammalian cells [169,170].  In 

mammalian cells, both rapamycin and phosphatidic acid have been shown to 

bind to the FRB domain of mTOR, and rapamycin in association with the FK506 

binding protein-12 has been reported to interact with mTOR in a manner that is 

competitive with phosphatidic acid [148,170,171,172].  Interestingly, recent 

evidence now shows a role for phosphatidic acid in promoting assembly of 

mTOR complexes, suggesting that the potent inhibitory effect of rapamycin may 

arise from direct competition for overlapping interaction sites of phosphatidic acid 

in the FRB domain of mTOR [173].  This is in accord with the observation that 

long-term exposure to rapamycin prevents formation of mTOR complexes [174].  

Rapamycin resistance through failure to bind the FKBP12-rapamycin complex is 

conferred by alteration of the conserved residues S1975 in S. cerevisiae Tor2 

[2,145,175].  Rapamycin also interacts with residues corresponding to S. 

cerevisiae Tor2 W2041 and F2048 [145].  With the exception of the residue 

corresponding to S. cerevisiae Tor2 F2048 in M. brevicollis, these residues are 

invariably conserved (Figure 17).  M. brevicollis contains a tyrosine instead of a 

phenylalanine at F2048.  Even though both are aromatic amino acids, tyrosine 
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has a hydroxyl group in the phenolic ring that can disrupt hydrophobic 

interactions present in the hydrophobic groove that comprises the rapmaycin-

FKBP12 binding pocket.  

Phosphatidic acid binding is disrupted by mutations in mTOR L2031, 

F2039, and Y2105 [170].  These amino acids correspond to S. cerevisiae Tor2 

L1971, F1979, and Y2045 respectively, all of which are conserved in all of the 

species examined except M. brevicollis in which there are isoleucine, alanine, 

and phenylalanine substitutions (Figure 17).  Given these substitutions in 

residues involved in phosphatidic acid and rapamycin binding, functional studies 

of the M. brevicollis Tor protein could provide further insight into the ligand 

binding functions of these residues.  
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Figure 19: Multiple sequence alignment of fungal Tor FRB (FK506 
Rapamycin Binding) domains.  Blue arrows denote 
conserved residues involved in rapamycin binding by S. 
cerevisiae Tor 2. Red arrows correspond to residues involved 
in mammalian Tor phosphatidic binding.  Stars indicated non-
conserved residues in M. brevicollis FRB domain.  
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3.2.3 Conservation of the Tor signaling cascade 

Known upstream regulators of the Tor signaling cascade include Tuberous 

Sclerosis 1 and 2 (Tsc1 and Tsc2) and the small GTPase Rheb (Ras homolog 

enhanced in Brain).  Tsc1 and Tsc2 form a complex with GTPase activating 

activity that regulates Rheb.  Unless downregulated by the Tsc complex, Rheb 

functions to activate TORC1 [176,177].  Rheb is essential in S. pombe and 

defective Tsc and Rheb proteins results in tuberous sclerosis in humans, a 

genetic disorder characterized by hamartomas in the kidneys, lungs, brain and 

skin [176, 177]. 

The Rheb homolog in S. cerevisiae (Rhb1) is dispensable for life and its 

mutations do not confer any Tor-associated phenotypes (Zurita-Martinez and 

Cardenas unpublished results).  Tsc1 and Tsc2 homologs are present in S. 

pombe and absent in S. cerevisiae.  We therefore used S. pombe Tsc1 and Tsc2 

protein sequences as queries in BlastP and TBlastN searches.  Whereas E. 

cuniculi lacks Tsc1 and Tsc2 homologs, all other species examined were found 

to contain putative homologs, with the exception of M. brevicollis, which lacks a 

Tsc1 homolog.  With the exception of E. cuniculi, Rheb was found in all species 

examined (Tables 10 and 11) with varying degrees of identity.  

Tor homologs form two distinct multiprotein complexes with differing 

cellular roles. In S. cerevisiae, TORC1 governs transcription, translation, 

ribosomal biogenesis, and autophagy (reviewed in [3]).  TORC1 comprises either 
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Tor1 or Tor2 bound to Kog1, Tco89, and Lst8.  Kog1 is thought to function as a 

substrate-recruiting scaffold in mammalian TORC1 and is present and highly 

conserved in all species studied, with the exception of E. cuniculi 

[178,179,180,181].  Kog1 is least conserved in B. dendrobatidis.  In S. 

cerevisiae, ablation of the TCO89 gene results in hypersensitivity to rapamycin 

and also disrupts cellular integrity [17].  While present in S. cerevisiae and S. 

pombe, Tco89 was not found in any of the species in this study.  Lst8 was first 

characterized in S. cerevisiae as binding to the Tor kinase domain and 

stimulating its catalytic activity [15].  Lst8 was found in all species examined with 

the exception of E. cuniculi (Tables 10 and 11).  

In S. cerevisiae, the Tor complex 2, TORC2, controls the actin 

cytoskeleton and is comprised of Tor2, Avo1, Avo2, Avo3, and Bit61 [14,15].  

Avo1 is an essential protein and cells compromised for avo1 function have 

defects in actin cytoskeleton polarization [14].  A BlastP search with the S. 

cerevisiae Avo1 protein sequence identified Avo1 homologs, although somewhat 

diverged, in S. pombe, M. circinelloides, R. oryzae, P. blakesleeanus, and B. 

dendrobatidis, but failed to return a match for M. brevicollis or E. cuniculi.  

However, similar searches with the S. pombe sequence revealed a putative Avo1 

homolog in M. brevicollis.  Avo2 is a nonessential protein that may function as an 

adaptor for substrates [14].  An Avo2 homolog was not found in S. pombe, M. 

brevicollis, or E. cuniculi, but putative homologs were present in the other 
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genomes examined.  Avo3 is similar to Avo1, highly conserved in all species 

examined except for E. cuniculi and likely functions to mediate Tor signaling 

control of cytoskeletal dynamics [14,15].  Bit61 is a nonessential protein that 

coprecipitates only with TORC2 and has no known ascribable functions [17].  

Bit61 homologs are absent in all species included in this study beyond S. 

cerevisiae.   

Several Tor downstream targets have been characterized in S. cerevisiae, 

including the PP2A phosphatase Sit4, its regulatory subunit Tap42, the protein 

kinase Sch9, and Ypk2 (reviewed in [3]).  Sit4 is a serine/threonine specific 

protein phosphatase responsible for regulating a distinct cohort of proteins under 

Tor1 control and is required for G1 to S phase cell cycle transition when in 

complex with its regulatory subunit Tap42 [33].  Reciprocal best match searches 

with the S. cerevisiae Sit4 protein sequence failed to identify Sit4 putative 

homologs in M. circinelloides, R. oryzae, or E. cuniculi.  Tap42 is a regulatory 

subunit of Sit4 and is directly phosphorylated by Tor [33].  The Tap42 branch of 

Tor signaling is responsible for repression of stress regulated (STRE), nitrogen 

catabolite repressed (NCR) and retrograde (RTG) genes when in complex with 

Sit4 [36,37,38].  Tap42 homologs were present in all species studied, with the 

exception of E. cuniculi.  Sch9 is a member of the AGC family of kinases and a 

direct substrate of S. cerevisiae TORC1 [182].  Sch9 participates in a Tor 

signaling dependent branch distinct from that controlled by the Sit4-Tap42 
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complex [39].  S. cerevisiae Sch9 and its mammalian counterpart (S6 kinase 1) 

function in ribosome biogenesis as well as regulation of cell size [182].  Using the 

human S6K1 protein sequence, putative Sch9 homologs were identified in R. 

oryzae, P. blakesleeanus, B. dendrobatidis, and M. brevicollis.  The R. oryzae 

Sch9 protein sequence was used to identify a homolog in M. circinelloides.  Ypk2 

in S. cerevisiae is coupled to TORC2 signaling to regulate ceramide synthesis 

[44].  Reciprocal blast matches using the S. cerevisiae Ypk2 protein sequence 

allowed us to identify homologs in S. pombe, M. circinelloides, and R. oryzae.  

Putative homologs in P. blakesleeanus, B. dendrobatidis, and M. brevicollis were 

found using the S. pombe gad8+ (Ypk2 homolog) protein sequence.  Ypk2 

homologs were not found in E. cuniculi.   
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Table 10:  Tor signaling repertoire in fungal species 

 Ascomycota Zygomycota Chytridiomycota 

 S. cerevisiae S. pombe P. blakesleeanus R. oryzae M. circinelloides B. dendrobatidis 
TORC1           
Tor1 TOR1 tor2+ PROT_ID: 73484 RO3G_11879 PROT_ID: 72331 BDEG_08293 
Tor2 TOR2 tor1+ - - - BDEG_05727 
Kog1 KOG1 mip1+ PROT_ID: 29342 RO3G_00347 PROT_ID: 74940 BDEG_03974 
Tco89 TCO89 tco89+ - - - - 
Lst8 LST8 wat1+ PROT_ID: 38463 RO3G_06076 PROT_ID: 47481 BEDG_06132 
TORC2           
Tor2 TOR2 tor1+ - - - BDEG_05727 
Lst8 LST8 wat1+ PROT_ID: 38463 RO3G_06076 PROT_ID: 47481 BEDG_06132 
Avo1 AVO1 sin1+ PROT_ID: 39069 RO3G_01403 PROT_ID: 86151 BDEG_02694 
Avo2 AVO2 - PROT_ID: 72961 RO3G_12750 PROT_ID: 84157 BDEG_05047 
Avo3 AVO3 ste20+ PROT_ID: 00285 RO3G_16948 PROT_ID: 19891 BDEG_05047 
Bit61 BIT61 - - - - - 
Upstream regulators           
Tsc1 - tsc1+ PROT_ID: 60080 RO3G_12162 PROT_ID: 76086 - 

Tsc2 - tsc2+ PROT_ID: 01498 RO3G_03221 PROT_ID: 39989 BDEG_00530 
Rheb RHEB rhb1+ PROT_ID: 55755 RO3G_09734 PROT_ID: 50694 BDEG_00850 
Downstream effectors           
Sit4 SIT4 ppe1+ PROT_ID: 35815 - - BDEG_02719 
Tap42 TAP42 SPCC63.05 PROT_ID:12874 RO3G_02496 PROT_ID: 91310 BDEG_02868 
Sch9 SCH9 sck1+ PROT_ID: 41457 RO3G_04184 PROT_ID: 27458 BDEG_04840 
Ypk2 YPK2 gad8+ PROT_ID: 28117 RO3G_14938 PROT_ID: 87923 BDEG_04840 
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Table 11: The Tor signaling repertoire in Monosiga brevicollis and 
microsporidian species 

 Microsporidian  Choanoflagellida 
 E. cuniculi E. bieneusi A. locustae M. brevicollis 

TORC1       

Tor1 - - - PROT_ID: 5087 
Tor2 - - - - 
Kog1 - - - PROT_ID: 27441 
Tco89 - - - - 
Lst8 - - - PROT_ID: 34029 
TORC2       
Tor2 - - - - 
Lst8 - - - PROT_ID: 34029 
Avo1 - - - PROT_ID:11503 
Avo2 - - - - 
Avo3 - - - PROT_ID: 27614 
Bit61 - - - - 
Upstream regulators       
Tsc1 - - - - 
Tsc2 - - - PROT_ID: 30163 
Rheb - - - PROT_ID: 21710 
Downstream effectors       
Sit4 - - - PROT_ID: 38407 
Tap42 - - - PROT_ID: 37569 
Sch9 - - - PRTO_ID: 10624 
Ypk2 - - - PROT_ID: 10624 

 

3.2.4 Growth of representative zygomycete species is sensitive to 
rapamycin 

Our analysis of Tor homologs among the zygomycete species analyzed 

reveals a remarkable conservation of key residues involved in rapamycin binding 

to the FRB domain when in complex with FKBP12.  Our analysis also shows 

conservation among components of the Tor signaling cascade in these species, 

suggesting that Tor signaling could be functionally conserved among these 
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organisms.  However, conservation of sequence homology does not necessarily 

imply functional conservation.  To further investigate the conservation of Tor 

signaling in basal fungal species examined in this study, growth assays were 

performed in the presence of the Tor inhibitor rapamycin. 

Growth of P. blakesleeanus and the human fungal pathogens R. oryzae 

and M. circinelloides was compromised on rich agar media containing rapamycin. 

While all three species exhibited reduced radial mycelial growth in the presence 

of rapamycin, P. blakesleeanus growth exhibited the highest sensitivity to 

rapamycin with a clear reduction of both radial mycelial growth and apical 

sporangiophore formation (Figure 20).  In addition, we also determined the 

minimum inhibitory concentration (MIC) require for inhibition of growth of all three 

zygomycete species following CLSI’s (Clinical Laboratory Standards Institute) 

guidelines for antifungal susceptibility testing of molds by broth microdilution 

(M38-A document).  We find that rapamycin inhibits up to 80% of growth at 

concentrations above 6.26 µg/ml, 12.5 µg/ml, and 100 µg/ml, during P. 

blakesleeanus, R. oryzae, and M. circinelloides growth respectively during liquid 

growth conditions (Table 12).  As expected, P. blakesleeanus growth inhibition 

required lower concentrations of rapamycin while surprisingly, M. circinelloides 

growth inhibition required high concentrations of rapamycin during liquid culture 

growth (Table 12).   
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Figure 20: Growth of the zygomycete species P. blakesleeanus,  R. 
oryzae, and M. circinelloides is compromised in the 
presence of rapamycin and FK506.  Spores from 
representative zygomycete fungal species were germinated on 
YPD agar containing either 1 µg/ml rapamycin or 1 µg/ml 
FK506.  Spores were germinated for 72 hours at room 
temperature.  
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Table 12: Growth of the zygomycete species P. blakesleeanus,           
R. oryzae, and M. circinelloides is sensitive to rapamycin and FK506 during 

liquid growth conditions 

 

 
 In comparison to rapamycin’s fungicidal activity against the fungal 

pathogens C. albicans and C. neoformans, (MIC <0.09 µg /ml and >0.19 µg /ml 

respectively-Cruz M. C et al., 2001 AAC), zygomycete growth is not entirely 

inhibited by rapamycin and inhibition requires significantly higher concentrations 

of drug, which could be partly due to decreased permeability of zygomycete cell 

walls and/or membranes to rapamycin, higher affinity drug pumps, or occlusion of 

the FRB domain in zygomycete Tor homologs.  Nevertheless, the effect of 

rapamycin on growth of the zygomycete species tested indicates that in these 

organisms, Tor functions to control fungal growth. 
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3.2.5 Spontaneous mutants confer rapamycin and FK506 resistance in M. 
circinelloides 

Previous studies have shown that rapamycin antifungal action is mediated 

via conserved complexes with FKBP12 and Tor kinase homologs in S. 

cerevisiae, C. albicans, and C. neoformans [2,103,121].  FKBP12 constitutes an 

intracellular drug receptor that mediates inhibition of Tor by rapamycin and 

inhibition of the protein phosphatase calcineurin when in complex with the related 

macrolide FK506.  As observed with rapamycin, FK506 inhibits growth of 

zygomycete species tested in both liquid and agar conditions of growth (Figure 

20, Table 12).  FK506 MIC’s required for 80% inhibition of growth are much lower 

than those observed for rapamycin (Table 12).  Interestingly, FK506 treatment 

induces M. circinelloides to grow as multi-budded yeasts (Figure 21, and Lee S. 

C and Heitman J. unpublished results) in a similar fashion as observed during 

growth of M. circinelloides under low oxygen conditions, indicating that 

calcineurin regulates dimorphic transitions during M. circinelloides growth.  This 

observation is further supported by similar results obtained during inhibition of 

calcineurin by Cyclosporine A (Lee S. C and Heitman J. unpublished results). 
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Figure 21: FK506 stimulates a hyphal to yeast dimorphic transition in 
M. circinelloides.  In the presence of environmental levels of 
oxygen, M. circinelloides follows a hyphal mode of growth.  
Oxygen limitation or addition of FK506 stimulates yeast 
growth. Courtesy of Soo Chan Lee and Joseph Heitman.  

 

To test whether the mechanism by which rapamycin inhibits Tor is 

conserved in zygomycete species, we isolated spontaneous mutant strains that 

are cross resistant to both rapamycin and FK506 in the non-isogenic M. 

circinelloides strains R7B (- mating type) and NRRL3631 (+ mating type) (Figure 

22 and Table 12).  Isolated strains were resistant to both rapamycin and FK506 

and sensitive to the calcineurin inhibitor Cyclosporine A indicating that these 

strains are not broad-spectrum drug resistant strains (Figure 22). 
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Figure 22: M. circinelloides spontaneous isolates exhibit rapamycin 
and FK506 drug resistance.  Rapamycin and FK506 
resistant strains were isolated in two wild type non isogenic M. 
circinelloides strains of opposite mating types (R7B and 
NRRL3631).  Wild type and resistant strains were grown in 
YPD agar containing 1 µg/ml rapamycin, 1 µg/ml FK506, and 
0.5 µg/ml Cyclosporine A for 36 hours at room temperature.  
Growth of Rapamycin-FK506 resistant strains is sensitive to 
the calcineurin inhibitor Cyclosporine A.   

Because both drugs are toxic when bound to FKBP12, we hypothesized 

that the FK506-rapamycin resistance phenotype might be attributable to a 

mutation in Mucor FKBP12.  To confirm this, we assayed for FKBP12 gene 

expression by northern analysis in our wild type and drug resistant strains.  

Interestingly, northern analysis revealed that drug resistant strains express 

FKBP12 mRNA at equivalent levels as their wild type parental strains (Figure 

23).  We further analyzed the DNA sequence of the FKBP12 locus.  Sequence 

analysis of three independent PCR amplicons did not reveal any DNA sequence 

changes (Lee and Heitman unpublished results).  PCR, southern blot, and 

sequencing analysis did not reveal any large insertions, deletions, or small 
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chromosomal rearrangements in the FKBP12 locus (including 1 kb of sequence 

directly upstream and downstream from the FKBP12 CDS) (data not shown).  

These observations suggest that inhibition of Tor and calcineurin by rapamycin 

and FK506 respectively might be occurring through a novel receptor distinct from 

FKBP12.   

 

 

Figure 23:  FKBP12 gene expression in M. circinelloides wild type 
and rapamycin-FK506 resistant strains.  Northern analysis 
of FKBP12 gene expression in two M. circinelloides wild type 
non isogenic strains of opposite mating types and rapamycin-
FK506 resistant strains grown in liquid YPD at 30°C. 

 

Surveys of the M. circinelloides genome revealed five FKBP related 

proteins, which were identified by the signature of an FK506 binding domain 

(Figure 24).  To address the possibility that one of these FKBP containing 

proteins might be mediating rapamycin and FK506’s mechanism of drug action 
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we queried by qualitative RT-PCR whether the genes coding for each FKBP 

family member are expressed in wild type and drug resistant strains.  Expression 

of genes coding for FKBP12, FKBP22, FKBP30, and FKBP42 did not change 

between strains while expression of the gene encoding FKBP19 was absent in 

one of the rapamycin-FK506 resistant strains (Figure 25).  This observation 

suggests that FKBP19 might be the rapamycin-FK506 intracellular receptor.   

Remarkably, PCR and sequence analysis of the FKBP19 locus in rapamycin-

FK506 resistant strains did not reveal any genetic lesions that could explain the 

RT-PCR results.  These results suggest that this strain might harbor a mutation 

in a transcriptional regulator of FKBP19, be subject to RNAi based silencing, or 

the locus now lies in a heterochromatic region.  
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Figure 24: Mucor circinelloides FKBP family of prolyl isomerases.  
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Figure 25: Expression analysis of M. circinelloides FKBP family 
members during vegetative growth.  Qualitative Reverse-
Transcriptase PCR assays of gene expression of the genes 
encoding all of the FKBP family members in M. 
circinelloides.  Expression analysis demonstrates that all 
FKBP encoding genes are expressed during vegetative 
growth of M. circinelloides.  Expression of the genes 
encoding FKBP12, FKBP22, FKBP30 and FKBP42 was 
detected in wild type and drug resistant strains, with the 
notable lack of expression of the gene coding for FKBP19 in 
the M.c 3631 RapaR FK506R strain.  cDNA templates were 
prepared from total RNA extracted from 24-hour growth 
cultures in liquid YPD at 30°C. 

 

While puzzling, the isolation and molecular analysis of rapamycin-FK506 

resistant strains suggests a common mechanism of action for both rapamycin 

and FK506 in M. circinelloides, potentially occurring via a novel targeting 

mechanism involving an FKBP domain containing drug receptor distinct from 

FKBP12.  Current efforts employing targeted gene disruption of M. circinelloides 

FKBP family members concurrently with protein-protein interaction assays using 
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M. circinelloides Tor’s FRB domain and FKBP containing proteins (in the 

presence of rapamycin and FK506) are on their way to further characterize the 

nature of these drug-protein interactions. 

 

3.2.6 Rapamycin and FK506 exhibit synergistic antimicrobial activity 
against M. circinelloides 

Clinical treatment of human invasive fungal infection by zygomycete 

(Rhizopus and Mucor) species are notoriously difficult to achieve due to the 

intrinsic resistance of most zygomycete species to the current antifungal drug 

armamentarium [108,183].  In light of the inhibitory effects on M. circinelloides 

growth by rapamycin, we tested whether targeting the Tor pathway with 

rapamycin could serve as a potential antifungal therapeutic approach.  

 Since rapamycin treatment only results in an 80% reduction in growth, we 

tested for potential drug synergism with available antifungal drugs against M. 

circinelloides.  Rapamycin in combination with the antifungals Amphotericin B, 

Caspofungin, and the azoles Fluconazole, Voriconazole, and Posaconazole did 

not exhibit any synergistic effects on M. circinelloides growth (data not shown).  

However, as determined by a standard checkerboard assay, rapamycin in 

combination with FK506 results in complete inhibition of M. circinelloides growth.  

As shown in Table 13, the MIC of rapamycin required to achieve 80% reduction 

of M. circinelloides growth (MIC80) was found to be ≥ 100 µg/ml, and for FK506 ≥ 

0.4 µg/ml, while in combination complete growth inhibition was achieved at lower 
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MIC’s (MIC’s of ≥ 6.2 µg/ml and ≥ 0.1 µg/ml for rapamycin and FK506 

respectively).  Furthermore, the fractional inhibitory concentration (FIC) of each 

drug indicates a synergistic inhibitory effect (Table 13).  Neither drug affected 

growth of rapamycin-FK506 resistant strains either alone or in any combination, 

indicating that this synergism is enabled via simultaneous inhibition of Tor and 

calcineurin (data not shown).    

Table 13: Rapamycin and FK506 exhibit synergistic antimicrobial 
activity against Mucor circinelloides 

 

We also observed rapamycin and FK506 synergism in a disc diffusion 

assay.  Addition of a disc infused with 0.5 µg of FK506 produces a zone of 

clearance when placed on a growing M. circinelloides R7B mycelial lawn.  In the 

presence of rapamycin, the zone of inhibition surrounding the FK506 disc 

increased in the presence of rapamycin, which on its own did not exhibit any 

inhibition of growth.  Interestingly, the same assay performed with the non-

isogenic NRRL3631 strains results in complete inhibition of mycelial growth by 

FK506 in the presence of rapamycin, while in the absence of rapamycin there is 
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residual growth (Figures 26A and 26C).  Synergistic effects in the disc diffusion 

assay were not observed with rapamycin-FK506 resistant strains (Figures 26B 

and 26C).   

 

Figure 26: Rapamycin and FK506 exhibit synergistic antimicrobial 
activity against Mucor circinelloides. Disks were spotted 
with 90% EtOH 10% Tween-20 (vehicle control), 0.5 µg 
FK506, or 125 µg FK506 and placed on the surface of YPD 
solid medium containing 1 x 106 spores from M. circinelloides 
A) R7B (-), B) R7B RapaR FK506R, C) NRRL 3631, D) NRRL 
3631 RapaR FK506R strains. Plates were incubated at room 
temperature for 24 hours and photographed.  

 

Taken together, combinatorial inhibition of the Tor and calcineurin 

pathways by the combined actions of rapamycin and FK506 results in robust 

inhibition of M. circinelloides growth, serving as an attractive therapeutic 
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approach for potential treatment of human infections by zygomycete pathogenic 

species.  

 

3.2.7 Rapamycin improves survival of Galleria mellonella infected with a 
lethal dose of M. circinelloides spores 

To evaluate the benefits of combination therapy using rapamycin and 

FK506 in vivo we used larvae from the wax moth Galleria mellonella infected with 

M. circinelloides spores as an invertebrate model of disseminated infection.  Use 

of G. mellonella as a model of infection is becoming increasingly popular due to 

its ease of use and high correlation with murine models of disseminated infection 

[184].  Healthy larvae are light colored and active while larvae killed by a fungal 

infection are dark and immobile facilitating scoring during killing assays.  

In this model of infection, injection of control PBS had no effect on survival 

of larvae (Figure 27).  Injection of 500 spores from a M. circinelloides R7B strain 

caused 100% death within 5 days after infection.  Infection with the R7B derived 

rapamycin-FK506 resistant isolate resulted in the same mortality rate as its 

parental strain indicating that the drug resistance phenotype of this strain does 

not affect virulence (Figure 27).  Interestingly, the M. circinelloides NRRL 3631 

and its derived rapamycin-FK506 resistant strain are avirulent (P = 0.1131, Log-

rank test in comparison to PBS treatment) in G. mellonella, and were therefore 

not used in subsequent experiments (Figure 27).   
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Figure 27: Infection by M. circinelloides R7B spores results in acute 
mortality of infected G. mellonella larvae.  30 larvae per 
treatment were infected with 500 spores from M.c R7B, M. c 
R7B RapaR FK506R, M. c NRRL 3631, and M.c NRRL 3631 
RapaR FK506R strains, incubated at room temperature and 
viability scored daily.  Infection by M.c R7B and M. c R7B 
RapaR FK506R spores results in acute mortality rates while 
infection by M. c NRRL 3631, and M.c NRRL 3631 RapaR 
FK506R spores does not.   

 

Treatment of G. mellonella infected with M.c R7B spores with a dose of 33 

mg of rapamycin/kg results in 40% survival rates; a statistically significant (P > 

0.023, Log-rank test) improvement in survival when compared to 0% survival 

rates of PBS treated controls.  Similar treatment of G. mellonella larvae infected 

with spores from a M.c R7B RapaR FK506R strain did not have any effect on its 

virulence, indicating that inhibition of M.c Tor by rapamycin is protective in G. 

mellonella.  Notably, treatment of uninfected larvae with the same dose of 



 

 141 

rapamycin had a modest effect on their survival in relation to PBS controls, 

indicating that rapamycin’s known immunosuppressive effects in humans has a 

negligible impact in G. mellonella survival (Figure 28).    

 

Figure 28: Pharmacological inhibition of Tor enhances survival of 
Galleria mellonella infected with a lethal dose of M. 
circinelloides spores. Inhibition of M. c Tor by rapamycin 
exhibits therapeutic benefit in the G. mellonella model of M. 
circinelloides pathogenesis. 10 larvae per group were infected 
with PBS alone, rapamycin alone or with 500 spores from M. c 
R7B and R7B RapaR FK506R strains.  Larvae were treated 
with PBS or rapamycin (33 mg rapamycin/kg of body weight) 4 
hours post infection, grown at room temperature, and viability 
scored daily. Star denotes a statistically significant change in 
survival of infected G. mellonella larvae after treatment with 
rapamycin in relation to untreated larvae.  Rapamycin was not 
beneficial to larvae infected with spores from the drug resistant 
R7B RapaR FK506R strain.  Survival curves are representative 
of two independent experiments.  
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Surprisingly and contrary to our in vitro results, monotherapy with FK506 

or combinatorial therapy with rapamycin did not improve survival of G. mellonella 

larvae infected with R7B spores, at the doses administered (0.13 mg FK506/kg 

and 0.03 mg FK506/kg + 4 mg rapamycin/kg) (data not shown).  Doses 

administered follow the minimum inhibitory concentrations exhibiting growth 

inhibitory effects in our in vitro assays.  However, these doses proved not to be 

beneficial in our in vivo model of infection, possibly due to reduced stability of 

each drug, higher rates of drug clearance, or competition for drug binding by 

endogenous FKBP12, in G. mellonella.  Further experiments utilizing varying 

doses of each drug alone and in combination are under way.  

Overall, the therapeutic benefit imparted by targeting the Tor pathway 

during infection of an invertebrate model of M. circinelloides pathogenesis 

establish rapamycin as an attractive target for the development of antifungal 

therapy against life threatening zygomycosis.  Given the immunosuppressant 

activity of rapamycin in humans, targeting the Tor pathway during human fungal 

infections remains challenging.  However, with the development of less 

immunosuppressive rapamycin analogs [102], and given the broad conservation 

of the Tor pathway among human fungal pathogens, targeting the Tor pathway 

promises to be a potentially broad spectrum therapeutic approach for treatment 

of fungal mycoses.  
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3.3 Discussion 

The Tor kinase has been conserved among eukaryotic species and many 

of its physiological roles have been maintained in species as divergent as baker’s 

yeast and man.  However, studies of the Tor kinases in budding yeast, fission 

yeast, and in pathogenic fungi reveal divergent roles for the Tor signaling 

cascade.  While in S. cerevisiae the Tor kinases function in promoting cell growth 

in response to nutrient availability (reviewed in [3]), in S. pombe the Tor kinases 

control mating and mitotic entry in response to nutrients [120,185].  In the human 

pathogen C. albicans, in addition to controlling cell growth in response to 

nutrients, Tor regulates hyphal differentiation and cell aggregation [186].  Thus, 

these studies provide a framework to consider the roles of Tor in other fungal 

organisms.  Given the wealth of genomic information being generated at 

exponential rates, our whole genome comparative analysis of the Tor signaling 

cascade among basal eukaryotic organisms, including fungi, has provided us 

with an unprecedented opportunity to understand the evolutionary trajectory of 

this signaling cascade and the impact of this cascade on the evolution of fungal 

species.   

For instance, the presence of a Tor homolog and components of the Tor 

signaling pathway in the choanoflagellate M. brevicollis indicates that the Tor 

signaling cascade evolved prior to the last common ancestor to the metazoan 

and fungal lineages, in accord with its known conservation in plants and algae.  

Recent characterization of Tor homologs in the protozoan parasite Trypanosoma 
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brucei, one of the most ancient and evolutionarily divergent eukaryotes, further 

highlights the deep ancestral roots of the Tor signaling cascade among eukarya 

[161,187].   

In contrast to the preservation of Tor signaling components in M. 

brevicollis, our analysis revealed a complete absence of the pathway in the 

microsporidian species E. cuniculi, E. bieneusi, and A. locustae.  These results 

are consistent with previous studies reporting a lack of almost all the protein 

kinases involved in stress responses, ion homeostasis, and nutrient signaling in 

the kinome of E. cuniculi, including the AMPK and Tor kinases which were 

thought to be ubiquitous among eukaryotic species [158].  E. cuniculi may be the 

first eukaryote in which neither of these conserved functions is found, and is a 

probable reflection of the rampant gene loss that sculpted its 2.9 Mb genome, the 

smallest known for any eukaryote.  The striking loss of this complement of 

kinases presumably arose during E. cuniculi’s streamlined and specialized 

adaptation as an obligate parasite.  Within its parasitophorous vacuole, it 

possibly relies on the host cell to provide nutrients, ATP, and an osmotically 

stabilized environment that must be homeostatic relative to the changing 

environments of free-living fungi.   

While in microsporidian species Tor homologs have been lost, in several 

fungal species Tor homologs have been duplicated and retained.  In contrast to 

mammalian and most fungi, S. cerevisiae and C. glabrata have two Tor 

homologs which are remnants of an ancestral whole genome duplication event, 
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while in S. pombe and in the chytridiomycete B. dendrobatidis Tor paralogs arose 

de novo from independent gene duplication events [157,188,189].  This 

phenomenon is interesting since redundant genes are likely to be lost by 

purifying selection, or by a selectively neutral event.  Clues as to why Tor 

paralogs have been maintained come from findings that in S. cerevisiae, TOR2 is 

essential while TOR1 is dispensable for growth under standard conditions, 

explaining why TOR2 has been maintained [12].  However, recent studies have 

established that when mutated, a set of genes encoding components of the class 

C Vps complex, which function in fusion of intracellular vesicles with vacuolar 

and secretory membranes, are synthetic lethal or exhibit a synthetic defect with a 

tor1 mutation [25].  Interestingly, the synthetic defect of a tor1 pep3 double 

mutant is restored by expression of TOR1 but not TOR2.  Mutants lacking 

components of the class C Vps complex have low levels of amino acids, in 

particular glutamate, and fail to recover from rapamycin-induced growth arrest or 

to survive nitrogen starvation, two cell functions controlled by TORC1.  These 

observations suggest that Tor1, in contrast to Tor2, is specialized to support 

growth under conditions of low intracellular amino acid concentrations [25], 

providing a physiological clue as to why S. cerevisiae TOR1 has been 

maintained.   

In addition, both Tor1 and Tor2 are central components of two multiprotein 

complexes, TORC1 and TORC2, which function in two separate signaling 

branches that regulate numerous aspects of cell growth and metabolism.  
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TORC1 regulates growth by promoting translation initiation, expression of 

ribosome biogenesis genes, and suppression of autophagy during ample nutrient 

conditions while TORC2 regulates actin cytoskeleton dynamics and cellular 

integrity (reviewed in [3]).  This division of labor suggests that TOR paralogs 

have been maintained due to subfunctionalization of Tor function.  This is in 

accord with what is observed in mammalian cells, where one Tor forms two 

distinct complexes, mTORC1 and mTORC2, both of which have homologous 

functions with yeast TORC1 and TORC2 [190,191].  Given the presence of 

TORC1 and TORC2 components in B. dendrobatidis, a similar mechanism would 

explain the presence of two TOR paralogs in this species.  Interestingly, the 

genome of R. oryzae, which is thought to have undergone a genome duplication 

event [162], contains a single TOR homolog.  Loss of a duplicated TOR homolog 

could have resulted from a loss of selective pressure or emergence of a new 

selection pressure that causes the gene to be maladaptive.  In S. cerevisiae, 

over expression of the central region of Tor1 or of a Tor1 kinase inactive mutant 

is toxic to cells [167].  Similarly, overexpression of a dominant negative (kinase 

dead) allele of Tor2 causes a growth defect [41].  Thus it could be possible that 

misregulation of a second TOR homolog, or an increase in TOR dosage, was 

deleterious in the ancestor of R. oryzae and therefore one paralog was lost.  

Our analysis also revealed a remarkable conservation of Tor domains 

among basal fungal organisms.  Of particular interest are the invariably 

conserved residues within the hydrophobic pocket of the rapamycin-FKBP12 
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binding (FRB) domains (Figure 19) that are critical for rapamycin binding to S. 

cerevisiae Tor1 and Tor2 [11,22,145,146,147].  Previous studies have shown 

that rapamycin has broad-spectrum antifungal activity against several human 

pathogens, including C. albicans, C. neoformans, and A. fumigatus 

[4,5,121,143,144].  Likewise we demonstrate that inhibition of Tor by rapamycin 

curtails growth of R. oryzae and M. circinelloides, demonstrating a conserved 

role for Tor in regulating growth of these basal fungal pathogens (Figure 20 and 

Table 12).   

In S. cerevisiae, rapamycin binds the prolyl isomerase FKBP12, forming a 

protein-drug complex that inhibits the Tor kinases [11,22,145,146,147,148].  To 

address whether such a mechanism also explains rapamycin action in basal 

fungal pathogens, we isolated and characterized rapamycin and FK506 cross-

resistant mutant strains in M. circinelloides.  Northern analysis revealed that the 

FKBP12 gene is expressed in the drug resistant isolates.  Furthermore, we did 

not detect any sequence changes in the FKBP12 locus suggesting that in these 

strains rapamycin and FK506 action might be exerted through an FKBP12 

independent mechanism.  Indeed, data mining of the M. circinelloides genome 

revealed the presence of five FKBP (FK506 Binding Protein) homologs (Figure 

24), one of which, FKBP19, is not expressed in one of our drug resistant strains 

(Figure 25).   

M.c FKBP19 is similar to Neurospora crassa FKBP13, by reciprocal best 

hits (data not shown) and in that both have a C-terminal transmembrane 



 

 148 

segment and an N-terminal FK506 binding domain [192].  N.c FKBP13 localizes 

to the cytosol and mitochondrial matrix and mediates both rapamycin and FK506 

toxic effects [192].  In a similar fashion, M.c FKBP19 in the presence of 

rapamycin might also inhibit M.c Tor given the lack of FKBP19 gene expression 

in one of our drug resistant strains.  Interestingly, the FKBP19 locus does not 

harbor any changes in its DNA sequence in any of the rapamycin-FK506 

resistant strains, suggesting that these strains could contain a loss of function 

mutation in a locus controlling FKBP19 gene expression.  Further experiments 

are currently under way to characterize these potentially novel protein-drug 

interactions.   

Our studies on spontaneous rapamycin-FK506 resistant mutants in M. 

circinelloides provide insight into novel mutagenic mechanisms by which fungal 

pathogens might acquire resistance to rapamycin and FK506 (at least in vitro).  

The spontaneous mutants characterized did not harbor any mutations in neither 

of the FKBP12 or FKBP19 loci (although we can not exclude mutations in the 

bona fide physiological receptor).  Mutations within Tor’s FRB domain are 

unlikely since these strains are cross-resistant to both rapamycin and FK506 and 

presumably block inhibition of both Tor and calcineurin.  Our analysis suggests 

possible mutations in a locus that regulates FKBP19 gene expression.  If indeed 

FKBP19 is the true receptor, we note that this is a significant difference between 

S. cerevisiae and M. circinelloides in that all S. cerevisiae rapamycin-resistant 
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mutants isolated result from single nucleotide changes in either the FRB domain 

of Tor or within FKBP12’s rapamycin/FK506 binding pocket [11,22,145,146,147].  

Our studies also show that in a G. mellonella model of infection, 

rapamycin proves to be protective against a lethal infection by M. circinelloides, 

providing a key proof of principle that targeting the Tor pathway with inhibitors 

that target Tor, particularly fungal specific ones, have attractive potential as novel 

antifungal drugs.  Moreover, in combination with the calcineurin inhibitor FK506, 

rapamycin synergized to completely abrogate M. circinelloides growth in vitro.  

However, we did not observe any therapeutic effects during treatment of infected 

G. mellonella with the administered doses of FK506 or rapamycin/FK506.  In M. 

circinelloides, there are three homologs of the catalytic subunits of calcineurin 

(Cn A) and one homolog of its regulatory subunit (Cn B) (Lee S.C and Heitman 

unpublished results).  It could therefore be possible that one of these homologs 

might compensate for inhibition of calcineurin by FK506 during in vivo conditions 

of infection.  Alternatively, we know that FK506 induces M. circinelloides to grow 

as yeast (Figure 21, Lee S.C and Heitman unpublished results), which could be 

equally as virulent in an in-vivo model of infection.  Current efforts employing a 

range of FK506 doses in combination with rapamycin during in-vivo conditions of 

infection are underway.  Nevertheless, our in-vitro results show promising 

therapeutic value since combinatorial therapy resulting in inhibition of multiple 

pathways simultaneously enhances efficacy of individual drugs by limiting 

exposure to toxic side effects, broadening potency, and decreasing emergence 
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of drug resistance.  The challenge remains to exploit such combinatorial therapy 

by avoiding both rapamycin and FK506 immunosuppressive effects.  Advances 

in this regard are under way with the development of less immunosuppressive 

rapamycin and FK506 analogs with potent antifungal effects [103,144].  

Alternatively, possible clinical applications involve topical formulations, which 

circumvents their immunosuppressive effects.  Studies have shown that 

calcineurin inhibitor combinations with ergosterol biosynthesis inhibitors (azoles) 

are synergistic against C. albicans keratitis in murine models of infection and in 

Trichophyton mentagrophytes in an ex vivo human infection model [193,194].  

Moreover, the use of rapamycin as an antifungal agent in an in vivo setting was 

reported to protect 50% of mice from an otherwise lethal infection with C. 

albicans and to improve survival of mice with invasive aspergillosis [195].  These 

studies and our findings suggest that patients receiving rapamycin may benefit 

from both the immunosuppressive and the antifungal activities of rapamycin 

against infections by zygomycete pathogens. 

In conclusion, our studies have defined a previously unappreciated 

evolutionary pattern of conservation, duplication, and loss of the Tor signaling 

cascade among basal eukaryotic species (including fungi) and define a 

potentially novel mechanism of rapamycin action in the fungal pathogen M. 

circinelloides, and provide support for development of rapamycin and analogs as 

antifungal agents against zygomycosis. 

 



 

 151 

3.4 Materials and Methods 

 

3.4.1 Annotation and searches of Tor signaling components 

TBlastN and BlastP searches [196] using protein sequences of selected 

fungal, microsporidian, M. brevicollis, and trypanosome TOR signaling molecules 

were conducted on the genomic and protein databases listed in Table 14 and at 

the National Center for Biotechnology Information Web site 

(http//www.ncbi.nlm.nih.gov/blast/).  Annotations of TOR protein domains and M. 

circinelloides FKBP protein domains were performed using SMART 

(http://smart.embl-heidelberg.de/), PROSITE (http://www.expasy.ch/prosite/), and 

PSORT (http://psort.ims.u-tokyo.ac.jp/form2.html) databases for protein domain 

and cellular localization signal identification. Multiple sequence alignments of 

TOR FRB domains were generated with Clustal W sequence alignment functions 

from MacVector.  

Aligned amino acid sequences (Clustal W) were imported into Mega 3.1 

software to construct the phylogenetic organization with the following settings: 

Maximum parsimony (MP) analysis; 500 bootstrap replicates and 24054 seed. 

Gaps were considered as complete deletions. A close neighbor interchange was 

used as search option (level = 1) with an initial neighbor-joining tree. 10 

replications of random addition trees were used.   
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Table 14: Genome databases queried in studies for Chapter 3  

Species Genome sequence database 

Saccharomyces cerevisiae 
Saccharomyces cerevisiae genome database (SGD):                          
http://www.yeastgenome.org/ 

Candida glabrata National Center for Biotechnology Information: http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Schizosaccharomyces pombe Sanger Institute: http://www.genedb.org/genedb/pombe/ 

Phycomyces blakesleeanus DoE Joint Genome Institute: http://genome.jgi-psf.org/Phybl1/Phybl1.home.html 

Rhizopus oryzae 
Broad Institute: 
http://www.broad.mit.edu/annotation/genome/rhizopus_oryzae/MultiHome.html 

Mucor circinelloides DoE Joint Genome Institute: http://shake.jgi-psf.org/Mucci1/Mucci1.home.html 

Batrachochytrium dendrobatidis 
Broad Institute: 
http://www.broad.mit.edu/annotation/genome/batrachochytrium_dendrobatidis/ 

Encephalitozoon cuniculi National Center for Biotechnology Information: http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Enterocytozoon bienesui National Center for Biotechnology Information: http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Antonospora locustae National Center for Biotechnology Information: http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Monosiga brevicollis DoE Joint Genome Institute: http://genome.jgi-psf.org/Monbr1/Monbr1.home.html 
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Pairwise alignments of supercontig 8 and supercontig 15 downloaded from the B. 

dendrobatidis genome database (see Table 14) were performed by using 50 kb 

of genomic of upstream and downstream sequence flanking each TOR homolog.  

Pairwise alignments were performed by TblastX queries using a Blosum 62 

matrix and filtering for low complexity areas.  Results were then parsed using a 

Perl script.  Schematic representations of B. dendrobatidis ORF’s in supercontig 

8 and supercontig 15 were generated using MacVector’s suite for protein 

sequence annotation.  Multiple sequence alignments of TOR FRB domains were 

generated with Clustal W sequence alignment functions from MacVector.  

 

3.4.2 Strains, media, drugs, and antisera used in this study 

Phycomyces blakesleeanus NRRL 1555(-), Rhizopus oryzae FGSC9543, 

Mucor circinelloides f. lusitanicus R7B (-), and Mucor circinelloides f. lusitanicus 

NRRL3631 (+) were kindly provided by Santiago Torres-Martinez (University of 

Murcia, Spain).  All strains were grown at 30°C or room temperature on YPD (1% 

Yeast extract, 2% Bacto Peptone, and 2% dextrose), PDA (Potato dextrose 

agar), and RPMI (RPMI 1640 liquid media with Glutamine and without sodium 

bicarbonate (Gibco) supplemented with 2% dextrose and buffered with 0.165M 

MOPS, pH 7) media.  Strains were grown in either solid media containing 2% 

agar or in liquid cultures. Rapamycin was obtained from (LC laboratories) and 

dissolved in 90% ethanol-10% Tween 20.  FK506 (Prograph) was obtained from 
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the Duke University Medical Center pharmacy.  Rapamycin and FK506 stock 

solutions were added to media or 6 mm diameter blank paper discs  (BD 

Bioscience, Sparks, MD) at the indicated concentrations. 

 

3.4.3 Antifungal drug testing 

 Drug interactions were assessed with a checkerboard titration following 

the guidelines established by the Clinical and Laboratory Standards Institute 

(CLS1, M38-A document) for antifungal susceptibility testing of molds.  In vitro 

testing was in RPMI 1640 medium.  Aliquots of 50 µl of each drug at a 4X 

concentration the final concentration were dispensed in wells of a microtiter 96 

well plate to provide 77 drug combinations.  Additional rows were used to 

determine the MIC of each agent alone and for the growth control well (drug-

free).  

The final drug concentrations tested were: Rapamycin from 200 µg/ml to 

3.12 µg/ml (6 dilutions); FK506 from 25.0 µg/ml to 0.1 µg/ml (9 dilutions).  A final 

5 x 104 sporangiospores/ml inoculum was added to each well and the microtiter 

plates incubated at 35°C without shaking for 24 hours.  Growth inhibition 

determinations were performed with the aid of a concave mirror.  The MIC 

(Minimum Inhibitory Concentration) and MIC80 of drugs, alone or in combinations 

were defined as the lowest drug concentration in a well producing a complete 

absence of visual growth and 80% reduction of growth respectively.  Drug 
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interactions were classified as synergistic (FIC < 1.0), additive (FIC =1), 

autonomous (FIC between 1 and 2) or antagonistic (FIC > 2), based on the 

fractional inhibitory concentration (FIC) of drug concentration combinations 

resulting in complete absence of growth.  The FIC was calculated by comparing 

the MIC of each drug in combination (MIC of rapamycin + MIC of FK506) with the 

activity of the antibiotic alone (MIC of rapamycin or MIC of agent B). 

Disc diffusion assays were performed by spreading the entire surface of 

an YPD plate in three directions with a non-toxic cotton swab dipped into an 

undiluted mold stock inoculum suspension.  The inoculated agar was allowed to 

dry for 15 minutes. 6 mm diameter blank paper discs (BD Bioscience, Sparks, 

MD) were spotted with either rapamycin or FK506, allowed to dry for 30 minutes 

and applied to the inoculated agar.  Plates were incubated at room temperature 

for 36 hours and photographed. 

 

3.4.4 Molecular analysis of M. circinelloides drug resistant strains 

To isolate gDNA, M. circinelloides cultures were grown in YPD medium at 

30°C for 16 hours, and mycelium harvested by passage over Miracloth 

(Calbiochem, La Jolla, CA) and vacuumed dried by lypholization.  Dried mycelia 

was triturated with glass beads by manual agitation and resuspended in 1 ml 

CTAB extraction buffer (100 mM Tris-HCl (pH 8.4), 1.4 M NaCl, 25 mM EDTA, 

2% CTAB).  A standard phenol/chloroform extraction procedure was used 
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followed by DNA precipitation using one tenth volume of 3 M sodium acetate and 

2 volumes of 100% ethanol.  DNA pellet was resuspend in 1 ml of Tris/EDTA 

buffer (10 mM Tris/HCL, 1mM EDTA, pH 7.0).  gDNA was used to amplify 700 bp 

fragments by PCR starting from 1 kb of sequence upstream and downstream of 

FKBP12 and FKBP19 CDS, and each fragment sent for sequencing.  DNA 

analysis was compared by genomic DNA blast searches against the M. 

circinelloides R7B genomic database sequences.  Southern blot analyses were 

performed on EcoRI and XbaI digested gDNA by standard techniques. 

 

3.4.5 RNA expression analyses 

M. circinelloides cultures were grown and mycelium powder extracts 

prepared as described above.  Total RNA was isolated by using Trizol 

(Invitrogen, Carlsbad, CA) following manufacturers instructions, and 30 µg of 

total RNA loaded onto a 1% formaldehyde agarose gel.  Following transfer, 

membranes were hybridized to radioactive DNA probes for each specific gene 

(see Table 15 for primer sequences used).  cDNA was synthesized from 1.5 µg 

of total RNA using an AffinityScriptTM-Multiple Temperature Reverse 

Transcriptase kit (Stratagene), and 1 µl of cDNA used for PCR amplification 

using the primers listed in Table 15. 
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Table 15: Primers used in study discussed in Chapter 3 

Gene probe Primer name Primer sequence 
FKBP12 Forward  JOHE20384 5'-TGTTGAAAGAATTGCTCCTGG-3' 
FKBP12 Reverse JOHE20385 5'-ACCTTCATCCCAACCCTTG-3' 
FKBP19 Forward JOHE20758 5'-TAATCCCTGGTTTTGGGCTG-3' 
FKBP19 Reverse  JOHE20759 5'-GTTTTAGCAACCTTCTCCAAG -3' 
FKBP22 Forward JOHE20752 5'ATTATACGGGTACTCTTTTTGACAC-3' 
FKBP22 Reverse JOHE20753 5'-TCAGTAAACCTTGATCCCAG-3' 
FKBP30 Forward JOHE20754 5'-CAGGAACAGCTACAGAACGTATCAA-3' 
FKBP30 Reverse JOHE20755 5’-AATATGCTTGTCCTAGTCTGTAGTA-3’ 
FKBP42 Forward JOHE20756 5’-AATTGGTATGCGTTATATTGGTAAG-3’ 
FKBP42 Reverse JOHE20757 5’-TTATTTCATGGTAACTAATTTGATGT-3’ 
ACT1 Forward JOHE20760 5’-GTATTTTGACTCTCCGTTATCCTAT-3’ 
ACT1 Reverse JOHE20761 5’-AGGGAGAGAGTAACCTTCGTAGATG-3’ 

 

3.4.6 Galleria mellonella model of systemic zygomycosis 

M. circinelloides inoculums were prepared in PBS by suspending 

sporangiospores harvested from mycelial lawns grown on PDA for five days at 

room temperate and spore titers determined by hemacytometer counting.  Drug 

stocks were prepared by diluting in 90% ethanol-10% Tween-20.  Measuring the 

hemolymph volume of 20 larvae of varying weights and determining the mean 

hemolymph volume/kg of weight by linear regression analysis were used to 

determine the drug doses administered.  Larvae in the final instar were obtained 

from Vanderhost, Inc.  Ten larvae (300 mg ± 25 mg) were used per group.  Each 

larva was injected with 5 µl of PBS containing 500 sporangiospores, PBS, drugs, 

or vehicle into the hemocoel via a proleg.  Four hours post infection, 5 µl of PBS 

containing drugs, or vehicle controls were injected into each larva via a separate 

proleg than the one used during infection.  Larvae were incubated at room 
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temperature and the number of dead larvae scored daily.  Kill curves were 

plotted and differences in survival rates (Log-rank test) determined by the 

Kaplan-Meir method using Graph Pad Prism software.   
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4. Conclusion and future directions  

The ability of fungal pathogens to interact with their hosts depends on the 

capacity of the pathogen to recognize the external environment and respond 

appropriately to the signals generated by this environment.  Environmental 

signals such as temperature, nutrient availability, carbon source, pH, oxygen 

content, soluble factors, and mechanical and physical cues, all activate a panoply 

of signal transduction networks.  These in turn modulate several aspects of 

fungal virulence, including changes in morphology, cell surface composition, and 

protein secretion (i.e. toxins, proteases, lipases).  

 Because the ability to properly respond to the environment is a critical 

cellular function, the pathways regulating host pathogen interactions often show 

conservation with signaling networks controlling other cellular behaviors.  This is 

reflected by the common signaling pathways, such as the cyclic AMP, mitogen 

activated protein kinase, and the Ca2+/calcineurin cascades employed by fungal 

pathogens to respond to the host and regulate pathogenesis.  In agreement with 

this theme, our findings further illustrate how fungal pathogens (i.e. Candida 

albicans) employ the broadly conserved Tor signaling cascade to regulate key 

virulence traits, such as changes in morphology and cellular adherence.  Thus, 

these studies provide a framework to consider the roles of Tor in other fungal 

pathogens.  
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With the discovery that rapamycin acts as a potent and exquisitively 

specific inhibitor of Tor, we now have available a product provided by mother 

nature as a pharmacological agent for dissecting Tor function and signaling 

among diverse eukaryotic organisms, in particular those that are less amenable 

to genetic manipulations.  The utility of rapamycin is further illustrated by the 

largely conserved mechanism of rapamycin action, providing a robust tool for 

dissecting Tor signaling and function in eukaryotes and for harnessing its potent 

antimicrobial activity. 

 

4.1 Tor signaling and morphogenesis 

Our observations that rapamycin inhibits hyphal differentiation in C. 

albicans implicates Tor as a key player in regulating critical virulence traits 

among pathogenic fungi.  The ability of fungi to infect humans occurred 

independently, multiple times, and successful human pathogens are diverse.    

The human fungal pathogens, Blastomyces dermatitidis, Histoplasma 

capsulatum, Paraccocidioides brasiliensis, Coccidioides immitis, and Sporothrix 

schenckii are thermally dimorphic, growing as filamentous molds at lower 

environmental temperatures and as yeasts at 37°C.  Inhalation of conidia 

(asexual spores) by the host results in a temperature-induced mycelium-to-yeast 

transition, a morphological transition that is a critical prelude to infection.  Strains 

or mutants locked as filaments are avirulent [197].  It will be interesting to assess 
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whether Tor plays a role in thermal dimorphism as well.  The human pathogen 

Cryptococcus neoformans undergoes a similar sexual transition in which 

pheromone production triggers cell-cell fusion, and the resulting dikaryon 

undergoes a dimorphic transition.  Nuclear fusion and meiosis occur in 

specialized structures known as basidia, and chains of infectious spores emerge 

from the basidium.  Spores or dried yeast cells infect humans and only yeasts 

occur in the host (reviewed in [198]).  The prominent role for yeast in fungal 

virulence is contrasted with the leading role for hyphae in C. albicans associated 

pathogenesis.  During C. albicans evolution into a commensal in the mammalian 

gastrointestinal tract, hyphae formation was likely necessary for niche 

colonization and to compete with bacteria.  It also allows for formation of drug 

resistant biofilms and to survive and escape the host immune system.  Exploring 

the genetic circuitry controlling dimorphism therefore promises to be important for 

understanding fungal pathogenesis. 

In C. albicans, our studies implicate the Tor cascade as a regulator of 

hyphal differentiation on agar surfaces (chapter 2).  Remarkably, this pathogen 

has evolved a repertoire of responses triggered by contact with a surface.  One 

such response, invasive hyphal growth, occurs during infection of a host or 

during growth in contact with semisolid agar medium [60,199].  In these 

situations, filamentous forms of the organism are produced and invade the tissue 

or medium.  Formation of C. albicans biofilms, another contact-dependent 
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response, occurs during growth on solid surfaces.  These biological effects of 

physical contact with surfaces require that an organism sense and process the 

information to produce an appropriate response.  In C. albicans, it is thought that 

growth during contact with a surface results in mechanical perturbations of the 

cell wall or plasma membrane that is detected by cell wall integrity pathways.  

Indeed, the cell integrity kinase, Mkc1, is activated when C. albicans cells are 

grown on surfaces, and mkc1/mkc1 null mutants are defective in contact 

dependent responses [199].  In S. cerevisiae, the cell integrity pathway is 

regulated by TORC2 (see chapter 1), and it would be reasonable to hypothesize 

a similar role for Tor in C. albicans.  An interesting experiment would therefore be 

to assay for Mkc1 phosphorylation and activation (by gel mobility assays of 

Mkc1-epitope tagged strains) in the presence or absence of rapamycin.  In 

parallel, effects of rapamycin on invasive growth can also be assayed.  The cell 

integrity pathway controlled by Mkc1 could therefore be a potential pathway by 

which Tor controls hyphal differentiation on semisolid surfaces. 

 One distinct property of C. albicans is its ability to produce 

chlamydospores, an ability shared only with the closely related species Candida 

dubliniensis.  Chlamydospores are large cells with thick cell walls that form at the 

end of suspensor cells attached to hyphae, and can germinate in some cases 

[46].  Chlamydospores can be induced to form under nutrient poor and oxygen 

limited conditions [46].  Chlamydospores have been found in the lung of an AIDS 
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patient and thus may be relevant to infection [200].  Interestingly, 

chlamydospores are unique to C. albicans and are not produced by the model 

yeasts S. cerevisiae and S. pombe, so there is little understanding of the 

pathways that govern their development.  Results from a forward genetic screen 

in C. albicans implicate the AGC kinase Sch9 as a genetic determinant of 

chlamydospore formation [201].  Sch9 is a direct effector of TORC1 in S. 

cerevisiae (see chapter 1), thus a conservation of this paradigm in C. albicans 

could implicate Tor in regulating chlamydospore formation as well, warranting 

further investigation. 

The prominent roles for morphogenic transitions in fungal virulence are 

complex and are just starting to be elucidated.  Many fungal pathogens undergo 

morphological transitions during host invasion, and both yeast and hyphal cells 

have properties well suited to tissue invasion.  To establish the extent to which 

morphogenesis impacts on pathogenesis, it will be necessary to understand the 

genetic circuitry evoking transitions in fungal form, a promising arena of research 

that will fascinate for years to come.  

 

4.2 The Tor cascade and cellular adhesion 

Adherence of pathogenic microorganisms to host tissue is regarded as an 

important requisite for host niche colonization and for their ability to invade and 

proliferate within internal organs.  The ability of Candida spp. to gain access to 
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tissues in humans also results from their adhesion to plastic devices such as 

catheters, prosthetic heart valves, and dentures.  It is known that proliferation of 

fungi on inert surfaces involves multicellular colony growth known as biofilm 

formation, which produces a reservoir of infective cells that have increased 

antibiotic resistance.  Biofilm formation is a cooperative behavior involving a 

collective adherence between cells, thus allowing for sharing of scarce resources 

and for fending off antimicrobial attack.  Candida biofilms are also likely to form 

on biotic surfaces such as the oral cavity and gastrointestinal tract, allowing 

Candida to compete with the local microbiota and is likely a driving force for its 

success as a mammalian commensal. 

One interesting observation that originated during our work on rapamycin 

stimulated cell adherence of C. albicans is the environmental or nutritional 

signals that trigger this response.  Interestingly, rapamycin induced cell 

aggregation is primarily observed under particular conditions that promote hyphal 

differentiation (Spider medium, 37°C).  It remains unknown the triggers in this 

medium that prompts such a response when cells are treated with rapamycin.  

The Tor signaling cascade is well known to respond to nutritional cues, such as 

amino acid availability.  However, cell aggregation is also a social trait that 

depends on multiple cells cooperating at one time, and could therefore be 

attenuated by collectively produced quorum sensing molecules.  In S. cerevisiae, 

addition of the known quorum sensing molecule tryptophol induces strong 
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flocculation of cells, which do not exhibit flocculation when grown in standard 

conditions (YPD) [202,203].  Similar conditions could be envisioned by which 

quorum sensing molecules (i.e. tryptophol, phenyl ethanol, farnesol, dodecanol) 

could modulate rapamycin-induced aggregation in C. albicans.  Alternatively, a 

more analytical approach consisting of serial fractionation of Spider medium 

could be employed to identify potential upstream cues that modulate Tor activity 

in this context.  Identification of upstream signals that interface with Tor remains 

an active area of research, and our system could provide a platform to identify 

potentially novel environmental regulators of Tor. 

Our findings also have broader implications for the role of this pathway in 

shaping the emergence of multicellularity in metazoa and fungi.  Multicellularity 

appeared early and repeatedly in life, and the transitions from unicellularity to 

multicellularity is typically associated with an increase in the numbers of genes 

involved in cell differentiation, cell-cell communication, and cell-cell adhesion 

(reviewed in [204]).  Most multicellular lineages are simple in architecture (i.e. 

filamentous protists), while in others the transition to multicellularity has 

burgeoned into macroscopic body plans (plants, fungi, and metazoans).  In 

animals for example, the evolution of several genes families, such as those 

coding for cadherins and integrins, enabled new roles for these gene products in 

construction and patterning of animal bodies [205].  Examination of the 

choanoflagellate proteome suggests that the gene machinery participating in 
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adhesion in animals was likely well developed in the unicellular ancestor of 

metazoans and choanoflagellates [159,206].  Similarly, fungal cell adherence has 

been well documented and likely arose independently in this kingdom.  Our 

finding that rapamycin modulates cell aggregation in C. albicans and Candida 

guilliermondii (see chapter 2), and promotes expression of adhesion molecules in 

mammalian endothelial cells [135], opens the possibility that Tor’s regulation of 

cell-cell adherence might be broadly conserved among organisms possibly 

including metazoans.  Moreover, this signaling cascade evolved early on in the 

eukarya (see chapter 3) and may have contributed to shaping multicellular 

transitions in eukaryotic organisms. 
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 Biography 

Robert was born in the rolling hills of the Colombian Andean Mountains 

where a midwife in the ramshackle village of Popayan delivered him.  His parents 

were devoted scholars and with the help of his often irresponsible and raucous 

uncles spent his youth flying kites, herding goats, foraging for wood, and sledding 

through mountainous precipices with wanton disregard for his personal safety.  

Tired of the foul weather and scarce culinary creativity of the Andean culture, his 

family moved to the sunny paradise known as England.  It was in England that 

Robert developed a penchant for the extraordinary culinary arts of the world 

acclaimed English cuisine.  After years of wandering throughout the globe in the 

company of a Gypsy troupe, his family finally relocated to the highly advanced 

and sophisticated country of Honduras, a beacon of civilization, where Robert 

finished his schooling.  

After an arduous journey involving spates of swimming and desert treks 

filled with rattlesnakes, giddy Coyotes, fences, and sympathetic border patrol 

agents, Robert made it to the University of California in Santa Cruz.  It was in this 

culture that Robert was imbued with an appreciation for science, letters, tree 

hugging, protesting, and moonshine.  It was at this juncture in his promising 

career, that Robert made his first contribution to the exciting field of flower 

development in the laboratory of Dr. Jack Okamuro.   
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Following his passion for helping others, Robert then worked at a 

biotechnology company where his research on seed development resulted in 

solving world hunger, earning him admittance to the prestigious institution of 

Duke University.  Relying on his extensive wisdom and keen omniscience, 

Robert then initiated a brief pre-doctoral sabbatical studying inositol signaling that 

led him to world-renowned fame and success.  Having tasted power and glory, 

Robert became reclusive and transitioned to where his true passion lies, 

Mycology.  Under the guidance of their eminences Dr. Joseph Heitman and Dr. 

Maria Cardenas, Robert finally found his true home.  Along the way, he has also 

become a disciple of Dr. Danny Lew, a genetics virtuoso, who has preached at 

various events about the awesome power of yeast genetics.  

The narrative expressed above is highly embellished, delusional, 

overstated, and infused with a scattering of truth.  It is meant as a parody of a 

difficult, yet at times exhilarating time in the life of a “budding” scientist in 

Graduate School.  No harm, insult, or false misrepresentations were intended.  I 

apologize in advance for any ill feelings this narrative might generate. 

            THE END!! 

 


