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Abstract

Niemann-Pick Type C (NPC) disease is a fatal neurodegenerative disorder
characterized by endosomal and lysosomal lipid accumulation. Most cases of NPC
disease result from mutations in the NPC1 gene. To investigate NPC1 function, the
single NPCl1-related gene, NCR! in the yeast Saccharomyces cerevisiae was deleted or
overexpressed. Loss of NCRI did not influence cell proliferation, lipid metabolism,
protein secretion, or cell response to chemical agents, suggesting Ncrl is not required or
other proteins can compensate for NCR! deficiency under the conditions examined.

Overexpression of NCRI was found to be deleterious. All nonessential yeast gene
deletion mutants that rendered cells hypersensitive or resistant to NCRI overexpression
toxicity were identified by synthetic genetic array screens. Cell polarity genes were
found to contribute to survival when NCRI was overexpressed, implying a role for NCRI
in recycling materials from sites of polarized growth. Deletion of several genes encoding
transporters alleviated NCRI-overexpression toxicity while loss of the NHXI-encoded
sodium-proton antiporter enhanced NCRI overexpression toxicity. These genetic
interactions imply Ncrl may participate in an opposing process or negatively regulate
Nhx1 activity. Yeast lacking NHXI (nhxIA) display defects in retrograde vesicular
trafficking from the late endosomal prevacuolar compartment (PVC). In contrast, NCRI
overexpression did not impair delivery of carboxypeptidase Y to the vacuole, the yeast
hydrolytic compartment, suggesting Ncrl does not negatively regulate Nhx1 or mediate
Golgi-to-PVC trafficking. However, like deletion of NHXI, NCRI overexpression
increased sensitivity to a small, positively charged aminoglycoside antibiotic,
hygromycin B, a phenotype associated with hyperpolarization of the plasma membrane or
defective vacuolar sequestration of the drug. Deletion of NCRI increased resistance to
hygromycin B, suggesting Ncrl might regulate cation or proton uptake or efflux from the
PVC. A role for Nerl in intracellular ion homeostasis was further implied by finding
NCRI was essential when cells lacking the vacuolar H'-ATPase, a major contributor to
pH homeostasis, were grown on media buffered to extremes in pH. If the human NPC1
protein participates in regulating the pH of intracellular compartments, as suggested by
the findings with the yeast Ncrl protein, defective pH homeostasis may be the primary
cellular defect in NPC disease.
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1. Introduction

1.1. Niemann-Pick Type C disease

Niemann-Pick Type C (NPC) disease is a rare autosomal recessive,
progressive neurodegenerative disorder (123) affecting 1 in 150,000 individuals (94).
The most common finding in NPC patients is progressive neurodegeneration that
affects mainly the thalamus and Purkinje cells in the cerebellum (153, 162). These
defects give rise to the classic signs of NPC including vertical supranuclear gaze
palsy, ataxia, dystonia and dementia (123). NPC is ultimately fatal, with death
typically occurring in adolescence (123). A study of NPC is particularly relevant in
Nova Scotia because the French Acadian population of Yarmouth County has an
extremely high NPC carrier frequency, estimated at ~1 in 50 (W. Greer, personal
communication). My approach has been to use yeast as a model system to investigate
the underlying basis of NPC disease, with the hypothesis that a defect in a conserved
cellular process is responsible for the pathophysiology of the disease.

NPC was initially classified as a lipid storage disorder because several organ
systems in NPC patients acccumulate abnormal lipid levels (123). The liver and
spleen accumulate unesterified cholesterol, sphingomyelin, phospholipids, glycolipids
(123) and lysobisphosphatidic acid (81). Cholesterol levels are normal in NPC brains

(163), but sphingolipids accumulate with a tissue-specific profile (123, 163). NPC



neurons accumulate GM1, GM2 and GM3 gangliosides (58, 153). Although tl'ie
amount of cholesterol is normal in neurons, its distribution is abnormal (77). Neural
cell bodies accumulate cholesterol while distal axons are deficient (77). NPC
fibroblasts sequester GM1 ganglioside in the early endosome (150). The most
prominent biochemical abnormality of non-neural NPC cells is the accumulation of
unesterified exogenous cholesterol (85, 122) in the lysosomes and, to a minor extent,
in the Golgi (15). More recent studies indicate that endogenous cholesterol
accumulates in these cells as well (39). The sequestration of cholesterol in these
compartments has led to the hypothesis that the primary defect in NPC disease is a

defect in intracellular trafficking of sterol (93) or sphingolipids (82, 91, 150).

1.2. Intracellular cholesterol trafficking

To understand abnormal intracellular cholesterol transport in NPC, it is
important to review normal cholesterol trafficking. Cholesterol is a dynamic
component of membranes that is continually cycled between the interior and exterior
of the cell (Fig. 1) (92). Cellular membranes contain varying concentrations of
cholesterol, with the highest levels in the plasma membrane (PM) and the lowest in
the endoplasmic reticulum (ER) (92, 130, 146). The ER is the site of de novo

synthesis and acylation of excess cholesterol that becomes stored in cytosolic lipid
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Figure 1. Intracellular cholesterol trafficking in mammalian cells. Cholesterol is
synthesized de novo in the endoplasmic reticulum (ER) and is transported to the
plasma membrane (PM) by a Golgi-dependent or independent route. Exogenous
cholesterol is obtained from circulating low density lipoprotein (LDL) by receptor-
mediated endocytosis. LDL is released from the LDL receptor and cholesterol is
released in the early endosome. Cholesterol is delivered to the PM, then becomes
reinternalized in the late endosome. Cholesterol may be transported to the lysosome
or back to the ER, either directly or via the Golgi. Excess cholesterol can be

esterified in the ER and stored as cholesterol ester (CE) in cytosolic lipid droplets.
Adapted from (71, 145).



droplets (92, 145). The majority of mammalian cells obtain cholesterol from
exogenous sources by receptor-mediated endocytosis of low density lipoprotein
(LDL) circulating in plasma (92, 145). LDL binds to the LDL receptor on the cell
surface and the complex is internalized into an early endosome (145). Within this
compartment, the receptor releases LDL and is recycled to the cell surface (145). The
LDL-cholesterol ester is hydrolyzed to free cholesterol, which is directed to the PM
(145). When cholesterol levels rise at the PM, excess cholesterol is reinternalized to a
cholesterol sorting compartment (40) and is then transported to the Golgi, lysosome
or ER where proteins maintain appropriate cholesterol levels by regulating
biosynthesis, uptake, storage and efflux of cholesterol (130, 145, 149).

Two proteins involved in maintaining cholesterol balance are the cholesterol
biosynthetic enzyme HMG-CoA reductase and a sterol-regulated transcription factor,
sterol-response element binding protein (SREBP), that interacts with a regulatory
protein, SREBP cleavage activating protein (SCAP) (51, 86). Both HMG-CoA
reductase and SCAP contain a sterol-sensing domain, the conformation of which is
altered by fluctuations in the cellular sterol content (86). When sterol levels are high,
the degradation of HMG-CoA reductase is triggered, while the SCAP/SREBP
complex is retained in the ER (51, 86). When sterols are depleted, a conformational

change in SCAP promotes delivery of SREBP to the Golgi (51, 86). In the Golgi,



proteases liberate SREBP from its membrane domains, allowing it to translocate to
the nucleus and activate transcription of sterol biosynthetic genes (51, 86).

NPC cells are impaired in these cholesterol homeostatic responses. LDL
receptor-mediated endocytosis and LDL hydrolysis proceed normally in NPC cells
(90, 120), but the egress of cholesterol from the late endosomal/lysosomal
compartment is impaired (93). Since cholesterol does not reach the ER, homeostasis
is not achieved. NPC cells exhibit delays in activation of cholesterol esterification
(90, 121), and in downregulation of both the LDL receptor and de novo cholesterol
synthesis (90, 120). Excessive uptake of cholesterol and unimpeded biosynthesis
contribute to the elevated total cholesterol levels in NPC cells (90).

In membranes, sterols associate with sphingolipids, forming specialized
domains called rafts (144). Cholesterol metabolism is tightly linked to sphingolipid
concentrations: when cellular sphingomyelin levels increase, cholesterol levels
correspondingly rise (141). Conversely, when PM sphingomyelin is depleted,
cholesterol synthesis is downregulated and storage is upregulated (141). This
coordinate regulation of sterol and sphingolipid content is evident in NPC, where
cells accumulate both sterol and sphingolipids.

The transport defects observed in NPC cells are not restricted to lipids. NPC
cells exhibit delayed efflux of endocytosed [“C]sucrose from lysosomes (110) and

inappropriately retain the mannose-6-phosphate receptor in late endosomes rather



than recycling it to the trans-Golgi network (TGN) (81). These defects have
prompted the hypothesis that impaired vesicular trafficking from late endosomes is
the primary defect in NPC cells (110). Further evidence for NPC arising from a
general trafficking defect is the finding that overexpression of Rab7 or Rab9,
GTPases that regulate trafficking between intracellular compartments, can correct the
cholesterol accumulation defect of NPC cells (31). Rab7 mediates transport between
the late endosome and the early endosome or lysosome, while Rab9 mediates
transport from the late endosome to the TGN (31, 126). If the ability of
overexpressed Rab7 or Rab9 to relieve the lipid storage phenotype of NPC cells is
due to increased flux through these pathways, the primary defect in NPC may be a

reduction in all trafficking from late endosomes.

1.3. The NPC1 Protein

‘The majority of NPC cases result from mutations in the NPC1 gene, but
approximately 5% are due to mutations in the NPC2 gene (108, 164). NPC2 encodes
a soluble cholesterol-binding lysosomal protein (108). The NPC1 protein consists of
1,278 amino acids and has an estimated molecular mass of 142 kDa (25). The Nova
Scotia variant of NPC disease, originally called Niemann-Pick Type D (37) was

identified as a G992W point mutation in the NPC1 gene (60).



Orthologues of the NPC1 protein exist in diverse eukaryotic organisms,
including mammals, fruitflies, nematodes, plants and the yeast Saccharomyces
cerevisiae (25). A second NPC1 in humans, called NPC1L1 (43) has been found in
most of these organisms, with the exception of S. cerevisiae, which has only a single
NPCl-related gene, NCRI.

A signal sequence at the amino terminus of NPCI is believed to target the
protein to the ER during synthesis (25). The NPC1 protein resides in unique late
endosomes that are characterized by containing LAMP?2 (110, 181, 182), Rab7,
LAMP3, LIMP (182) and lysobisphosphatidic acid (81). A dileucine motif (LLNF) at
the carboxy terminus of mammalian NPC1 has been shown to be necessary for its
normal localization in late endosomes (168). However, NPC1 has a dynamic
itinerary and has been shown to localize transiently in both lysosomes and the TGN
(66). In response to increased intracellular cholesterol, NPCl is retained in the late
endosomes (182).

Topological analysis of NPC1 has revealed the existence of 13 transmembrane
(TM) spans (Fig. 2) (42). NPC1 contains a sterol-sensing domain (SSD) homologous
to that identified in SCAP, in HMG-CoA reductase, and also in the morphogen
receptor Patched (Ptc) (25), where it appears to regulate Ptc by controlling its
vesicular trafficking (100). The presence of this sterol-responsive domain in NPC1

suggests it may regulate trafficking of NPC1 or that NPC1 activity is sensitive to
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Figure 2. Schematic model showing the structure and topology of the NPC1 protein.
Predicted transmembrane spans are numbered.



membrane sterol content. Indeed, using photolabile cholesterol analogs, the NPC1
SSD has been shown to bind cholesterol (116). Mutations in the SSD render the
protein incapable of clearing cholesterol from lysosomes (170), demonstrating that
this domain is important for NPC1 function.

The NPC1 protein contains three large lumenal domains, the first of which has
been referred to as the NPC1 domain and contains a putative leucine zipper and
numerous cysteine residues conserved in other NPC1 orthologues (25). The cysteine
residues within this domain are crucial for protein function, since their mutation
abolishes the ability of NPC1 to correct cholesterol sorting defects when expressed in
NPC mutant cells (168). The third lumenal domain, also rich in cysteine residues,
was proposed to be a RING domain (59) and has been shown to bind zinc (169)
suggesting that, like other RING domains, it may mediate protein or lipid interactions
(52). A significant proportion of the missense mutations associated with NPC,
including the Nova Scotia G992W mutation, are clustered in this domain (59).

While the NPC1 protein is glycosylated (42, 66, 170), removal of these
carbohydrate moieties from the amino terminal lumenal domain does not affect
protein function or localization (170). The significance of the glycosylation is
unknown.

Although much has been learned regarding the structure of the NPC1 protein

and its localization within the cell, the precise function of NPC1 has remained



unclear. A bioinformatic analysis of the NPC1 protein sequence suggested a distant
relationship to members of the resistance-nodulation-division family of prokaryotic
permeases (41). This similarity and the trafficking defects of NPC cells both suggest
the NPC1 protein may be a transporter. Delayed efflux of a cationic fluorescent dye,
acriflavine, from the endosomal/lysosomal system in NPC1-deficient cells has been
reported and supports this hypothesis (41). Additionally, mutant E. coli cells
expressing NPC1 were found to import oleic acid, but not cholesterol (41). A recent
study has revealed, however, that delayed clearance of acriflavine is not specific to
NPC cells (118). Other sphingolipid storage disorders also result in cells that
sequester acriflavine, suggesting this is a secondary effect of the accumulated lipids
(118). Furthermore, the same study also found that fatty acid flux through lysosomes
of NPC cells was normal. While NPC1 may function as a transporter, the

endogenous substrate of NPC1 remains to be discovered.

1.4. The yeast homologue of NPC1, NCRI

The S. cerevisiae NCRI (for Niemann Pick Type C Related) gene encodes a
protein (hereafter referred to as Ncrl) that is 34% identical and 57% similar to human
NPCI1 (25). The yeast Ncrl protein is localized to the limiting membrane of the
vacuole and prevacuolar compartment (PVC) (98, 161, 183), the yeast equivalent of

mammalian lysosomes and late endosomes, respectively. Like NPC1, Ncrl is a

10



glycosylated protein (98) that contains all of the domains found in the NPC1 protein,
with the exception of the dileucine motif (Fig. 3). Removal of the last 11 amino acids
of Nerl did not disrupt its vacuolar localization, suggesting a terminal localization
motif is not present or required (183). Expression of the yeast Nerl protein in NPC1
mutant mammalian cells was found to correct cholesterol and ganglioside
accumulation, suggesting that NPC1 function is conserved in Ncrl (98). Despite this
apparent conservation of function, deletion of the NCRI gene has not been reported to
produce any effect on sterol or sphingolipid levels in yeast (98, 183). A dominant
mutation in the sterol-sensing domain of Ncrl was reported to lead to increased levels
of complex sphingolipids in the vacuole, suggesting that Ncrl can influence
sphingolipid metabolism in yeast (98). This may impfy arole for the yeast Ncrl
protein in trafficking of sphingolipids but could reflect a secondary response to the
dominant mutant form of NCRI. Previous work in our lab has revealed that loss of
NCRI impairs the efficiency of endocytosis and causes subtle defects in polarized
secretion at the elevated temperature of 37°C but not under standard growth

conditions (161).

11
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1.5. My research

My research was based on the hypothesis that human NPC1 and yeast Nerl
proteins share a conserved function that is required for intracellular trafficking. My
study has involved two distinct approaches aimed at dissecting the function of the
yeast Nerl protein. The first approach has involved studying the effects of Nerl
deficiency in yeast. Upon commencing this research, nothing was known regarding
the yeast Ncrl protein. I have found that yeast lacking NCRI are viable and are
indistinguishable from their wild-type counterpart with respect to lipid metabolism,
protein secretion and trafficking through lipid rafts, and in their response to chemical
or thermal stresses. The second approach has concentrated on the effects of NCRI
overexpression in yeast. I have discovered that overexpression of NCRI is
deleterious, and the degree of toxicity is dependent on the abundance of Ncrl as well
as the medium in which cells are grown. To understand the mechanism by which
overexpression impairs yeast, I have identified growth conditions and genes that
allow cells to cope with excess Nerl. An understanding of the cellular role of the
yeast NCRI gene revealed by the identity of these genes is anticipated to provide

insight into the primary cellular defect responsible for human NPC disease.

13



2. Materials and Methods

2.1. Yeast and bacterial strains

Saccharomyces cerevisiae strains used in this study are listed in Table 1.
Most strains were derivatives of the W303 or S288c backgrounds. The Euroscarf
gene deletion collection was a derivative of the S288c background and was used for
synthetic genetic array screens. Escherichia coli strains DH50F" or MC1066 (F-delta
(lac) X74 hsdR rpsL trpC9830 leuB6 pyrF::Tn5 galU galK) were used to amplify
plasmids. The E. coli strain BL.21 DE3 was used to express proteins. Yeast were
grown and genetically manipulated by standard procedures (135). Unless otherwise
indicated, E. coli cultures were incubated at 37°C and yeast at 30°C. Cell
concentrations were determined using a haemocytometer, a Coulter Counter or by

determining the OD,.

2.2. Media and growth conditions

Yeast were grown non-selectively in liquid or solid YEPD medium (1% yeast
extract, 2% bactopeptone, 2% glucose, 0.003% adenine). For derepression of
invertase, YEPD contained 0.1% glucose. YEPD medium at pH 2.5-6.0 contained 10
g/L succinic acid and was adjusted to the appropriate pH with phosphoric acid.

YEPD medium at pH 6.5-7.5 contained 50 mM MOPS and was adjusted to the
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Table 1. Yeast strains used in this study

Strain Relevant genotype Parental Strain/
Source

W303/1a MATa ade2-1 ura3-1 leu2-3,112 his3-11,15  (136)
trpl-1

AUS-4 MATa/a NCRI/ncrlA::URA3 w303

AUS-4/2¢c MAT«a ncrlA::URA3 AUS-4

WUNG6 MATa NCRI AUS-4/2¢

WUN7 MATa NCRI AUS-4/2¢

CTY182 MATa ura3-52 Ahis3-200 lys2-801 (32)

CTYl-1a MATa ura3-52 Ahis3-200 lys2-801,,, (32)
secl4-1%

CTY10/5d MATa gal4 gal80 his3-200 trp1-901 ade2 (10)
ura3-52 leu2-3,112 URA3::(lexAp)s-lacZ

HK580-10A MATc ade2-1 ura3-1 leu2-3 his3-11 trpl-1 9)
ade3A::hisG-URA3-hisG

HK580-10D MATa ade2-1 ura3-1 leu2-3 his3-11 trpl-1 9)
ade3A::hisG-URA3-hisG

AF-1A MATo ade2-1 ura3-1 leu2-3 his3-11 trpI-1 ~ HKS80-10A
ade3A

AF-1D MATa ade2-1 ura3-1 leu2-3 his3-11 trpl-1 HKS580-10D
ade3A

AFD1 MATa/ac NCRI1/ncrlA::TRP1 31-7 and AF-1D

AF-21 MAT ¢ ade2-1 ura3-1 leu2-3 his3-11 trpl-1 AF-1A
ade3A ncrlA::LEU2

AF-3 MATa ade2-1 ura3-1 leu2-3 his3-11 trpl-1 AF-1D
ade3A ncriA::LEU2

AFD3 MATa/ac NCRI/nerlA::TRP1 AFD1
YGL250w/ygl250wA::LEU2

Y2454 MAToa mfal A::MFAIpr-HIS3 canl A his3A1  (155)

leu2AQ ura3A0 METIS5 lys2 A0
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Table 1 (Cont’d). Yeast strains used in this study

Y1239
SYNK-1
Y1239NK-1
SYNN-1
Y1239NN-6
Y1239-nhx1A
EDN4

Euroscarf Deletion
Set

Y 1239-vmabA
EDNG66

EDN66/7a

EDNG66/7b

EDNG66/7¢c
EDN66/7d

MATa his3A1 leu2A0 metlSAQ ura3A0

nerl A: :kanMX4

nerl A::kanMX4
ncrlA::natR

ncrlA::natR
nhxlA::kanMX4

MATa/cc NCRI1/ncrlA::natR
NHX1/mhx1A::kanMX4

MATa his3AI leu2 AQ metl5A0 ura3A0

orfA::kanMX4

vmabA: :kanMX4

MATa/a NCRIl/ncrlA::natR
VMAG6/vmabA::kanMX4
NCRI VMAG6

nerlA::natR VMAG6
NCRI vmabA::kanMX4
nerlA::natR vmabA: :kanMX4

(176)

Y2454
Y1239
SYNK-1
Y1239NK-1
Y1239
SYNN-1 and
Y1239-nhx1A
(176)

Y1239
SYNN-1 and
Y1239-vmabA
EDNG66

EDNG66
EDN66
EDNG66
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appropriate pH with NaOH. YEPD medium at pH 8.0-9.0 contained 50 mM TAPS
and was adjusted to the appropriate pH with NaOH. YNB minimal medium
contained 0.67% yeast nitrogen base (YNB) without amino acids, 2% glucose,
0.002% uracil, 0.002% tryptophan, 0.003% adenine, 0.009% leucine and 0.002%
histidine. Synthetic defined (SD) medium contained 0.67% YNB without amino
acids, 2% glucose, 1.4 g/L NaOH, 0.0117% adenine, 0.0078% each of alanine,
cysteine, aspartic acid, glutamic acid, phenylalanine, glycine, isoleucine, inositol,
lysine, methionine, asparagine, proline, glutamine, serine, threonine, valine, tyrosine,
and tryptophan, 0.004% leucine, 0.002% each of histidine and arginine, and 8 mg/L
para-aminobenzoic acid. Synthetic complete (SC) medium was YNB minimal
medium buffered with 10 g/L succinic acid, brought to pH 5.5 with 6 g/L NaOH and
supplemented with 1% casamino acids, 0.002% uracil, 0.002% tryptophan and
0.003% adenine. APG medium was used in testing hygromycin B sensitivity and
contained 1.7 g/ YNB without amino acids or ammonium sulphate, 8 mM
phosphoric acid, 2.12 g/L arginine, 2% glucose, 0.009% leucine, 0.002% uracil,
0.00002% methionine, 0.003% lysine, 0.002% histidine and was adjusted to pH 4.0
with NaOH (132). For induction of the galactose-inducible GALI-10 promoter, yeast
were grown in medium containing 2% galactose rather than glucose.

Histidine, uracil or leucine was omitted from medium for growth of yeast

harbouring HIS3, URA3 or LEU2 plasmids, respectively. To counterselect against the
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URA3 gene, yeast were grown on YNB medium containing 5-fluoro-orotic acid (5-
FOA) (BioVectra) at a concentration of 1 g/L.. Selection for natR and kanMX4 gene
replacements was obtained by inclusion of 100 mg/L clonNat (Werner BioAgents) or
200 mg/L G418 (Sigma), respectively, in the medium. G418 is not effective in
medium containing ammonium sulphate (155), so SD or SC media containing G418
was prepared with 1 g/LL monosodium glutamate and 1.7 g/l YNB without amino
acids or ammonium sulphate.

MATa haploids derived from Y2454/Y1239 diploids were selected in
synthetic defined medium lacking arginine and histidine but containing 50 mg/L
canavanine (155). Omission of arginine prevents induction of the general amino acid
permease, so uptake of canavanine is dependent on the CANI gene (63). CANI
haploids and CAN1/canl diploids will not grow in the presence of canavanine, while
only MATa cells express MFAIpr-HIS3 to allow growth of his3 yeast in the absence
of histidine.

To assess growth on suboptimal levels of specific amino acids or nucleoside
bases, SD medium was supplemented with normal levels of required amino acids or
bases, but a suboptimal level of one amino acid or base (0.0004% uracil, 0.0004%
tryptophan, 0.0015% leucine, or 0.004% histidine).

Other media were used to test conditional growth phenotypes (63, 83) and

supplements and the concentrations employed for each are given in Table 2. YEP-
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Table 2. Chemical additions to media to assess growth phenotypes

Chemical Concentration(s) Medium
caffeine 0.1% YEPD
oligomycin 15 pg/mL YEPD
formamide 3% YEPD
sodium vanadate 2mM YEPD
LiCl, 100 mM YEPD
KClI 1M YEPD
CaCl, 100 mM SC

CaCl, 200 mM YEPD
MgCl, 200 mM SC
MgSO, 200 mM SC
ethanol 6% YEPD
nocodazole 2.5 pg/mL YEPD
benomyl 10 mg/mL YEPD
calcofluor white 20 pug/mL YEPD
SDS 0.002% YEPD
sorbitol 1M YEPD, SD
ZnCl, 10 mM YEPD, SC
CdcCl, 10 pg/mL SC

CdCl, 20 pg/mL YEPD
nystatin 5 ng/mL YEPD
hydroxyurea 100 mM YEPD
DTT 10 mM YEPD
NaCl 09M YEPD
glycerol 2M YEPD
canavanine 60 pg/mL YNB
hygromycin B 5-50 pg/mL YEPD, APG
palmitic acid 500-800 pM SD
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acetate, YEP-glycerol and YEP-sucrose contained 1% yeast extract, 2% bacto-
peptone and then respectively, either 2% potassium acetate, 3% (v/v) glycerol or 2%
sucrose.

To induce meiosis, cells were cultured in Fogel’s sporulation medium (1%
potassium acetate, 0.25% yeast extract, 0.05% glucose and appropriate amino acids
for plasmid selection) at 23°C for 5-7 d.

Cells were grown anaerobically in a chamber devoid of oxygen, prepared by
inclusion of an Anaerocult A gas pack (Merck) saturated with 35 mL dH,0.
Anaerobic status was confirmed with an anaerobic indicator strip (EM Science).

E. coli were grown in LB or 2xYT as described by Sambrook ez al. (137).
Media were supplemented with 50 pg/mL ampicillin to select for plasmids.
Expression of the lacZ gene, for blue-white screening of colonies, was monitored by
inclusion of 33.3 ug/mL 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-
gal) (American Biorganics, Inc.) and 33.3 uM isopropyl-beta-D-
thiogalactopyranoside (IPTG) (Biovectra) in the medium. To select for the presence
of URA3-based plasmids, E. coli MC1066 cells were grown in M9 medium lacking
uracil (137). M9 medium contained 6 g/L Na,HPO,, 3 g/L KH,PO,, 1 g/L NH,C], 0.5

g/L NaCl, 1 mM MgSQ,, 500 pg/L thiamine, 0.002% of each of adenine, arginine,
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histidine and threonine, 0.003% each of leucine, tyrosine, isoleucine and lysine,
0.002% methionine, 50 pug/mL ampicillin, and 2% glucose. Because uracil was
omitted, only MC1066 E. coli cells that had a plasmid-borne URA3 gene to
complement the pyrF mutation were able to grow (5).

Media were solidified with 2% agar. All media reagents were obtained from

DIFCO Laboratories or Sigma Chemical Co.

2.3. DNA isolation and analysis

Plasmids were isolated from E. coli by the rapid boiling method or by alkaline
lysis (137) and further purified using QiaPreps (Qiagen). The ten-mipute plasmid
preparation protocol (135) was used to rescue library plasmids from yeast and yeast
genomic DNA for use as template in polymerase chain reaction (PCR) assays (135).
For Southern blotting, yeast genomic DNA was isolated as described (46) and a 4-kbp
Smal/Xhol fragment encoding the NCRI gene was radiolabeled with **P-dCTP using
a random-priming kit (Boehringer) for use as a probe for the NCRI locus. DNA was
sequenced by the dideoxy chain-termination method using a Sequenase kit (USB) or
by the John P. Robarts Research Institute in London, Ontario. Universal forward and
reverse sequencing primers 213F and 213R were used to sequence library plasmid

inserts. Plasmids were identified by restriction mapping.



24. PCR
Primers used in this study are listed in Table 3. High-fidelity PCR was

performed using 1-10 ng template DNA in 1X PFx buffer (Invitrogen), 1X PCR
Enhancer, 1 mM MgSO,, 0.003 ug of primers, 0.3 mM dNTPs and 0.04 U Platinum
PFx Taq polymerase (Invitrogen). To amplify the kanMX4 or natR genes with NCR]
5’ and 3’ flanking regions, (ncrlA::-kanMX4 and ncrlA::natR, respectively), high-
fidelity PCR was performed using primers NCR16 and NCR17 and p4339 or pFA6-
13MYC-KanR MX, respectively, as templates (Table 4). The reaction was initiated
with a 2-min denaturation at 94°C, followed by 35 cycles of a 30-s denaturation at
94°C, a 45-s annealing at 58°C and a 2-min extension at 68°C. The reaction was
terminated by a 5-min extension at 68°C.

For amplification of the YGL250w locus from genomic DNA, primers YGL250-
F2 and YGL250-R2 were used. The reaction consisted of a 5-min denaturation at
94°C then 30 cycles of 1-min denaturation at 94°C, 2-min annealing at 48°C and 6-
min extension at 72°C. A final 6-min extension period at 72°C concluded the
amplification.

PCR to confirm deletion of yeast genes was performed using 1-10 ng template
DNA in 1X PCR Buffer (Invitrogen), 1.5 mM MgCl,, 0.2 mM dNTPs (Amersham),

0.25 pl Platinum Taq Polymerase (Invitrogen), with 2 ng/uL of each primer. To
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Table 3. Primers used in the study

Primer Sequence

NCRI1-F 5’-ccgaacgatagagtagtcaag

NCRI1-R2 5’-caacgaagcctgtgttagtgt

NCR-F3 5’-agcttcgagctcatgaatgtgctatggattatagcactagtigg

NCR-R3 5’-ccaactagtgctataatccatagcacattcatgagetcga

NCR16 5’-aagataactaaattcatctccaaaaagaacaagagcagaacttca
attagtaaaacatggaggcccagaatacce

NCR17 5’-acctattttttcactacgtaaaatatagtataatctgctatggctaat
cttctgcagtatagcgaccageattcac

YGL250-F2  5’-tcgtggtacatgatatg

YGL250-R2  5’-agaaactcaccgttgg

CYS1-F 5’-cggaattcatggaaattcaatttggectag

CYS1-R 5’-cgcggatcectatctagacaacgtcaatggtece

NATI1 5’- ggactcecggacgttegtege

YGL250-F1 5’-caggatccaagcttcaatggaatcaaagatg

YGL250-R1  5’-cactgcagttatctagagtcttcagaatcctca

213F 5’-tacttggagccactatcgactacg

213R 5’-cggcgatataggcgecageaaccg

CHSS-A 5’-accggctgtaacgtacaataagtag

CHS5-D 5’-cggcctataaatagacagattttga

SACI-A 5’-agtgtgaaaaattttgaaaaactcg

SAC1-D 5’-gaaacttacacggtacaatagggaa

DALS81-A 5’-tcaacagagatgatttgtgtcattt

DALS1-D 5’-gcaaagtataatagacgaggcaaaa

GOT1-A 5’-tattaattatgggggatcacaaaga

GOT1-D 5’-agatctactgatagttcccacatcg

BCK1-A 5’-gggaggtaacgaagagaagaaatag

BCK1-D 5’-ttatagagactgtgcttgatgttgg

HFAl-A 5’-tcatagggctaaatactgtggaaag

HFA1-D 5’-gaatgtcagattttctcttttcgg

BEMI-A 5’-taaaccgaaatccaaaaactttaca

BEMI1-D 5’-catgcattatgattgagtggaaata

LIP2-A 5’-agaagggaatacatttgaccctatc
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Table 3. (Cont’d) Primers used in the study

LIP2-D
SPT3-A
SPT3-D
IRA2-A
IRA2-D
NHX1-A
NHX1-D
KAN-C
VMAG-A
VMAG6-D

5’-agaacaagaactctcaactgcatct
5’-gcgtetctiagtttctttgcaatac
5’-ttctatatttictttcaaaacatcg
5’-tgcccaacgattatctattctacat
5’-acagaaacactttcaactaagacgg
5’-acacaaggagtagcagagcagtagt
5’-tttcaatcaaaggcaaaaagtaaac
5’-tgattttgatgacgagcgtaat
5’-gtacccttcttatcttacagacgea
5’-acgctigtaacaaactaaggatgtc
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amplify the sequence at the NCRI locus, primers NCR1-F and NCR1-R2 were used.
These primers anneal 294 bp upstream and 146 bp downstream of the NCRI ORF,
respectively. The reaction was initiated with a 4-min denaturation at 94°C followed
by 30 cycles of 1-min denaturation at 94°C, 2-min annealing at 52°C and 6-min
extension at 72°C. The reaction was concluded with a 6-min extension at 72°C.

nerlA::natR gene replacements were further confirmed using an intemnal natR
primer (NAT1) pairéd with NCR1-R2. NAT1 anneals approximately 227 bp
downstream of the natR initiation codon. The reaction was initiated with a 5-min
denaturation at 94°C followed by 30 cycles of a 1-min denaturation at 94°C, 2-min
annealing at 52°C and 2-min extension at 72°C. The reaction was completed with a
final 5-min extension at 72°C.

To confirm deletion of yeast genes in strains from the Yeast Gene Deletion
Set, primers annealing ~200 to 400 bp upstream and downstream of the open reading
frame were used to amplify the locus (176). These reactions were initiated with a 3-
min denaturation at 94°C followed by 35 cycles of a 15-s denaturation at 94°C, 15-s
annealing at 57°C and 60-s extension at 72°C. The reactions concluded with a 3-min
extension at 72°C. Deletions were further confirmed by the same program using the

downstream primer paired with an oligonucleotide that anneals within the kanMX4

cassette (KAN-C).
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An ~700-bp portion of the NCRI ORF was generated by PCR using primers
CYS1-F and CYSI1-R to create an EcoRI/BamHI fragment encoding amino acids 769
to 1002 of Ncrl with a methionine codon at the 5° end and a STOP codon at the 3’
end. This fragment was subsequently identified as CYS when subcloned in other

plasmids.

2.5. Plasmids

Plasmids used in this study are listed in Table 4. Yeast genomic DNA
plasmid libraries used in this study were Sau3A partial restriction fragments cloned at
the unique BamHI site in the single-copy LEU2-based p366 yeast vector (ATCC) and
the high-copy URA3-based pRB114 yeast vector.

A high-copy URA3-based yeast plasmid in which the NCRI promoter drives
expression of the lacZ gene (pNCR1p-lacZ) was created by replacing the CYCI
promoter in pLG669-Z (61) with an 880-bp EcoRV/BamHI fragment from pRSNCR1
(161) containing the NCRI promoter and the first one-sixth of the NCRI open reading
frame.

pSLNCRI, a single-copy URA3-based plasmid encoding ADE3 and NCRI,
has the GALI-10promoter situated adjacent to and upstream of the CEN sequence,
rendering this plasmid unstable when transformants are grown on galactose.

pSLNCRI1 was generated by ligating an ~4-kbp Xhol/BamHI partial fragment from
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Table 4. Plasmids used in this study

Plasmid Relevant Features Source
pLG669-Z 2u URA3 CYClIp-lacZ (61)
pNCR1p-lacZ 2u URA3 NCRIp-lacZ pLG669-Z
pRS313 ARS CEN HIS3 (143)
pRSHISNCR1 ARS CEN HIS3 NCRI pRS313
pSLS1 ARS GALpCEN URA3 ADE3  (9)
pSLNCRI1 ARS GALpCEN URA3 ADE3  pSLS1

NCRI
pTZI18R Pharmacia
pNCR1-KO ncrlA pTZ18R
YEp24 2u URA3 (16)
YEp351 2u LEU2 67
pNCRI1-KO::LEU2 ncrlA::LEU?2 pNCRI1-KO
pHR81 2w URA3 leu2-d (109)
pNCR1-KO::URA3 ncrlA::URA3 pNCR1-KO
pLT11 leu2::TRP1 (38)
pLH7 leu2::HIS3 (38)
pUH7 ura3::HIS3 (38)
pRS315 ARS CEN LEU2 (143)
pRSNCRI1-L ARS CEN LEU2 NCRI pRS315
pRS315-URA3 ARS CEN LEU2 URA3 pHR81
pRS314 ARS CEN TRP1 (143)
pRS314-URA3 ARS CEN TRP1 URA3 pHR&1
pRS315-ADE3 ARS CEN LEU2 ADE3 pSLS1
pRS314-ADE3 ARS CEN TRP1 ADE3 pSLS1
pBluescript Stratagene
pRSYGL250w ARS CEN HIS3 YGL250w pRS313
pBSYGL250w YGL250w pBluescript
pBSYGL250wA1-300 ygl250wAl1-300::LEU2 pBSYGL250w
pBSYGL250wA ygl250wA::LEU2 pBSYGL250wA1-300
pRS316 ARS CEN URA3 (143)
pRSNCRI1 ARS CEN URA3 NCRI (161)
pGAD424 GAIL4,, TRPI Clontech
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Table 4. (Cont’d) Plasmids used in this study

pGAD-CYS 2uLEU2 GALA4,,-CYS pGAD424
pET32 thioredoxin-His¢- S-tag Novagen
pET-CYS thioredoxin-His¢- S-tag-CYS  pET32
pRSNCR1-NoP ARS CEN URA3 NCRI- pRSNCR1
5’UTRA
pEMBLYEX4 2u URA3 LEU2-d GALp (26)
pEMBL-NCR1 2u URA3 LEU2-d pEMBLyEX4
GALpNCRI
pEMBL-HIS 2w HIS3 LEU2-d GALp pEMBLyYEX4
pEMBL-NCR1-HIS 2u HIS3 LEU2-d GALpNCRI pEMBL-NCRI1
pGAL-BCK1-20 ARS CEN LEU2 GALp- pPADO91, (44)
BCK1-20
pGBTNHX1-C 2u TRP1 GALAy,-NHXI1-C 1
pGADNHX1-C 2u LEU2 GALA,,-NHX1-C pGBTNHX1-C
pSHCYS 2 W HIS3 LEXA-CYS pGAD-CYS
pSH2-1 2u HIS3 LEXA (10)
pSH2-REP2 2u HIS3 LEXA-REP?2 (142)
pGADREP1 2u LEU2 GAIA,,-REPI (142)
pFA6-13MYC-KanR MX kanMX4 (166)
p4339 natR (155)
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pRSNCRI encoding NCRI with a 9.3-kbp Sall/EcoRI fragment from pSLS1 (9)
(Joyce Chew, personal communication).

The 5” and 3° NCRI flanking noncoding genomic sequences were isolated
from pRSNCRI as 0.6-kbp EcoRUSphl and 0.24-kbp Sphl/HindIII fragments,
respectively, and ligated together in EcoRI/HindIII digested pTZ18R (Pharmacia) to
give pNCR1-KO (Joyce Chew, personal communication). A 2.3-kbp Hpal/Sphl
fragment encoding the LEU2 gene was isolated from YEp351 and inserted between
the 5’ and 3° NCRI flanking sequences in M;cI/SphI digested pNCR1-KO to yield
pNCRI1-KO::LEU2 (Joyce Chew, personal communication). A 2.25-kbp Hpal/Sphl
fragment from this plasmid was used for targeted replacement of the NCRI gene with
LEUZ. For targeted replacement of the NCRI gene with URA3, a 1.1-kbp Smal/Sphl
fragment encoding the URA3 gene was isolated from pHR81 and inserted between the
5’ and 3’ NCR! flanking sequences in Mscl/Sphl digested pNCR1-KO to yield
pNCR1-KO::URA3 (Melanie Dobson, personal communication).

A 5.3-kbp Smal/Sall fragment encoding the ADE3 gene isolated from pSLS1
was subcloned in pRS314 and pRS315 to give pRS314-ADE3 and pRS315-ADE3,
respectively.

A 1.1-kbp Smal/Sall fragment encoding the URA3 gene isolated from pHR81

was ligated in pRS314 and pRS315 to give pRS314-URA3 and pRS315-URA3,

respectively.
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A p366 library plasmid containing a 10.6-kbp genomic insert encoding
YGL250w from S. cerevisiae chromosome VII was digested with SsiI and EcoRV to
release a 2.3-kbp fragment. This fragment was subcloned into pRS313 and
pBluescript to give pPRSYGL250w and pBSYGL250w, respectively.

pBSYGL250w was digested with SnaBI and EcoRI to remove a 350-bp
fragment encoding the 5’ third of the YGL250w gene. This was replaced with a 2.7-
kbp EcoRI/Pvull fragment from pGAD424, encoding the LEU2 gene, creating
pBSYGL250wA1-300. To completely delete YGL250w, pBSYGL250wA1-300 was
digested with BamHI and Ssi1 to release a 6.1-kbp fragment. pBSYGL250w was
digested with SszI and Sau3A and a 386-bp fragment was purified. The 6.1-kbp and
386-bp fragments were ligated together to yield pPBSYGL250wA, in which the entire
YGL250w open reading frame is replaced with the LEUZ2 gene.

A 700-bp EcoRl/BamHI fragment (CYS) encoding the NCRI cysteine-rich
loop was inserted in the yeast 2-hybrid vector pGAD424 (Clontech) to give pGAD-
CYS, expressing the Ncrl cysteine-rich loop fused to the carboxy terminus of the
Gal4 activation domain.

An EcoRV/Sall fragment was isolated from pGAD-CYS and subcloned into
the E. coli expression vector pET32 (Novagen) and into the yeast 2-hybrid vector

pSH2-1 (10) to give pETCYS and pSHCYS, respectively. The Ncrl CRL is
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expressed with an amino-terminal thioredoxin-polyhistidine tag from pET-CYS, and
fused to the C terminus of LexA from pSH-CYS.

A 0.3-kbp EcoRI/Pst] fragment encoding the C-terminal portion of Nhx1 was
obtained from pGBTONHX1-C (1) and ligated in pGAD424, to create pPGADNHX1-
C, in which the C-terminal tail of Nhx1 is fused to the carboxy-terminal end of the
Gal4 activation domain.

The NCRI open reading frame lacking its promoter region was generated by
first creating a 70-bp HindI/Mscl fragment encoding the start codon and the first 32
nucleotides of the NCRI open reading frame, by annealing primers NCR-F3 and
NCR-R3. This fragment was used to replace the NCRI upstream non-coding region
in pRSNCRI, to give pRSNCR1-NoP, in which HindII and SsI sites immediately
precede the NCRI initiation codon. A 3.7-kbp Sstl/Xbal fragment encoding the
complete NCRI gene without the upstream noncoding sequence was isolated from
pRSNCR1-NoP and ligated in pEMBLYEX4 to give a high-copy yeast plasmid with

NCRI under the control of a galactose-inducible promoter (pEMBL-NCR1).

2.6. Transformation of yeast and E. coli
Yeast were transformed using the LiAc/ss-DNA/PEG method (54). Strains or
plasmids were marker-swapped from LEUZ or URA3 to TRP1 or HIS3 by

transforming with linearized marker swap plasmids pLT11, pLH7, or pUH7 as
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described (38). One-step gene replacements were carried out as described (136). The
YGL250w ORF was replaced with the LEU2 gene by transforming yeast with a 3.4-
kbp Spel/SstI fragment from pBSYGL250wA and selecting for leucine prototrophy.
A 2.8-kbp BamHI/EcoRI fragment isolated from plasmid pNCR1-KO::LEU2
encoding the LEU?2 gene flanked by the NCRI gene 5’ and 3’ noncoding regions was
used to transform yeast to leucine prototrophy. Similarly, the NCRI gene was
replaced with the URA3 gene using a 1.6-kbp fragment isolated from plasmid
pNCR1-KO::URA3. The ncrlA::kanMX4 and ncrl A::natR amplicons were used to
transform yeast to G418 or ClonNat resistance, replacing NCRI with either the G418-
or ClonNat-resistance markers kanMX4 or natR, respectively. To regenerate NCRI
wild-type yeast from an ncrlA::URA3 strain, a HindlIl/Ss?I fragment encoding wild-
type NCRI was used to transform these yeast to 5-FOA resistance. When selecting for
transformants on medium containing 5-FOA, G418 or clonNat, strains were incubated
for 4 h in rich medium prior to plating to allow disappearance of the URA3 gene
product or accumulation of the kanMX4 or natR gene products, respectively. All
gene deletions were confirmed by PCR and/or Southern blotting.

E. coli were made competent and transformed by electroporation using a
BioRad Gene Pulser at a voltage of 2.5 kV, 200 € resistance and 25 uF capacitance

as described by the manufacturer.
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2.7. Plasmid Loss

Yeast containing a piasmid to be lost were grown for several generations in
medium containing the nutritional supplement specified by the marker gene on the
plasmid. Under these conditions, cells that lost plasmid were not at a selective
disadvantage and could be identified by replica plating onto medium containing or

lacking the particular amino acid or base and screening for the desired auxotrophy.

2.8. Extraction of proteins from yeast

Proteins were isolated from yeast by glass-bead disruption. After harvesting,
cell mass was determined and cells were resuspended in an equal volume of RIPA
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS,1 mM PMSF, 1 mM DTT, 1X Complete protease inhibitors (Roche)). Acid-
washed siliconized glass beads (40 mesh) were added to the meniscus and tubes were
vortexed at maximum speed for 4 min, keeping the samples cold. After vortexing, an
equal volume of RIPA buffer was added and tubes were vortexed an additional 3 min.
The bottom of each tube was punctured with a 30-gauge needle, and the cell lysate

was collected in a second tube by centrifugation.
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2.9. Extraction of proteins from E. coli

E. coli BL21 DES3 transformants were grown in LB+ampicillin. After
incubation at 37°C overnight, cultures were ten-fold diluted into fresh medium and
incubated until cells were in log phase. Protein expression was induced by the
addition of IPTG to a final concentration of 0.3 mM and incubation at 25°C for 6 h.
Cells were harvested by centrifugation at 5,500 rpm at 4°C for 10 min, were
resuspended in cold TBS (25 mM Tris-HCI pH 7.4, 137 mM NaCl, 2.7 mM KCl) and
lysed by sonicating 6 x 30 sec on a Branson Sonifier 250 at power level 2 (~20%
output). Triton X-100 was added to a final concentration of 1%, followed by 1 mM
DTT, 1 mM PMSF and 1X Complete protease inhibitors (Roche). The solutions were
incubated at 4°C with gentle rocking for 45 min, and then centrifuged at 20,000 x g

for 20 min at 4°C. Both soluble and insoluble fractions were saved.

2.10. Purification of His-tagged insoluble proteins

The Nerl cysteine-rich loop was expressed as a thioredoxin-His, fusion
protein (CRL-His,) in E. coli from plasmid pET-CYS. Insoluble proteins were
resuspended in 12 mL lysis buffer (50 mM NaH,PO,,10 mM Tris, 300 mM NaCl, pH
7) containing 8 M urea and solubilization was facilitated by sonicating 4 x 20 sec on

power level 2 (~20% output). The sample was centrifuged as above and CRL-His
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was purified from the supernatant by affinity purification using Talon slurry
(Clontech). Resin (4 mL of a 50% solution in lysis buffer with 8 M urea) was added
to the CRL-Hisq urea-solubilized fraction. The solution was rocked gently for 30 min
at room temperature to allow adsorption of CRL-Hisq to the resin. The resin was
pelleted by centrifugation and the unbound proteins were removed. The resin was:
washed 2 x 10 min with 25 mL cold lysis buffer + 8 M urea. The resin was
resuspended in 6 mL cold lysis buffer + 8M urea and transferred to a column. The
protein was renatured by sequentially washing proteins adsorbed to the resin with 10
mL lysis buffer containing urea at decreasing concentrations, then finally with lysis
buffer without urea. CRL-Hisg was eluted from the column with 10 mL elution buffer
(45 mM NaH,PO,, 270 mM NaCl, 150 mM imidazole, pH 7) and the eluate was
collected in 1-mL fractions. Fractions containing CRL-His were pooled, transferred
to dialysis tubing (Molecular Weight Cut Off of 8,000, BioDesign, Inc. of New York)
and dialyzed against 2 litres of PBS (8 g/L NaCl, 0.2 g/ KCl, 1.44 g/L Na,HPO4,
0.24 g/L KH,PO,) for 2 d at 4°C. Protein samples were aliquotted dropwise from a
P1000 into liquid nitrogen and were stored as beads at ~70°C. Samples of the
denatured and renatured CRL-His, were used for production of anti-Ncrl polyclonal

antibodies in rabbit (Chemicon).
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2.11. SDS-PAGE analysis

Protein concentrations were determined by Bradford assay and samples were
prepared for electrophoresis by resuspending in an equal volume of 2X protein gel
loading buffer (87). Prior to separation by electrophoresis, protein samples were
incubated at 37°C for S min when Ncrl protein was present or at 100°C for all other
samples. Ncrl cysteine-rich-loop-His, fusion proteins were resolved in 12% SDS-
polyacrylamide gels. Samples containing native Ncrl or immunoprecipitated Gasl
were resolved in 6% or 8% SDS-polyacrylamide gels, respectively and proteins were

detected by staining with Coomassie Blue.

2.12. Western analysis

Proteins resolved by SDS-PAGE were transferred to PVDF membranes
(BioRad) using a Hoeffer Transphor apparatus in transfer buffer (25 mM Tris, 192
mM glycine, 20% (v/v) methanol, 0.0375% SDS (w/v)) for 1 h at 300 mA. After
transfer, membranes were washed in PBST (8 g/L NaCl, 0.2 g/LL KCl, 1.44 g/L
Na,HPO, 0.24 g/L KH,PO,, 0.001% (v/v) Tween-20), blocked for 1 h in 5% skim
milk powder in PBST, and then washed with PBST. Primary and secondary antibody
incubations were carried out in PBST containing 5% skim milk powder. Affinity-
purified anti-Ncrl polyclonal antibodies (J. Chew) were used at a 1:2,000 dilution

while the anti-CPY antibody (Molecular Probes) was used at a 3:5,000 dilution.

36



Proteins tagged with S-peptide were recognized with HRP-conjugated S protein
(Novagen), employed at a dilution of 1:5,000. Bound antibodies were detected with
HRP-conjugated goat secondary antibodies at a dilution of 1:5,000 and visualized by

chemiluminescence using a Lumiglo kit (KPL), followed by exposure to X-ray film.

2.13. Yeast two-hybrid and B-galactosidase assays

Yeast two-hybrid assays were performed as described (10) using the reporter
yeast strain CTY 10/5d and a B-galactosidase filter assay to detect fusion-protein
interaction (135). Expression of the E. coli lacZ gene under the control of the NCRI
promoter in yeast was determined using a permeabilized-cell B-galactosidase assay

(135).

2.14. Plating assays
For all plating assays, untransformed yeast were grown in YEPD and
transformed yeast were grown in selective medium overnight. Five- or ten-microlitre

volumes of serial dilutions of cells were deposited on plates.
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2.15. Recovery from deep stationary phase
Yeast were grown in YEPD for 24 h and then incubated at room temperature

for 3 months prior to plating on YEPD. Their ability to form colonies was compared

to YEPD cultures incubated overnight prior to plating.

2.16. Heat-stress viability assay

Cells were grown to log phase in YEPD at 30°C and then incubated at 44°C
for the indicated amounts of time. Equal numbers of cells taken before and after this
heat shock were plated on YEPD, incubated at 30°C for 2 days and the number of
colonies on each plate were counted to determine survival. Percentage of survival
was calculated using the survival of non-heat-shocked cells as 100%. The percentage
of respiration deficient [p-], cells was also determined, counting white, glycerol-

auxotrophic petite colonies as [p-].

2.17. Generation of petites

To monitor production of [o-] yeast, respiration-competent [p+] yeast strains
were grown to saturation in YEPD and plated on YEPD. A well in the centre of each
plate was filled with dH,0, or with 0.1 mg/mL, 1 mg/mL or 10 mg/mL ethidium

bromide. The plates were incubated for one week. The following were determined
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for each plate: region of inviability (distance from the well to the closest [p+] or [o-]
colony), the region of [p-] growth (distance from the first [p-] colony closest to the
well to the first [p+] colony), and the region of wild-type growth (distance from the
first [p+] colony to the outside edge of the plate). Ethidium bromide plates were

replica-plated to YEP-glycerol to ensure that small white colonies were unable to use

glycerol as a carbon source, as expected if they were [p-].

2.18. Hygromycin assays

Yeast transformants were incubated at 28°C in synthetic complete medium
lacking uracil until the cells were in stationary phase, and then used to inoculate APG
medium lacking uracil and containing different concentrations of hygromycin B
(Sigma) to a starting ODy, of 0.004. The cultures were incubated on a roller at 28°C

for 24 h and cell densities of each culture were determined by measuring ODyy,.

2.19. Secretion of invertase

The secretion of invertase was monitored as described (32, 56). Yeast cells
were grown in YEPD to log phase, harvested by centrifugation at 2,500 rpm for 5 sec,
washed twice, and incubated in 0.1% glucose YEPD at 30°C for 2 h. Cells were then

harvested, washed and resuspended in 10 mM NaN,. Half of each cell sample was
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treated with 0.2% Triton X-100, then stored at —70°C for 10 min to permeabilize the
cell membrane. Cells were transferred to test tubes and the volumes were brought to
200 pL with 0.1 M NaOAc, pH 5.1. A blank containing no cells was included.
Sucrose (50 uL, 0.5M) was added, the tubes incubated at 30°C for 3 min, and
reactions stopped by the addition of 300 uL 0.2 M KPO,, pH 7, 10 mM NEM.
Samples were incubated at 100°C for 3 min, then equilibrated to 30°C. Two mL
glucostat reagent (0.1 M KPO,, 2.75 units/mL glucose oxidase, 2.5 pug/mL
peroxidase, 100 uM NEM, 150 pg/mL o-dianisidine) was added and tubes incubated
at 30°C for 1 h. Reactions were stopped by the addition of 2 mL 6 N HCl. The
absorbance of each sample was determined at 540 nm. The ratio of the external
(determined from intact cells) to total (from permeabilized cells) invertase was
determined. The experiment was carried out in triplicate for each strain. A strain

known to secrete invertase (CTY1-1a) was included as a positive control.

2.20. Radiolabeling and immunoprecipitation of Gasl

Maturation of Gas1 was monitored as described (151). Log-phase cells were
harvested, resuspended at 1x10® cells/mL in medium lacking methionine and
cysteine, and incubated with 435 uCi EXPRE*S*S *S-methionine and **S-cysteine

(NEN, catalog number NEG-072 in 50 mM Tricine-HCI, pH 7.4, 10 mM -
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mercaptoethanol) for 10 min at 30°C or 37°C. The chase was initiated by adding a
1/100 volume of chase mixture (5 mg/mL methionine and 5 mg/mL cysteine). Atthe
indicated chase times, 1-mL samples were removed and NaN; and NaF were added to
a final concentration of 10 mM each. Cells were harvested and resuspended in 200
uL Laemmli buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 5% B-
mercaptoethanol, 1 mM PMSF, 4 uM pepstatin) and lysed by vortexing for 10 min
with acid-washed glass beads. The lysates were boiled for 5 min, then centrifuged at
14,000 rpm for 5 min. Two hundred uL of supernatants were added to 800 puL IP
Dilution Buffer (60 mM Tris-HCI, pH 7.4, 1.25% (v/v) Triton X-100, 190 mM NaCl,
6 mM EDTA) and were pre-cleared by incubation with Protein A-Sepharose
(Amersham Biosciences) at 4°C overnight. Proteins that interacted with Protein A
were removed by centrifugation. Anti-Gasl rabbit polyclonal antibody (4 pL,
provided by Howard Reizman) was incubated with the pre-cleared supernatant at 4°C
overnight and subsequently incubated with 50 pL 50% slurry of Protein A-Sepharose
at 4°C overnight. The resin was pelleted and washed three times with IP buffer (50
mM Tris-HCI, pH 7.4, 1% Triton X-100, 0.2% SDS, 150 mM NaCl, 5 mM EDTA),
once with high-salt wash buffer (IP Buffer with 500 mM NaCl) and finally with IP

buffer. Resins were resuspended in Laemmli buffer containing 0.05% Bromphenol
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lue. Samples were boiled for 5 min before resolution by SDS-PAGE and visualized

by Phosphorimaging (BioRad) and autoradiography.

2.21. Lipid labeling

Log-phase cells were labeled with [**CJacetate (1.4 uM, 4 uCi) New England
Nuclear, NEC-084H) at 30 or 37°C for the indicated times. Duplicate samples were
harvested and lipids were isolated as described (180). Cells were washed with water,
resuspended in 1 mL CHCI;/MeOH (1:1), and lysed for 1 min at 4°C using a BioSpec
Multi-Bead Beater containing 0.5 mL acid-washed glass beads. Extracts were
removed and beads were washed with 1 mL CHCl,/MeOH (2:1), which was pooled
with the extracts. Samples were removed for total uptake determinations. One half
mL CHCIl,/MeOH (2:1), 0.5 mL CHCI, and 1.5 mL dH,O were added to the extracts.
Tubes were vortexed and samples were centrifuged at 2,500 rpm for 10 min at 4°C.
The aqueous phases and protein interfaces were aspirated and the organic phases were
transferred to microfuge tubes. Samples were removed to determine the total
incorporation of [**CJacetate into lipids.

Lipids were separated by thin layer chromatography (TLC). For each condition,
equal amounts of radioactivity were loaded on two silica gel 60 A LK6D 20 cm x 20

cm TLC plates (Whatman). Standards were also loaded on the TLC plates.

42



Phospholipids were separated using CHCl,:MeOH:dH,0:CH,COOH (70:30:4:2) and
neutral lipids were separated using petroleum ether:diethyl ether:CH,COOH
(80:20:1) as solvent systems. After resolution, standards were stained with iodine
vapor. Plates were sprayed with EnHance (NEN) and exposed to autoradiography
film at ~70°C. Appropriate areas on the TLC plates were scraped into scintillation
vials. Scintillation fluid (2.5 mL) was added to the vials and radioactivity in each vial
was determined using a Beckman scintillation counter.

The amount of phosphorus in the lipid samples was determined by the method of
Ames and Dubin (2). Lipid samples were resuspended in 300 pL dH,0 and 150 uL
perchloric acid and incubated at 160°C overnight in test tubes covered with glass
marbles to prevent evaporation. 750 pL dH,0 was added to each tube, followed by
500 pL 0.9% ammonium molybdate and 150 UL 10% ascorbic acid, and the samples
incubated at 45°C for 30 min. ODy,, readings were used to determine the amount of

phosphorus incorporated into lipids.

2.22. Secretion of carboxypeptidase Y

2.5x10° stationary-phase cells were spotted on synthetic complete solid
medium lacking uracil and containing either glucose or galactose, overlaid with

nitrocellulose membranes and incubated for 35 h. Membranes were washed with
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dH,O and extracellular CPY was detected by immunostaining with anti-CPY

antibody (Molecular Probes).

2.23. Thin-section electron microscopy

Fresh overnight cultures of yeast transformed with pEMBLyEX4 6r pEMBL-
NCRI1 were grown in synthetic complete medium lacking uracil until log phase.
Cells were diluted in synthetic complete galactose medium lacking uracil and
incubated at 30°C for 18.5 h. For permanganate fixation, cells were washed with
PBS, incubated in 10 volumes of 1.5% KMnO, for 20 min at 23°C, washed with PBS,
incubated with 10 volumes of 1% sodium periodate for 15 min at 23°C, washed again
with PBS and incubated with 1% NH,CI for 10 min at 23°C and processed for

electron microscopy (48).

2.24. Screen for mutants that are synthetic lethal with ncrl1A

A colony-colour assay (9) based on adenine auxotrophy was used to identify
ncrlA yeast that carried mutations rendering cells dependent on an NCRI-encoding
plasmid for survival. The plasmid, pSLNCR1, was designed with a centromere
sequence adjacent to a galactose-inducible promoter, so that plasmid loss could be

enhanced by growing yeast containing the plasmid on galactose. The plasmid is



maintained under these conditions only when it is essential. The presence of an
ADES3 gene on the plasmid results in the ade2 ade3 host yeast giving rise to red
colonies, typical of an ade2 mutant yeast. Absence of the plasmid results in the ade2
ade3 yeast forming white colonies.

Yeast were mutagenized with either ~5000 wJ UV irradiation to ~50% survival,
or by treatment with ethylmethanesulphonate (EMS) as described by Rose ez al.
(135). Plates were incubated for 7 days, to allow colour to develop in the colonies.
For UV-irradiated cells, plates were kept dark to prevent photorepair. Derivatives
that produced red colonies after three consecutive growths on YEP-galactose were

retained.

2.25. Synthetic genetic array (SGA) analysis
SGA analysis was conducted as described by Tong ez al. (155), with the

following differences. The query yeast strain (¥2454) was transformed with either
pEMBLyEX4 or pPEMBL-NCR1, mated to the complete viable yeast gene deletion set
and pinned onto synthetic complete medium lacking uracil and containing G418 to
select for the URA3-based plasmids to ensure that only diploids could grow. Plates
were incubated for 2 days at 30°C. Diploids were sporulated and MATa haploid cells
were selected on medium lacking histidine and arginine but containing canavanine, as

described by Tong ez al. (155). Haploids having the gene deletion being tested and
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retaining the plasmid were selected in a subsequent step by pinning to synthetic
defined medium lacking histidine, arginine and uracil but containing canavanine and
G418, and incubation for 2 days. To screen for deletion mutants that exacerbate
toxicity of NCRI overexpression, the strains were then pinned to synthetic defined
medium lacking uracil with either glucose or galactose as the carbon source. To
screen for deletion mutants that suppress toxicity of NCRI overexpression, the strains
were first pinned from synthetic defined medium lacking uracil to synthetic defined
medium lacking leucine. This step allowed time for cells to attain a higher copy
number of the pPEMBLYEX4 or pPEMBL-NCR1 plasmids as compared to growth on
medium lacking uracil. Due to the poor expression of the leu2-d allele on these
plasmids, cells with higher copy number are favoured on medium lacking leucine
(49). Plates were scored for growth after 4 days incubation at 30°C. Deletion
mutations identified by the SGA analysis were tested by sequential streaking for
single colonies on media and under conditions mimicking those used in the SGA

screen.

2.26. Digital analysis of SGA plates
Images of SGA plates were obtained using an Epson scanner. All digital
manipulations of plate images were performed using Adobe Photoshop version 5.5.

Yeast colonies were pseudo-coloured red for deletion mutants overexpressing NCRI
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on galactose, blue for deletion mutants harbouring pEMBL-NCR1 and grown on
glucose, and green for deletion mutants harbouring pPEMBLYEX4 and grown on
galactose. Images from different plating conditions were overlaid and merged to

compare growth at each spot on the array.
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3. Results

3.1. NCRI is not an essential gene

The similarity of the Saccharomyces cerevisiae Ncrl protein to human NPC1 (25)
suggests that the function of the protein may be conserved. To determine the function
of the Ncrl protein, the growth of wild-type yeast (NCRI) was compared to that of
yeast with a deletion of the NCRI gene (ncrl4). Yeast lacking NCRI were found to
be indistinguishable from an otherwise isogenic wild-type NCRI strain under
standard plating conditions (Fig. 4). This demonstrates that NCR! is not required for
cell proliferation under normal laboratory conditions for the strain backgrounds used
in this study. This finding is consistent with two recent studies that examined the

consequences of NCRI deletion (98, 183).

3.2. Loss of NCRI does not affect lipid metabolism

While NCRI deficiency does not affect viability of yeast, its loss might
influence lipid metabolism, based on the lipid accumulation defects observed in
mammalian NPC cells (85, 122, 153). To determine if lipid levels were affected by
loss of NCR1, wild type NCRI and ncrlA yeast were radiolabeled with [“Clacetate.
Acetate is incorporated into endogenous fatty acids, which subsequently acylate

lipids, allowing the levels of phospholipids and neutral lipids to be analyzed.
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Figure 4. Loss of NCRI has no effect on viability of yeast cells. Yeast were grown
in YEPD for 16 h, then spotted on YEPD solid medium and incubated at 30 °C or 37 °C,
for 3 d. The number of cells in each spot is shown.
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Metabolic and steady-state labeling of lipids are achieved following incubation with
[“*Clacetate for 1 h or 16 h, respectively. Since ncrlA yeast were previously
demonstrated to have endocytic defects when grown at 37°C, possibly suggestive of a
membrane perturbation at this elevated temperature (161), lipid metabolism was
monitored at 37°C in addition to 30°C (Fig. 5).

Steady-state lipid profiles for NCRI and ncrilA yeast were the same, whether
they were grown at 30°C or 37°C. The similarity of the steady-state lipid profiles
extends recent results demonstrating that loss of NCRI does not alter sphingolipid
metabolism (data not shown) (98) or sterol metabolism (98). Metabolic lipid profiles
for NCRI and ncrlA yeast were also identical at 37°C. The lack of effect on lipid
levels at 37°C suggests that altered lipid metabolism is not responsible for the delay
in endocytic trafficking observed at 37°C (161). Yeast lacking NCR! incorporated
significantly more [**C]acetate into diacylglycerol (DAG) after 1 h at 30°C but not at

37°C, but the significance of this observation was not investigated.

3.3. NCRI is not required for secretion of invertase

In mammalian NPC cells both the efflux of a marker of fluid-phase

endocytosis as well as sorting of the mannose-6-phosphate receptor are perturbed (81,
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Figure S. Loss of NCR/ does not affect metabolic or steady-state lipid metabolism at
30°C or 37°C. NCRI yeast transformed with pRS313 (black) and ncrIA yeast transformed
with pRS313 (grey) or pRSHISNCRI (white) were labeled with [*Clacetate at 30°C (A and
B) or 37°C (C and D) for 1 h (A and C) or 16 h (B and D). Neutral and phospholipids were
extracted, then separated by thin-layer chromatography. Lipids identified based on migration
of standards were phosphatidylinositol/phosphatidylserine (PI/PS), phosphatidylcholine (PC),
phosphatidic acid/phosphatidylethanolamine (PA/PE), diacylglycerol (DAG), fatty acids

(FA), triacylglycerols (TAG), and sterol esters (SE). Results are the average +/- SD of 2
replicates.
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110). To test whether intracellular trafficking is affected in ncrlA yeast, an invertase
secretion assay was performed.

Invertase is a sucrose-cleaving enzyme that is secreted from yeast and
maximally expressed when glucose levels are low (63, 154). Mutants blocked in the
secretion pathway accumulate intracellular invertase (113). The ability of yeast cells
to secrete invertase can be measured by a colorimetric assay that estimates the
amount of glucose released from the hydrolysis of sucrose by invertase (56). After
the derepression of invertase by incubation in 0.1% glucose, the ratio of external to
total invertase activity was 90.5% for NCRI yeast and 99.4% for ncrlA yeast. In the
same experiment, a ratio of 34.4% was obtained for a strain known to be defective for
secretion (CTY1-1a) due to a temperature-sensitive mutation in the SEC14 gene (8).
Normal extracellular invertase activity in ncrl A yeast suggests that trafficking

through intracellular compartments is not perturbed.

3.4. Ncerl is not required for sorting of GPI-anchored proteins.

While NCRI deficiency did not affect secretion of invertase, loss of NCRI
could affect other intracellular trafficking events. In human NPC cells, cholesterol
and sphingolipids accumulate (85, 122, 153). In eukaryotic cell membranes,

sphingolipids and sterols are enriched in lipid domains termed rafts (144), and in



yeast, sterols and sphingolipids are required for the correct intracellular trafficking of
raft-associated proteins (6, 167). One well-studied yeast protein localized in rafts is
Gasl. Gasl receives a glycosylphosphatidylinositol (GPI) moiety and is extensively
glycosylated in the ER, forming an immature 105-kDa protein that partitions into
sphingolipid-rich membrane domains (128). The immature protein is then packaged
in COPII vesicles and transported to the Golgi, where it is further glycosylated,
resulting in the mature 125-kDa form that is directed to the plasma membrane without
subsequent modification (128). Yeast lacking NCRI are wild type with respect to
sterol and sphingolipid metabolism (data not shown) (98). However, a dominant
mutant form of NCRI has been found to cause complex sphingolipids to accumulate
in the yeast vacuole, implicating Necrl in sphingolipid trafficking (98). To determine
if trafficking of Gasl is impeded in ncrlA cells, indicative of a perturbation in
ER/Golgi sphingolipid or sterol levels, maturation of Gasl was monitored at both
30°C and 37°C, since ncrl A endocytic defects are observed only at 37°C. Maturation
of Gasl was found to be indistinguishable in wild-type NCRI and ncrlA yeast at both
30°C (Fig. 6) and at 37°C (data not shown), suggesting that in ncrlA yeast the
formation of nascent raft domains is normal, implying that sphingolipid and sterol

levels are unaffected and balanced in ER and Golgi membranes.
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Figure 6. Maturation of Gasl is indistinguishable in NCRI and ncr1A yeast.
NCRI and ncrl A yeast transformed with either pRS313 or pPRSHISNCR1 were
labeled with [3*S]methionine and [35S]cysteine for 10 min and chased for the
indicated amount of time at 30°C. Gasl was immunoprecipitated from total cell
lysates, separated by SDS-PAGE and detected by autoradiography.
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3.5. Effects of drugs or inhibitors

Sterol-ester formation was indistinguishable in NCRI and ncrlA yeast (Fig.
5), but if deletion of NCRI impacts sterol metabolism only slightly, this experiment
may not have been sensitive enough to detect subtle differences between the two
strains. Therefore, NCRI and ncrl A yeast were subjected to growth conditions known
to influence sterol metabolism, to assess whether more subtle changes are produced
by deletion of NCRI. Nystatin is a polyene antibiotic that interacts with ergosterol,
the yeast equivalent of cholesterol, in the plasma membrane (14). Resistance or
sensitivity to nystatin often reflects a decrease or increase in the plasma-membrane
ergosterol content, respectively. NCRI and ncrlA yeast grown on nystatin-containing
medium were indistinguishable, suggesting that loss of NCRI does not affect sterol
levels in the plasma membrane (data not shown). Molecular oxygen is required for
sterol synthesis (78), so under anaerobic conditions yeast are dependent on the uptake
of exogenous sterol from the medium (57). Yeast lacking NCRI grew as well as their
wild-type counterparts under anaerobic conditions (data not shown), suggesting that
Ncrl does not participate in sterol uptake.

To determine if the Ncrl protein is involved in trafficking fatty acids, as has
been hypothesized based on the ability of human NPC1, when expressed in E. coli

cells, to transport oleic acid across the cell membrane (41), NCRI and ncrlA yeast
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were grown on medium containing palmitic acid. The mutant grew as well as NCRI
yeast (data not shown), indicating that an excess of this fatty acid did not perturb
growth.

Although loss of NCRI did not seem to affect lipid metabolism, the secretory
pathway, assembly of sterol-sphingolipid-rich membrane domains or viability under
normal laboratory conditions, it was possible that a deleterious effect of NCRI
deletion might only be observed under specific conditions. Therefore, ncrlA yeast
were exposed to a range of agents that have previously been shown to impair various
processes (63, 83). These included addition of caffeine, canavanine, oligomycin,
ethanol, formamide, vanadate, DTT, divalent cations, nocodazole, benomyl,
hydroxyurea, SDS, calcofluor white, sorbitol, glycerol and high concentrations of
NaCl and KCI (Table 5). No differences in growth were observed under any of these
conditions, suggesting that loss of NCRI does not impair signaling pathways,
oxidative phosphorylation, protein folding or glycosylation, microtubule cytoskeleton
formation, DNA synthesis, or cell membrane or wall assembly (Table 5). In addition
to these conditions, ncrlA yeast were tested for the ability to recover from deep
stationary phase and to use galactose, sucrose, acetate or glycerol instead of glucose
as a carbon source. Under each of these conditions, NCRI and ncrl A yeast were

indistinguishable (data not shown).
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Table 5. Cellular processes affected by chemical additions

Chemical Target Reference
caffeine phosphodiesterase (63)
canavanine arginine analog (30)
oligomycin oxidative phosphorylation (159)
formamide protein stability / hydrogen (63)

bonding
ethanol protein stability / hydrogen (63)
bonding
DTT protein disulfide bonds (73)
sodium vanadate protein glycosylation )
nocodazole microtubule polymerization (127)
benomyl microtubule depolymerization (147)
SDS cell membrane (69)
hydroxyurea DNA synthesis (185)
calcofluor white cell wall chitin (133)
acetate tricarboxylic acid cycle (88)
divalent cations (LiCl2,  ATPases or oxidoreductases (63)
ZnCl12, CdCI2)
CaCI2 protein kinase C pathway (111, 117)
cell cycle
high osmolarity (1 M cell wall (112)
sorbitol, 2 M glycerol,  high osmolarity glycerol (1)

0.9 M NaCl, 1 M KCl)

pathway
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Finally, the effect of growth on suboptimal levels of amino acids or
nucleoside bases was compared for NCRI and ncrlA yeast. When yeast are grown in
rich medium, amino acids can be stored in the vacuole, to be subsequently released
during nitrogen starvation (79). If Ncrl alters vacuolar membrane composition, thus
altering the conformation of an amino-acid or base permease, or otherwise regulates a
permease, ncrlA yeast may be less able to mobilize amino acids from the vacuole.
NCRI and ncrl A yeast were grown to stationary phase in rich medium, and were then
grown on SD medium containing suboptimal levels of either uracil, histidine,
tryptophan or leucine. Growth of both strains was indistinguishable under these
conditions (data not shown) indicating that the amino-acid and base permeases are not
impaired by loss of NCRI.

These experiments reveal that loss of NCRI is inconsequential to many
cellular processes, and suggest that either NCRI is required under circumstances that
have not yet been tested or there is complete functional overlap between the Ncrl

protein and other proteins.
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3.6. NCR1 expression is not induced by elevated temperature

Examination of the upstream untranslated region of NCRI revealed a single
copy of the thermal stress-responsive element (STRE), CCCCT (80), 131 bp upstream
of the translation initiation codon. While two copies of the C,T pentanucleotide in
the promoter induce high levels of gene expression when yeast are exposed to
elevated temperature, a single copy of the element can increase expression 2-3 fold
(80). To test whether the NCRI promoter might only be activated when cells are
subjected to high temperature, as might be expected by the presence of this element,
yeast transformed with a plasmid containing the lacZ gene under the control of the
NCRI promoter, pNCR1p-lacZ, were grown at 30°C and then shifted to 44°C. (-
galactosidase expression from the NCRI promoter at 30°C was very low (~1x107% B-
galactosidase units) and the expression level was unchanged at 44°C. This is in
contrast to a reference promoter, the CYCI promoter, which when fused to the lacZ
gene on plasmid pLG669-Z (61) expressed B-galactosidase to a much higher level (~9
B-galactosidase units). This indicates that at 30°C, the NCRI gene was expressed at

only a low level and was not activated by growth at the elevated temperature of 44°C.

59



3.7. NCRI and ncrlA yeast have similar survival at high temperature, but
ncrlA yeast produce fewer petites

Although the NCRI promoter was not activated by exposure to heat stress, the
presence of a STRE prompted us to determine if NCR! protects cells when they are
exposed to thermal stress. To determine this, the viability of isogenic NCRI and
ncrlA yeast was determined after exposure to 44°C (Fig. 7A) . Wild-type NCRI
yeast were more resistant than isogenic ncrlA yeast to challenge by high temperature.
Upon inspection of the colonies arising from cells subjected to 44°C, it was noted that
a larger proportion of the NCRI colonies were small and white, as opposed to large
and red, than was observed for ncrlA yeast. Both strains contained the same mutant
allele of ADE?2, a gene in the adenine biosynthetic pathway that encodes
phosphoribosylaminoimidazole carboxylase, responsible for catalyzing the
conversion of the red intermediate P-ribosylaminoimidazole (AIR) to the colourless
P-ribosylaminoimidazolecarboxylate (CAIR) (75). In ade2 mutants, AIR
accumulates and yeast give rise to pink or red colonies (158). The small colony size
and colour suggested these were mitochondrial mutants, termed petites, and
designated [p-], which do not accumulate the red pigment (27). Cells derived from
the small white colonies were tested for the ability to grow on glycerol-containing

medium and their inviability confirmed their identity as respiration-deficient petites
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Figure 7. Yeast lacking NCRI are more sensitive to thermal stress due to lower
petite production. Yeast grown at 30°C until log phase were incubated at 44°C for
the indicated times and then plated on YEPD. (A) Survival of NCR! (closed
squares) or ncrlA (open circles) yeast was determined as the percentage of colonies
produced by heat-stressed relative to non-stressed cells. (B) The percentage of [p7]
colonies was determined by comparing the number of small white colonies to the
total number of red and white colonies. (C) The relative survival of [p*] cells was
calculated by comparing the number of red colonies obtained with or without heat
treatment. Results are from duplicate cultures of two independent isolates for ncri/A
and four independent isolates for NCRI in 2 separate experiments. Small white
colonies were assumed to be petite and were verified as such by replica-plating to
YEP-glycerol to ensure they could not grow. 61



(data not shown). Since NCRI yeast produced a larger proportion of petite [0-]
mutants than ncrlA yeast (Fig. 7B), it was possible that the higher percentage of
petite cells in the NCRI population contributed to their thermal resistance. Ceramide
and the complex sphingolipid M(IP),C are slightly elevated in [p-] yeast (62) and
would be expected to increase thermotolerance (45, 74, 172). The higher
thermosensitivity of the ncrlA yeast relative to the NCRI yeast could be explained by
the lower percentage of [0-] cells generated by the ncrlA yeast under these
conditions. When exposed to thermal stress, the survival of only the non-petite NCRI
and ncrl A cells was identical (Fig. 7C), indicating that yeast bearing functional
mitochondria respond to high temperature identically, whether NCRI is present or

absent.

3.8. Loss of NCRI does not inhibit petite production in response to exposure to
ethidium bromide

The lower rate of petite production by ncrlA yeast exposed to heat stress
prompted us to compare the ability of cells lacking NCRI to generate petites when
exposed to ethidium bromide, which promotes deletions within the mitochondrial
genome (55, 63). NCRI and ncrlA yeast were grown on solid medium in which a

well was filled with an ethidium bromide solution. The radii of growth of wild-type



and petite cells were determined (Fig. 8) and found to be identical for NCRI and

ncrl A yeast, demonstrating that [p-] cells can be produced by ncrl A yeast.

3.9 Screen for mutants that are synthetic lethal with ncriA

The deletion of NCRI may not confer a discernable phenotype if another gene (or
genes) can compensate for its loss. Identification of the putative compensating
gene/genes provides another approach to determine the cellular function of NCRI.
The identity of genes sharing functional overlap with a gene of interest can be
revealed by screening for genes that, when mutated, are lethal only in a strain lacking
the gene of interest. In this study, a synthetic-lethal genetic screen was undertaken to
reveal genes that, when mutated, make the wild-type NCRI gene essential for
viability.

The synthetic-lethal genetic screen employed in this study exploits a strain
carrying two mutations in the adenine biosynthetic pathway, ade2 and ade3 (9).
Yeast lacking ADE?2 accumulate a red pigment and give rise to red or pink colonies,
as described above. The ADE3 gene product catalyzes an earlier step in the adenine
biosynthetic pathway than ADE?2. Yeast containing mutations in ADE3 are blocked at
this earlier step in the pathway, do not accumulate the red AIR pigment and remain
white (84). Transformation of the ade2 ade3 yeast with a plasmid containing ADE3

results in red colonies that become white if the plasmid is lost (84). In the present
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Figure 8. Deletion of NCRI does not prevent production of petites in response to
ethidium bromide. Wells formed in YEPD solid medium on which NCRI and ncriA
yeast were spread were filled with ethidium bromide (EtBr) solutions. The plates were
incubated at 30 °C for 7 d and the regions of inviability (hatched), [p"] colonies (black)
and [p*] colonies (grey) were determined.
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screen, yeast mutants retain the plasmid pSLNCR1 (a single-copy ARS CEN plasmid
encoding wild type NCRI and the selectable marker URA3, in addition to containing
the ADE3 gene for colour) gave rise to red colonies and were thus identified. A
unique feature of pSLNCRI is the placement of the GALI-10 promoter adjacent to
the centromere sequence, CEN. Growth of transformed yeast on galactose activates
transcription from the GALI-10 promoter through the plasmid’s centromere sequence,
abolishing plasmid stability and thereby facilitating loss of the plasmid (9).

For the genetic screen, ncrlA ura3 ade2 ade3 yeast were transformed with the
single-copy pSLNCR1 plasmid and transformants were selected on the basis of uracil
prototrophy. The transformants gave rise to red colonies due to the presence of the
ADE3 gene on pSLNCR1. These yeast were then mutagenized by UV irradiation or
EMS treatment to introduce mutations throughout the genome and were plated on
galactose to destabilize pPSLNCR1. Mutants dependent on the plasmid-borne copy of
NCRI for survival were identified based on their formation of red colonies, even after
growth on galactose-containing medium which would reduce the mitotic stability of
the NCRI-containing plasmid.

Mutants that were dependent on the plasmid for survival and that had a low
frequency of reversion were identified by their inability to grow on medium
containing 5-FOA. 5-FOA is converted to the cytotoxic 5-fluorouracil by the URA3

gene product. In this screen, inclusion of 5-FOA is toxic to yeast that retain the
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URA3-containing plasmid but allowed growth of ura3 cells that had lost pPSLNCR1.
All mutants were then backcrossed to ncrlA yeast to produce diploids heterozygous
for the unknown mutated gene. The heterozygous diploids were tested for growth on
medium supplemented with 5S-FOA to determine whether new mutations were
recessive or dominant. Twenty-seven robust recessive mutations were identified.

The mutants, which had been generated in yeast of both a and & mating types,
were classified into complementation groups by mating all possible pairwise
combinations to each other and by scoring the ability of mutant diploids to lose
pSLNCRI1 using medium containing 5-FOA. Haploid parents of the diploid were
assumed to have a mutation in the same gene (the same complementation group) if
the diploid they formed could not grow on 5-FOA. Six different complementation
groups were identified, with three mutants unclassified because the phenotype proved
unstable after long-term storage at —70°C. In these latter cases, the instability may
have arisen either because the original mutation began to revert at a high frequency or
second-site suppressing mutations occurred.

Mutants that could not lose the NCRI-containing plasmid pSLNCR1 might reflect
arequirement for any one of the three genes on the plasmid (NCRI, URA3, or ADE3),
or a need for a combination of these genes. To identify those mutants that required

pSLNCR1 for a gene other than NCRI, mutants were transformed with LEU2-based
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plasmids that contained, respectively, the URA3, ADE3 or NCRI genes, pRS315-
URA3, pRS315-ADE3, or pRSNCRI-L. Transformants were selected on medium
lacking leucine and tested for loss of pPSLNCR1 as evidenced by growth on 5-FOA or
by formation of red colonies on YEP-galactose. The majority (14 out of 27) of the
mutants were able to lose pSLNCRI if they were transformed with pRS315-URA3,
indicating that they had maintained pSLNCR1 only because they required the URA3
gene. Consistent with this hypothesis, one mutant that was able to lose pSLNCR1
when transformed with pRS315-URA3 was also complemented by a LEU2 CEN
library plasmid carrying the FURI gene, encoding uracil phosphoribosyltransferase,
an enzyme involved in pyrimidine salvage. Eight out of 27 mutants were
complemented by plasmids encoding ADE3, suggesting that they were only
dependent on ADE3, also present on pPSLNCR1. None of the mutants were
complemented by NCRI alone, indicating that none of the mutants were solely
dependent on the presence of the NCRI gene on pSLNCR1. Despite this apparent
lack of dependence on the NCRI gene, four mutants (33-13, 45-6b, 41-6 and 36-7)
were not able to lose pPSLNCR1 when they were transformed with either pRS315-
ADE3, pRS315-URA3 or pRSNCRI1-L, suggesting they might require more than one
of the genes present on pSLNCRI.

To identify the mutated gene in strains that could not lose the pPSLNCR1 plasmid,

the mutant yeast were transformed with a single-copy plasmid yeast genomic DNA
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library and tested for loss of pPSLNCR1 on YEP-galactose or 5-FOA. Mutants
transformed with the library plasmid were subsequently tested for the ability to lose
the library plasmid, to confirm that it was essential. Complementing library plasmids
were rescued, inserts were fingerprinted by Sau3A digests and plasmids were
retransformed into the mutant to ensure the rescued library plasmid allowed loss of
pSLNCRI1 on YEP-galactose or 5-FOA. Inserts were sequenced and complementing
inserts, which contained 5-7 genes, were strategically deleted to identify the gene
responsible for complementation. Finally, the single gene was subcloned and tested

for its ability to render pSLNCR1 nonessential.

3.9.1. Characterization of synthetic-lethal mutant 33-13

One of the mutants (33-13) not complemented by pRS315-ADE3, pRS315-
URAS3 or pRSNCR1-L, was transformed with the yeast genomic DNA library to
identify the wild-type version of the mutated gene. After screening approximately
15,000 library plasmid transformants, two different plasmids were found to render
pSLNCRI nonessential in mutant 33-13. Sequencing revealed that the two inserts
consisted of an overlapping region of S. cerevisiae chromosome VII, each encoding
in entirety YGL250w, ZIP2, PDE] and YGL247w. Plasmids containing various
deletions of this region were constructed and only those plasmids containing

YGL250w were found to complement the 33-13 mutation. A plasmid encoding
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YGL250w, pPRSYGL250w, was created and tested for its ability to complement the
other mutants identified in this screen. The 45-6b, 36-7 and 41-6 mutants were not
complemented by pRSYGL250w, suggesting, as expected from their placement in
different complementation groups from 33-13 and each other, that these represent
mutations in different genes.

Complementation of the 33-13 mutation with the YGL250w gene would be
expected if the mutation were within the YGL250w gene, but it could also result from
suppression of a mutation in a different gene by the plasmid-borne copy of YGL250w.
To determine if the 33-13 mutant yeast was indeed mutated at the YGL250w locus, a
diploid heterozygous for deletions of the YGL250w and NCR! genes was created and
tetrad analysis was performed. Out of 38 informative tetrads, 40 ncrlA ygl250wA
double mutants were identified and all of them were viable (Fig. 9). The viability of
the double mutants demonstrates that ncr/A and ygl250wA are not synthetically lethal
when present in the same strain.

It was possible that only the particular point mutation in the YGL250w allele
in 33-13 (ygl250w-13), but not complete deletion of YGL250w (ygi250wA), is
synthetically lethal with ncrlA. To test this hypothesis, a linear DNA fragment
encoding the 5° and 3’ flanking sequences of YGL250w interrupted by the LEU2 gene

(ygl250wA::LEU2) was transformed into the 33-13 mutant. The YGL250w locus in
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Figure 9. The ncrlA and ygl250wA mutations are not synthetically lethal.
White arrows indicate viable ncrlA ygl250wA double mutants.
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33-13 was therefore gene converted to ygl250wA::LEU2. This strain could not lose
pSLNCRI1 when plated on galactose, proving that ygl250w-13 and ncrlA do not
participate in a synthetic lethal interaction. Therefore, the plasmid-borne YGL250w
may have been identified by its ability to suppress the synthetic lethal mutation in the

33-13 mutant, and may have precluded identification of plasmids that complemented

this mutation.

3.9.2. Characterization of synthetic-lethal mutant 45-6b

Synthetic lethal mutant 45-6b was not complemented by pRS315-URA3,
pRS315-ADE3 or pPRSNCR1-L, suggesting that the pSLNCR1 plasmid was not
maintained in this strain for URA3, ADE3 or NCRI alone. Because this mutant had a
tendency to develop reversion or second-site suppressing mutations, the wild-type
version of the mutated gene was cloned by complementation of a formamide-
sensitive phenotype found to segregate with the 45-6b mutation. After screening
~92,000 yeast genomic DNA library transformants, one plasmid was found to permit
growth on 3% formamide. This library plasmid, containing five complete genes, also
allowed 45-6b mutants to lose pPSLNCR1 on galactose. Transformation of different
deletion plasmids created from this library plasmid revealed that GFAI

complemented the formamide-sensitivity of 45-6b mutants and permitted loss of

pSLNCRI.
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GFAI encodes glutamine-fructose-6-phosphate amidotransferase, required for
the first step in the biosynthesis of the cell-wall component chitin (171). Because
GFAI is an essential gene, yeast deleted at both the NCRI and GFA! loci could not
be created. To determine if these mutants were dependent on NCRI for growth,
diploids heterozygous for deletion of NCRI were produced, by mating 45-6b with a
strain wild-type for NCRI and GFAI. Diploids that could grow on 5-FOA because
they had lost pSLNCR1 were sporulated, producing two live spores to two dead or
ungerminated spores, suggesting that the putative gfal-45 mutation does not promote
germination after sporulation (Fig. 10A). To establish the dependence of this mutant
on NCRI for survival, the heterozygous diploids were transformed with the low-copy
URA3-marked plasmid pRS316 and with pRSNCR1, which encodes NCRI. When
diploids transformed with pRS316 were sporulated, most tetrads (33 out of 35)
resulted in only two live (or germination-competent) progeny, but a minority (one out
of 35) gave rise to two large colonies, one small colony and one dead or
ungerminated spore, or two large colonies and two small colonies (two out of 35
tetrads) (Fig. 10B). Two percent of total spores resulted in small colonies and
suggests that the URA3 gene on pRS316 contributed slightly to the viability of these
spores. Diploids transformed with pPRSNCR1 also gave rise to some tetrads (17 out
of 36) consisting of two live and two dead or ungerminated progeny. However, a

higher proportion, compared to the pRS316 transformants, gave rise to a small
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Figure 10. Viability of presumptive gfal-45 spores is improved with
plasmid encoding NCRI and URA3. Diploids heterozygous for NCR!
(NCRI1/ncrlA) and GFAI (GFA1/gfal-45) were sporulated before (A) and
after transformation with (B) the single-copy URA3 plasmid pRS316, or (C)
the single-copy plasmid pPRSNCR1 encoding URA3 and NCRI. Tetrads
were dissected on YEPD medium and incubated at 30°C for 5 d.
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colony, and when a small colony was formed, it was generally bigger than those
produced by pRS316-transformed diploids (Fig. 10C). In total, 16% of spores gave
rise to small colonies. This suggests that the presence of the NCRI gene on the
URA3-based plasmid improved the germination and enhanced the survival of the
presumptive gfal-45 mutant spores. However, viability of these spores was not
linked to the genomic NCRI gene: half of these spores were NCRI and half were
ncrlA. Because URA3 alone improved viability and NCRI combined with uracil
prototrophy contributed even more to the viability of these spores, it suggests that
NCRI and URA3 deliver additive effects promoting colony formation. This was our
first indication that phenotypes of ncrlA yeast may be influenced by nutritional
status. Subsequently, the endocytic delay of ncrlA yeast was found to be improved if
yeast were uracil or histidine prototrophs (161). This synthetic lethal screen is based
on the assumption that the nutritional markers present on pSLNCRI1 do not impact the
identification of synthetic lethal genetic interactions. However, we had established
that the nutritional status of ncrlA yeast was not neutral. This may explain why a
mutation dependent solely on NCRI was not identified by this screen. Interestingly,
we have performed a synthetic genetic array high-throughput screen to reveal gene
deletions synthetic-lethal with ncrlA and none were identified (M. Dobson, personal

communication). This suggests that a single gene might not exist that, when mutated,
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renders NCRI essential, under normal laboratory growth conditions. It may be

necessary to create multiple mutants to observe synthetic lethal interactions with

NCRI.

3.10. Overexpression of wild type NCRI is toxic

The lack of ncrlA-specific phenotypes, despite thorough investigation, and
the inability to identify genes with functional overlap with NCRI via synthetic-lethal
genetic screens, led us to probe the function of the NCRI gene by studying the effects
of its overexpression. Overexpression of human NPC1 in Chinese hamster ovary
cells disrupts cholesterol trafficking, leading to increased delivery of LDL-derived
cholesterol to the ER and endosomal cholesterol to the plasma membrane (104). To
assess whether NCR1I overexpression confers any effect on yeast, the NCRI ORF was
cloned adjacent to a GALI-10 promoter on a high-copy vector, pPEMBLYEX4,
producing pEMBL-NCR1, where NCR! is expressed only when cells harbouring the
plasmid are grown on galactose. pEMBLYEX4 and pEMBL-NCR1 encode two
selectable markers, URA3 and an allele of LEU2, leu2-d. The leu2-d allele lacks
most of the promoter, so this gene produces only ~5% of the wild-type LEU2 gene
product (49). Plasmids based on pEMBLYEX4 can be maintained at hi ¢h copy

number in ura3 mutant yeast grown on medium lacking uracil and a 4-5 fold higher
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copy number can be achieved in lex2 mutant yeast grown on medium lacking leucine
(49).

To examine the expression of NCRI, polyclonal antibodies recognizing the
cysteine-rich loop of Ncrl were raised in rabbits. These antibodies detect an ~115-
kDa protein in total protein extracts from wild-type NCRI, but not from ncrlA yeast
(Fig. 11). To determine the extent of overexpression of NCRI from pEMBL-NCR1,
total proteins were extracted from NCRI yeast transformed with the empty vector,
pEMBLYyEX4, the high-copy NCRI plasmid, pPEMBL-NCRI, and the single-copy
NCRI plasmid pRSNCR1, and Ncrl protein was detected by Western blotting (Fig.
11). A single band of ~115 kDa was observed in proteins extracted from yeast
transformed with pEMBLyEX4 and was considered to be the steady-state level of
Nerl protein expressed from the genomic NCRI gene. This signal doubled in
intensity when yeast were transformed with the single-copy pRSNCR1 plasmid,
consistent with the expected 2-fold increase in copy number of the gene. The
intensity of this band increased dramatically when yeast transformed with pEMBL-
NCR1 were grown on galactose, indicating that the protein is indeed overexpressed
from this plasmid. Ncrl levels for this transformant grown on glucose were
indistinguishable from the level observed for yeast transformed with pEMBLYEX4

empty vector grown on galactose or glucose (data not shown), indicating that
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Figure 11. Nerl is overexpressed from plasmid pEMBL-NCR1 on galactose. Total
protein was isolated from (A) isogenic ncrlA and wild type NCRI yeast grown in YEPD
and (B) NCRI yeast transformed with pRSNCR1, pEMBLyEX4 or pEMBL-NCR1 and
grown in synthetic complete galactose medium lacking uracil for 24 h. Proteins were
separated by SDS-PAGE and analyzed by Western blotting using a polyclonal antibody
raised against the cysteine-rich loop domain of Necrl.
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expression of NCRI from the GALI-10 promoter on pPEMBL-NCRI1 when cells are
grown on glucose is negligible, as expected.

The consequence of NCRI overexpression was tested by growing yeast
transformed with pEMBLYEX4 or pEMBL-NCR1 on synthetic complete medium
lacking uracil or on synthetic defined medium lacking uracil or lacking leucine, to
selectively grow yeast harbouring an increased copy number of the plasmid. The
media contained either glucose, to repress, or galactose, to induce expression of
NCRI from the GALI-10promoter on pEMBL-NCR1 (Fig. 12). Yeast containing
pEMBL-NCRI1 grew slightly less well than empty-vector control cells on synthetic
complete medium lacking uracil and containing galactose (Fig. 12D). The extent of
toxicity of NCRI overexpression could be increased if yeast were grown in synthetic
defined medium lacking leucine, to select for increased copy number of pEMBL-
NCRI, prior to growth on synthetic complete galactose medium lacking uracil (Fig.
12C). Yeast containing pEMBL-NCRI1 grew very poorly when NCRI was
overexpressed on synthetic defined medium lacking uracil and containing galactose
(Fig. 12B). The same yeast did not grow at all on synthetic defined medium lacking
leucine to select for cells with an increased copy number of pEMBL-NCRI, and
containing galactose to induce expression of NCR! (Fig. 12A). These findings
indicate that overexpression of NCR! is deleterious to yeast, and the degree of

toxicity is dependent upon the medium on which these yeast are grown.
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Figure 12. Overexpression of NCRI is deleterious, but degree of toxicity is dependent
on growth medium. Wild-type NCRI yeast transformed with pPEMBLyEX4 or pEMBL-
NCRI were grown to saturation (A) in synthetic defined medium lacking leucine (SD-Leu),
spotted on SD-Leu or SD(galactose)-Leu and incubated at 30 °C for 7 d , or (B) in synthetic
defined medium lacking uracil (SD-Ura) and spotted on SD-Ura or SD(galactose)-Ura and
incubated at 30 °C for 7 d, or (C) in SD-Leu, spotted on synthetic complete medium lacking
uracil (SC-Ura) or SC(galactose-Ura) and incubated at 30 °C for 5 d, or (D) in SC-Ura,

spotted on SC-Ura or SC(galactose)-Ura and incubated at 30 °C for 3 d. The number of
cells plated are indicated.
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Synthetic defined and complete media differ in the concentrations and
numbers of the amino acid and vitamin supplements they contain. In synthetic
defined medium, specific concentrations of amino acids are present, while hydrolyzed
casein satisfies these requirements in synthetic complete medium. Nucleoside bases
such as uracil and adenine are added separately to both and therefore do not differ
between the two. Viability of yeast overexpressing NCRI from pEMBL-NCRI in
synthetic defined galactose medium lacking uracil was found to be dramatically
improved by the addition of leucine to the medium (M. Dobson, personal
communication). A suboptimal level of leucine in synthetic defined medium lacking
uracil may have selected for cells with a higher copy number of the pEMBL-NCR1
plasmid, which contains the poorly expressed leu2-d gene, inadvertently leading to a
higher copy number of the plasmid than on synthetic complete medium lacking
uracil. The greater loss of viability could reflect the higher expression of Ncrl from
increased plasmid levels in these cells, or because these yeast were contending with
insufficient leucine in addition to excessive Ncrl, with each factor contributing to
loss of viability.

To examine whether overexpression of NCR! caused gross ultrastructural
aberrations to the cell, electron microscopy was performed. Cells transformed with
pEMBLYEX4 or pEMBL-NCRI1 were grown to log phase in synthetic complete

medium lacking uracil, then shifted to the same medium containing galactose to
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induce expression of NCRI. Cells overexpressing NCRI looked identical to the cells
harbouring empty vector with respect to bud morphology, thickness of the cell wall
and basic cellular ultrastructure (Fig. 13). This is consistent with the robust growth of
cells containing pPEMBL-NCRI1 on synthetic complete galactose medium lacking

uracil (Fig. 12D).

3.11. CaCl, and sorbitol partially alleviate toxicity of NCRI overexpression

To determine why excess NCR! is deleterious, various conditions were tested
for the ability to alleviate this toxicity. Wild-type yeast transformed with
pEMBLYEX4 or pPEMBL-NCR1 were grown on medium containing galactose, to
induce overexpression, and in the presence of different salts or sorbitol, to determine
if these additives would influence the toxicity of NCRI overexpression. The presence
of MgCl, MgSO, or ZnCl, had no effect on viability. Cells grown on glucose were
slightly inhibited by 10 ug/mL CdCl,, so the inability of NCRI-overexpressing cells
to grow under these conditions could be due to an additive effect with Cd** toxicity.
However, this slight inhibition seems insufficient to explain the lack of growth for the
most concentrated spot on galactose (Fig. 14). To be certain, the experiment would
have to be repeated, exposing cells to a lower concentration of CdCl, that does not
compromise wild-type yeast. The toxicity of NCRI overexpression was partially

suppressed by the addition of 100 mM CaCl,, 1 M sorbitol or by incubation at 37°C.
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Figure 13. Overexpression of NCRI does not affect cell ultrastructure.
Electron micrographs of yeast transformed with pEMBLYEX4 (A) or
pEMBL-NCRI1 (B) are indistinguishable after growth for 18.5 h in synthetic
complete medium lacking uracil and containing galactose to induce
overexpression of NCRI.
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Figure 14. CaCl, and sorbitol partially suppress, while CdCl, enhances, toxicity
of NCRI overexpression. Wild-type NCRI yeast transformed with pEMBLYEX4 or
pEMBL-NCR1 were grown in synthetic defined medium lacking leucine (SD-Leu) to
saturation, spotted on SC-Ura or SC(galactose)-Ura with the indicated additives and
incubated at 30°C or 37°C for 5 days. The number of cells spotted is indicated.
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Since 1 M sorbitol did not entirely rescue yeast from the toxicity of NCRI

overexpression, this toxicity cannot be completely explained by increased fragility of

the cells.

3.12. Screen for high-copy suppressors of NCRI-overexpression toxicity

The toxicity observed when NCRI is overexpressed was exploited as the basis of
a dosage-suppressor genetic screen. This screen would reveal the identity of genes
whose products oppose the function of the Nerl protein, based on their ability to
relieve the toxicity of excess Ncrl.

To produce the maximal level of NCRI expression, the suppression screen was
performed on medium lacking leucine to maintain the pPEMBL-NCRI1 plasmid at a
high copy number. The URA3 gene on pEMBL-NCR1 was marker-swapped to HIS3
(38) to enable selection for URA3-based high-copy yeast genomic DNA library
plasmids in cells maintaining the NCRI-overexpression plasmid. Prior to the dosage-
suppressor screen, overexpression of NCRI from the HIS3-marked pEMBL-NCR 1
(PEMBL-NCRI-HIS), was tested and found to be equally toxic as from the pEMBL-
NCRI when transformed yeast were grown on synthetic defined medium containing
galactose and lacking leucine (data not shown).

Yeast containing pPEMBL-NCR1-HIS were transformed with a high-copy yeast

genomic DNA library, grown on glucose and replica-plated to galactose to induce
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expression of NCRI. Library plasmids that allowed cells to survive NCRI
overexpression on synthetic defined medium lacking leucine were identified.
Transformants that could grow under these conditions were then plated on medium
that allowed them to lose the library plasmid while retaining pEMBL-NCR1-HIS.
These strains, having lost the library plasmid, were retested for inviability on
galactose medium lacking leucine to verify that the library plasmid was responsible
for viability when NCRI was overexpressed.

Ninety out of 160 transformants identified in the primary screen were found to
have become histidine auxotrophs once they lost the library plasmid, either because
the library plasmid taken up encoded LEU2, or the genomic leu2 allele had converted
to wild-type LEU?2, presumably by gene conversion with the leu2-d allele on
pEMBL-NCR1-HIS. In either case, once the strain had become leucine prototrophic,
it was able to lose the pEMBL-NCR1-HIS plasmid so the strain could no longer grow
on medium lacking histidine. These were expected false positives from the screen.

Of the remaining 70 transformants, 25 were unable to grow on medium
allowing overexpression of NCRI from pEMBL-NCR1-HIS once they had lost the
library plasmid. This indicated that the library plasmid was responsible for
suppression of NCRI-overexpression toxicity. The 25 library plasmids were rescued
from yeast, amplified in E. coli, and after rechecking their ability to relieve the effects

of NCRI overexpression, four were sequenced.
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The first two inserts were found to encode chimeric Dengue virus vector
sequences encoding the zer® gene, unfortunately not the first incidence of
contaminating DNA arising from this library (T. Wong, personal communication).
The third insert consisted of sequences from S. cerevisiae chromosome VII,
encompassing the MIGI gene. The fourth insert consisted of sequences from S.
cerevisiae chromosome XIII containing the GAL80 gene.

Both MIG1 and GALS0 are genes that would be predicted to decrease NCRI
overexpression from the GALI-10 promoter on pEMBL-NCRI1-HIS if they were
present in high copy, due to their known roles in repressing expression from the
GALI-10promoter (103, 134). These two genes represent a class of nonspecific
suppressors that we expected to obtain in this screen, and validate this approach.
Unfortunately, genes that specifically suppressed the toxicity of NCRI overexpression
were not identified. The yeast genomic library may not have been representative of
the entire yeast genome so that despite screening an adequate number of
transformants, an authentic suppressor was missed. Alternatively, no single gene may

exist that can specifically suppress the toxicity of NCRI overexpression.
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3.13. Synthetic Genetic Array analysis to identify NCRI genetic interactions

Another approach taken to define genes that participate in similar or opposing
pathways to NCRI was to identify genes that, when deleted, make yeast resistant or
hypersensitive to NCRI overexpression, respectively. Synthetic genetic array (SGA)
analyses were performed to identify these genetic interactions. The yeast genome
consists of ~6000 genes, only about one-sixth of which are essential (176). The
screens utilized a collection of the approximately 4,700 nonessential gene-deletion
yeast strains, where each strain is precisely deleted at a particular locus. The genes
are replaced with a kanMX4 gene, facilitating selection of gene replacements by
growth on medium containing G418. This collection was arrayed on solid medium
such that the location of each strain in the array was known.

In this study, both screens were initiated identically. The query strain, Y2454,
was transformed with either empty vector, pPEMBLYEX4, or pPEMBL-NCRI1 and was
robotically mated to each deletion strain in the Yeast Gene Deletion Set. Diploids
were selected on synthetic complete medium lacking uracil and containing G418.
Diploids were sporulated and MATa haploid meiotic progeny, deleted at each locus,
were selected as previously described (155). Finally, these cells were pinned to
medium that selected for the pEMBLYEX4 or pPEMBL-NCR1 plasmid, while

maintaining selection for MATa haploids carrying a gene deletion.
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3.13.1. SGA screen for suppressors of NCRI overexpression toxicity

Overexpression of NCRI from pEMBL-NCRI is severely toxic when yeast
are grown on synthetic defined medium lacking leucine, to ensure maintenance of the
plasmid at a maximal copy number (Fig. 12A). This phenotype was exploited in the
screen for gene deletions that rescue cells from the effects of overexpression of
NCRI. The MATa gene-deletion haploids containing pPEMBLYEX4 or pEMBL-
NCR1 were pinned to medium lacking leucine, to ensure each strain harboured
plasmids at a high copy number. Strains were then grown on medium lacking leucine
but containing galactose, to induce expression of NCRI from pEMBL-NCR1. Yeast
mutants that were able to grow on the galactose medium lacking leucine represented
presumptive suppressors and were repinned to the same medium, allowing the strains
to grow for several generations on galactose before scoring. Colonies derived from
each presumptive suppressor strain containing pEMBL-NCR1 were compared with
the same deletion mutant, grown on the same medium, but harbouring empty vector.
This eliminated deletion mutants that grew more robustly than the majority of the
strains on galactose even when NCRI was not overexpressed.

Strains with enhanced viability compared to the background colonies were
selected as strains possibly resistant to the toxicity of NCRI overexpression. After
three SGA iterations, each initiated with an independent isolate of Y2454 transformed

with pEMBL-NCRI, a list of two hundred and six putative suppressors was compiled.
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Presumptive suppressors were isolated from medium selecting for MATa
haploids containing both a gene deletion and either plasmid. Their viability was
retested on synthetic defined medium containing galactose and lacking leucine, by
streaking or by serial dilutions (Fig. 15). Strains that were viable after streaking on
the galactose plates, i.e. loclA, were identified as strong suppressérs of NCRI
overexpression (Fig. 15A, Table 6). Suppression status of strains that grew, albeit
poorly, on the galactose plates was confirmed by a more sensitive method, serial
dilutions (Fig. 15B). Deletion of CITI and PATI, among others, permitted growth
when NCRI was overexpressed. These analyses resulted in fifteen strong suppressors
and forty-eight putative weaker suppressors.

The majority of the suppressors have unknown cellular functions, but other
categories that were well-represented included metabolism, cell growth, transport,
and transcription/translation. A link between these seemingly discrete cellular
functions was obscure, and the significance of these interactions is not obvious.
Therefore, we concentrated on gene-deletion mutants identified in the second SGA

screen, the gene deletions that exaggerated the toxicity of NCRI overexpression.
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Figure 15. Yeast gene deletions suppress the toxicity of NCR1 overexpression. (A)
Transformed MATa haploid yeast strains with the indicated gene deletions were grown on solid
synthetic defined glucose medium lacking leucine to select for increased dosage of pPEMBLYEX4
and pEMBL-NCRI1 and then streaked to isolate single colonies on synthetic defined medium
lacking leucine and containing either glucose or galactose. The plates were incubated at 30°C for
7 d. Strong suppressors were identified as those deletion strains that permitted growth when
NCRI was overexpressed on galactose. (B) MATa haploid deletion mutants harbouring either
pEMBLYEX4 or pPEMBL-NCR1 were grown for 2 d at 30°C in medium selecting for MATa
haploid yeast strains carrying a gene deletion and either plasmid. The cultures were 4-fold
serially diluted with dH,O and spotted on synthetic defined medium lacking leucine and
containing glucose or galactose, beginning with 1x10%cells. Plates were incubated at 30°C for 7
d. Weak suppressors were identified as those deletion strains that permitted more growth than
wild-type strains when NCRI was overexpressed on galactose.
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Table 6. Deletion suppressors of NCR1- overexpression toxicity

Gene Function or gene product®

Strong suppressors

DAL7 Malate synthase, degrades allantoin

GAL3 Involved in galactose induction of GAL genes

GAL4 Positive regulator of GAL genes

LOCI Localization of mRNA

NHPI10 Non-histone protein involved in nucleosome mobilization
QDRI Multidrug resistance transporter, drug:H" antiporter
RPL20b Protein component of the large (60S) ribosomal subunit
RPS6b Protein component of small (40S) ribosomal subunit
RTN2 Member of reticulon family

SXM1 Nuclear import of mRNA-binding proteins

XRS2 DNA-repair protein

YDR0O94w Unknown

YOR315w Unknown

YPLI44w Unknown

YPR0O59c Unknown

Weak Suppressors

BEM4 Bud-emergence protein

BUDS9 Required for bipolar budding

CBPI Protein required for cytochrome b mRNA stability
CCS! Copper chaperone for superoxide dismutase

CITI Citrate synthase

DALS Allantoin permease

ESC2 Protein involved in mating-type locus silencing

GPHI Glycogen phosphorylase

GPX2 Glutathione peroxidase

HLRI Protein involved in cell-wall composition and integrity
HTAI Histone H2A

IESS Associates with INO80 chromatin remodeling complex
MOGI Required for nuclear-protein import

MPA43 Unknown

PATI Protein associated with topoisomerase II
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Table 6. (Cont’d) Deletion suppressors of NCR1 overexpression toxicity

PDRIS5
PRM4
RCEI
RPL11Bb
SAC3
SMFI
SMF3
SWCI
SWC2
TMTI
TNAI
TOS6
UAF30
UBC4
VID28
YARI
YBR225w
YCRO87w
YDJI
YDRO61w
YDRI09c
YDRI98c
YDR249¢
YDR391c
YGLOSIw
YHLOI2w
YMLO087¢
YMLI22¢
YMR258¢
YOR318¢
YPLO30w
YPL247¢

Putative multidrug-resistance transporter
Pheromone-regulated protein

Protease involved in ras and a-factor terminal proteolysis
Protein component of the large ribosomal subunit
Nuclear export of mRNA

Manganese ion transporter

Metal-ion transporter activity

May establish boundaries of heterochromatin
May establish boundaries of heterochromatin
Trans-aconitate methyltransferase 1

Transporter of nicotinic acid

Unknown

Component of Upstream Activation Factor complex
Ubiquitin conjugating enzyme

Involved in degradation of fructose-1,6-bisphosphatase
Involved in 40S ribosome biogenesis

Unknown

Unknown

ER and mitochondrial protein import
Mitochondrial ABC transporter activity
Unknown, kinase activity

Unknown

Unknown

Unknown

Member of Forkhead Associated Domain family
UTP-glucose-1-phosphate uridylyltransferase
Contains oxidoreductase FAD-binding domain
Unknown

Unknown

Unknown

Unknown

Unknown

* Function was assigned by the Yeast Proteome Database



3.13.2. SGA analysis to reveal genes that contribute to survival when NCRI is
overexpressed

As an alternative approach to understand NCRI function, a second SGA
analysis was undertaken to identify deletion mutants that are hypersensitive to
overexpression of NCRI. The functions of the genes identified in this screen would
be expected to oppose Ncrl function and therefore contribute to survival when NCRI
is overexpressed. Conversely, deletion of these genes would render cells intolerant to
excess Ncrl protein.

As with the SGA analysis described above, MATa haploid deletion strains
containing pPEMBLYEX4 or pPEMBL-NCR1 were created by mating and sporulation,
but instead of testing viability on medium lacking leucine, they were pinned to
synthetic defined medium lacking uracil and containing galactose. Under these
conditions, expression of the NCRI gene from pEMBL-NCRI inhibits growth of
wild-type yeast, but to a lesser extent than on medium lacking leucine (Fig. 12B).
Gene deletions that specifically prevent the strain from growing when NCRI was
overexpressed were expected to be a subset of those that impaired growth on the
galactose medium lacking uracil. The other genes identified by this approach would
include some that were unrelated to NCR! function, for example genes required for
the use of galactose as a carbon source. To identify these, growth of each gene-

deletion mutant harbouring pEMBL-NCR1 was compared to growth on the same
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medium of the corresponding mutant but harbouring empty vector, pPEMBLYEX4. If
the strain containing empty vector could not grow on galactose, it demonstrated that
the inviability was not due to a genetic interaction with NCRI and was due instead to
galactose auxotrophy. In addition, the growth on galactose of each deletion mutant
harbouring pPEMBL-NCR1 was compared to the growth that had been observed on
glucose prior to transfer to galactose. This comparison allowed identification of false
positives, where inviability on the galactose medium was due to lower sporulation or
germination efficiency, at earlier steps in the analysis (155). Gene-deletion mutants
were scored as synthetic-lethal or sick with NCRI overexpression only if they grew
under all conditions when transformed with empty vector and either failed to grow or
grew poorly when transformed with the NCRI-overexpressing plasmid on synthetic
defined galactose medium lacking uracil. Rapid identification of yeast deletion
strains that were compromised only when NCRI was overexpressed was facilitated by
digitally modifying scanned images of the plated arrays and overlaying the images
(Fig. 16).

Upon completion of three SGA screens, each initiated with an independent
isolate of Y2454 transformed with pEMBL-NCRI, thirty-one deletion mutants were
identified on the basis of hypersensitivity to NCRI overexpression. These mutants
were obtained from the Euroscarf collection and directly transformed with either

pEMBLyEX4 or pEMBL-NCR1. Cell viability assays were performed to verify that,
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Figure 16. Digital modification of SGA robot plates facilitates screening. Haploid
yeast carrying a gene deletion and either pPEMBLYEX4 (A) or pEMBL-NCR1 (B and
C) were pinned to synthetic defined medium lacking uracil and containing either
glucose (C) or galactose (A and B). Colonies were pseudocoloured green (A) red (B)
or blue (C) and merged with each other to facilitate identification of yeast gene-deletion
strains that cannot grow in (B) because they are galactose auxotrophic (yellow box),
due to decreased efficiency of sporulation or germination (white box), or because they
cannot cope with the toxicity of NCRI overexpression (red box).
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as observed in the SGA analysis where plasmids had been introduced into mutant
cells by mating and sporulation, these deletions rendered cells more sensitive to
overexpression of NCRI (Fig. 17). Fourteen genes were confirmed by this direct
testing as contributing to survival when NCRI is overexpressed (Table 7). These
genes may participate in pathways or cellular processes that oppose NCRI function
(Table 7).

A quarter of the genes identified (BEMI, BCKI and CHS5) are directly
involved in delivery of materials to polarized-growth sites. Polar growth is the
asymmetric delivery of substrates to a distinct cellular location. S. cerevisiae displays
polarized growth during budding, mating and pseudohyphal growth. During cell
division, secretion is directed to the emerging bud. High concentrations of secretory
vesicles can be visualized in small buds (97). During this process, the actin
cytoskeleton becomes highly polarized and materials required for new wall assembly
at the bud site are deposited at actin patches (97). Chitin, a polymer of N-
acetylglucosamine and a constituent of the cell wall, is specifically localized at the
incipient bud site in unbudded cells and later in the neck that separates mother from
daughter cells (97). Another period of polarized growth occurs when yeast cells
mate. During mating, yeast produce a mating pheromone. Upon detection of
pheromone produced by a cell of the opposite mating type, the cell becomes

deformed as growth is initiated in the dirction of the mating partner, and a mating
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Figure 17. Deletion mutations render cells hypersensitive to overexpression of NCRI.
Yeast containing pPEMBLYEX4 or pPEMBL-NCR1 were grown in SD medium lacking
uracil to saturation. Five-fold serial dilutions of cells were spotted on SD medium
lacking uracil and containing glucose or galactose and were grown for 7 d. Two
independent transformants were tested for each deletion mutant. The identity of each
deleted gene was confirmed by PCR.
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Table 7. Genes that contribute to survival when NCR1 is overexpressed

Gene Function or gene product’

Cell growth and

intracellular trafficking

BCK1 MAP kinase kinase kinase in cell-wall integrity pathway

BEM1 Required for cell polarization and bud formation

CHSS Required for polarized localization of chitin synthase III

GOT1 Required for ER to Golgi transport

MCKI Member of the GSK3 subfamily of protein kinases

Metabolism

DALS8I Transcription factor

HFAI Mitochondrial acetyl-CoA carboxylase

LIP2 Protein with similarity to E. coli lipoic acid ligase

Other

IRA2 GTPase-activating protein for Ras1 and Ras2

SPT3 Member of the nucleosomal histone acetyltransferase
complex SAGA

YLRO21w Possibly required for full induction of IMEI

YMLO30w Possibly involved in mitochondrial function

* Function was assigned by the Yeast Proteome Database
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projection emerges (97). Many proteins required for budding are also essential for
mating (97). Since loss of genes required for polarized growth exacerbates toxicity of
NCRI overexpression, excess Ncrl may result in enhanced flow of materials away
from sites of polarized growth.

The product of one of the genes identified in this screen, BCKI, is a
component of a signal-transduction pathway in yeast, the protein kinase C
(PKC)/cell-wall integrity pathway. Signal-transduction pathways are triggered by
proteins at the cell surface that respond to the environment by initiating a cascade of
protein phosphorylations that ultimately activate the expression of genes required to
protect the cell from damage. In response to high temperature or low osmolarity,
Pkcl phosphorylates, and thereby activates, Bckl (64). Bckl then phosphorylates
Mkk1 and Mkk2, which in turn phosphorylate the mitogen-activated protein (MAP)
kinase Slt2 (64). Phosphorylated Slt2 activates transcription factors that induce
expression of cell-wall biosynthetic genes, including FKSI, FKS2, MNNI and CHS3,
which encodes chitin synthase (64). It was striking that BCKI was identified in this
screen in isolation from other members of the PKC pathway. Tong ez al. (156) have
estimated the frequency of false negatives in an SGA screen to be 17-41%. To
determine if other members of the PKC pathway were false negatives in this screen,
yeast deleted for different components of the PKC pathway were transformed with

pEMBLYEX4 and pEMBL-NCRI1 and viability was tested on synthetic defined
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galactose medium lacking uracil. Cells lacking SLT2 were found to be intolerant to
excess NCRI, indicating that BCK is not the only member of this pathway that
participates in a genetic interaction with NCRI (Fig. 18).

It is unsurprising that mkkI A and mkk2A cells survived NCRI overexpression,
as they comprise an essential gene pair, with one wild-type gene compensating for
loss of the other (64). The other gene deletions that were inconsequential in
combination with NCRI overexpression included sac7A and rimlIA. Sac7 is a
GTPase-activating factor for Rhol (a G protein that activates Pkcl), while Riml is a
transcription factor that is activated in response to phosphorylation of Slt2 (64).

The inviability of bcklA cells overexpressing NCRI may reflect excessive
flux through a pathway that opposes the PKC pathway. To determine if the
reciprocal genetic interaction existed, NCRI and ncrlA yeast were transformed with
the single-copy LEU2-marked plasmid pRS315 or with pGAL-BCK1-20, that
encodes a constitutively activated allele of BCKI, BCKI-20, under the contro] of a
galactose-inducible promoter (44). Cell viability was tested on synthetic defined
medium lacking leucine or the same medium containing galactose (Fig. 19).
Overexpression of activated BCK1 impairs growth of NCRI cells, but deletion of

NCRI did not exacerbate this toxicity. This may suggest that NCRI does not oppose
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Figure 18. slt2A cells are hypersensitive to excess NCRI. Isogenic SLT2
or slt2A cells transformed with pEMBLYEX4 or pPEMBL-NCR1 were
grown to stationary phase in synthetic defined medium lacking uracil. Cells
were 5-fold serially diluted and equal numbers of cells, beginning with 10*
cells, were deposited on synthetic defined medium lacking uracil and
containing glucose or galactose and incubated at 30° C for 7 days.

101



glucose galactose

NCRI [pRS315]

NCRI [pGAL-BCK1-20]

nerlA [pRS315]

ncrlA [pGAL-BCK1-20]

cell number: 2000 400 80 2000 400 80

Figure 19. ncrlA cells are not hypersensitive to excess BCKI-20.
Isogenic NCRI or ncrlA cells transformed with pRS315 or
pGAL-BCK1-20 were grown to stationary phase in synthetic
defined medium lacking leucine. Cells were 5-fold serially diluted
and equal numbers of cells, beginning with 2000 cells, were
deposited on synthetic defined medium lacking leucine and
containing glucose or galactose and incubated at 28°C for 3 days.
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flux through the BCKI pathway. Alternatively, NCRI may contribute only slightly to

an opposing pathway, such that the effects of its loss in this context are undetectable.

3.14. Loss of NHX1 impairs cells overexpressing NCR1

The NHXI gene was found to contribute to survival when NCRI is
overexpressed. Deletion of NHXI exacerbated toxicity of NCRI overexpression in
only one of three SGA screens, but this phenotype was found to be reproducible when
directly tested. The nhxIA mutations differed from the other enhancers in that it was
deleterious only when cells were induced to overexpress NCRI on synthetic
complete, but not on synthetic defined medium (Fig. 20). This conditional phenotype
may have prevented the nix]A mutant from being consistently identified in all three
screens, which were performed on synthetic defined medium.

The genetic interaction between NCR! and NHXI was confirmed by tetrad
analysis. Wild-type cells harbouring pEMBL-NCR1 were mated to nhxIA cells and
the diploids were sporulated. Haploid segregants were tested for growth on synthetic
complete medium lacking uracil and containing galactose to induce expression of
NCRI from the plasmid. All nhxIA meiotic progeny overexpressing NCRI on
galactose grew more poorly than either nixA cells transformed with empty vector or

NHX1 segregants transformed with either plasmid (data not shown). The genetic
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Figure 20. Yeast lacking NHXI are hypersensitive to overexpression of
NCRI. Isogenic NHXI and nhxlA yeast were transformed with pPEMBLYEX4
and pEMBL-NCR1 and grown in synthetic complete liquid lacking uracil to
stationary phase. Cells were 5-fold serially diluted and deposited on synthetic
complete medium lacking uracil and containing either glucose or galactose,
starting with 10%cells. The plates were incubated at 30 °C for 3 d.
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linkage of nhxIA with the inviability proves that loss of this protein renders cells
intolerant to overexpression of NCRI.

Based on sequence homology with mammalian NHE proteins, NHXI encodes
a sodium-proton antiporter (106), localized to the prevacuolar compartment (107).
The Nhx1 protein is believed to participate in sodium homeostasis by sequestering
Na*ions in the PVC (106, 107). The inviability observed when cells lacking this
sodium-proton transporter overexpress NCRI suggests that Ncrl may also participate
in sodium or pH homeostasis.

Since NHX1 allows cells to cope with excess NCRI, I assessed the
consequence of loss of the NCRI gene when NHX1 is absent. Diploids heterozygous
for ncrlA and nhxl A were created and sporulated. Analysis of the meiotic products
from these crosses did not reveal any difference between ncrlA nhxIA and NCRI
nhx]A haploid segregants when these were grown on YEPD medium at 30°C (data
not shown). The lack of a synthetic phenotype suggests that NCRI may not directly
participate in maintaining intracellular sodium or pH balance. On the other hand, if
Necrl negatively regulates Nhx1, loss of Ncrl in a strain already lacking Nhx1 may

have no further effect.
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3.15. As with NHX1 deletion, NCRI overexpression results in hygromycin B

sensitivity

NHXI—deficient yeast are sensitive to NaCl under acidic conditions (106), and
also to other cations such as K", tetramethylammonium and the aminoglycoside
antibiotics hygromycin B and G418 (20, 53). The uptake of hygromycin B, a divalent
cation that inhibits translation, is driven by the electrical membrane potential and may
occur through nonspecific channels in the plasma membrane (160). The loss of Nhx1
has been hypothesized to decrease the concentration of protons in the cytosol,
resulting in a hyperpolarized plasma membrane, allowing greater uptake of positively
charged molecules such as hygromycin B, and decreased sequestration of the drug
(1). Since overexpression of NCRI is particularly detrimental to cells lacking NHXI,
we hypothesized that cells overexpressing or lacking NCRI might have altered
sensitivity to hygromycin B, reflecting an influence on an Nhx1-dependent process.
Yeast overexpressing NCRI were found to be hypersensitive to even low levels of
hygromycin B (5 ug/mL), while yeast lacking NCRI were significantly more resistant
(P < 0.05) than NCR1 wild-type yeast to growth in 15 pg/mL hygromycin B (Fig. 21).
This suggests that NCRI prevents intracellular sequestration or promotes polarization

of the cell membrane, so when in excess, there is increased uptake of hygromycin B

or decreased storage.
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Figure 21. Hygromycin B is toxic to cells overexpressing NCR1, while deletion of NCRI
confers hygromycin B resistance. Transformed yeast were grown at 28 °C to saturation in
synthetic complete liquid medium lacking uracil. Yeast were inoculated into APG pH 4
medium lacking uracil, containing glucose or galactose, with or without hygromycin B
(HygB) and incubated at 28°C. (A) NCRI yeast transformed with pPEMBLYEX4 or
PEMBL-NCRI1 were inoculated at OD4=0.005 and grown for 48 h. Growth was measured
as ODgy, and pEMBL-NCRI1 transformant growth as a percent of the pPEMBLYEX4
transformant growth in the same medium. (B) NCRI and ncrl A yeast, transformed with
either pRS316 or pRSNCRI1, were inoculated at ODe=0.004 and grown for 24 h. Growth
was measured as OD and expressed as percent of the control cultures containing no
hygromycin. Results are the average +/- SD of 3 replicates with a minimum of two
independent transformants for each.
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3.16. The Nhx1 C-terminal tail and Necr1 cysteine-rich loop do not interact by
yeast two-hybrid analysis

The Nhx1 protein is an integral membrane protein localized to the PVC (1).
The amino-terminal domain is predicted to contain 12 transmembrane spans and to
mediate ion exchange (173). The carboxy-terminal domain is hydrophilic and
lumenal (173), and has previously been shown to interact with Gyp6, a GTPase
Activating Protein (GAP) for Ypt6. Ypt6 is a small GTP-binding protein implicated
in retrograde vesicular trafficking from the PVC to the Golgi (1). The colocalization
of both Nhx1-GFP and Ncr1-GFP to the same compartment and the discovery that
Nhx1 is required to survive excess NCR! suggested that the two proteins might
physically interact in vivo. Both the Nhx1 carboxy-terminal tail and the cysteine-rich
loop of Nerl are predicted to be lumenal (42, 173); therefore, interaction of these
hydrophilic domains was tested using a two-hybrid genetic assay (Fig. 22). The
Nhx1 and Nerl domains were not found to interact in this assay. This lack of
interaction may indicate these proteins do not normally interact in vivo, but improper
folding of these two domains or interference from the protein sequences to which
they are fused may have prevented interaction in this assay. The other two predicted
lumenal domains of Ncrl (42) could not be tested for interaction in this assay, as they
activate the reporter gene when fused to a DNA-binding domain even in the absence

of an authentic interacting partner protein (data not shown). Interestingly, I found
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Figure 22. The Nhx1 C-terminal tail and Ncrl cysteine-rich loop do not
interact in a two-hybrid assay. Yeast expressing the Nhx1 C-terminal tail
(Nhx1-C) and Necrl cysteine-rich loop (Ncr1-CRL) fused to either the LexA
DNA-binding domain or the Gal4 transcription-activation domain were
assayed by a [3-galactosidase filter assay for expression of a lacZ reporter
gene controlled by the LexA-binding site. Two proteins known to interact,
Repl and Rep2, were used as controls (142) for fusion-protein

interactions, detected as a dark colour on the filter.
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that fusion of the carboxy terminal portion of Nhx1 with the LexA DNA-binding
domain was also capable of activating reporter-gene expression in the absence of an
interacting partner. Coimmunoprecipitation of native Ncrl and Nhx1 will need to be

performed to determine if these proteins do interact.

3.17. Excess NCRI does not cause cells to missort carboxypeptidase Y

In addition to its role in Na* homeostasis, Nhx1 also participates in
intracellular trafficking. Yeast deficient in NHX! were isolated in a screen for
mutants that inappropriately secrete a fraction of their carboxypeptidase Y (CPY) into
the growth medium (17). CPY is normally a vacuolar protease. The CPY precursor
protein is synthesized in the endoplasmic reticulum and transported to the vacuole via
the Golgi and prevacuolar compartment (148). Its proper delivery to the vacuole is
dependent on the receptor Vps10 (34, 99). Vpsl10 recognizes CPY in the late Golgi
and delivers it to the PVC. A retrieval signal in its cytosolic domain facilitates the
recovery of Vpsl10 to the Golgi (34). If insufficient Vps10 is delivered to the Golgi,
either due to impaired synthesis or inefficient retrieval from the PVC, CPY
accumulates at the Golgi and is diverted to the plasma membrane, where it is secreted
(99). Secretion of CPY is detectable and this approach can be used to identify

perturbations in trafficking between the Golgi and PVC compartments (34, 143).
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In yeast lacking NHX! the PVC becomes enlarged and proteins such as Vphl,
(normally a vacuolar protein), and the CPY receptor Vps10 are both improperly
localized to this compartment (17). Because of increased acidity in the PVC, the
Vps10 receptor is prematurely degraded when NHX1 is absent (17). These features
all suggest that movement of proteins from the PVC to the vacuole or Golgi is
restricted in nhx]A mutants. Supporting this, two markers of endocytosis, the
lipophilic dye FM4-64 and GFP-tagged o mating factor receptor, Ste3-GFP,
accumulate in the PVC when NHX1 is absent (17). In wild-type cells, FM4-64 and
Ste3 are internalized at the PM and enter the PVC before delivery to the vacuole (28,
165). Therefore, Nhx1 participates in trafficking between the prevacuolar
compartment and the vacuole or Golgi (17).

The exacerbated toxicity of NCRI overexpression in nhxIA yeast suggests that
the function of Nerl may oppose that of Nhx1. Ncrl might directly participate in ion
transport or could negatively regulate Nhx1. Ncrl function could also oppose Nhx1
function more indirectly. For example, Nhx 1-mediated transport between the PVC
and the vacuole or Golgi may be balanced by Nerl facilitating delivery of materials to
the PVC, either from the Golgi, the vacuole or from an early endocytic compartment.
This function of Nerl is consistent with loss of NCRI delaying endocytic traffic

(161). In this case, overexpression of NCRI might be predicted to induce excessive
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delivery of cargo to the PVC. This enhanced anterograde transport might impair
recycling of Vps10 to the Golgi, causing CPY at the Golgi to be diverted to the cell
surface. Additionally, overexpression of NCRI in NHX1-deficient cells might be
expected to exaggerate the secretion of CPY in nhxIA cells.

To test these hypotheses, NHX! and nhx] A yeast transformed with
pEMBLYEX4 or pPEMBL-NCRI1 were grown on nitrocellulose membranes overlaid
on synthetic complete medium lacking uracil and containing galactose to induce
expression of NCR1. Secretion of CPY by the yeast was assayed by probing the
membrane with anti-CPY antibodies (Fig. 23). Neither NHX! yeast transformant
secreted detectable CPY, suggesting that overexpression of NCRI does not impair
retrograde trafficking from the PVC. This implies that Ncrl is not a negative
regulator of Nhx1. In addition, CPY secretion by nhxIA cells, with or without NCRI1
overexpression, was comparable (Fig. 23). Therefore, the overexpression of NCRI in
cells lacking NHX1 did not enhance the nhx]A CPY secretion defect, suggesting the
toxicity associated with NCRI overexpression in these cells does not reflect an

exaggerated obstruction of traffic from the PVC to the Golgi.
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Figure 23. Effect of NCRI overexpression on CPY secretion. Equal
numbers of cells from stationary-phase yeast cultures were spotted on
nitrocellulose membranes overlaid on synthetic complete medium lacking
uracil and containing glucose or galactose. Following 35 h at 30 °C, the
membranes were washed to remove cells. Extracellular CPY secreted
from isogenic NHXI or nhxI A yeast, harbouring pEMBLYEX4 or pEMBL-
NCRI1, was detected by immunostaining with anti-CPY antibody.
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3.18. NCRI contributes to pH homeostasis in the absence of V-ATPase

Since overexpression of NCRI does not promote secretion of CPY, either in
the presence or the absence of NHXI, sufficient Vps10 must be recycled to the Golgi
for CPY binding and anterograde transport. If Ncrl does not function in delivery of
cargo from the Golgi to the PVC, its ability to oppose Nhx1 may be due to another
aspect of Nhx1 function. Bowers et al. (17) have proposed that retrograde trafficking
is impaired in nhxIA cells because they cannot alkalinize the PVC. The resulting
increase in lumenal pH contributes to protein-trafficking defects of nhxIA cells. This
hypothesis has been supported by the observation that the addition of weak base to
the culture medium can correct the mislocalization of endocytosed Ste3-GFP or
delayed efflux of FM4-64 in nhx]A cells (20). Conversely, accumulation of Ste3-
GFP in the PVC could be induced in wild-type cells by supplementation of the culture
medium with weak acid (20). In wild-type cells, the sodium import/proton export
activity of Nhx1 is dependent on a proton gradient across the PVC membrane,
established by the import of protons into the PVC by the vacuolar H*-ATPase (V-
ATPase) (17). Nhx1 activity has been proposed to neutralize the V-ATPase-mediated
acidification of the PVC (17), suggesting that defective retrograde trafficking in
nhx1A cells could be alleviated by impairing import of protons into the PVC (17).

However, deletion of VMA2, encoding a subunit of the V-ATPase, fails to correct the
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trafficking phenotypes of nhxIA cells (17). Bowers ez al. concluded that either the
protein-trafficking defects of nhx1A cells are independent of its ion exchange
function, or another protein could acidify the PVC. Since Ncrl function may oppose
Nhx1 function, Ncrl could be the other protein that promotes import of protons when
cells lack V-ATPase activity. To test this hypothesis, ncrlA, vima6A and ncrlA
vma6A double mutants were grown on media of varying pH and viability was
assessed relative to a NCRI VMAG wild-type strain. VMAG encodes a subunit of the
V-ATPase and is required for its assembly. Wild-type NCRI VMAG yeast and those
lacking only NCRI grew well at every pH used, except at the extreme alkaline pH of
9 (data not shown). Yeast lacking VMAG grew slightly less well than wild-type yeast
at pH 2.5, 3, 7.5 and 8 (Fig. 24). However, sensitivity to high and low pH was
exacerbated dramatically by loss of NCRI in this background (Fig. 24). This suggests
that NCR1 allows cells to maintain pH homeostasis at low and high pH, in the
absence of VMA6. We subsequently confirmed that inviability of the ncrlA vma6A
strain at low and high pH was due to loss of NCRI because a single copy of NCRI on
a plasmid rescued vma6A ncrlA cells at alkaline and acidic pH, while the

corresponding empty vector did not suppress the inviability (M. Dobson, unpublished

results).
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Figure 24. Yeast cells lacking both VMA6 and NCRI are sensitive to acidic and
alkaline pH. Haploid yeast of the genotypes indicated were grown to saturation

in YEPD and deposited on YEPD plates buffered at the indicated pH. The numbers
of cells deposited are indicated. The orientation of the strains spotted on the plates is
the same for each pH condition. The plates were incubated at 28°C for 5 d.
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4. Discussion

The primary biochemical defect in NPC1 mutant cells is unidentified. While
the underlying cause of the pathology of NPC disease was initially believed to be
defective cholesterol transport, more recent studies have suggested that intracellular
transport in general may be affected by dysfunctional NPC1, leading to accumulation
of sterols and sphingolipids as a secondary effect (110). I have used, as a model, the
yeast Saccharomyces cerevisiae to examine the effects of deletion or overexpression
of its single NPC1 homologue, NCRI.

This investigation commenced with an extensive examination of the
consequences of Ncrl deficiency in yeast. Given that mutation of the human NPC1
homologue results in a fatal cholesterol storage disorder, we expected that loss of
Nerl would evoke an observable phenotype in yeast cells. ncrlA cells grew as well
as their NCRI counterparts under a range of normal and stressful growth conditions.
This is compatible with recent reports demonstrating that loss of Ncrl is
inconsequential (98, 183).

While ncrlA yeast responded similarly to NCRI yeast under all plating
conditions to which they were subjected, it was possible that subtle biochemical
differences between NCRI and ncrlA yeast could be detected by specific biochemical

assays. Incorporation of [*“Clacetate into lipids was indistinguishable in NCRI and
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necrl A yeast at 37°C, a temperature at which endocytosis is impaired but not blocked
in the mutant (161). This was in accordance with a recent extensive comparative
analysis of sterol metabolism in NCRI and ncrlA yeast, where no differences were
observed (98). Subcellular localization of endogenously synthesized lipids could be
examined, as it is still possible that their distribution may be altered in ncrlA yeast,
particularly at 37°C, even if total lipid levels are unaffected. A significant increase in
diacylglyceride (DAG) levels in ncrl A yeast was observed following ['*Clacetate
labeling for one hour at 30°C. Increased DAG has been shown to activate protein
kinase C (Pkcl) (115), which in turn activates Bck1 and SIt2, two downstream
effectors in the maintenance of cellular integrity pathway. If deletion of NCRI causes
an increase in DAG, overexpression of NCRI may result in decreased DAG, and
correspondingly reduce the activity of Bckl and Slt2, leading to impaired growth.
Consistent with this hypothesis, deletion of either BCKI or SLT2 were found to
enhance the toxicity resulting from overexpression of NCRI. What is the source of
the elevated DAG when NCRI is deleted? DAG is produced in many reactions

within the cell: it is released during the formation of inositol phosphoceramide (65) or
can be produced by the dephosphorylation of phosphatidic acid by phosphatidic acid
phosphatase (24). Since elevated DAG levels were only observed in ncrl A mutants

following a one hour pulse with [“Clacetate, and had normalized by 16 h, the most
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likely source of DAG is that produced by the glycerol acyltransferase synthetic
pathway, rather than by a catabolic process. In the synthetic pathway, Gatl or Gat2
catalyze the acylation of glycerol-3-phosphate, forming lysophosphatidic acid, which
can be subsequently acylated by Slcl to form phoshatidic acid (180). At 37°C, DAG
levels in yeast lacking NCRI were normal but an endocytic delay was observed (161),
suggesting that the increase in DAG at 30°C might be associated with the unimpaired
trafficking. If excess DAG suppresses the effects of NCRI deletion at 30°C, then
simultaneous loss of NCRI and one of the DAG biosynthetic enzymes might confer a
phenotype.

Subtle changes in the lipid composition of membranes, including alterations in
DAG levels, can perturb intracellular trafficking events. To assess this in ncrlA
yeast, the maturation of Gas1, a GPI-linked protein found in the plasma membrane,
and extracellular levels of invertase, a protein that is normally secreted, were
monitored. Gasl maturation was normal in ncrl4 yeast at both 30°C and 37°C,
indicating normal raft trafficking from the ER to the Golgi in these mutants.
Invertase secretion was unaffected by deletion of NCRI, but this experiment was
performed only at 30°C, not at 37°C. Since endocytic defects in ncrlA yeast are only
observed at 37°C (161), it is possible that secretory defects could arise at the elevated

temperature as well. Additionally, in this experiment, yeast were induced to express
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invertase for 2 h prior to assaying enzyme activity. Subtle defects in secretion, which
could be identified following shorter incubation times, mi ght not have been detected.
Regardless, these results contribute to previous findings that sphingolipid and sterol
metabolism are unaffected by loss of NCRI (98) and that NCRI does not seem to
influence intracellular trafficking under standard growth conditions (183).

Despite ncrlA yeast having no discernable plating phenotypes or differences
in intracellular trafficking, they were found to be more sensitive to thermal stress than
NCRI yeast. This sensitivity was found to be due to decreased production of
mitochondrial mutants. Yeast lacking functional mitochondria have altered
sphingolipid composition that can affect their viability at high temperature (45, 62,
74, 172). The wild-type NCRI strain, in which the ncrlA mutation was created for
this experiment, produced petite colonies at an unusually high frequency of ~40%, -
while yeast normally produce petite colonies at a frequency of 1% (55). Since freeze-
thawing damages E. coli DNA (23), the increased propensity of this yeast strain to
generate mitochondrial mutants may have arisen during long-term storage at —=70°C.
The tendency to produce petites at an increased frequency was lost when this strain
was mated to other yeast, suggesting mitochondrial DNA damage was responsible for
this phenotype. In any case, deletion of NCRI in this strain diminished the extent to

which petite colonies were formed. Reintroduction of the wild-type NCRI gene
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restored the high rate of petite production, demonstrating a dependence of this
phenotype on NCRI status. Exposure to ethidium bromide, an agent that is known to
induce mitochondrial DNA damage (55), affected NCRI and ncriA yeast equally, so
the significance of decreased petite production upon loss of NCR1 is unclear.
Interestingly, a recent report has shown that mouse NPC1-/- neurons have severe
mitochondrial abnormalities leading to a decrease in cellular ATP, resulting in
neurodegeneration (179). This finding may be connected to my observation that loss
of Nerl diminishes production of mitochondrial DNA mutants; however, this
relationship was not pursued due to the difficulties associated with studying a
potentially mitochondrion-linked trait.

The failure of ncrlA cells to exhibit a phenotype under normal laboratory
conditions and when treated with various agents implies that the role performed by
Nerl either has no significant influence on cell biology under the conditions
examined or that other wild-type genes protect ncrl A yeast from exhibiting an
observable phenotype.

Genetic approaches were undertaken to attempt to identify these protecting
genes. The first was a classical synthetic-lethal screen to identify genes required
when NCRI is absent. All but four of 27 synthetic-lethal mutants were found to be

dependent on one of the nutritional marker genes, either URA3 or ADE3, that were
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present on the pPSLNCR1 plasmid employed in this approach, but did not require the
NCRI gene for survival. One of the 4 mutants that did require the plasmid pSLNCR1
for survival was able to lose the plasmid in the presence of one extra copy of
YGL250w. Unfortunately, the mutant locus remains unidentified and the biological
role of YGL250w has not been elucidated. According to a study in which virtually
every yeast protein was tagged with green fluorescent protein, the Ygl250w protein
resides in the cytoplasm and nucleus (70). High-throughput genome-wide yeast two-
hybrid analyses revealed that Ygl250w interacts with Atpl4, Avo2, Bdpl, Sas10 and
Sohl (72). One must discriminate when considering these findings, since Atpl4
localizes to mitochondria where it would be unlikely to interact physically with
cytoplasmic or nuclear YgI250w. Bdpl (a component of the RNA Polymerase III
transcription factor), Sas10 (a component of the small ribosomal subunit
processosome) and Soh1 (a protein with sequence similarity to RNA polymerase) are
all nuclear proteins, so their interactions with Ygl250w may be valid. Since some of
these proteins participate in transcription or may be required for efficient translation,
it is reasonable to predict that Ygl250w may be involved in gene expression as well.
Changes in gene expression are difficult to interpret, since many genes may be
influenced; therefore it is not obvious how one extra copy of a gene involved in gene
expression could rescue yeast from loss of NCRI and mutation of the unidentified

gene. Interestingly, one of the Ygl250w -interacting proteins, Avo2 (72),is a
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component of a complex required for cell growth (96), and loss of YGL250w was
found to impair cells lacking ARP2 (155). Arp2 encodes an actin-related protein that
is required for actin patch assembly and motility during endocytosis and
establishment of cell polarity (50, 105). These findings may imply a role for
YGL250w in cell growth and polarity, which is intriguing considering that some genes
required to establish cell polarity are also required for yeast to survive high
expression of NCRI.

The second gene identified in the colony colour-based synthetic-lethal screen
was GFAI. GFAI encodes glutamine:fructose-6-phosphate aminotransferase, which
catalyzes the first step in chitin biosynthesis, the transfer of an amino group from
glutamine to fructose-6-phosphate, forming glucosamine-6-phosphate and glutamate
(171). Since GFAI is an essential gene, the synthetic-lethal mutant 45-6b must carry
a point mutation that retains the essential function of GFAI but renders NCRI
essential. Alternatively, since linkage analysis was not conducted for this mutant it is
also possible that, as was observed for another mutant, a gene other than GFAI
carries the mutation and the plasmid-bomne copy of wild type GFAI rescues cells
deficient in the second gene and NCRI. The method of suppression by GFAI was not
investigated; however, sporulation of diploids heterozygous for both NCR! and the
mutant gene (either gfal or an unknown locus) resulted in only two live progeny per

tetrad. Sporulation is dependent on functional GFA! (174) and the inability of the
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mutant spores to recover from meiosis (possibly due to spore wall defects associated
with loss of GFAI) may support their identification as gfal mutants, but this evidence
is indirect.

When tetrads were isolated from the diploids heterozygous for loss of NCRI
and the gfal mutation, the presence of NCRI on a plasmid, in combination with
URA3, was found to promote viability of spores. This first illustration that nutritional
status affects ncrlA phenotypes highlights the importance of studying the effects of
loss of NCRI only in nutritionally matched, isogenic strains. This contribution of
nutritional markers to ncrl A-dependent phenotypes may explain why the colony
colour-based synthetic-lethal screen, performed on the assumption that nutritional
status is inconsequential to loss of the gene of interest, was not successful in
identifying mutations solely dependent on NCRI. Nonetheless, if wild-type NCRI
partially rescues gfal meiotic progeny, which are compromised because they lack a
cell-wall biosynthetic enzyme, this may imply a role for NCRI in wall biosynthesis,
or mobilization of cell-wall material. Expression of the GFAI gene is positively
regulated by the mating pheromone response and by the PKC pathway (184). This is
interesting in light of the SGA findings that components of the PKC pathway and
genes participating in mating-projection formation contribute to viability when yeast
overexpress NCRI. In both cases, either loss of NCRI or its overexpression might

alter critical flux in the polarized secretion and recycling pathways.
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Synthetic lethal interactions with ncrlA were sought by SGA, which is less
reliant on nutritional markers, and instead utilizes drug-resistance gene replacements
to select for gene deletions. This method probes for synthetic lethal interactions
between the gene of interest and every nonessential gene in the Yeast Gene Deletion
Set. No synthetic lethal interactions were identified by this approach (data not
shown). Therefore, under normal plating conditions, ncrl A yeast do not require a
nonessential gene for survival. Itis possible that two or more genes must be
simultaneously deleted for NCRI to become essential. Indeed, it has been found that
only the simultaneous deletion of all seven oxysterol-binding protein homologues is
lethal in yeast (13). Alternatively, a synthetic-lethal SGA screen could be performed
under conditions of stress, such as high or low pH, or in the presence of specific
inhibitors, to reveal novel NCRI genetic interactions.

My second approach to investigate the function of Ncrl examined the effects
of NCRI overexpression in yeast. The NCRI gene was placed under the control of a
galactose-inducible promoter on a high-copy plasmid. The copy number of the
PEMBL-NCRI1 plasmid could also be controlled by altering the medium on which
yeast were grown to select for either uracil or leucine prototrophy. As anticipated, the
presence of galactose rather than glucose did result in a dramatic increase in the level
of Nerl protein expressed by yeast transformed with pPEMBL-NCR1 over wild-type

levels, as detected by Western blotting (Fig. 11). Viability of these transformed yeast
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varied greatly, depending on whether the medium was synthetic complete or synthetic
defined and whether selection was for uracil or leucine prototrophy (Fig. 12). These
media differences may provide a means to further dissect the nature of the toxicity of
NCRI overexpression. Initial steps towards this elucidation were taken in this study.
CaCl, was found to partially suppress the toxicity of NCRI overexpression on
both synthetic complete medium lacking uracil (Fig. 14) and on synthetic defined
medium lacking leucine (data not shown). The inability of MgCl,, MgSO, and ZnCl,
to rescue cells from the effects of NCRI overexpression suggests that this effect was
specific to Ca**. The addition of 1 M sorbitol slightly alleviated the inviability due to
overexpression of NCRI on synthetic complete medium lacking uracil (Fig. 14) but
not on synthetic defined medium lacking leucine (data not shown). Since sorbitol,
which would be expected to osmotically stabilize cells, could not completely rescue
cells from NCRI overexpression, the toxicity of NCRI overexpression was likely not
due to generalized fragility of the cells and rescue by Ca* was not merely due to
osmotic stabilization. Ca** has been found to activate protein kinase C (115).
Activation of the protein kinase C pathway may explain the Ca**-specific rescue of
yeast from NCRI overexpression toxicity, just as blocking this pathway by deletion of
either BCK1 or SLT2 exacerbates the toxicity. Increased intracellular Ca*
concentration has also been found to activate the mammalian Nhx1 homologue,

NHEI, with the NHE1 C-terminal domain physically interacting with Ca**-
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calmodulin (36). Supplementation of medium with Ca* may thus activate Nhx1,
promoting alkalinization of the PVC. If toxicity of overexpressed Ncrl is due to
acidification of the PVC, activation of Nhx1 by Ca** would be predicted to raise the
pH of this compartment and hence alleviate the toxicity, while deletion of NHX1
would exacerbate the toxicity and block the suppressive effect of Ca™.

The first of two SGA analyses performed in this study was designed to
identify deletion mutations that allow yeast to cope with overexpression of NCRI (Fig
25). The majority (46%) of the genes identified in this screen have not yet been
assigned cellular roles, so their identification as suppressors of the effects of NCRI
overexpression will become more informative once experiments to test their functions
are undertaken and as literature concerning their functions is published. Importantly,
two genes expected to be false positives were identified in this screen. Deletion of
either GAL3 or GALA, genes encoding transcription factors known to be required for
induction of high-level expression from the GALI-10 promoter, rescued cells from the
effects of the NCRI overexpression plasmid. As with the false-positive genes MIG!
and GALS0 identified in the dosage-suppressor screen, loss of GAL3 or GAL4 would
be expected to diminish or prevent expression of NCRI from the GALI-10 promoter.
Identification of these two genes indicates that authentic suppressors of NCRI
overexpression were isolated in this screen. Likewise, other genes identified in this

screen that participate in transcription or translation (11%) may suppress toxicity of
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Figure 25. Deletion suppressors of NCRI overexpression. Genes that, when deleted, rescue cells
from the toxicity of NCRI overexpression were classified on the basis of their Gene Ontology
assigned by the Gene Ontology Consortium (4).
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NCRI overexpression by attenuating expression of the gene from the pEMBL-NCR1
plasmid. This could be tested by Western blot analysis of protein extracts from these
mutants using anti-Ncr1 antibodies. Of the other genes identified whose effects could
not be attributed to transcription or translation downregulation, ~15% participate in
metabolism, 11% mediate transport, 6% are involved in protein trafficking, 5% are
involved in stress response and 4% are involved in cell growth. The thread that binds
the genes obtained in this screen to each other and to NCR! is not obvious. I

expected to identify genes sharing functional overlap with Ncrl; however, the identity
of these genes is most likely obscured by the simultaneous identification of many
gene deletions that alleviate a deleterious secondary consequence of Nerl
overexpression. This latter group of genes would provide less insight into Nerl
function. Therefore, I focused on the results of the second SGA screen, that

identified gene deletions that exacerbate the toxicity of NCRI overexpression.

In the second SGA screen conducted in this study, thirteen gene deletions
were found to render cells hypersensitive to the toxicity of NCRI overexpression. In
contrast to the gene deletions identified as rescuing cells from toxicity of NCRI
overexpression, the “hits” identified in this second screen participate in related
biological processes. This concept is illustrated in Fig. 26, showing all synthetic

lethal interactions occurring among the identified genes. If two genes participate in a

synthetic lethal interaction, they may be assumed to share functional overlap. The
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BIM1 mekl

Figure 26. Genetic interaction network representing the synthetic lethal/sick interactions.
Genes are represented as nodes and interactions are represented as edges that connect the nodes.
Red nodes are gene deletions that were found to exacerbate the toxicity of NCRI overexpression,
while blue nodes are other genes that interact. Any nodes with less than two edges are not shown.
Synthetic lethal interactions were abstracted from the list in GRID (18), current as of July 2005,
and visualized by Osprey (19).
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high degree of connectivity among these hits suggests the majority are involved in
related processes. Four of the identified genes, BCKI, SLT2, BEM1 and CHSS5, and
many genes that participate in synthetic lethal interactions with these genes, are
implicated in establishment of cell polarity.

One of the genes identified in this screen, BEM1, encodes a protein that is
localized to the bud or shmoo tip and interacts with actin. Cells defective for BEM!
are large and multinucleate and cannot form mating projections (125). Because
Beml1 interacts with many proteins involved in polarized growth, it has been
implicated as an organizing scaffold to help promote interactions between its binding
partners (175). A second gene identified in this screen was CHS5. Chs5 resides in
the late Golgi and secretory vesicles (140) and is part of the machinery that delivers a
subset of vesicles to polar growth sites (138). In vegetatively growing cells, Chs5
delivers Chs3 (a chitin synthase) to the bud site (131, 140). In mating cells, Chs5
delivers Chs3 and Fus] (a protein required for fusion during mating) to the shmoo tip
(139, 140). In the absence of Chs5, these proteins are redistributed to cytoplasmic
patches. While Chs5 clearly is important for the localization of some proteins, it does
not transport all proteins that display polarized distribution (139). Celis lacking
Bem1 or Chs5 may be less able to maintain materials at the bud site or mating
projection due to loss of a stabilizing scaffold or to decreased vesicular trafficking to

these destinations, respectively. If Ncrl antagonizes these processes by participating
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in removal of materials from the bud site or mating projection, overexpression of
NCRI would further compromise the ability of bemlA or chs5A cells to replenish
these sites with substrates required for budding, thus slowing proliferation.

Budding also involves components of the protein kinase C/cell-wall integrity
pathway. Deficiency of two genes implicated in this pathway, BCKI or SLT2, results
in phenotypes characteristic of cell-polarity mutants. Cells lacking BCK1 exhibit a
spectrum of morphological abnormalities (35). At high temperatures, slr2 mutants
accumulate secretory vesicles throughout the cytoplasm rather than at the bud tip and
exhibit a depolarized distribution of chitin (102). Slt2 is phosphorylated, and
therefore activated, during periods of highly polarized growth (64, 76). During bud
emergence and formation of a mating projection, the cell wall and plasma membrane
must be remodeled. This is believed to activate the PKC pathway to trigger new cell-
wall synthesis (97).

Because cells lacking BCKI could not survive overexpression of NCRI, I
tested the viability of cells lacking NCRI when an activated allele of BCKI, BCK1-
20, was overexpressed. I found that overexpression of BCKI-20 is not lethal when
cells are deficient in NCRI. This lack of reciprocity might suggest that NCRI and
BCKI do not have opposing functions, but the fact that NCR1 shares a genetic
interaction with SLT2, which acts downstream of BCKI, corroborates the hypothesis

that Ncrl is active in a process opposite to that in which SLT2 and BCK1I participate.
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Given that ncrlA cells do not have a discernable phenotype, it may be unsurprising
that Ncrl loss does not further exaggerate the impairment produced by increased flux
through the PKC pathway.

The Bckl, Slt2, Chs5 and Bem1 proteins are clearly implicated in polarized
delivery of materials, even if their precise roles have not been elucidated. Since loss
of these genes exacerbates the toxicity of NCRI overexpression, excess Ncrl may
result in enhanced flow of materials away from the bud or mating projection,
resulting in an insufficiency of substrates required for polarized growth (Fig. 27).
This substrate insufficiency in yeast overexpressing NCRI may precipitate
phenotypes characteristic of cell-polarity mutants, in which delivery of substrates to
these sites occurs less efficiently. Cells overexpressing Ncrl may fail to polarize
chitin or the actin cytoskeleton. Furthermore, these cells might have defective
budding or inefficient mating. Experiments to address these questions are in
progress. While NCRI overexpression may affect polarized growth in yeast due to
accelerated removal of substances from these sites, yeast lacking NCRI may also
exhibit phenotypes associated with cell-polarity mutants because recycling occurs
less efficiently. It was previously determined that yeast lacking NCRI displayed
budding defects at 37°C (161), supporting the hypothesis that Ncrl participates in
recycling from the bud. Interestingly, while homologues of the NPC1 protein can be

found in many diverse organisms, the genome of the fission yeast,
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Figure 27. Synthetic lethality of overexpressed NCRI in cell-polarity mutants suggests
Nerl participates in recycling from sites of polarized growth. (A) Polarized secretion

and recycling from the bud proceed normally when cells are wild-type for polarity genes

and NCRI. Overexpression of NCRI (B) increases flux in the recycling pathway, impairing
growth of yeast. (C) Deletion of a cell-polarity gene (i.e. chs3A) decreases polarized secretion,

and when combined with increased flux away from the bud due to NCRI overexpression is
lethal.
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Schizosaccharomyces pombe, does not encode an NPC1 homologue. If NPCI protein
homologues are important in recycling from sites of polarized secretion, the absence
of this protein may reflect a loss of a specialized recycling function, such as that
required by budding yeast to form the bud or neurons to recover from firing. Whether
other eukaryotes also lack NPC1 homologues will become apparent as genome
sequencing projects are completed.

Other genes identified in the SGA screen whose deletion enhances toxicity of
overexpressed NCR! include GOTI, IRA2, MCKI, DALS8I1, HFAI, LIP2, SPT3,
YLRO2Iw and YMLO30w. The cellular roles of the latter two genes are unknown.
Spt3 and Dal81 are transcription activators (22, 47), and their modes of synthetic
enhancement are unclear. GOT! encodes a protein that is required for ER to Golgi
transport (33). IRA2 (which encodes a GTPase-activating protein for Ras) (152) and
MCK1 (a protein kinase involved in the control of chromosome segregation and in
regulating entry into meiosis) (89) may be indirectly involved in establishing cell
polarity, since cells lacking these genes participate in synthetic lethal interactions
with known polarity genes (156). LIP2 encodes a protein that modifies mitochondrial
enzymes by attaching lipoic acid groups (101). Surprisingly, the only gene involved
in lipid metabolism that was identified in this screen is HFAI. Hfalisa
mitochondrial acetyl-CoA carboxylase that catalyzes the production of malonyl-CoA,

required for mitochondrial fatty acid biosynthesis (68). This may imply a role for
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Nerl in transport of fatty acids from the mitochondrion, or degradation of
mitochondrial fatty acids. This possibility remains to be tested but is intriguing in
light of the observed genetic interaction between loss of NCRI and a putative
mitochondrial DNA mutation.

My finding that NHXI allows cells to cope with excess Ncrl suggests the
cellular role of Ncrl may be opposite to that of Nhx1. Nhx1 is a sodium-proton
antiporter localized to the PVC of yeast, that imports Na*ions into this compartment
in exchange for protons (106, 107). The sensitivity of yeast lacking NHX1 to the
aminoglycoside antibiotic hygromycin B (53) suggested a way to test for functional
overlap between NCRI and NHXI. I examined the sensitivity to hygromycin B of
cells overexpressing or deficient in Ncrl. Consistent with NCRI overexpression
being more deleterious in an nhxIA yeast, overexpression of NCR1, like deletion of
NHX]I, resulted in sensitivity to even very low levels of hygromycin B while,
compared to NCRI yeast, ncrl A cells were slightly more resistant. By analogy with
the nhxI A phenotype, NCRI-overexpressing yeast may be more sensitive to
hygromycin B either because of increased uptake or because intracellular
sequestration is decreased. The opposite would explain resistance of ncrlA yeast to
hygromycin B. Alternatively, overexpression of NCRI may perturb PM sterol levels,

altering the conformation of transporters in the PM and increasing uptake of
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hygromycin B. However, since a sterol-related phenotype has yet to be observed in
yeast lacking NCRI the former possibility is favoured. The hygromycin phenotypes
of cells overexpressing or lacking Ncrl suggest Ncrl participates in a process that
may counteract the cellular activity of Nhx1. Ncrl could import protons into or
efflux Na* ions from the PVC, either directly or by regulating other transporters, or
Necrl may inhibit or negatively regulate Nhx1.

If Nerl negatively regulates Nhx1, it may do so by physical interaction with
the antiporter. This possibility was tested in a yeast two-hybrid protein-interaction
assay. The Ncrl cysteine-rich loop was not found to interact with the C-terminal
domain of Nhx1 in this genetic assay, despite the fact that each of these domains is
predicted to lie within the PVC/vacuole lumen. This may imply that Ncrl and Nhx1
do not physically interact. However, one caveat of the yeast two-hybrid assay is the
fusion proteins must be delivered to the nucleus to be able to activate the reporter
gene. Since the Nhx1 and Ncrl domains that were tested are predicted to be in the
PVC/vacuole lumen, where the pH is lower than in the nucleus, improper folding at
the higher pH may have prevented their physical interaction in the nucleus. Improper
folding of the carboxy-terminal domain of Nhx1 is unlikely since the same fusion
protein has been shown to interact with Gyp6 in a two-hybrid assay and
coimmunoprecipitation of the full-length proteins has confirmed this as a real

interaction (1). It is possible that Nhx1 requires Gyp6 to bind to the Ncrl cysteine-
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rich loop and Gyp6 would not be present in the nucleus to facilitate this interaction in
the two-hybrid assay. Alternatively, the Ncrl-binding site on Nhx1 may lie outside
the C terminus or require other domains of Ncrl that are not present in my two-hybrid
fusion protein. Ncrl and Gyp6 could co-regulate Nhx1 such that when one is bound,
the other is physically occluded. Gyp6, like Nerl, confers sensitivity to hygromycin
B when overexpressed and results in resistance when absent (1). Further
investigation of possible interaction of Nhx1 and Necrl awaits a test of whether the
full-length native proteins coimmunoprecipitate, as would be expected if they
physically interact in vivo.

Ncrl may not physically interact with Nhx1 but could still directly inhibit the
Na“-proton antiporter activity of Nhx1, or Ncrl may indirectly oppose Nhx1 function
by promoting trafficking into the PVC. Cells lacking Nhx1 have an acidified PVC,
which promotes trafficking from the PVC to the vacuole and inhibits retrograde
trafficking from the PVC to the Golgi (17). The impaired retrograde trafficking
delays recycling of the CPY receptor, Vps10, to the Golgi, resulting in CPY secretion
by nhx1A cells (17). Since cells overexpressing NCRI, like nhxl A cells, were found
to be hygromycin B-sensitive, I next examined whether NCRI-overexpressing cells
shared a CPY secretion phenotype with nkxI A cells. Wild-type yeast overexpressing
NCRI did not secrete CPY, implying that Ncrl is not an inhibitor of Nhx1 activity.

Therefore, Ncrl may oppose the function of Nhx1, but does not appear to act by
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inhibiting Nhx 1-mediated retrograde trafficking from the PVC to the Golgi. In
addition, anterograde trafficking from the Golgi to the PVC is likely unaffected by
overexpression of Ncrl since these cells properly deliver CPY from the Golgi to the
PVC. This suggests that if Ncrl indirectly opposes Nhx1 function by promoting
transport of cargo to the PVC, this cargo originates from the early endosome or the
vacuole, but not from the Golgi. Furthermore, overexpression of NCRI did not
exaggerate the CPY-secretion defect of nhxIA cells, suggesting that the loss of
viability due to NCRI overexpression in these cells can not be attributed to a more
severe impairment of retrograde trafficking from the PVC to the Golgi.

If Nerl directly opposes Nhx1 activity, it may efflux Na*ions from the PVC
or transport protons into this compartment. The ability of Nhx1 to sequester Na*ions
in the PVC is believed to be dependent on a pH gradient across the PVC membrane,
established by the vacuolar H*-ATPase (17). To determine if Ncrl promotes the
import of protons into the PVC, yeast were grown on media buffered to a range of
different pHs. If Ncrl participates in intracellular trafficking of protons, cells lacking
NCRI might be expected to have diminished capacity to maintain pH balance at
extremes in pH. However, cells lacking NCRI were able to grow as well as wild-type
cells did at all pH values tested (Fig. 24), suggesting that Ncrl does not significantly
contribute to pH homeostasis in wild-type yeast, where the vacuolar H*-ATPase can

compensate for pH variations (3). If Ncrl promoted movement of protons into the
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PVC, a mutation in the PVC inward proton pump might be expected to be more
deleterious in ncrlA yeast. Yeast lacking a gene encoding a subunit of the vacuolar
H*-ATPase (vina64) in combination with loss of NCRI were sensitive on media
buffered below pH 3 and above pH 7.5. The sensitivity to extremes of pH due to the
combined loss of NCRI and VMAG was more severe than that conferred by the vma6A
mutation. This additive phenotype is indicative that Ncrl and Vma6 share functional
overlap, in this case pH homeostasis, but contribute distinctly to this process. Since
loss of the VMAG6-encoded subunit of the V-ATPase alone significantly decreases the
viability of yeast at alkaline pH and deletion of NCRI on its own has no effect, the
major contributor to pH homeostasis is the V-ATPase, while NCRI is 2 minor player.
The ability of the V-ATPase to compensate may explain the lack of phenotype
attributed to loss of Ncrl under all conditions we previously examined.

The vacuolar H*-ATPase consists of an integral membrane proton-
translocating pore domain (V) and a peripherally associated complex (V) that
hydrolyzes ATP (11). Vma6 is a component of the V, sector and is required for its
proper assembly (11). While the V-ATPase is involved in maintenance of
endosomal/vacuolar acidification, the V, sector has also been implicated in vacuolar
membrane fusion (124). To determine if Nerl functions in PVC/vacuolar

acidification or vacuolar fusion, the genetic interaction between NCRI and the V-
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ATPase must be dissected further. This could be accomplished by testing for a
synthetic lethal interaction at extremes of pH when both NCRI and VMAI, a
component of the V, sector, which is not directly involved in vacuolar fusion (12), are
deleted. Interestingly, fusion of vacuolar membranes triggers an efflux of Ca* from
the vacuolar lumen, which promotes the binding of calmodulin to the membranes
(12). If Ncrl is an ion transporter responsible for vacuolar storage of Ca*™,
impairment caused by overexpression of NCRI may be due to reduction of the
cytosolic calcium concentration below a critical threshold, that may be compensated
for by increasing the extracellular calcium concentration.

Ncrl or NPC1 may transport protons or other acidic molecules into the
PVC/late endosome. They could function as an antiporter or a symporter that
transports a second molecule across the PVC/late endosome membrane. .The second
molecule may be the offending molecule that accumulates in the late endosome,
precipitating NPC disease. The simultaneous loss of proton import and diminished
egress of this second molecule may contribute to the pathogenesis of NPC disease.
Regardless, the genetic interaction between NCRI and NHX1 identified in this study
has led us to propose that Ncrl may transport protons across the PVC/vacuole
membrane. This contributes to the hypothesis presented by Davies ez al. suggesting
NPCI is a permease (41). A proton transport role for Ncrl accentuates the group of

genes (11%) encoding transporters identified in the first SGA screen, which, when
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deleted, suppress the toxicity of NCRI overexpression. All of these transporters are
localized in the PM, with the exception of the vacuolar Smf3 (129) and Ydr061w, a
putative mitochondrial ABC-transporter (70, 119). Loss of these transporters may
suppress the toxicity of NCRI overexpression due to decreased transport of a
molecule that accumulates to toxic levels when NCRI is overexpressed. The
substances these proteins transport are candidates for transport by Ncrl across the
PVC/vacuolar membrane. QDRI and PDRIS5 are believed to encode multidrug
transporters (114, 177). TNAI and DALS encode permeases for nicotinic acid (95)
and allantoin (157), respectively. Smfl is a proton-coupled divalent metal ion
transporter that transfers Mn**, Zn** and Cu* into the cytoplasm (29) and Smf3 is
believed to mobilize iron ions from the vacuole (129). Therefore, by analogy with
these transporters, I speculate that Ncrl could directly or indirectly transport nicotinic
acid, allantoin, divalent cations or some other molecule into or out of the
PVC/vacuolar compartment.

In the absence of a V-ATPase, at extremes in pH, NCRI is essential. This
suggests Ncrl can transport protons into the PVC. If we assume this is the only role
for Nerl, two models might explain why loss of NPC1 in mammalian cells gives rise
to trafficking defects. In the first model, loss of NPC1 may decrease the flux of
protons into the late endosome, though this does not significantly impact most cells

because the V-ATPase can compensate and balance pH levels. However, trafficking
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away from the late endosome toward the lysosome may be less efficient in some cell
types, specifically neurons. With time, sterols or other lipids that comprise the
predominant molecules moved between these compartments by vesicular transport
may accumnulate in the late endosome. Because the V-ATPase is raft-associated
(178), alterations in sterol levels could impact the function of the proton pump.
Decreased efficiency of the V-ATPase would render the cell more reliant on NPC1 to
maintain pH balance. However, when NPC]1 is absent, the trafficking defect is
amplified, causing more sterols or lipids to accumulate with time.

In the second model, the severe mitochondrial abnormalities resulting in
decreased intracellular ATP, as has been observed in NPC1-/- neurons from mice,
may affect the efficiency of the vacuolar or vesicular H*-ATPase, which requires
ATP to transport protons against the pH gradient into the lumen of the
endosome/lysosome. If the cell cannot acidify the vacuole due to a depletion in ATP,
it becomes reliant on NPC1. However, in the absence of NPC1, in combination with
limiting ATP levels, the cell is restricted in its ability to acidify the vacuole, leading
to missorting of proteins and other trafficking defects. These competing hypotheses
can be directly tested in the yeast model system by genetic screens that will identify

either high-copy or deletion suppressors of the pH extreme lethality phenotype

conferred by loss of NCRI in a vima6 mutant strain.
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My studies have allowed the cellular role of the NPC1 protein to be
investigated using a yeast model system. This study has suggested a role for Nerl in
pH homeostasis. The ability of Ncrl to acidify the vacuole can be tested using pH-
sensitive fluorescent probes. The involvement of Nerl in vacuole biogenesis can be
investigated by performing homotypic vacuole fusion assays using vacuoles purified
from yeast lacking NCRI. Vacuolar contents can be analysed to test the ability of
Necrl to transport cations or nutrients across the membrane. Future genetic screens, in

concert with biochemical assays, will further illuminate the role of Ncrl.
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