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Abstract

Advances in DNA sequencing have provided the complete genome sequence for
many organisms. However, understanding the functions of each gene product encoded
by the genome remains a major challenge. This dissertation describes an improved
strategy for identifying functional relationships between genes and the use of unbiased
genetic and biochemical approaches to uncover the function of the ORM family of genes.

Large-scale measurement of genetic interactions has proven to be a powerful
approach for functional genomics in the model organism Saccharomyces cerevisiae. The
key to such analyses is comparing the effects of mutations to individual genes or pairs of
genes on a phenotype of interest, such as growth rate. In the first part of my thesis, I
developed a high-throughput, flow cytometry-based strategy for measuring growth rates
in S. cerevisiae with improved accuracy. This assay made it possible to precisely
quantify the contribution of each gene to growth and to measure genetic interactions with
increased sensitivity. With high-precision data, I was able to resolve an enigma
regarding the apparent prevalence of gene dispensability in yeast, to reveal new
relationships between chromatin modifying factors, and to create a functional map of the
proteasome.

In the second part of my dissertation, I used genetic interactions as a starting point
to identify members of the conserved ORM gene family as negative regulators of
sphingolipid synthesis. I found that Orm proteins form a complex with serine
palmitoyltransferase, the first and rate-limiting enzyme in sphingolipid production, and
that a phosphorylation-based regulatory pathway relieves the inhibitory activity of Orm

proteins when sphingolipid production is disrupted. This feedback mechanism matches
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sphingolipid supply to cellular demand, with changes in ORM gene expression or
mutations to their phosphorylation sites causing dysregulation of sphingolipid
metabolism. Thus, given the essential roles of sphingolipids as structural components of
membranes and as signaling molecules, Orm proteins serve a key role in cellular
homeostasis. Finally, the functional conservation within this gene family and the recent
identification of the human homolog ORMDLS3 as a potential risk factor for childhood
asthma raise the possibility that sphingolipid misregulation contributes to asthma

development.
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Chapter 1

Introduction



Introduction

The publication of the complete genome sequence of the budding yeast
Saccharomyces cerevisiae in 1997 provided researchers with the first DNA blueprint of a
eukaryotic organism and marked the beginning of a new era in biology research'. With
the full sequence of every yeast gene, it was possible for the first time to address long-
standing questions in cellular and evolutionary biology. A great surprise, however, was
the finding of 2,000 yeast genes of unknown function and with no homologs of known
function®. A major challenge since that time in both yeast and more complex organisms
is to identify the cellular functions of each gene product encoded by the genome and to
understand how these gene products act in concert to carry out complex biological
processes. A number of powerful strategies have recently been developed that have
greatly improved our ability to meet this challenge. One such approach is based on the
large-scale measurement and analysis of genetic interactions’.

Genetic interaction describes a phenomenon in which simultaneous mutation of
two genes results in a phenotype that would not have been predicted based upon the
phenotypes caused by mutation of the genes individually*. There are two broad classes
of genetic interactions: positive (or ‘alleviating’) genetic interactions, in which the
double-mutant phenotype is milder than expected, and negative (or ‘synthetic’) genetic
interactions, in which the double-mutant phenotype is more severe than expected. A
number of quantitative metrics for the identification and measurement of genetic
interactions have been proposed4’5. In one such formula, the interaction score, ¢, for
genes A and B is equal to the difference between the observed double-mutant phenotype,

W 45, and the expected double-mutant phenotype, which is given by the product of the



single-mutant phenotypes W, and Wj (thus, & = W5 — W, x W5)’. Thus, by measuring
the effects of single and double gene deletions on a phenotype of interest such as rate of
growth, genetic interaction scores can be derived for any gene pair.

Although genetic interactions are rare, theoretical considerations and empirical
studies have established the utility of genetic interactions in defining functional
relationships between genes” . Early studies focused on negative interactions, (¢ < 0), as
these tend to occur between genes participating in closely related cellular processes™ .
More recently, positive interactions (& > 0) have proven highly valuable, as they often
occur between genes that have very closely related functions—for example, between
members of the same protein complex or biochemical pathway” ™.

In the past decade, systematic measurement of genetic interactions has been used
in budding yeast to obtain precise information on gene function on a genomic scale’'>. A
major advantage of these studies is that large genetic interaction datasets provide an
additional metric that can be used to ask if two genes of interest share a functional
relationship. This additional metric is complementary to the direct interaction score and
is based on the fact that, for each gene, genetic interactions are measured with hundreds
of other genes, thus providing a functional signature for each gene. Comparison of two
genes’ signatures (for example, by calculating the correlation of their genetic interaction
scores with all other genes in the dataset) has proven very useful in identifying functional
relationships, as genes with highly correlated genetic interaction patterns often have very
similar cellular functions™'”. This strategy has been used to reveal the functions of many
previously uncharacterized genes, including the roles of GET1/2/3 in tail-anchor protein

biogenesis, of YJLO97W/PHSI in very long chain fatty acid synthesis, and of R77709, in



histone acetylation”'"'*".

The generation of large genetic interaction datasets in yeast has been enabled
by a number of recent technological advances. First, a collaborative effort has created a
collection of nearly 5000 yeast strains in which each non-essential gene has been
deleted'®"”. Additionally, hypomorphic alleles have been generated for many essential
genes (for example, DAmP alleles that use mRNA destabilization to reduce gene
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expression) Second, new methods have emerged for the high-throughout

construction and phenotypic analysis of double-mutant strains’*

. The predominant
phenotypic read-out used has been rate of growth, as this property can be readily
measured for each strain, does not require that genes participate in a particular cellular
process, and has direct relevance to evolutionary considerations. Two major methods
have been developed for the high-throughput measurement of growth rates (and thus
genetic interactions) in S. cerevisiae. In one approach, strains of interest are robotically
transferred in high-density arrays onto agar plates, and colony sizes are determined by
automated image analysis after a defined period of growth’”. The second approach takes
advantage of the fact that each deletion strain is marked with a unique DNA barcode that
can be read out on DNA microarrays. It is then possible to quantify the abundance of
each deletion strain in a pooled culture of all deletion strains before and after a defined
period of growth or following a perturbation of interest'****.

However despite these advances and the success of recent studies, several
considerations indicate that more precise measurement of growth phenotypes would

improve the usefulness of genetic interactions maps. First, genetic interactions are rare,

with only ~1% of randomly chosen gene pairs exhibiting a genetic interaction (even in



biased gene sets, only ~3% of gene pairs interact)”*'°

. This rarity demands precise
growth measurements so that bona fide interactions can be distinguished from
measurement error within the much larger number of non-interacting gene pairs.

Second, many genetic interactions correspond to small differences between
observed and expected double-mutant growth rate that are difficult to measure accurately
and reproducibly. This difficulty stems in large part from the fact that many yeast single-
gene deletions result in small growth phenotypes. Indeed, several studies using the yeast
non-essential gene deletion library identified statistically significant growth defects for a

1 .
62425 From a theoretical

surprisingly small fraction of gene deletions (~20%)
standpoint, this result was unexpected; the retention of these genes throughout natural
selection implies that their loss is detrimental. A number of hypotheses to account for
this apparently high level of gene dispensability have been put forward, including genetic
redundancy and condition-specific roles for genes whose deletion had no effect under

standard growth conditions**>*

. Both of these explanations likely account for some of
the unexpected gene dispensability but are difficult to reconcile with the fact that nearly
80% of genes are expressed under standard growth conditions, which implies that they
are beneficial to the cell*’. On a more practical level, the fact that many gene deletions
have little to no observable effect on growth makes the detection of positive genetic
interactions a significant challenge. Indeed if the growth defect caused by a given
mutation is small, it is quite difficult to tell if this small effect is diminished by the
introduction of a second mutation.

A third reason that more precise growth measurements are needed is that

differences in the magnitude of genetic interaction scores can be functionally informative.



For example, different values for ¢ can indicate three different types of positive genetic
interaction, in which the effect of a given mutation may be partially reduced, completely
masked, or even suppressed by the presence of a second mutation. It is important to note
that each of these three scenarios suggests a different functional relationship between the
two genes in question. Segre et al. recently addressed this issue by introducing an
improved method for calculating genetic interaction scores’. This approach normalizes
the raw interaction score (as calculate above) by the interaction score expected in the case
of a completely masking interaction (enory = €/ [min(W,Wg) — W, x Wj]). Thus, raw
interaction scores (¢€) are re-scaled such that eyorys = 1.0 for complete masking or
alleviation, eyorayr = 0 for no interaction, 0 < exoras < 1 for partial alleviation, and eyoras >
1 for suppression’. However, the differences between these types of positive genetic
interactions often correspond to very small differences in growth rate. As a result, initial
efforts to use this normalization have had limited success and called into question the
value of this metric™.

To address these challenges in applying genetic interaction measurements to
functional genomics, I developed a high-throughput assay for growth rate measurements
in yeast that offers significantly improved precision over existing methods. In this
method, wild-type and mutant strains are marked by the expression of different
fluorescent proteins. The strains are then grown in competition with each other in a co-
culture format, and the fraction of the culture represented by each genotype is monitored
over time by flow cytometry. Changes in the composition of the co-culture are used to
calculate the relative growth rate of the mutant strains and result in a typical error of

<0.5% - a significant improvement over previous methods. Importantly, these growth



measurements can also be carried out in high-throughput.

With this improved assay, I first measured the growth rates >4000 non-essential
gene deletion strains and a new collection of ~1000 DAmP alleles of essential genes.
Notably, we found a significant growth defect for a considerably larger fraction of
deletion strains than previously reported. This result suggests that there is not a high
level of gene dispensability in yeast and indicates instead that most genes do contribute to
robust growth, even under a single experimental condition. For many gene deletions, the
effect on growth can only be detected with precise measurements, but such growth
differences would have a strong effect on an evolutionary timescale. The flow
cytometry-based assay also made it possible to detect genetic interactions missed in
previous studies and to resolve functionally significant differences in genetic interaction
magnitude. Using the normalized interaction score metric, different types of alleviating
genetic interactions were readily distinguished, leading to novel functional insights for
chromatin modifying enzymes and the 26S proteasome. Thus, this novel methodology
has the potential to significantly increase the utility of quantitative genetic approaches to

functional genomics in yeast.

The second part of my dissertation concerns the functional characterization of
members of the ORM gene family. ORM genes are conserved from yeast to man and
include two isoforms in S. cerevisiae (ORM1 and ORM?2) and three isoforms in humans
(ORMDLI-3)". Prior to the work described below, little was known about the function
of this gene family: they were reported to encode trans-membrane proteins localized to

the Endoplasmic Reticulum (ER) but had no characterized protein domains®'. However,



the strong growth defect upon deletion of both yeast ORM genes and their evolutionary
conservation together suggested that these genes were likely to have a fundamental
cellular role’™".

Interest in the ORM gene family was recently stimulated by the identification of a
genetic risk factor for childhood asthma that is tightly linked to the human ORMDL3
gene’”. Subsequent studies verified the association of single nucleotide polymorphisms
(SNPs) at this locus with asthma and indicated that these variants may account for ~20%
of cases of this common disease™’. Although these findings have generated substantial
enthusiasm in the asthma genetics community, without knowing the function of ORM
genes it is difficult to determine if and how ORMDL3 participates in asthma
pathogenesis. Indeed, the uncharacterized nature of the ORM gene family highlights in
specific detail a general need for improved functional genomic strategies. This need is
made particularly acute by the rapid recent advances in human genetics. Over the past
few years, powerful new genome-wide association studies have been used to scan the
human genome for genetic risk factors for virtually all major diseases®®. These studies
are identifying new candidate disease genes at an unprecedented rate, but unfortunately
this rate far exceeds our current ability to functionally characterize these genes.
Consequently, genome-wide association studies have yielded relatively little insight into
how disruptions of specific genes and pathways give rise to disease states”.

Thus ORM genes emerged as a prototypical case for using functional genomics to
understand the cellular role of a novel gene family. I therefore turned to systematic
measurements of genetic interactions to gain initial clues. As described below, the

genetic interactions exhibited by strains with altered ORM1/2 activity suggested a role for



these genes in sphingolipid metabolism.

Sphingolipids are a diverse, abundant and essential class of lipids with key
functions both as unique structural components of membranes and as intra- and extra-
cellular signaling molecules. Recent work has elucidated the (apparently) complete
enzymatic machinery responsible for sphingolipid synthesis, with especially important
contributions coming from genetic screens in yeast that identified the roles of 7.SC
(Temperature-sensitive Suppressor or CSG2) and SUR (Suppressor of RVS161 and
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RVS167) genes in sphingolipid metabolism™"". Sphingolipid synthesis begins in the ER

with the condensation of serine with a fatty acid coenzyme A (CoA) conjugate (for an

overview see Figures 1.1 and 3.1d)***

. This reaction is catalyzed by the enzyme serine
palmitoyltransferase (encoded by LCBI and LCB?2 in yeast), and, after a reduction step
mediated by 7SC10, yields key intermediates known as long chain bases (LCBs). These
LCBs can be phosphorylated to yield LCB phosphates (LCB-Ps; such as sphingosine-1-
phosphate), or they can be condensed with a fatty acid CoA conjugate (often with a very
long alkyl chain) to produce ceramides. Ceramides are then transported by vesicular and
non-vesicular means** (in mammalian cells, by the ceramide transporters CERT and
FAPP2**%) to the Golgi apparatus, where species-specific glycosylation at the lipid head
group position occurs. Ultimately, sphingolipids continue to move through the secretory
pathway to the plasma membrane, where they are most abundant®’. It should also be
noted that the enzymes that carry out the forward synthetic steps in the pathway are
opposed by a complementary set of enzymes that carry out the reverse reactions.

Sphingolipids are distinguished from most other lipids by their use of serine rather

than glycerol as the backbone to which acyl chains are attached and by the tendency of



these acyl chains to be long and saturated (Figure 1.1). In model lipid bilayers, these
unique features impact the order of the lipid phase, membrane thickness, and membrane
curvature*”*®, Sphingolipids can also act together with sterol lipids to form laterally
distinct macroscopic domains in mixed model membranes. Unique physical properties
have also been observed for sphingolipids (in concert with sterols) in cellular
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membranes . In vivo, these lipid-lipid associations are likely complemented by

. . . . . .4 47.48.50
specific interactions between membrane proteins and lipids****’; together these forces

can modulate membrane curvature’ >

and create lipid nanodomains, or rafts, in cellular
membranes®’. These sphingolipid-mediated intra-membrane interactions are proposed to
organize intra-cellular transport of lipids and proteins and to modulate the activity of key
signaling proteins in the membrane*’*.

In addition to their unique effects on membrane properties, sphingolipids have a
number of key cellular signaling functions®. Recent work has defined an increasingly
diverse set of proteins that bind to and are regulated by sphingolipid metabolites such as
sphingosine, sphingosine-1-phosphate (S1P), and ceramide™®. In mammalian cells, extra-
cellular S1P that has been released from cells by efflux pumps acts as a high-affinity
ligand for a family of G-protein coupled receptors encoded by the genes SI1PRI-577>"C.
Signaling via SIPR1-5 has been shown to modulate a variety of processes including
immune cell trafficking, vascular permeability, inflammation, and cell survival®>*,
Intra-cellular S1P is also thought to have signaling roles, although intra-cellular S1P
targets are only now beginning to emerge. Notably, Sarah Spiegel’s group has recently

identified S1P as a novel ligand that regulates histone deacetylase activity in the

nucleus’’. Interestingly, RPD3 and SIN3, which encode the yeast homologs of the S1P-
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regulated deacetylase, were previously found as 7SC genes by Beeler ez al.*’, raising the
possibility that this signaling function is conserved. Sarah Spiegel’s group has also
recently reported that S1P activates TRAF2, a ubiquitin ligase that acts in the TNF/NF-
kB pathway’®.

Ceramide is another key signaling sphingolipid with roles in apoptosis®’, cell

61-64
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cycle arrest™, and response to stress’ . The role of ceramide in apoptosis has been

studied in detail, although the precise mechanism by which it induces programmed cell

. 59.61,6
death remains unknown’”-¢%°

. Interestingly, ceramide’s pro-apoptotic function is
opposed by the pro-survival effects of S1P signaling®. As ceramide and S1P are also
metabolically connected, this finding has led to the proposal of a ceramide/S1P rheostat
that underlies sensitivity to cell survival and cell death signals®’. Finally, it is important
to note that even specific sub-classes of sphingolipids can comprise many distinct
molecular entities that may have different or even opposing functions. For example,
mutation of a long-chain ceramide synthase conferred resistance to anoxic stress in C.
elegans, whereas disruption of a short-chain isozyme had the opposite effect®.

Despite these insights into the signaling functions of sphingolipids and despite
great progress in identifying the enzymatic machinery required for their synthesis and
degradation, much less is known how cells sense and regulate sphingolipid levels.
Sphingolipid metabolism is likely to be tightly controlled however, given the critical
roles of sphingolipids in determining the physical properties of membranes and in the
aforementioned signaling pathways. Broadly speaking, one would expect that pathways

for sphingolipid homeostasis are likely to include components that sense physiologically

relevant variations in the levels of sphingolipid metabolites and use this information to
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control the activity of enzymes that participate in sphingolipid synthesis and degradation.
This basic framework though leaves a number of important questions unanswered. How
would a sphingolipid sensor work at a mechanistic level? What would be the most useful
sphingolipid metabolite(s) for cells to sense and respond to? What steps in the metabolic
pathway require tight regulation and how might cells efficiently translate information
about sphingolipid levels into changes in metabolic output? Consideration of a few
pathways that regulate other lipid classes, such as sterols and glycerolipids, suggest the
possible form of the answers to these questions.

In the case of sterol homeostasis, a number of classic studies have elucidated the
numerous transcriptional and post-translational mechanisms that cells use to match sterol
production to demand. This pathway is comprised of multiple sterol-binding sensors that
regulate proteolytic degradation of HMG-CoA-reductase, a key enzyme in sterol
biosynthesis, and that regulate trafficking-dependent proteolytic release of the
transcription factor SREBP from the ER membrane so that it can activate gene expression
in the nucleus®’’. SREBP target genes include a number of sterol pathway components,
including the LDL receptor that mediates cholesterol uptake and HMG-CoA-reductase’".
Furthermore, HMG-CoA-reductase activity is further regulated by sterol-dependent
phosphorylation’?, and other sterol biosynthetic intermediates also regulate HMG-CoA-
reductase degradation’’. Notably, in sterol metabolism, key regulators in the pathway
were shown to directly bind and sense the lipids in question”.

Similar cases of direct lipid sensors are also seen in glycerolipid homeostasis.
Specifically, Loewen ef al. identified a feedback pathway in which the localization of

Opil, a key transcriptional repressor of the yeast enzymes for glycerolipid and inositol
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production, is dynamically regulated in response to glycerolipid levels’*. When lipid
synthesis is disrupted (for example, by inositol starvation), Opil is inactive because it is
retained on the ER membrane via binding to accumulated phosphatidic acid; when lipid
synthesis is normal, phosphatidic acid levels are low (owing to its rapid conversion to
downstream glycerolipids such as phosphatidylinositol) and Opil can leave the ER and
act in the nucleus to repress its target genes’". In bacteria, an even more direct feedback
mechanism has been elucidated for transcriptional control of the ratio of saturated to
unsaturated fatty acids. In this case, a transcriptional repressor that regulates expression
of enzymes required for production of unsaturated fatty acids directly binds to both
saturated and unsaturated fatty acids, but with opposite transcriptional outcomes’”.
Saturated fatty acid binding promotes release of the repressor from DNA, whereas
unsaturated fatty acids have the opposite effect. Crystallographic studies have recently
elucidated the conformational changes upon saturated and unsaturated fatty acid binding
and thus provide a detailed view of how bacteria can sense the ratio of saturated to
unsaturated fatty acids’®.

In contrast to the direct lipid sensors seen in the aforementioned examples, Kurat
et al. have recently identified an indirect mechanism that controls yeast glycerolipid
synthesis, in which cell cycle progression is linked to cyclin-dependent-kinase mediated
activation of Tgl4”’. Tgl4 is a lipase that mobilizes fatty acids stores in lipid droplets for
glycerolipid synthesis, and thus its activation provides the raw material needed for de
novo membrane synthesis during bud formation and growth. Another twist on lipid
sensing is seen in the mechanism of SREBP regulation in Drosophila melanogaster, in

which the pathway has been re-purposed to sense phosphatidylethanolamine (PE) and
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control phospholipid synthesis’®. Although the mechanism of PE sensing by Drosophila
Scap remains unclear, one hypothesis is that changes in PE are detected via effects on
bulk membrane order rather than by a sensor with a discrete lipid ligand”®. Collectively,
the above examples reveal direct and indirect strategies to sense the need for lipid
synthesis and a variety of mechanisms to modulate lipid production at both
transcriptional and post-transcriptional levels.

What then is known about mechanisms for sensing and regulating sphingolipid
levels? First, there is evidence that sphingolipid synthesis is dependent on the levels of
the key substrates serine and palmitoyl-CoA. The affinity of yeast serine
palmitoyltransferase for these species is very similar to their physiologic concentrations
in yeast cells, such that changes in intracellular levels of these substrates are likely to
directly affect sphingolipid output (for example, in response to heat shock)”. Two
additional regulators of sphingolipid synthesis were discovered through efforts to identify
enzymes that produce sphingolipids. For example, Aronova et al. found that the TORC2
kinase complex is required for maximal ceramide synthase activity and is opposed by the
phosphatase calcineurin® by pursuing the initial finding of Beeler ef al. that two genes
encoding TORC2 components are 7SC genes*’. However, what factors control the
balance of TORC2 and calcineurin activity and by what mechanism these enzymes
impact ceramide synthase activity are still unclear. Similarly, Vacaru et al. were
prompted to identify SMSr as a regulator of ceramide production because SMSr is
homologous to the known sphingomyelin (SM) synthases SMS1 and SMS2*'. However,
unlike other SM synthases, SMSr lacks the ability to produce SM and instead produces

ceramide phospho-ethanolamine (CPE), but only in trace amounts®'. Surprisingly,
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knockdown of SMSr by RNA interference (RNAIi) causes a substantial accumulation of
ceramide that cannot be accounted for by SMSr’s rather modest ability to convert
ceramide to CPE®. Instead, it is proposed that SMSr may sense ceramide levels to
control their production, although further work will be required to clarify if SMSr acts as
a sensor and how it regulates sphingolipid synthesis.

There is also preliminary evidence that the sphingolipid synthesis rate is adjusted
in response sphingolipid supply. In cultured cerebellar neurons, growth in the presence
of exogenous LCBs was found to suppress incorporation of radio-labeled serine into
sphingolipids®. This effect was correlated with reduced in vitro activity of serine
palmitoyltransferase, the first and rate-limiting enzyme in de novo sphingolipid
synthesis®. However, the mechanistic basis for and significance of this regulation
remains unknown. A more convincing example of apparent feedback regulation is seen
in CERT-mediated transport of ceramide from the ER to the Golgi in mammalian cells.
In this case, CERT activity is inhibited when it is phosphorylated by casein kinase®*.
Interestingly, CERT is normally partially phosphorylated but was found to become
dephosphorylated when sphingolipid levels were reduced (either by external application
of recombinant sphingomyelinase to degrade plasma membrane sphingolipids or when
sphingolipid synthesis was blocked by treatment with myriocin, a potent small molecule

inhibitor of serine palmitoyltransferase®®)*

. These results imply that cells can sense
sphingolipid levels and that de-phosphorylation of CERT may provide a useful
mechanism to respond to disruptions in sphingolipid production. However, the

physiologic significance of feedback regulation of CERT and whether sphingolipid

synthesis is regulated in a similar fashion to CERT-mediated transport require further
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investigation.

While mechanisms that ensure sphingolipid homeostasis remain unclear, there has
been notable recent progress in identifying sphingolipid-dependent signaling pathways.
In yeast, the best understood of these pathways center around the AGC family kinases
Ypk1/2 and Pkh1/2**. Ypk1/2 are phosphorylated by Pkh1/2 and TORC2**', and
Ypkl and Pkh1 are further implicated in sphingolipid metabolism as they confer

. . . e g e . . 9192
resistance to the serine palmitoyltransferase inhibitor myriocin”

. It has been reported
that these Ypk and Pkh kinases are directly activated by LCBs”**. Additionally, a recent
study from Frohlich ef al. indicates that Pkh1/2 activity is also sensitive to plasma
membrane sphingolipid levels”. Fréhlich ef al. found that the yeast transmembrane
protein Ncel02 dynamically localizes to membrane domains known as eisosomes in a
sphingolipid-dependent manner”. Disruption of sphingolipid synthesis causes Ncel02 to
exit eisosomes, leading to de-repression of the Pkh1/2 kinases”. Although how Ncel02
controls Pkh1/2 activity remains unclear, this study provides an example of an alternative
mechanism that can be used to sense sphingolipid levels — namely reversible protein
localization to sphingolipid-dependent membrane domains such as eisosomes.

Finally, when considering sphingolipid metabolism, it is important to note that
sphingolipids are metabolically and functionally connected to other lipid classes. For
example, sphingolipid degradation products can be used to synthesize PE, and thus
sphingosine and ceramide levels can regulate the activity of Drosophila SREBP™®. A link
between glycerolipids and sphingolipids is also indicated by the recent finding that

alterations to sphingolipid synthesis affect phosphorylation of the Fpk1/2 kinases™.

Fpk1/2 in turn regulate glycerolipid flippases, indicating that sphingolipid levels and
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phospholipid asymmetry in the plasma membrane may be coordinately regulated’®. An
additional link between glycerolipids and sphingolipids is seen in the case of the
Drosophila melanogaster ceramide synthase homolog schlank, which was recently found
to regulate lipogenesis and lipolysis of triacylglycerides at an organismal level”.

Given the functional connections between sterols and sphingolipids, there is also
strong evidence of inter-connected regulatory mechanisms for these two lipid types. For
example, sphingomyelinase treatment has been shown to inhibit SREBP activity and
sterol synthesis in mammalian cells”®. Additionally, the same study that characterized
regulation of CERT in response to myriocin treatment found that sterol depletion induces
the same response™. Recent reports also provide preliminary evidence that CERT,
OSBP (a sterol-sensing protein), and VAP (an ER protein bound by both CERT and
OSBP) act together to increase SM synthesis upon exposure of cells to oxysterols that are
sensed by OSBP”. Lastly, a recent report from Howard Riezman’s group identified
functional connections between sphingolipids and sterols in yeast'”. Using genetic and
lipidomic approaches, many genetic interactions between sphingolipid and sterol genes
were found. Furthermore, mutations to either the sterol or sphingolipid pathways often
affected levels of the other lipid class, thus suggesting that these pathways are co-
regulated'”’. Consistent with this idea, yeast LCBI and LCB2 are both targets of Upc2
and Ecm22, the major sterol-regulated transcription factors that activate a number of
yeast sterol biosynthetic enzymes'®'. More work will be required however to elucidate
the detailed mechanisms by which sphingolipid and sterol metabolism are linked.

In summary, our understanding of sphingolipid metabolism has grown greatly in

recent years. The enzymatic machinery that produces sphingolipids has been identified,
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and signaling pathways that are regulated by sphingolipids or that regulate sphingolipid
metabolism are now emerging. However, despite these advances, little is known about
how cells ensure sphingolipid homeostasis. As described below, I have found that ORM
genes provide a critical mechanism to match sphingolipid production to cellular demand.

Beginning from yeast genetic interaction data, I found that ORM genes encode
negative regulators of sphingolipid synthesis. Over-expression of ORM genes produces a
genetic interaction signature that is highly correlated with that seen for mutations that
reduce serine palmitoyltransferase activity, whereas loss of ORM genes has the opposite
relationship. I also found that Orm proteins form a conserved complex with serine
palmitoyltransferase and the phosphoinositide phosphatase Sacl, which we termed the
SPOTS complex. As expected for negative regulators of Lcb1/2, loss of Orm proteins
causes toxic over-production of sphingolipids, while ORM gene over-expression reduces
sphingolipid levels.

The activity of Orm proteins is in turn regulated by phosphorylation, which
occurs in response to changing sphingolipid levels. Specifically, phosphorylation by the
kinase Ypkl1 relieves the inhibitory activity of Orm proteins when sphingolipid
production is disrupted (for example, by myriocin treatment). This compensatory
feedback mechanism matches sphingolipid supply to cellular demand, with changes in
ORM gene expression or mutations to their phosphorylation sites leading to dysregulation
of sphingolipid metabolism. Thus, Orm proteins serve a key role in sphingolipid
homeostasis. In light of the conservation within this gene family and the identification of
ORMDL3 as a potential risk factor for childhood asthma, these findings raise the testable

hypothesis that sphingolipid misregulation contributes to asthma development.
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Figure 1.1
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Figure 1.1. Chemical structures of select yeast lipids.
Structures of representative yeast lipids are shown for select sphingolipid metabolites and for major sterol
and glycerolipid species. ‘X’ indicates variable lipid head group structures.
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Chapter 2

Development of a High-Resolution Growth Assay for Yeast Functional Genomics
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Abstract

Functional genomic studies in S. cerevisiae have contributed enormously to our
understanding of cellular processes. Their full potential, however, has been
hampered by the limited reagents to systematically study essential genes and the
inability to quantify the small effects of most gene deletions on growth. We describe
the construction of a library of hypomorphic alleles of essential genes and a high-
throughput growth competition assay to measure fitness with unprecedented
sensitivity. These tools dramatically increase the breadth and precision with which
quantitative genetic analysis can be performed in yeast. We illustrate the value of
these approaches by using genetic interactions to reveal new relationships between
chromatin modifying factors and to create a functional map of the proteasome.
Finally, by measuring the fitness of strains in the yeast deletion library, we address
an outstanding enigma regarding the apparent prevalence of gene dispensability, as

we find that most genes do contribute to growth.
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Introduction

A fundamental challenge of the post-genomic era is to assign functions to genes
and to understand how gene networks are organized to execute diverse cellular processes.
The budding yeast Saccharomyces cerevisiae has served as a premier eukaryotic model

k*7%1622 "and a critical tool for these efforts has been a library of

system for this tas
strains in which each non-essential yeast gene is deleted'®. This resource has made it
possible to assess the contribution of each non-essential gene to any measurable
phenotype.

These genomic approaches can be extended by systematically measuring genetic
interactions’. Genetic interactions describe how the phenotype associated with
compromising one gene is modulated by perturbing a second gene. Such effects can be
defined quantitatively as the difference between the observed magnitude of a phenotype
for a double mutant and that expected if the genes do not interact, as given by: &= Wyz—
W4 x Wpg, where ¢ is the interaction score and Wy refers to the phenotype seen in genetic
background X*°. Theoretical considerations and empirical experience have established
the utility of genetic interactions in defining functional relationships between genes®”.
Early studies focused on "synthetic sick/lethal" or “negative” interactions’, in which the
phenotype associated with perturbing two genes simultaneously is more severe than
expected given the phenotypes of the individual gene perturbations (¢ < 0). More
recently, interactions in which the phenotype of the double-mutant is less severe than
expected (&> 0, "alleviating" or "positive" interactions) have proven highly valuable, as
they often occur between genes that have closely related functions—for example,

between members of the same complex or pathway "',
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Functional genomic studies have been hampered, however, by two shortcomings
of the existing technologies. The first of these is the limited precision of many
techniques for high-throughput growth measurement. Indeed, current approaches are
unable to detect growth defects for a surprisingly large fraction of the non-essential gene

16,25

deletion strains under standard conditions ™*”. For example, in rich media, only about

20% of non-essential gene deletions are reported to cause significant growth defects'®**,
whereas at least 80% of genes are detectably expressed”. From an evolutionary
standpoint it would be surprising if such a large fraction of expressed genes were truly
dispensable (i.e. make no contribution to growth); one possible explanation is that for
many gene deletions, growth phenotypes are present but difficult to measure using
existing approaches. The technical challenges associated with measuring growth defects
also have significant implications for chemical and genetic interaction studies, as the
ability to quantitatively measure such interactions is critically dependent upon accurate
fitness measurements. This is particularly true for identifying alleviating interactions,
which typically requires detecting differences in growth even smaller than the defects
seen for single-gene deletion strains.

A second major challenge is our limited ability to systematically probe the

192) Essential

functions of the 1,033 essential yeast genes (~18% of open reading frames
genes represent a highly conserved and medically relevant gene subset, with ~40%
having human counterparts'®. Two general approaches have been developed to
systematically explore essential gene function. One strategy uses inducible gene

inactivation, either by transcriptional shut-off'® or conditional protein destabilization®',

and has proven quite effective for examining the immediate consequences of gene loss.

24



However, these approaches typically produce severe steady-state growth defects,

complicating analysis of constitutive phenotypes'*'

. The second approach, which
involves the use of heterozygous diploids to reduce gene dosage, suffers from the
opposite problem: most of these strains show no obvious growth defects™*.

In large part due to these limitations, over 1,100 yeast genes remain completely
uncharacterized'*, with many more that are poorly characterized or likely to have non-
canonical functions that have been overlooked. To facilitate high-precision functional
analysis of the yeast genome, we constructed a library of hypomorphic alleles (i.e. alleles
with reduced gene function) for ~82% of essential yeast genes utilizing the Decreased
Abundance by mRNA Perturbation (DAmP) approach’. Additionally, we developed a
rapid and sensitive flow cytometry-based growth competition assay that enables us to
detect growth defects and genetic interactions for a far greater fraction of strains in the

deletion library than previously reported. Together these tools enable in-depth functional

dissection of pathways and complexes.
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Results
A library of hypomorphic alleles for essential yeast genes
We previously described an approach, termed DAmP, for creating hypomorphic
alleles of essential genes’. In this strategy, a gene’s 3’ untranslated region (3’ UTR) is
disrupted with an antibiotic resistance cassette (Fig. 2.1a), thereby destabilizing the
corresponding transcript and reducing mRNA levels (typically two- to ten-fold)’. Here,
we report the construction of DAmP alleles for 842 essential yeast genes (~82% of all
essential genes) (Fig. 2.1b; Supplementary Fig. 2.1). Strains were constructed first as
diploids to minimize the accumulation of secondary mutations, then sporulated to obtain
the haploid DAmP library; both collections will be available through Open Biosystems.
We also present a parallel approach for producing stronger hypomorphic alleles in
which the DAmP strategy is combined with a short C-terminally fused degradation tag

103

(degron) ™ that targets the protein for proteasomal degradation (Fig. 2.1¢c). This
approach takes advantage of the tandem affinity purification (TAP)-tagged strain library*’
to efficiently produce degron alleles using a cassette bearing homology to the TAP tag
and downstream sequences in these strains without requiring gene-specific primers.
Addition of the degron leads to 2.5- to >10-fold reductions in protein abundance beyond

those seen in TAP-DAmP strains (Fig. 2.1d), and the majority of strains examined

showed a corresponding reduction in growth rate (Supplementary Table 2.1).

Development of a novel high-throughput growth assay

The ability to precisely measure fitness in high-throughput is of critical

importance to functional genomic studies but has proven difficult to achieve in practice.
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A key issue is that functionally relevant differences in growth can be small and thus only
become apparent after the cumulative effects of many generations. Consequently,

2539 measurements that do not

approaches based on colony size™ or optical density (OD)
carefully control the growth microenvironment are susceptible to external sources of
variation that can obscure true biological differences. Methods using competitive growth
can avoid this pitfall by measuring relative growth differences among strains competing
in a homogeneous environment (for example, microarray-based monitoring of pooled

competitions of the deletion library)'®*,

However, even in a competition-based format,
precise measurements over a broad dynamic range are necessary.

We therefore developed a fitness assay in which flow cytometry is used to
monitor growth competitions of fluorescently tagged strains. A Red Fluorescent Protein
(RFP)-expressing wild-type strain is co-cultured with a Green Fluorescent Protein (GFP)-
expressing strain bearing a mutation of interest, and the relative abundance of each strain
is monitored over time by flow cytometry. The rate at which the fraction of mutant cells
declines serves as a direct measure of the relative growth rate (Fig. 2.2a-c). Importantly,
fluorescent protein expression allows the strains to be clearly distinguished with little to
no effect on growth (Supplementary Fig. 2.2). This approach is also robust to variability
in GFP expression attributable to a given mutation; in principle, even non-fluorescent
mutant cells can be distinguished from wild-type cells on the basis of the latter’s RFP
expression. Furthermore, the large number (~30,000) of cells measured by flow

cytometry enables precise quantification of the co-culture composition over a range of

ratios spanning approximately five orders of magnitude. Lastly, we paired this strategy
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with a high-throughput flow cytometry platform'®*

that allows ~2,000 competition time-
courses to be completed, in duplicate, per week.

We evaluated the sensitivity and reproducibility of this technique by measuring
the growth of 344 DAmP and deletion strains in triplicate. These replicate measurements
showed a high level of agreement (» = 0.993, Fig. 2.3a), with a median standard deviation
for the three measurements of 0.0038 (Fig. 2.3b and Supplementary Data). This
reproducibility is maintained across a range of growth rates, with only modest increases
in error for sicker strains (Fig. 2.3b). Thus, we can accurately measure growth rates from
~0.5-1.0 (where wild-type growth equals 1.0), a range that includes nearly all yeast
single-gene deletions. Strains with more extreme fitness defects can likely be measured
with simple experimental modifications, such as the use of a slow-growing RFP
competitor strain or additional measurements at early time points. Lastly, in its current
form, our growth competitions include multiple entries and exits from saturation in
addition to exponential growth (see Methods). Thus, our assay likely detects competitive
disadvantages in any of these steps, and direct comparisons with continuous exponential-

phase growth data should be made with caution. However, our method could be readily

modified for a variety of desired growth formats according to experimental needs.

Fitness measurements for deletion and DAmP library strains

To explore the potential of our growth assay, we introduced the GFP expression
cassette into the deletion and DAmP libraries and obtained growth rate measurements for
835 DAmP strains and 4,204 deletion strains. We analyzed the correspondence between

full biological replicates (independently derived GFP-marked derivatives of the strains)
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to evaluate the uncertainty in our measurements (Supplementary Methods,
Supplementary Fig. 2.3 and Supplementary Table 2.2). Importantly, even very small
growth defects can be confidently detected (for example, > 85% of strains with measured
fitness between 0.985 and 0.990 have true growth defects; Supplementary Table 2.2).
Thus, we estimate that 360 DAmP strains (~43% of 835 measured) and 1,875 deletion
strains (~45% of 4,204 measured) have observable growth defects in minimal media (Fig.
2.3c-d), a number that considerably exceeds previous estimates (Supplementary Note).
Although this finding could in part result from differences in growth conditions, our
ability to detect growth defects for a larger number of strains is critically dependent on
the greater precision of our technique (Supplementary Fig. 2.4) and cannot simply be
explained by differences in growth format. In further support of the sensitivity of our
assay, we find several differences in the functional properties of genes that can be deleted
with no apparent growth defect compared to those that cause even slight growth defects.

105 and for

For example, the former are enriched for genes with very low expression levels
genes involved in sporulation and the response to stress'’®, whereas the latter are not
(data not shown and Supplementary Figs. 2.5 and 2.6). Finally, a small number of strains
exhibit a slight growth advantage in our assay (Supplementary Data). Many of these
contain mutations in genes encoding components of the cAMP-dependent Protein Kinase
(PKA) pathway, including 7PK2, TPK3, RAS2, GPA2, GPB1, GPB2, PDE2, SHRS5, and

IRA1. This striking enrichment suggests that this nutrient-sensing pathway may help to

regulate or limit growth.

Chemical sensitivities of DAmP strains
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Analysis of chemical sensitivity in heterozygous diploids can provide important

insights into mechanisms of drug action'*”'*®

. We therefore explored the utility of our
DAmP library for such screens. Indeed, for four tested antibiotics, DAmP alleles of the
known targets confer greater drug sensitivity than is seen in heterozygous diploids (Fig.
2.4a). We also screened the DAmP library for sensitivity to tunicamycin, which inhibits
N-linked glycolsyation in the endoplasmic reticulum (ER)'””. The DAmP allele of ALG?7,
the direct target of tunicamycin, was by far the most sensitive strain in the library (Fig.
2.4b). Other sensitive strains identified are consistent with the role of glycosylation in
protein folding and include the ER chaperones Kar2 and Pdil, members of the COP-I
coatomer, and the protein synthesis and degradation machinery (Supplementary Data).
Notably, several of these strains exhibited only modest sensitivity to tunicamycin and
may not have been detected using milder alleles or a less precise growth assay. Together,
these findings suggest that our DAmP library and growth assay represent a highly
effective complement to haploinsufficiency as a strategy for discovery of drug

targetsm’mg.

Measurement of genetic interactions by flow cytometry

A major challenge for functional genomics is the quantitative measurement of
genetic interactions. The identification of positive interactions has been particularly
difficult, as this requires detecting differences in growth even smaller than the defects
seen for single-gene deletion strains. Additionally, a spectrum of positive genetic
interactions exists, in which the phenotype of a given mutation may be partially reduced,

completely masked, or even suppressed by the presence of a second mutation, with each
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of these outcomes having different biological interpretations®’. However, the magnitude
of the genetic interaction score alone cannot be used to resolve these classes, an issue that
was recently addressed by the introduction of a normalization® that uses as a reference
point the growth rate of the slower of the two single mutants (the growth rate expected
for the double mutant if the effect of the first mutation is completely masked by the
second; Fig 2.5a). Thus, raw interaction scores (&) are re-scaled such that eyory = 1.0 for
complete masking or alleviation, eyorar = 0 for no interaction, 0 < eyorar < 1 for partial
alleviation, and eyory > 1 for suppression’. However, because the absolute differences in
growth rates involved are typically very small, in practice this normalization has been
difficult to implement’’.

To determine whether our growth assay permits us to distinguish among these
types of positive interactions, we examined three complexes and pathways. First, we
focused on the Conserved Oligomeric Golgi (COG) complex, a mediator of vesicular
trafficking to the Golgi apparatus''’. The genes COG5-COG8 encode four tightly
associated subunits of the complex and exhibit a similar pattern of phenotypes and
genetic interactions’. However, colony size-based genetic interaction measurements
failed to detect the alleviating interactions expected between these genes’, presumably
because loss of the complex only mildly affects growth (Fig. 2.5b). By contrast, we can
clearly resolve these positive interactions with our growth assay (Fig. 2.5b). Moreover,
the normalized interaction scores are ~1.0 and thus reflect the complete alleviation
expected when the loss of any subunit fully disrupts complex formation.

Next, we examined interactions between H7Z1, which encodes the histone variant

H2A.Z, and members of the Swr complex (Swr-C), a histone exchange factor that
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deposits H2A.Z into chromatin'''. As previously reported'’, we detect positive
interactions between Atz A and deletions of genes encoding Swr-C members.
Surprisingly, however, the absence of H2A.Z reduces fitness more severely than does
loss of the complex responsible for its deposition (Fig. 2.5c). Furthermore, deletion of
genes encoding Swr-C components suppresses, rather than simply alleviates, the
phenotype of the Atz A strain (i.e. exorar > 1). This unexpected suppression suggests a
more complex relationship between the functions of H2A.Z and those of the Swr-C.

Our genetic interaction measurements also help to dissect the more intricate
functional relationships in the pathways involving Rpd3, a multifaceted histone
deacetylase that exists in two distinct physical complexes. Specifically, the core
components (Rpd3 and Sin3) associate with different sets of accessory proteins to form
both a small complex, Rpd3C(S) and a large complex, Rpd3C(L) (Fig. 2.5d)''*. As
expected, we detect positive interactions between genes encoding members of the same
complex. However, a more striking pattern emerges after normalization: the wide range
of raw ¢ values converges on a value very close to 1.0 (complete alleviation; Fig. 2.5d).
Such normalization therefore removes the potentially confounding effects of gene
deletions with different growth rates.

One exception to this pattern is the histone methyltransferase Set2, which
mediates recruitment of Rpd3C(S) to chromatin via Eaf3''2. Although the genetic
interactions between set2A and members of Rpd3C(S) are positive, the exoras values are
considerably less than 1.0 (0.32-0.55; Fig. 2.5d). This incomplete alleviation argues that
Set2 has additional functions independent of Rpd3C(S), consistent with a recent report' ",

and that Rpd3C(S) must similary have Set2-independent activities. This example
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underscores the potential of high-resolution genetic interaction measurements to reveal

complexity in pathways not readily accessible by traditional approaches.

Functional dissection of the 26S proteasome

The functional dissection of essential multi-protein complexes represents an
important technical challenge. We therefore tested the suitability of our DAmP alleles to
provide insights into the proteasome, a 2.5-MDa macromolecular machine with over 30
different subunits that are organized into a 20S core complex and a 19S regulatory

particle'"*

(Fig. 2.6a). The core complex is comprised of alpha and beta rings, while the
regulatory particle contains a lid sub-complex that mediates substrate deubiquitination
and a base sub-complex that mediates recognition of ubiquitinated substrates and their
ATP-dependent unfolding. The intricate yet modular organization of the proteasome
makes it an excellent test case for dissection by our genetic approach. Futhermore,
although the role of the proteasome in protein degradation is well appreciated, recent
studies suggest additional functions, including the possibility that the regulatory particle
can act independently of the core'"”.

We measured growth rates for pairwise combinations of DAmP alleles to
construct a genetic interaction map of the proteasome. This map reveals a rich set of
interactions, with each sub-complex exhibiting a distinct series of interactions consistent
with the known organization of the proteasome (Fig. 2.6b). Furthermore, we observe
exceptions to these trends that provide more detailed functional insights. For example,

PRE?Y is synthetic with DAmP alleles of other alpha ring subunits rather than alleviating,

and indeed Pre9 is unique in that it is the only non-essential component of the core (we

33



used a deletion rather than DAmP allele of PRE9Y). The basis of this dispensability was
recently explained by the observation that, in the absence of Pre9, a second copy of Pre6
substitutes for Pre9 in the alpha ring''®. Consistent with this, we observe a severe
synthetic interaction between pre9A and pre6-DAmP (Supplementary Fig. 2.7a). An
additional example of the rich information content of our map is the distinction between
the ATPase members of the base (RPT1-6), which exhibit positive interactions with alpha
subunit genes, and the non-ATPase members RPN2 and RPN1(0, which do not.

We next explored whether normalized interaction scores could facilitate
interpretation of the proteasome interaction map. Indeed, normalization revealed that the
positive interactions both between pairs of alpha subunits and between pairs of beta
subunits represent instances of complete alleviation (Fig. 2.6¢). This result is consistent
with the cooperative association of these proteins into rings, where the least abundant
ring component likely dictates the amount of functional proteasome formed. More
strikingly, normalization revealed suppressive interactions between ATPase components
of the base and the alpha ring with which the base interacts. Interestingly, the median
raw ¢ measured between base and alpha ring genes is smaller than that seen for fully
alleviating interactions between alpha ring genes (0.06 versus 0.09), and thus only with
high precision measurements is it possible to see that the normalized interaction scores
actually indicate the opposite relationship (1.77 versus 0.79; Fig. 2.6b-c). The
mechanism by which lowering levels of the base proteins suppresses the growth defects
caused by reduced levels of the alpha subunits remains to be explored. One possibility is
that lowered levels of the alpha ring permit unregulated activity of the base ATPases that

may impact recently defined roles for the regulatory particle in transcription''”. Finally,
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we see similar suppressive interactions between pre7-DAmP (a beta subunit) and genes
encoding the regulatory particle (Supplementary Fig. 2.7b). A molecular basis for these
interactions is not known to us, but may merit further exploration. Thus, our analysis of
the proteasome demonstrates that rich functional information can be obtained for

essential complexes using DAmP alleles.
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Discussion

Here, we present an integrated set of tools that greatly increases our ability to
carry out functional genomics in yeast. Our library of DAmP strains has a number of key
features that make it a useful resource for the research community. First, the library was
constructed in the same strain background as the deletion library and uses the same linked
antibiotic marker (kanamycin-resistance, Kan")'°. Thus, our strains can be immediately
used in parallel with the deletion library in the large array of assays that have been
developed for that collection. Second, because the DAmP approach is based on mRNA
destabilization by 3” UTR disruption, DAmP strains express unmodified proteins using
their natural promoters and thus are likely to be free of complications such as mis-
regulation or neomorphic activities. Third, DAmP strains often show stronger chemical
sensitivities than heterozygous diploids and therefore may be highly useful for the

identification of drug targets'®”'%®

. Fourth, our library has a similar range of growth
defects as the deletion library, and therefore should prove equally valuable for studying
essential genes as the deletion library has for non-essential genes. Finally,
degron+tDAmP strains provide a ready means to obtain stronger hypomorphic alleles
when desired.

The second key component of our study is the ability to measure fitness with
unprecedented sensitivity. This sensitivity allowed us to identify growth phenotypes for
a larger fraction of the deletion library (1,875 of 4,204 strains measured) than previously

162425 " 1n total, our analysis reveals that roughly half (2,322 of 4,817) of non-

possible
essential gene deletion strains have measurable growth defects in a single condition, as

447 of the 613 strains not included in our dataset were previously shown to exhibit
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growth phenotypes”**

. Taking into account the 1,033 essential genes, we now arrive at a
new picture of yeast gene dispensability in which the clear majority (57%) of the genome
(and an even larger fraction of the expressed genome; Supplementary Fig. 2.5)
contributes to growth, even under a single growth format. This finding is important in
the context of recent attempts to understand the surprising observation that many genes

16,26,28

do not appear to contribute to fitness under standard conditions . This robustness is

partially explained by the presence of duplicate genes”® and by examples of condition-

. . 16,27,28
specific gene requirements' "

. Nonetheless, given that ~80% of genes are detectably
expressed in a given condition®”, it is difficult to rationalize why resources would be
expended to produce these proteins if they do not contribute to fitness in that condition.
Our data instead reveal that the majority (and perhaps the vast majority) of expressed
genes do contribute to fitness. For many genes this contribution is small in a laboratory
context, but on an evolutionary timescale the competitive advantage conferred by such
genes is sufficient to ensure their retention.

The power of these quantitative genetic tools is illustrated by our ability to gain
new functional insights for several complexes and pathways. We are able to detect

complete alleviating interactions for members of the COG complex’''°

and to distinguish
additional types of positive genetic interactions that suggest more complex functional
relationships for members of the H2A.Z/Swr-C and Rpd3C(S)/Set2 pathways as well as
the proteasome. Such examples of unanticipated interactions even for well-characterized

genes may indeed be more common than the idealized view of genes functioning

predominantly in simple linear pathways.
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The ability to dissect pathways and complexes in fine detail argues strongly for
applying this approach more broadly across the large fraction of the yeast genome now
amenable to quantitative genetic analysis. Indeed, the throughput of our growth assay is
such that all currently known genetic and physical interactions can be explored in high
resolution. A comprehensive strategy for yeast functional genomics would therefore be
to broadly query the genome for interactions using lower resolution ultra-high throughput
techniques’??, then probe interaction-rich subsets more precisely by flow cytometry.
Finally, our successful analysis of genetic interactions using DAmP alleles suggests that a
comparable strategy using RNA interference may be directly applicable to functional
genomics in metazoan systems. Thus, in both yeast and higher eukaryotes, quantitative
genetic approaches have the potential to provide a transformative effect on efforts to

close the gap between genome and function.
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Methods
Growth rate measurement by flow cytometry
We prepared growth competitions in 384-well plates (Nunc) by mixing GFP-labeled

mutant cells and RFP (dTomato'"’

)-labeled wild-type cells using a Biomek NX liquid
handling robot (Beckman Coulter). Co-cultures were inoculated at a ratio of 2.5:1
(mutant:wild-type ) and at OD ~0.1. Plates were sealed with Breathe-Easy gas-
permeable membranes (Diversified Biotech) and incubated at 30°C in humidified DTS-4
shakers (Elmi) at 1,200 rpm for 24 hours, at which point time-zero (T0) measurements
were made. Subsequent measurements (T1-T3) were made every 24 hours, with each 24-
hr interval consisting of growth from OD ~0.05 to OD ~5.0. At each time point, we
diluted cells 100-fold into fresh liquid media for growth until the following time point.
For cytometry measurements, an aliquot of cells was diluted 12-fold into rich media,
incubated with shaking for 90 minutes, washed once with Tris-EDTA, pH 8.0 (TE)
buffer, then resuspended in TE for analysis. We counted RFP- and GFP-labeled cells
using an LSRII cytometer fitted with a high-throughput sampler (Becton Dickinson).
GFP was excited at 488 nm and fluorescence collected through a 505 nm long-pass filter
and a HQ515/20 band-pass filter (Chroma Technology). dTomato was excited at 532 nm

and fluorescence collected through a 600 nm long-pass filter and a 610/20 band-pass

filter (Chroma Technology).

Additional Methods

Details of media, strain construction, and additional procedures are described in

the Supplementary Methods.
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Figure Legends

Figure 2.1

Construction of a library of hypomorphic alleles of essential yeast genes using the
DAmP approach. (a) Schematic of the strategy employed for constructing DAmP
alleles. The Kan" cassette was inserted immediately following the open reading frame of
each gene by transformation with a PCR product encoding the Kan® cassette flanked at
each end with homology to the targeted locus. (b) Summary of the number of DAmP
diploid and haploid strains obtained. Of the 1,033 essential yeast genes, ~970 were
obtained in diploid form and 842 as MATa haploids. (¢) Generation of TAP-tagged
DAmP and degron+DAmP alleles from existing TAP-tagged strains by high-efficiency
transformation with either of two universal cassettes. (d) TAP-degront+tDAmP alleles
typically reduce protein abundance greater than the DAmP allele alone as determined by
Western blots against the TAP tag. 3-phosphoglycerate kinase (Pgk1) was probed to

normalize for variation in loading.

Figure 2.2

A flow cytometry-based technique for high-precision growth rate measurements.
(a) Schematic of the assay. GFP-labeled mutant strains are competed against an RFP-
labeled wild-type strain in 384-well format with cultures maintained by serial dilution
over a 72-hour time-course. At each time point, samples are removed for analysis by
flow-cytometry to determine the ratio of GFP" to RFP" cells. (b) Wild-type and mutant

cell populations can be readily resolved by flow cytometry. Rare events that appear to be

41



GFP" and RFP" represent instances in which a mutant cell and a wild-type cell are mis-
identified by the cytometer as a single cell and are taken into account during analysis
(Supplementary Methods). (¢) Representative fitness data obtained by flow cytometry.
A spectrum of relative growth rates spanning ~0.6 (quite sick) to 1.0 (wild-type growth)
can readily be observed with a high degree of linearity in the rate of mutant strain

depletion over time. Dashed grey line indicates the approximate limit of sensitivity.

Figure 2.3

Growth rate measurements of deletion and DAmP yeast strains by the flow
cytometry-based technique. (a) The flow cytometry-based approach achieves excellent
agreement between replicate measurements (» = 0.993). (b) Error as a function of the
relative fitness observed. For groups of 30 strains having similar growth rates, median
fitness and median standard deviation of triplicate measurements are shown. Inset:
distribution of standard deviations of triplicate measurements for all strains measured; the
median standard deviation is 0.0038. (¢) Distribution predicted from experimental error
(green) and observed distribution of relative growth rates (blue) for 835 DAmP strains,
with inset showing the cumulative distribution of growth rates. (d) Distribution
predicted from experimental error (green) and observed distribution of relative growth
rates (blue) for 4,204 deletion strains, with inset showing the cumulative distribution of

growth rates.

Figure 2.4
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Utility of DAmP strains for identification of drug targets. (a) Sensitivity of DAmP
alleles of known targets to the indicated drugs. For the CDC21, FOLI and FOL3 strains,
the heterozygous diploid strains were not found to be significantly sensitive to the

. 108
corresponding agents

. Shown for comparison is the sensitivity of the erg//
heterozygous null diploid (ergl/ IA/ERG11). Differences in strain sensitivity are
measured by the differences in radius relative to an isogenic control (WT): CDC21 =
2.5X; FOLI=19X; FOL3=43X; ERGI1I =2.2X (relative to WT) and 1.4X (relative
to the heterozygous diploid; average of 2-4 replicates). (b) Distribution of growth
defects for DAmP library strains grown in media containing 0.25 ug ml™' tunicamycin.
The strain bearing a DAmP allele of ALG7, the known target of tunicamycin, is indicated

with a red datapoint. Additional sensitive strains are also detected (dashed box;

Supplementary Data).

Figure 2.5

Highly sensitive growth rate measurements enable resolution of previously
inaccessible classes of genetic interactions. (a) Normalization of genetic interaction
scores helps to distinguish different types of positive genetic interactions. Raw
interactions scores, given by € = Wz — W4 % Wp, are normalized using the growth rate of
the single-mutant strain with the stronger growth phenotype to yield eyory = €/
[min(Wy,Ws) — Wy x Ws]’. (b) Comparison of genetic interactions observed between
members of the COG complex when using fitnesses measured by flow cytometry (lower
left) versus colony size (upper right; data from reference 7). Values shown for

interactions calculated from flow cytometry measurements are the raw genetic interaction
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score (&; black) and the normalized interaction score (enors; red). Relative growth rates
for the single gene deletion strains are indicated in blue. (¢) Growth rates measured by
flow cytometry for strains with deletions of H7Z/ and/or genes encoding members of the
Swr Complex (Swr-C) reveal unexpected genetic interactions for this pathway. Error
bars indicate standard deviation, n > 3. (d) Genetic interactions between genes encoding
members of Rpd3C(S) and Rpd3C(L) reflect the organization of these complexes (shown
schematically at right; note, both complexes also contain additional members).
Additional functions for Set2 and Rpd3C(S) suggested by genetic interaction data are
indicated by question marks in the schematic. Raw interaction scores (upper right) and
normalized interaction scores (lower left) were calculated as in (a). Note that synthetic (&

< 0) interactions are normalized using a different scale (see Supplementary Methods).

Figure 2.6

Functional dissection of the 26S proteasome. (a) Schematic representation of the 26S
proteasome. Components of the 20S core are indicated in green (o) and maroon (f);
components of the 19S regulatory particle are indicated in blue (base) and orange (lid).
(b) Map of raw genetic interaction scores for the 26S proteasome. Interactions between
pairs of genes encoding components of the same physical sub-complex are indicated by
red boxes. (¢) Map of normalized interaction scores for the 26S proteasome. In the
lower panel, double-mutants were grouped according to the sub-complex(es) bearing the
mutations, with the median score for each group shown (*data for PRE9 and PRE7 were

excluded when calculating the medians). Individual scores for interactions with the alpha
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ring subunits are shown above. Note, synthetic interactions (& < 0) are normalized using

a different procedure (see Supplementary Methods).
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Figure 2.4

b
WT DAmP 06 -
cDc21
5-Fluorouracil 0.5 °
(0]
oLt S o4} alg7-DAmP/
L o
Sulfanilamide -§'
o 03r
(o))
FOL3 -
Sulfanilamide E 0.2+
.0
©
ERG11 _g
Clotrimazole @
o

ERG11™* ERG11*"

_0.1 1 1 1 1 1 1 1 1 J
ERG11 0 100 200 300 400 500 600 700 800 900
Clotrimazole

DAmMP strains

49



Relative growth rate

Flow cytometry
interaction score: € yogu
o

Normalized interaction score: € yopu

o
&)

)
o

0.5

SNUHM
>1.0
-=-10
0.8
0.6
0.4
0.2

-= 00

B htz1A [ Swr-CA

Figure 2.5

Suppression

Complete alleviation
Partial alleviation

No interaction

I htz1A + Swr-CA

SWC3 ARP6 VPS72 SWC5 VPS71 SWR1

Relative
fitness €
1.0 0.8 0.7 0.56 >0.7 - >0.14
Wa WB Wag =07 = - 014"
0.67 0.11
0.64 0.08
"""" 0.62 0.06
- 0.59 0.03
\ -056- -l - 0.00-
WT yfg1a yfg2n  yfg1n/yfg2n
Genotype
[
Colony size interaction score 1
3 2 1 0 1 2 3
o 0.8
< g
. COG5 <
o % 0.6
005 - o
N COG6 S
(0.96) o
. = 0.4
005 005 ‘s, G
(1.16) (1.14) . coer o
o
0.05 006 006 0.2
(0.97) (1.02) (1.20) .| coes ’
COG5 COG6 COG7 COG8
0.942 0.939 0.950 0.937 0
Raw interaction score: €
-015 -01  -0.05 0 0.05 0.1 0.15
0.08 0.05 | 003 005 RPD3
SIN3
-0.05 -0.03 -0.08 LIk
-0.02 -0.03 -0.07 [agle¥¥]
RCO1
EAF3
SET2

RPD3
0.771

SIN3
0.733

SAP30

PHO23 RCO1 EAF3 SET2
0.918 0.929 0.950 0.942 0.934

50

Sap30
Pho23

Rpd3C(L)  Rpd3C(S)



Figure 2.6
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Supplementary Figure 2.1
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Supplementary Figure 2.1. Strategy used for DAmP library construction.

DAmP alleles were first constructed in diploid strains by transformation of a PCR product
bearing 40 nucleotides of homology to the site of integration. DAMP diploids were confirmed
by PCR then transformed with a plasmid to enable direct selection of MATa haploids following
sporulation (through the use of a S. pombe HIS5 marker driven by the MATa-specific STE2
promoter). Following sporulation, DAmP haploids were reconfirmed by PCR and passaged
on 5-fluorouracil (5-FOA) to ensure loss of the haploid selection plasmid.
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Supplementary Figure 2.2
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Supplementary Figure 2.2. Normalization of fithess measurements.

Growth rates from each flow cytometry experiment were normalized such that the peak of
the distrubtion of GFP-labeled mutant strains (shown for one representative experiment
above; solid line) is equal to a fitness of 1.0. The peak of the distrubution of GFP-labeled
mutant cells was identified using a Parzen window smoothing strategy (dashed line; see
Supplementary Methods). After normalization, the median fitness for a wildtype (WT)
strain not expressing GFP is nearly exactly equal to 1.00 (red arrow), confirming that the
expression of GFP has very little effect on growth.
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Supplementary Figure 2.3
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Supplementary Figure 2.3: Simulated versus observed distrubution of
differences between duplicate growth measurements.

Our error model (dashed red line; see Supplementary Methods) accurately reproduces
the observed distribution of differences between duplicate measurements (solid blue line).
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Supplementary Figure 2.4
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Supplementary Figure 2.4. Effect of simulated error on the the apparent
number of deletion strains with growth defects.

Increased measurement error was simulated by the addition of normally distributed noise
of a defined magnitude to our growth rate data. The error analysis described previously
(see Supplementary Methods) was then re-applied to the simulated data to estimate a
number of strains with identifiable growth defects (among the 4,204 strains measured).
For each level of error added, 200 simulations were carried out and used to compute a
median number of strains with growth defects (plotted above).
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Cumulative fraction

Supplementary Figure 2.5
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Supplementary Figure 2.5. Effects of gene deletions on growth are correlated
with expression levels.

For gene deletions measured in our dataset and in reference 24, genes were ranked
according to their growth rate in each dataset. The cumulative distributions of growth rate
ranks are plotted for genes with low (bottom 10%), intermediate (10th — 90th percentiles),
and high (top 10%) expression levels, as measured by Wang et al'®. Genes with low
expression levels tend not to have growth rate defects in our dataset (P = 1E-7,
Kolmogorov-Smirnov test), whereas genes with high expression levels are enriched for
growth rate defects (P = 2E-16, Kolmogorov-Smirnov test). Notably, these effects are also
apparent in ranked growth data from reference 24 (P = 0.008 for low expression levels, P
= 1E-12 for high expression levels).
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Supplementary Figure 2.6
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Supplementary Figure 2.6. Relationship between growth defect and
participation in the environmental stress response.

Genes needed to respond to stress'® have an increased likelihood of being dispensable
for rapid growth in our assay. Notably, enrichment for stress-responsive genes is seen
for fitness values ranging from ~0.99-1.01, but not for genes with even slight growth
defects (i.e. growth from 0.97-0.99). This result suggests that small growth defects
captured by our assay are functionally relevant.
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a Supplementary Figure 2.7
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Supplementary Figure 2.7. Genetic interactions between proteasome genes.
(a) Tetrad analysis confirms negative genetic interactions between pre9A and DAmP alleles
of other alpha subunits, particularly pre6-DAmP. In general, however, genes encoding
alpha subunits exhibit positive interactions both with each other (for example, between
pre5-DAmMP and pre10-DAmP) and with genes encoding beta subunits (for example,
pre6-DAmP and pre4-DAmP). WT = wildtype; SM1 = single mutant 1; SM2 = single
mutant 2; DM = double mutant. (b) Normalized genetic interaction scores (€ o) between
proteasome genes. & ,.., Was calculated as described in Supplementary Methods.



Supplementary Table 2.1. Relative growth rates for TAP, TAP-DAmP and

TAP-degron+DAmP alleles.

Also shown is the fold reduction in protein abundance for the TAP-degrontDAmP
strains relative to the corresponding TAP-DAmP strain. Note, growth rates slightly
greater than 1.00 likely reflect the fact that SGA markers were absent from the TAP-
tagged library derivatives™, but present in the wildtype competitor strain.

GENE
RHO3
DIP2
CKS1
FAS2
PCM1
CCAl
YNL313C
YDR531W

TAP
1.015
1.017
1.023
0.972
1.029
1.018
1.024
1.018

TAP-DAmP

0.967
0.981
0.820
0.947
0.984
0.950
0.952
0.943
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TAP-
degrontDAmP

0.958
1.004
0.788
0.771
0.668
0.583
0.696
0.545

Fold protein
reduction (deg.
vs. DAmP)
2.4
3.6
4.6
6.1
6.8
8.8
9.2
21.3



Supplementary Table 2.2. Estimated true and false positive rates for
identification of strains with growth defects.

Estimates are shown as a function of observed growth rate (for observed growth
rates < 1.0) for deletions strains (a) and DAmP strains (b).

(a) Deletion Strains:

Cumulative Incremental

Fitness Cumulative Fraction Cumulative Cumulative Incremental Incremental fraction
cutoff # strains positive # positive # negative # positive # negative positive
0.900 438 1.000 438 0

0.905 455 0.998 454 1 16 0 0.99
0.910 477 0.998 476 1 22 0 0.98
0.915 497 0.996 495 2 19 1 0.97
0.920 529 0.996 527 2 32 1 0.98
0.925 561 0.993 557 4 30 1 0.96
0.930 595 0.992 590 5 33 2 0.95
0.935 645 0.988 637 8 47 2 0.95
0.940 696 0.984 685 11 48 3 0.94
0.945 756 0.980 741 15 56 4 0.93
0.950 835 0.976 815 20 74 5 0.93
0.955 909 0.971 883 26 68 7 0.91
0.960 992 0.966 958 34 75 8 0.90
0.965 1081 0.959 1037 44 79 10 0.89
0.970 1200 0.954 1145 55 108 11 0.91
0.975 1309 0.948 1241 68 96 13 0.88
0.980 1446 0.943 1364 82 123 15 0.89
0.985 1610 0.939 1511 99 147 16 0.90
0.990 1820 0.930 1692 128 181 29 0.86
0.995 2141 0.865 1852 289 160 161 0.50
1.000 2728 0.687 1875 853 23 563 0.04

(b) DamP strains:
Cumulative Incremental

Fitness Cumulative Fraction Cumulative  Cumulative  Incremental  Incremental fraction
cutoff # strains positive # positive # negative # positive # negative positive
0.900 75 1.000 75 0

0.905 81 1.000 81 0 6 0 1.00
0.910 87 1.000 87 0 6 0 1.00
0.915 89 1.000 89 0 2 0 1.00
0.920 93 1.000 93 0 4 0 1.00
0.925 97 1.000 97 0 4 0 1.00
0.930 104 1.000 104 0 7 0 1.00
0.935 107 1.000 107 0 3 0 1.00
0.940 113 1.000 113 0 6 0 1.00
0.945 120 1.000 120 0 7 0 1.00
0.950 128 1.000 128 0 8 0 1.00
0.955 135 1.000 135 0 7 0 1.00
0.960 144 1.000 144 0 9 0 1.00
0.965 153 1.000 153 0 9 0 1.00
0.970 160 1.000 160 0 7 0 1.00
0.975 169 1.000 169 0 9 0 1.00
0.980 186 1.000 186 0 17 0 0.98
0.985 209 0.995 208 1 22 1 0.96
0.990 252 0.976 246 6 38 4 0.90
0.995 342 0.927 317 25 71 19 0.79
1.000 526 0.688 362 164 45 139 0.24
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Supplementary Note

We estimated the number of deletion strains previously reported to have growth
defects in similar conditions using a variety of methods. First, among the 4204 deletion
strains we measured, growth rates for 4098 were also measured in minimal media in
reference 24. Using the authors’ suggested relative growth cutoff of 0.95, 542 of 4098
gene deletions (~13%) were found to be significantly slow-growing in this study.
Second, minimal media growth data have been reported in reference 25 for 4122 of the
deletion strains in our study. Using the suggested growth defect cutoff of -0.055 (this
study computed growth defects on a different scale), 710 of 4122 gene deletions (~17%)
were found to be significantly slow-growing. Combining these two studies, ~16%
showed on average a significant growth defect, with 22% showing a growth defect in at
least one of the two studies. Finally, to make a more direct comparison that is
independent of the choice of cutoffs, we analyzed the replicate data available for growth
in rich media published in reference 24 using the error model calculation procedure that
we applied to our deletion and DAmP library data. With this analysis, we estimate that a

total of ~1060 of 4146 deletion strains (~26%) have reduced fitness in reference 24.
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Supplementary Methods
Growth media and Strain Construction

Details of growth media used have been described previously''®. For growth
competition experiments, we used minimal media lacking histidine, lysine and arginine
and containing canavanine (50 ug/ml; SIGMA), s-Aminoethyl-cysteine (50 ug/ml,
SIGMA), G418 (200 ng/ml) and clonNAT (200 ng/ml; Werner BioAgents).

DAmP alleles were constructed in a diploid strain derived from strains BY4741'"”
(MATa/a his3A1/his3A1 leu2 A0/leu2 AO ura3A0/ura3 A0 metl5A0/met15A0
CYH2+/cyh2) by transformation with a PCR product encoding the kanamycin-resistance
(Kan®) cassette (see below) flanked at either end by 40 nucleotides of homology to the
site of integration. Transformants were selected on YEPD containing 200 ug/ml G418
(GENETICIN; Invitrogen), then grown to saturation in 1 ml liquid YEPD+G418.

Lysates were made by boiling cells in 20 mM NaOH for 20 minutes, vortexing briefly,
then adding an equal volume of water and centrifuging at 2500 RCF for 2 minutes.
Correct insertion of the Kan" cassette was confirmed by PCR using gene-specific forward
primers and a universal reverse primer complementary to the promoter region of the
Kan" cassette. Correct diploid strains were transformed with the URA3-marked plasmid
pRS316-STE2pr-SpHISS5 encoding the S. pombe HIS5 gene driven by a MATa-specific
promoter. Transformed diploids were sporulated and MA47a DAmP haploids selected on
synthetic media lacking histidine and supplemented with cycloheximide (10 ug/ml) and
G418 (200 ug/ml). Following a repeated PCR to confirm correct integration of the Kan®
cassette, DAmP haploids were passaged on 5-Fluorouracil (5-FOA) to ensure loss of the

haploid-selection plasmid and then stored at -80°C in 15% glycerol.
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To generate the TAP-tagged DAmP and DAmP+Degron strains, we constructed
plasmids bearing the TAP sequence either with or without a C-terminal CL1 degron,
followed by the Kan® cassette (see below). Because the Kan® cassette utilizes the same
downstream regulatory sequences as the HIS3 marker contained within the all strains in
the TAP library®’ (the TEF2 terminator), restriction fragments generated from these
plasmids can integrate with high efficiency due to homology with both the TAP tag and
the TEF2 terminator. Strains were transformed into existing TAP-tagged strains® with
restriction fragments and transformants selected on YEPD+G418. Transformants were
confirmed by PCR as described above using primers annealing to the TAP tag and the
promoter region of the Kan" cassette.

To generate constructs suitable for GFP and RFP expression, we inserted a
cassette containing the TEF2 promoter, GFP or RFP (dTomato''’) and the ADH]
terminator (cloned from Ashbya gossypii) into the pFA6a-NATMX4 plasmid (see below).
This construct was then integrated into either the 4is3A7 or leu2 A0 locus of a MATa
strain compatible with Synthetic Genetic Array (SGA) methodology (MATa his3Al
leu2 AO ura3 A0 met15A0 canl A::STE2pr-SpHISS5 lyp1 A::STE3pr-LEU2). The resulting
strain was then crossed to the deletion and DAmP libraries and SGA-based methods were
used to generate haploid GFP-tagged mutant strains for use in growth rate measurements.
The RFP-expressing wild-type reference strain used in the growth competitions was
constructed in an analogous manner (so that it would be isogenic to the mutant query
strains) and contained the Kan® cassette at his3A1 and the NAT®-dTomato construct at

the leu2 A0 locus.
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GFP-tagged double-mutant deletion/DAmP strains for genetic interaction analysis
were generated by crossing BY4741-derived MATa single-mutant Kan® strains from the
deletion/DAmP libraries (or freshly created deletion strains made by standard PCR-based
gene disruption) with SGA-compatible MATa single-mutant NAT® strains that were
independently constructed by replacement of the gene of interest with the NAT®-GFP
cassette described above. Following sporulation, double-mutant haploids were selected
using standard SGA methodology. Because growth measurements of strains bearing the
appropriate individual gene deletions were also required for genetic interaction
calculations (see below), isogenic single-mutant strains were generated by crossing the
same Kan® and NATR-GFP marked single gene deletion strains with appropriate wild-

type strains bearing the Kan® or NAT® marker integrated at the his3A! locus.

Quantification of protein abundance

The relative abundance of proteins generated from the TAP-DAmP and TAP-
Degron+DAmP alleles was determined by Western blot analysis as previously
described” using a TAP-specific antibody (rabbit anti-CBPTEV-N peptide, Bethyl
Laboratories, Inc.) as well as an antibody against endogenous 3-phosphoglycerate kinase
(Pgkl; Molecular Probes, Inc.) to control for variation in loading. Bands were detected

and quantitated using an Odyssey Infrared Imaging System (Licor Biosciences).

Drug sensitivity assays

For disk analysis, ¥4 inch paper disks (Schleicher & Schuell) were immersed in

the various drugs at concentrations as follows: 10 mg/ml 5-FOA (SIGMA); 10 mg/ml
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Clotrimazole (SIGMA); 50 mg/ml Sulfanilamide (SIGMA). Disks were placed on SD-
complete plates on which 10° yeast cells of the appropriate genotype were plated. Fitness
measurements of DAmP strains in tunicamycin were made using the flow cytometry
technique as described above except media was supplemented with 0.25 ug/ml

tunicamycin (SIGMA) following the initial TO cytometry measurement.

RNA isolation and Quantitative PCR

RNA isolation and Quantitative PCR were performed as described previously’.

Data processing and analysis
Calculation of the ratio of mutant to wild-type cells for each flow cytometry measurement
First, unreliable cell measurements were identified and removed. For example,
events counted in the first 0.2s and after 5.0s were omitted from analysis, as these time
segments occasionally contained aberrant fluorescence values. Additionally, to eliminate
non-cellular debris, counted events were excluded if they had undefined forward or side
scatter intensities (i.e. equal to 0 or the maximum value of 2*18), or if they fell in the
highest or lowest 0.1 percentile of FSC values or 0.2 percentile of SSC values. Typically,
~30,000 cells remained after these filters. Next, each cell measured was assigned to one
of four categories: RFP'/GFP" (wild-type), GFP'/RFP" (mutant), GFP'/RFP" (rare events
caused by simultaneous counting of a wild-type and mutant cell), and GFP/RFP" (very
rare non-fluorescent cells). For GFP/RFP" cells, it was straightforward to classify them
as wild-type on the basis of their reproducibly high RFP levels (analyzed using the PE-

Texas Red ‘Height’ parameter) and low GFP intensity (analyzed using the FITC ‘Height’
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parameter). GFP-containing mutant cells were also clearly identifiable but occasionally
exhibited minor strain-to-strain variability in GFP intensity and RFP-channel auto-
fluorescence, and so were counted using a modified strategy that automatically
determined appropriate boundaries for a gate drawn around the GFP-expressing mutant
cells. A similar strategy was used to identify GFP'/RFP" cells, and any cells that did not
fall into the first three categories were assigned as GFP/RFP". It is worth noting that the
existence of rare GFP'/RFP" cells (typically ~2.5% of all cells) reflects the fact that two
cells can occasionally pass through the cytometer simultaneously and be recorded as a
single event. Although the possible distorting effects of such events are likely quite small
due to their rarity, we corrected for this issue by calculating the number of true individual
mutant and wild-type cells from the raw numbers of GFP'/RFP", GFP"/RFP", and
GFP'/RFP" (assuming that any two cells have an equal probability of being mis-recorded

as a single event).

Relative growth rate calculation

Relative growth rates were calculated from the rate of change of the ratio of
mutant to wild-type cells over the course of the competition. Assuming a constant
relative growth rate x for the mutant strain and an initial ratio of mutant to wild-type cells
ro, then r,, (the ratio after a given number of generations, n) is given by the equation:

Fa=rgX 2" nx(x—xwr) ],

where 1 is the growth rate of the wild-type strain. Thus, logs(7,,) changes linearly during
the competition with slope equal to x — xyr, i.e. the relative growth defect of the mutant

strain. We therefore calculated this slope for each strain using the four timepoints at
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which we measured the co-cultures by flow cytometry using a weighted linear least-
squares fit (with weights for each timepoint determined by the expected counting error
given the actual number of GFP and RFP cells recorded). Also, because # in the above
equation represents the number of doublings for the wild-type strain (and not for the
overall co-culture), we used the change in the ratio between each pair of timepoints to
calculate the number of wild-type doublings from the number of co-culture doublings. In
addition, for very sick strains, we commonly found that after an initial large decrease in
the ratio of mutant to wild-type cells, by the final timepoint the ratio had leveled out at
~2"-10 — 2"-14 (~0-40 mutant cells) and did not continue to change, suggesting that this
is our lower limit of detection. We therefore only used the first timepoint with a ratio <
27-6 and excluded all timepoints with measured ratios < 2”-9. In the event that fewer

than two timepoints remained, we assigned the mutant strain a relative fitness of “<0.50”.

Identification and exclusion of unreliable measurements

A number of criteria were used to identify and eliminate potentially unreliable
measurements. First, strains that did not pass through the strain construction process, as
identified by an initial ratio of mutant to wild-type < 2”-6, were removed from
subsequent analyses. Second, individual timepoints for a strain in which the RFP or GFP
intensity fluctuated significantly during the course of reading the well were removed.
Similarly, individual timepoints for a strain were excluded if > 2.5% of cells were scored
as GFP/RFP" (typically the result of a technical problem with the flow cytometer high-
throughput sampler causing aberrant fluorescence recordings). Third, strains were

removed in cases where a good linear fit of log,(ratio of mutant to wild-type cells) versus
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the number of generations elapsed could not be obtained, as determined by the total sum
of the square of the residuals or by the presence of an individual residual that was
unusually large. Fourth, genes required for mating and for the biosynthesis of histidine,
lysine and arginine were excluded from analysis. We note that the number of strains
removed using these criteria was limited. Thus, the vast majority of the ~600 deletion
strains not included in our final data set are absent not because they were measured and
excluded but because they were not present in our deletion library.
Data normalization

Because for each experiment we inoculated all co-cultures with a wild-type RFP
strain that was originally grown from a single colony, it was important to control for the
possibility of slight experiment-to-experiment variability in the growth rate of the wild-
type strain. We therefore normalized the growth rates measured for each experiment
(typically involving the measurement of ~2500 mutant strains) such that the most
common or ‘typical’ mutant had relative growth = 1.0000. To find the peak of the
distribution of growth rates for each experiment, we used a Parzen window smoothing
strategy'*” in which the window was a normal distribution with o= 0.0045. As
illustrated in Supplementary Figure 2.2, this process clearly identifies the peak of the
distribution. Furthermore, using the peak of the distribution rather than a property related
to the median allowed us to avoid imposing any artificial bias on the number of strains
with growth defects and seems reasonable under the assumption that the most common
deletion strain will have growth that is indistinguishable from wild-type. In further

support of this strategy, measurements of the growth rate of a wild-type control strain not
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expressing GFP ranged from 1.0004 to 1.0022 after normalization (Supplementary Fig.

2.2).

Error analysis for growth rate measurements

Estimates of the number of strains with a growth defect were calculated based on
the differences between replicate measurements of identical strains. Specifically, if
measurement error is symmetrically distributed about zero, then the distribution of
differences between replicate measurements can be used to construct a distribution of
error expected for an arbitrary number of measurements. This is possible because the
distribution of differences in replicate measurements is equal to the convolution of the
overall distribution of measurement errors with itself. For measurements of the deletion
library, we modeled the distribution of measurement errors as a sum of two Gaussian
distributions with parameters determined by nonlinear regression: p(x) = 0.8453 x
N(0,0.0045) + 0.1457 x N(0,0.0334), where N(u,0) is a normal distribution with mean p
and standard deviation 6. Importantly, this error model accurately reproduced our
observed distribution of differences between replicate measurements (Supplementary Fig.
2.3). We then estimated the distribution of measured growth rates resulting from deletion
strains with true growth rate 1.0 by normalizing and translating (by 0.001) the error
distribution to match the peak of the histogram of all observed growth rates (Fig. 2.3d).
Confidence that a strain with a given measured growth rate grows more slowly than wild-
type can then be estimated as the fraction of strains with that approximate growth rate
that are not accounted for by the error model. A similar procedure was used for the

DAmP strains, except that since each of the DAmP strains was measured twice, there was
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no need to estimate the distribution of errors that gave rise to the observed distribution of
replicate differences. Instead, the observed histogram of averaged growth rates was
compared to an empirically generated error model constructed directly from the set of
differences between replicate measurements divided by two. In each case, since
measurement error increases for substantially slow-growing strains, only strains with a

median growth rate of 0.95 or higher were used to generate the error distributions.

Calculation of genetic interactions scores

Interaction scores were calculated according to the equations for e and exorm
described above (see Results). One exception is that, as originally proposed’, a different
normalization procedure is used for synthetic interactions, such that synthetic lethality
gives a normalized score of -1 (exory = €/ (W4* W3, for € <0). For SET2 and genes
encoding components of the Rpd3 and COG complexes, Kan"- and NAT®-marked
deletion strains for each gene were used, thereby providing two independently
constructed strains for each double mutant of interest. Fitness data from each separately
constructed strain were averaged; these data were typically in very high agreement and
used to calculate and normalize genetic interaction scores. This averaging was not
performed for proteasome mutant strains, as the separate Kan®- and NAT®-marked
DAmP strains did not necessarily have identical growth rates. Instead, fitnesses and raw
interaction scores were separately calculated for each independently constructed strain
(i.e. yfgI-DAmP: :Kan® x yfg2-DAmP::NAT" and yfg2-DAmP::Kan®" x yfg1-
DAmP::NAT®) and then averaged to generate average raw interaction scores. Similarly,

because yfg-DAmP::Kan® and yfg-DAmP::NAT® do not necessarily have identical growth
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rates, it is possible that each construction of the yfg/-DAmP / yfg2-DAmP strain should
be normalized using a different normalization factor. Thus, we averaged these
normalization factors and used the resulting value to normalize raw interaction scores.

Importantly, this averaging does not distort the normalized interaction scores obtained.
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Sequences for plasmids used in Chapter 2
pFA6a-KANMX6-DAmP:

GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAG
ATCTGTTTAGCTTGCCTCGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTG
ACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCAT
GTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCA
GACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATAC
AGTTCTCACATCACATCCGAACATAAACAACCATGGGTAAGGAAAAGACTCACGTTTCGAGGCCGCGATTA
AATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGAC
AATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCA
ATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGCAAAACAGCATTCCAGGTATT
AGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGA
TTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAAT
AACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGA
AATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTA
TTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGAT
CTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGG
TATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATCAGTACTGA
CAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTT
AATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCG
CAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACG
CCGCCATCCAGTGTCGAAAACGAGCTCGAATTCATCGATGATATCAGATCCACTAGTGGCCTATGCGGCCG
CGGATCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTCGATAAGCCAGGTTAACCTGCATTAATGAATC
GGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCG
CTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAG
GGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTG
CTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCG
AAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGA
CCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGC
TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCC
CGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGG
CAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGG
CCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAA
AAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGC
AGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGG
AACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAA
TTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAA
TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAG
ATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACC
GGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTAT
CCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGC
AACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGG
TTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTC
CGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTT
ACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTG
TATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAA
AAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGT
TCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGC
AAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCT
TCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATT
TAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCAT
TATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATG
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ACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGC
AGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGA
GCAGATTGTACTGAGAGTGCACCATATGGACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCT
TATGTATCATACACATACGATTTAGGTGACACTATA

TAP-DAmP (KAN) :

GGTCGACGGATCCCCGGGTTAATTAATCCATGGAAGAGAAGATGGAAARAGAATTTCATAGCCGTCTCAGC
AGCCAACCGCTTTAAGAAAATCTCATCCTCCGGGGCACTTGATTATGATATTCCAACTACTGCTAGCGAGA
ATTTGTATTTTCAGGGAGAATTCGGCCTTGCGCAACACGATGAAGCCGTGGACAACAAATTCAACAAAGAA
CAACAAAACGCGTTCTATGAGATCTTACATTTACCTAACTTAAACGAAGAACAACGAAACGCCTTCATCCA
AAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTTAGCAGAAGCTAAAAAGCTAAATGATGCTCAGG
CGCCGAAAGTAGACAACAAATTCAACAAAGAACAACAAAACGCGTTCTATGAGATCTTACATTTACCTAAC
TTAAACGAAGAACAACGAAACGCCTTCATCCAAAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTT
AGCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAAGTAGACGCGAATCATCAGTGAacatggaggce
ccagaataccctccttgacagtcttgacgtgcgcagectcaggggcatgatgtgactgtcgeccgtacattt
agcccatacatccccatgtataatcatttgcatccatacattttgatggccgcacggcgcgaagcaaaaat
tacggctcctcgectgcagacctgcgagcagggaaacgctcecccecctcacagacgegttgaattgteccccacge
cgcgcccctgtagagaaatataaaaggttaggatttgccactgaggttcttcectttcatatacttecctttta
aaatcttgctaggatacagttctcacatcacatccgaacataaacaaccatgggtaaggaaaagactcacg
tttcgaggccgcgattaaattccaacatggatgectgatttatatgggtataaatgggctcgegataatgte
gggcaatcaggtgcgacaatctatcgattgtatgggaagcccgatgecgccagagttgtttctgaaacatgg
caaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctgacggaatttatgecte
ttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatcecccggecaaa
acagcattccaggtattagaagaatatcctgattcaggtgaaaatattgttgatgecgectggcagtgttect
gcgccggttgcattcgattectgtttgtaattgtecttttaacagegatecgegtatttegtectegetecagg
cgcaatcacgaatgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggecctgtt
gaacaagtctggaaagaaatgcataagcttttgccattctcaccggattcagtcgtcactcatggtgattt
ctcacttgataaccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcggaatcg
cagaccgataccaggatcttgccatcctatggaactgcctecggtgagttttctecttcattacagaaacgg
ctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctcgatgagtt
tttctaatcagtactgacaataaaaagattcttgttttcaagaacttgtcatttgtatagtttttttatat
tgtagttgttctattttaatcaaatgttagcgtgatttatattttttttcgectcgacatcatctgecccag
atgcgaagttaagtgcgcagaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgectatactgetyg
tcgattcgatactaacgccgccatccagtgtcgaaaacgagetcgaattcatcga

TAP-DEG+DAmP (KAN) :

GGTCGACGGATCCCCGGGTTAATTAATCCATGGAAGAGAAGATGGAAAAAGAATTTCATAGCCGTCTCAGC
AGCCAACCGCTTTAAGAAAATCTCATCCTCCGGGGCACTTGATTATGATATTCCAACTACTGCTAGCGAGA
ATTTGTATTTTCAGGGAGAATTCGGCCTTGCGCAACACGATGAAGCCGTGGACAACAAATTCAACAAAGAA
CAACAAAACGCGTTCTATGAGATCTTACATTTACCTAACTTAAACGAAGAACAACGAAACGCCTTCATCCA
AAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTTAGCAGAAGCTAAAAAGCTAAATGATGCTCAGG
CGCCGAAAGTAGACAACAAATTCAACAAAGAACAACAAAACGCGTTCTATGAGATCTTACATTTACCTAAC
TTAAACGAAGAACAACGAAACGCCTTCATCCAAAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTT
AGCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAAGTAGACGCGAATCATCAGGGTGGTTCTGGTT
CTGCTTGTAAAAATTGGTTTTCTTCTTTGTCTCATTTTGTTATTCATTTGTAAacatggaggcccagaata
cccteccecttgacagtcttgacgtgcgcagectcaggggcatgatgtgactgtcecgececgtacatttageccata
catccccatgtataatcatttgcatccatacattttgatggccgcacggcgcgaagcaaaaattacggete
ctcgctgcagacctgcgagcagggaaacgctcceccecctcacagacgecgttgaattgtccccacgecgecgecce
tgtagagaaatataaaaggttaggatttgccactgaggttcttctttcatatacttccttttaaaatcttyg
ctaggatacagttctcacatcacatccgaacataaacaaccatgggtaaggaaaagactcacgtttcgagg
ccgcgattaaattccaacatggatgctgatttatatgggtataaatgggctcgecgataatgtcgggecaatce
aggtgcgacaatctatcgattgtatgggaagcccgatgecgeccagagttgtttctgaaacatggcaaaggta
gcgttgccaatgatgttacagatgagatggtcagactaaactggctgacggaatttatgecctettecgace
atcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccccggcaaaacagecatt
ccaggtattagaagaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttecctgegeecggt
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tgcattcgattcctgtttgtaattgtecttttaacagecgatcgegtatttegtetegectcaggegecaatca
cgaatgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggecctgttgaacaagt
ctggaaagaaatgcataagcttttgccattctcaccggattcagtcgtcactcatggtgatttctcacttg
ataaccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcggaatcgcagaccga
taccaggatcttgccatcctatggaactgcctecggtgagttttctecttcattacagaaacggecttttteca
aaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctcgatgagtttttctaat
cagtactgacaataaaaagattcttgttttcaagaacttgtcatttgtatagtttttttatattgtagttyg
ttctattttaatcaaatgttagcgtgatttatattttttttcgecctcgacatcatctgecccagatgcgaag
ttaagtgcgcagaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgctatactgctgtcgatteg
atactaacgccgccatccagtgtcgaaaacgagctcgaattcatcga

Note: The sequence encoding the CL1 degron is highlighted in yellow. Plasmids
containing these cassettes were digested with Pacl and Sacl (restriction sites underlined)
and the resulting fragments used for transformations.

pFA6a-TEF2Pr-eGFP-ADH1-NATMX4 :

GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAG
ATCTGTTTAGCTTGCCTTGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTG
ACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCAT
GTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCA
GACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATAC
AGTTCTCACATCACATCCGAACATAAACAACCATGGGTACCACTCTTGACGACACGGCTTACCGGTACCGC
ACCAGTGTCCCGGGGGACGCCGAGGCCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTTCCG
CGTCACCGCCACCGGGGACGGCTTCACCCTGCGGGAGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCC
CCGACGACGAATCGGACGACGAATCGGACGACGGGGAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCG
TACGGGGACGACGGCGACCTGGCGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGAACCGCCGGCTGACCGT
CGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGGGGTCGGGCGCGCGTTGATGGGGCTCGCGALCGG
AGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTGGCTGGAGGTCACCAACGTCAACGCACCGGCGATCCAC
GCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCTGGACACCGCCCTGTACGACGGCACCGCCTCGGACGG
CGAGCAGGCGCTCTACATGAGCATGCCCTGCCCCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
GAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATA
TTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAAT
CGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAG
CTCATATATGGGGCCGTATACTTACATATAGTAGATGTCAAGCGTAGGCGCTTCCCCTGCCGGCTGTGAGG
GCGCCATAACCAAGGTATCTATAGACCGCCAATCAGCAAACTACCTCCGTACATTCATGTTGCACCCACAC
ATTTATACACCCAGACCGCGACAAATTACCCATAAGGTTGTTTGTGACGGCGTCGTACAAGAGAACGTGGG
AACTTTTTAGGCTCACCAAAAAAGAAAGAAAAAATACGAGTTGCTGACAGAAGCCTCAAGAAAAAAAAAAT
TCTTCTTCGACTATGCTGGAGGCAGAGATGATCGAGCCGGTAGTTAACTATATATAGCTAAATTGGTTCCA
TCACCTTCTTTTCTGGTGTCGCTCCTTCTAGTGCTATTTCTGGCTTTTCCTATTTTTTTTTTTCCATTTTT
CTTTCTCTCTTTCTAATATATAAATTCTCTTGCATTTTCTATTTTTCTCTCTATCTATTCTACTTGTTTAT
TCCCTTCAAGGTTTTTTTTTAAGGAGTACTTGTTTTTAGAATATACGGTCAACGAACTATAATTAACTAAA
CACTAGTACCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTG
ATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTT
AAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCACTTATGGTGT
TCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTT
ATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAA
GGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACA
CAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAG
TTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACT
CCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGA
TCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGG
ATGAACTATACAAATAGGGCCTCGAG”VV“"“‘ - 'GTC




CCAACGCCCCGCACAGCAGTCCTCCACAACGAGCTCGAATTCATCGACCGCGGATCTGCCGGTCTCCCTAT
AGTGAGTCGTATTAATTTCGATAAGCCAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGC
GGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCG
AGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACA
TGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTC
CGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAG
ATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACC
TGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTG
TAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGG
TAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGA
TTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGA
AGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATC
CGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAG
GATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATC
AATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAG
CGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGC
TTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAAT
AAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTA
ATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGT
TACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT
TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGA
TGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTC
TTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAAC
GTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA
CCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC
CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAA
GCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGG
GTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTA
TAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACA
TGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGLG
TCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCA
CCATATGGACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGAT
TTAGGTGACACTATA

pPFA6a-TEF2Pr-dTomato-ADH1-NATMX4:

GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAG
ATCTGTTTAGCTTGCCTTGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTG
ACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCAT
GTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCA
GACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATAC
AGTTCTCACATCACATCCGAACATAAACAACCATGGGTACCACTCTTGACGACACGGCTTACCGGTACCGC
ACCAGTGTCCCGGGGGACGCCGAGGCCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTTCCG
CGTCACCGCCACCGGGGACGGCTTCACCCTGCGGGAGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCC
CCGACGACGAATCGGACGACGAATCGGACGACGGGGAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCG
TACGGGGACGACGGCGACCTGGCGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGAACCGCCGGCTGACCGT
CGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGGGGTCGGGCGCGCGTTGATGGGGCTCGCGALCGG
AGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTGGCTGGAGGTCACCAACGTCAACGCACCGGCGATCCAC
GCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCTGGACACCGCCCTGTACGACGGCACCGCCTCGGALGG
CGAGCAGGCGCTCTACATGAGCATGCCCTGCCCCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
GAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATA
TTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAAT
CGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAG
CTCATATATGGGGCCGTATACTTACATATAGTAGATGTCAAGCGTAGGCGCTTCCCCTGCCGGCTGTGAGG
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GCGCCATAACCAAGGTATCTATAGACCGCCAATCAGCAAACTACCTCCGTACATTCATGTTGCACCCACAC
ATTTATACACCCAGACCGCGACAAATTACCCATAAGGTTGTTTGTGACGGCGTCGTACAAGAGAACGTGGG
AACTTTTTAGGCTCACCAAAAAAGAAAGAAAAAATACGAGTTGCTGACAGAAGCCTCAAGAAAAAAAAAAT
TCTTCTTCGACTATGCTGGAGGCAGAGATGATCGAGCCGGTAGTTAACTATATATAGCTAAATTGGTTCCA
TCACCTTCTTTTCTGGTGTCGCTCCTTCTAGTGCTATTTCTGGCTTTTCCTATTTTTTTTTTTCCATTTTT
CTTTCTCTCTTTCTAATATATAAATTCTCTTGCATTTTCTATTTTTCTCTCTATCTATTCTACTTGTTTAT
TCCCTTCAAGGTTTTTTTTTAAGGAGTACTTGTTTTTAGAATATACGGTCAACGAACTATAATTAACTAAA
CACTAGTACCATGGTGAGCAAGGGCGAGGAGGTCATCAAAGAGTTCATGCGCTTCAAGGTGCGCATGGAGG
GCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC
GCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCATGTA
CGGCTCCAAGGCGTACGTGAAGCACCCCGCCGACATCCCCGATTACAAGAAGCTGTCCTTCCCCGAGGGCT
TCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGTCTGGTGACCGTGACCCAGGACTCCTCCCTGCAG
GACGGCACGCTGATCTACAAGGTGAAGATGCGCGGCACCAACTTCCCCCCCGACGGCCCCGTAATGCAGAA
GAAGACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCC
ACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGACCATCTACATGGCCAAGAAG
CCCGTGCAACTGCCCGGCTACTACTACGTGGACACCAAGCTGGACATCACCTCCCACAACGAGGACTACAC
CATCGTGGAACAGTACGAGCGCTCCGAGGGCCGCCACCACCTGTTCCTGTACGGCATGGACGAGCTGTACA
\TTAACGCTTTGTAATGTATAGCTTTTAATGTGTGATCGCCTGACTTTTG
: D STC T TGGCGGGCTGT( CTGGC
GCGACTGGCGCGACTGTCGCTGTCACGTGACGGCGACCACGGGTGGAGAAAATTTTTGGCC!
ACAGCACTCCTCGCACAACGAGCTCGAATTCATCGACCGCGGATCTGCCGGTCTCCCTATAGTGAGTCGTAT
TAATTTCGATAAGCCAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATT
GGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGC
TCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAG
GCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGAC
GAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT
TCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTC
TCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGC
TCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCT
TGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGA
GGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTT
GGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC
CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAG
ATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATG
AGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTAT
ATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTAT
TTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGC
CCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGC
CGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGG
AAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTG
TCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGT
TATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTG
ACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTC
AATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGC
GAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCT
TCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGEG
AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGG
GTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACA
TTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCG
TATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGG
AGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTT
GGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGGACAT
ATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTGACACT
ATA
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Chapter 3

Identification of Orm Family Proteins as Key Mediators of Sphingolipid Homeostasis

71



Orm Family Proteins Mediate Sphingolipid Homeostasis

David K. Breslow'****, Sean R. Collinsl’2’4’f, Bernd Bodenmillers’f, Ruedi Aebersold™®’,

Kai Simons®, Andrej Shevchenko®, Christer S. Ejsing™ & Jonathan S. Weissman'**

'Department of Cellular and Molecular Pharmacology, “Howard Hughes Medical
Institute, *Graduate Program in Chemistry and Chemical Biology, “The California
Institute for Quantitative Biomedical Research, University of California, San Francisco,
1700 4th Street, San Francisco, California 94158, USA. *Institute of Molecular Systems
Biology, ETH Zurich, 8093 Zurich, Switzerland. °Institute for Systems Biology, Seattle,
WA 98103, USA, 7Falculty of Science, University of Zurich, 8057 Zurich, Switzerland,
*Max Planck Institute of Molecular Cell Biology and Genetics, Pfotenhauerstrasse 108,
01307 Dresden, Germany. *Department of Biochemistry and Molecular Biology,
University of Southern Denmark, Campusvej 55, 5230 Odense, Denmark. fPresent
addresses: Chemical and Systems Biology, Bio-X Program, Stanford University,
Stanford, California 94305, USA (S.R.C.); Department of Microbiology and
Immunology, Baxter Laboratory in Genetic Pharmacology, Stanford University, 269

Campus Drive, Stanford, California 94305, USA (B.B.).

78



Despite the essential roles of sphingolipids as both structural components of
membranes and critical signalling molecules, we have a limited understanding of
how cells sense and regulate their levels. Here we reveal the function in sphingolipid
metabolism of the Saccharomyces cerevisiae ORM genes (known as ORMDL genes in
humans)—a conserved gene family that includes ORMDL3, which has recently been
identified as a potential risk factor for childhood asthma. Starting from an
unbiased functional genomic approach, we identify Orm proteins as negative
regulators of sphingolipid synthesis that form a conserved complex with serine
palmitoyltransferase, the first and rate-limiting enzyme in sphingolipid production.
We also define a regulatory pathway in which phosphorylation of Orm proteins
relieves their inhibitory activity when sphingolipid production is disrupted.
Changes in ORM gene expression or mutations to their phosphorylation sites cause
dysregulation of sphingolipid metabolism. Our work identifies the Orm proteins as
critical mediators of sphingolipid homeostasis and raises the possibility that

sphingolipid misregulation contributes to the development of childhood asthma.
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Introduction

As cells grow, divide and respond to their environment, they must synthesize lipids to
meet metabolic demands while also ensuring the correct balance of a wide array of
structurally and functionally diverse lipid species. At the same time, cells need to
maintain the correct distribution of lipids within the membrane bilayers of different
organelles and the plasma membrane. Regulatory mechanisms that ensure proper levels

69,70,72 . sl 4,77,121
7972 and various glycerolipids’*"”'*' have been

of some lipid species including sterols
identified, with loss of such controls leading to a variety of disease states™”'**. While
remarkable progress has been made in defining the protein machinery responsible for

45,46,84,123

synthesizing*>* and transporting sphingolipids , insights into how cells sense and

. . . 80,81
maintain their levels are only now emerging

. The need for precise regulation of
sphingolipids may be particularly acute as, in addition to the structural roles of the
terminal products, several biosynthetic intermediates—including sphingosine, ceramide,
and their phosphorylated derivates—are signalling molecules that participate in key

physiological and pathological processes”'**,

Our investigations into how cells achieve sphingolipid homeostasis stem
from analysis of the ORM/ORMDL genes, which have been implicated recently in
asthma. Asthma has emerged as a major health problem, with rates of childhood disease
increasing dramatically over the last three decades'®’. There is a strong heritable
component that modulates asthma susceptibility, and many studies have been undertaken
to identify genetic risk factors'*®. A breakthrough in these efforts came with the genome-

132

wide association study of Moffatt e al.””, which identified single nucleotide
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polymorphisms (SNPs) at chromosome 17q21 near the ORMDL3 gene that confer an
increased risk of childhood asthma. Subsequent studies have reproduced this finding in

multiple ethnic groups®~**

. Additionally, the disease-associated polymorphisms have
been shown to modulate expression of ORMDL3 and the adjacent gene GSDMB*>'*,
suggesting that dysregulation of one or both of these genes may contribute to childhood
asthma. Thus genetic variants near ORMDL3 are a widespread risk factor for developing
childhood asthma that may raise the incidence of the disease by up to ~20%°.
However, translating these findings into an increased understanding of how ORMDL3

may contribute to asthma pathogenesis has been hampered by the lack of information on

the function of ORM-family genes.

Members of the ORM gene family encode trans-membrane proteins
localized in the Endoplasmic Reticulum (ER) and include two genes in the budding yeast
S. cerevisiae (ORM1/2) and three genes in humans (ORMDLI1/2/3)*". The Orm proteins
have no known functional domains, and little is known about their cellular role; however,
they are strongly conserved and have been proposed to share a common function®'. Here
we use a combination of global and targeted studies to identify Orm proteins as

homeostatic regulators of the first and rate-limiting step in sphingolipid biosynthesis.

Results
Orm1/2 negatively regulate sphingolipid synthesis

We began our investigation of S. cerevisiae ORM1 and ORM? using a global approach to

characterize gene function based on large-scale measurements of genetic interactions,

81



termed epistatic mini-array profiles or E-MAPs’. In this strategy, the function of a given
gene can be inferred without a priori hypotheses by comparing the spectrum of genetic
interactions resulting from mutation of that gene with interaction patterns caused by
mutations in other genes of defined function. When we compared the genetic interaction
profile resulting from deletion of ORM? to those obtained for a collection of more
than1400 yeast mutants focused on ER biology (manuscript in preparation and ref. ), we
observed a strong anti-correlation with the interaction patterns seen for hypomorphic
alleles that reduce expression of LCBI and LCB2 (Ich1-DAmP and Ich2-DAmP"), thus
suggesting that ORM?2 and LCB1/2 have opposing cellular roles (Fig. 3.1a and
Supplementary Data). We also examined the genetic interactions that result from over-
expression of ORM1 or ORM? using the strong promoters pTDH3 and pTEF?2, as it was
shown that the asthma-associated polymorphisms near ORMDL3 are associated with
increased expression of this gene’>'?’. Over-expression of ORM1I or ORM2 produced a
pattern of genetic interactions that was highly correlated with those seen for the Ich -
DAmP and lcb2-DAmP strains, indicating that increased Orm expression phenocopies

reduced Lcb1/2 activity (Fig. 3.1a).

LCBI and LCB2 encode serine palmitoyltransferase, an essential hetero-dimeric
enzyme that catalyzes the first and rate-limiting step in sphingolipid biosynthesis**'".
The synthesis of sphingolipids begins in the ER, where two classes of lipid metabolites,
long chain bases (LCBs) and very long chain fatty acids (VLCFAs), are formed (Fig.
3.1d). LCBs are produced by the condensation of serine with fatty acids by serine
palmitoyltransferase (Lcb1/2 in yeast and Sptlc1/2/3 in mammals), followed by Tsc10-

40,42,43

mediated reduction. . LCBs can then be phosphorylated or N-acylated with
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VLCFAs to form long chain base phosphates or ceramides, respectively, with the latter

undergoing further modification to generate complex sphingolipids (Fig. 3.1d).

Thus our E-MAP data showing a correlation between increased ORM expression
and decreased LCB1/2 function implicate the Orm proteins as negative regulators of
sphingolipid synthesis and highlight the reaction carried out by Lcb1/2 as the possible
step in the pathway at which Orm1/2 may act (Fig. 3.1a,d). We therefore examined the
effects of altering Orm levels on cellular lipid composition using a mass spectrometry-
based global lipidomic technique'”. In agreement with the genetic interaction data, over-
expression of ORM1 or ORM? resulted in changes to the lipidome, including reduced
LCB and ceramide levels, that closely resembled those seen for the /ch2-DAmP mutant
(Fig. 3.1b and Supplementary Data). Conversely, cells deleted for ORM1/2 had highly
elevated levels of LCBs and ceramides. In principle, this accumulation of LCBs caused
by deletion of ORM1/2 could result from a failure to consume these species by reaction
with VLCFAs to form ceramides, as is seen when SUR4 is deleted (Fig. 3.1b and ref. '*).
However, in contrast to the sur4A strain, the increased LCB levels in the ormlA/orm2A
strain are also accompanied by increased amounts of the terminal sphingolipid mannosyl-
diinositolphosphorylceramide (MIP,C). Thus, ORM1/2 deletion causes increased flux
throughout the sphingolipid pathway. This increased flux is also the primary cause of the
growth defect seen in orm1A/orm2A cells, as artificially decreasing Lcb1/2 activity,
either through the use of myriocin, a drug that specifically inhibits Lcb1/2%, or through
the Icb2-DAmP allele, significantly suppresses the growth defect caused by loss of

ORM1/2 (Fig. 3.1c¢).
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A complex with Orm1/2, Lcb1/2, and Sacl

We next explored how Orm proteins modulate sphingolipid production by identifying
proteins bound by Orm1 and Orm2 in vivo. Isolation of functional 3xFlag-tagged forms
of Orm1 and Orm2 expressed from their endogenous loci revealed a previously
uncharacterized, roughly stoichiometric complex (Fig. 3.2a). Mass spectrometry showed
that this complex comprises the serine palmitoyltransferase proteins Lcb1, Leb2 and

Tsc3, in addition to the phosphoinositide phosphatase Sac1'*

(Supplementary Table 3.1).
To further characterize physical interactions among these proteins, we utilized a 3xFlag-
tagged form of Lcb1 that is able to rescue the inviability seen upon loss of LCB/
(although this allele does exhibit mild sensitivity to myriocin). Purification of 3xFlag-
Lcbl yielded the same components seen in the Orm1/2 pull-downs (Fig. 3.2b), indicating
that the Orm-associated proteins are likely to exist in a single complex. Orm proteins and
potentially their binding partners may also form higher-order oligomers, as we detected

Orm2 co-immunoprecipitation with 3xFlag-Orm1 (and vice versa) and self-association of

differently tagged copies of the same Orm protein (Fig. 3.2a and see later).

The presence of Sacl in association with Lcb1/2 suggests a new connection
between this phosphoinositide phosphatase and sphingolipid biosynthesis. Deletion of
SACI leads to elevated LCB levels (Supplementary Fig. 1a and ref. *") and resistance to
the Lcb1/2 inhibitor myriocin (Supplementary Fig. 3.1b). This resistance was also seen
in cells expressing the sacl-8'"* catalytically inactive mutant of SAC/ (Supplementary
Fig. 3.1b). Additionally, we found that Sacl and Orm1/2 bind independently to Lcb1/2

(Fig. 3.2b) and that SACI and ORM /2 deletions exhibit synthetic lethality
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(Supplementary Fig. 3.1c). These findings together suggest that Sacl modulates serine

palmitoyltransferase activity directly, but in a mode distinct from Orm1/2.

Finally, we showed that the functional complex between Orm proteins and serine
palmitoyltransferase is conserved in human cells. Immunoprecipitations from HEK293T
cells expressing 3xFlag-tagged OrmdI3 led to a prominent Sptic1 band detected by
Western blot (Fig. 3.3a). Additionally, we found that simultaneous knock-down by
RNAi of ORMDLI/2/3 in HeLa cells causes an approximately three-fold increase in

ceramide levels (Fig. 3.3b, Supplementary Fig. 3.2 and Supplementary Data).

Together, these results establish that Orm proteins are components of a novel and
conserved protein complex, which we term the SPOTS complex (Serine
Palmitoyltransferase, Orm1/2, Tsc3, and Sacl). Additionally, our data suggest that
Orm1/2 negatively regulate sphingolipid synthesis by acting directly on Lcb1/2 (for
example by altering Lcb1/2 catalytic activity, accessibility of substrates to the enzyme, or

its sub-cellular localization).

Homeostatic regulation of Orm1/2 activity

Why would cells include negative regulators of serine palmitoyltransferase, Orm1/2, as
core components of this essential enzyme complex? This seemingly paradoxical
arrangement prompted us to investigate whether Orm-mediated inhibition of LCB
production might be regulated in response to changes in the cellular need for sphingolipid
synthesis. We therefore examined how ORM /2 deletion affects sensitivity to the Lcb1/2

inhibitor myriocin. Growth in the presence of myriocin is strongly dependent on the
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cellular capacity for LCB production, as the Ich2-DAmP strain is highly sensitive to
myriocin (Fig. 3.4a), and SAC! deletion, which leads to increased LCB levels, confers
myriocin resistance (Fig. 3.4a). Thus, naively we might expect deletion of ORM1/2 to
also confer pronounced resistance to this drug. However, we observed that wild-type and
orm1Aorm2A strains exhibit comparable growth in the presence of myriocin (Fig. 3.4a).
Thus, loss of ORM /2 strongly impacts cell growth under standard conditions but has
little apparent effect when sphingolipid synthesis is disrupted, suggesting that Orm1/2

may be inactivated in response to myriocin treatment.

To further investigate this possibility, we compared the effects of myriocin on the
LCB levels of wild-type and ormIA/orm2A strains. As described above, the ORM1/2
deletion strain exhibits highly elevated LCB levels in the absence of myriocin. However,
with increasing doses of myriocin, LCB levels in the orm 1 A/orm2A strain decrease
strongly and approximately converge with those of wild-type (Fig. 3.4b), supporting our
growth data indicating that Orm1/2 may be inactivated in response to myriocin treatment
(Fig. 3.4a). Interestingly, we also found that wild-type cells maintain roughly constant
LCB levels even at intermediate myriocin concentrations (up to ~40 ng ml™"). This
robustness is not due to a failure of myriocin to affect Lcb1/2 at these concentrations, as
LCB levels in the orm1A/orm2A strain are reduced strongly by the same drug
concentrations (Fig. 3.4b; for further evidence see Fig. 3.4d). Rather, these results
suggest that progressive inactivation of Orm1/2 may provide cells with a homeostatic
mechanism to maintain nearly constant sphingolipid output in the face of increasing
Lcb1/2 inhibition. Consistent with this hypothesis, LCB levels in the wild-type strain

begin to decline only at myriocin concentrations where Orm-mediated inhibition of LCB
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synthesis appears to be fully relieved, as evidenced by convergence of wild-type and

ormlA/orm2A LCB levels (Fig. 3.4b).

Orm1/2 regulation by phosphorylation

We next investigated the mechanism by which Orm1/2 activity might be decreased in
response to myriocin treatment. Growth in myriocin did not alter Orm1/2 expression
levels (Fig. 3.4c) or abolish their ability to interact with Lcb1/2 and Sacl (Supplementary
Fig. 3.3). However, we observed a notable reduction in localization of green fluorescent
protein (GFP)-Orm?2 to the cortical but not peri-nuclear ER after myriocin treatment
(Supplementary Fig. 3.4), raising the possibility that changes in sub-cellular localization
contribute to regulation of SPOTS complex activity. We also found a strong reduction in
Orm protein co-immunoprecipitation in cells treated with myriocin (Fig. 3.4c), both for
Orm1-Orm?2 interaction and for self-association of Orm1 and of Orm2. A weak reduction
in Orm-Lcb1 binding was also observed in response to myriocin (Fig. 3.4c). These
findings suggest a model in which Orm-Lcb1/2 sub-complexes can self-associate into
higher-order oligomers in a manner that is inhibited in response to disruptions to

sphingolipid synthesis.

We also detected in our Orm1/2 co-immunoprecipations a slight shift in the
electrophoretic mobility of Orm1 upon myriocin treatment, indicating that Orm proteins
may be post-translationally modified (see Fig. 3.4c, Flag-Orm1 and HA-Orm1 inputs).
Analysis of 3xFlag-Orm1 and 3xFlag-Orm2 in SDS/PAGE gels that incorporate a
phosphate-binding agent to improve the separation of phosphorylated species'>” resolved

multiple phosphorylated forms for both Orm1 and Orm2 that collapsed to faster-
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migrating species upon phosphatase treatment (Fig 3.4d). Importantly, growth in
myriocin induced a dose-dependent shift to more highly phosphorylated forms, and this
response occurred over the same concentrations of myriocin that led to homeostatic
inactivation of Orm1/2, as determined by LCB measurements (compare Fig. 3.4b and
Fig. 3.4d). We also observed increased Orm1/2 phosphorylation after shutting off
expression of downstream sphingolipid synthetic enzymes such as Tsc10 or Lagl (in a
lacl A background; Supplementary Fig. 3.5), further indicating that phosphorylation of
Orm proteins is a homeostatic response to disruption of sphingolipid production (see Fig.
3.5¢). Finally, we did not observe substantial changes in Orm1/2 phosphorylation upon
shutting off expression of AURI or CSG2 (Supplementary Fig. 3.5), thus providing
preliminary evidence that a metabolite upstream of these enzymes, such as ceramide, is a

sphingolipid intermediate whose levels are sensed to regulate Orm1/2 activity.

To test our phosphorylation-mediated feedback model directly, we identified
residues of Orm1 and Orm2 that are phosphorylated. Through a combination of targeted
mutagenesis and mass spectrometry, we found several sites of Orm1 and Orm2
phosphorylation in the N-terminal regions of these proteins (Fig. 3.5a and Supplementary
Fig. 3.6). Importantly, mutation of these sites to alanine blocks formation of the slower-
migrating phosphorylated species seen in phosphate-affinity gels (Fig. 3.5a). This loss of
phosphorylation is unlikely to be due to these mutations resulting in non-functional Orm
proteins, as the phospho-mutants are expressed at levels comparable to wild-type and
rescue the slow growth of the ormA/orm2A strain (Supplementary Fig. 3.7 and data not
shown). Furthermore, immunoprecipitations of phospho-mutant Orm1 and Orm?2

revealed that these proteins not only maintain the ability to interact with Lcb1 and each
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other, but that blocking phosphorylation prevents the change in higher-order assembly of
the SPOTS complex normally seen in response to myriocin (Fig. 3.5b). Thus Orm1/2
phosphorylation appears to be the event that triggers dynamic regulation of SPOTS

complex oligomerization.

We next investigated the in vivo role of Orm1/2 phosphorylation. Consistent with
a basal level of Orm1/2 phosphorylation that is important for steady-state LCB
production, we observed a substantial (two-fold) reduction in LCB levels in the ORM1/2
phospho-mutant strain under standard growth conditions (Fig. 3.5d). Furthermore, we
found that this strain is highly sensitive to myriocin treatment (Fig. 3.5¢). This result thus
confirms a key prediction of our homeostatic model and indicates that although cells may
possess additional mechanisms to regulate sphingolipid biosynthesis, such pathways
cannot compensate for disruption of the critical feedback control provided by Orm1/2.
Thus, Orm proteins are dynamic negative regulators of serine palmitoyltransferase whose
inhibitory activity is dependent on adequate levels of downstream sphingolipids (Fig.

3.5¢).
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Discussion

Our studies identify Orm proteins as homeostatic regulators of sphingolipid metabolism
and demonstrate that alteration of these controls leads to misregulation of sphingolipid
production (Fig. 3.5¢). Specifically, loss of the Orm1/2-mediated brake on serine
palmitoyltransferase activity results in toxic accumulation of sphingolipids, while
mutations that prevent this brake from being removed render cells unable to survive

disruptions to sphingolipid synthesis.

A phosphorylation-based feedback loop provides a mechanistic basis for
homeostatic regulation of sphingolipid production and exhibits a number of features that
make it well-suited to precisely control sphingolipid levels. First, phosphorylation of a
direct regulator of serine palmitoyltransferase may enable cells to respond rapidly to
changing environments. Second, Orm1/2 exhibit partial phosphorylation under standard
growth conditions, which may position the Orm1/2-based sphingolipid rheostat for
maximal sensitivity to changes in lipid metabolism. Additionally, multi-site
phosphorylation of Orm1 and Orm2 has the potential to generate several distinct and
stable phospho-states, which may provide cells with a graded mechanism to finely adjust
lipid production to match cellular needs. Finally, multiple phosphorylation sites may also

render Orm1/2 responsive to multiple physiologic or metabolic cues.

Our identification of the SPOTS complex reveals a novel mechanism by which
cells may be able to coordinate a variety of important secretory pathway processes.
While a link between sphingolipids and phosphoinositides has been appreciated for some

40,131,134

time , we provide evidence that the phosphoinositide phosphatase Sacl directly
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modulates sphingolipid metabolism, as it is associated physically with serine
palmitoyltransferase. These results are of particular interest given the role of
phosphoinositides, including the Sacl substrate phosphatidylinositol-4-phosphate (PI4P),
in the trafficking of both proteins and sphingolipids from the ER and Golgi
apparatus™**"** Additionally, changes in Sac1 localization from the ER to the Golgi
have been shown in both yeast and mammals to regulate protein flux through the
secretory pathway in response to nutrient levels'>. We therefore suggest that the SPOTS
complex may represent a dynamic coordinating center that couples changes in
sphingolipid and nutrient levels to the activity and localization of key enzymes of lipid
metabolism and trafficking. This model is consistent with our finding that Orm proteins
self-associate in a regulated fashion and with evidence that mammalian serine

palmitoyltransferase is part of a high-molecular-mass complex'°.

Finally, our characterization of ORM gene function provides a framework for
investigating whether alterations in ORMDL3 activity and sphingolipid metabolism play
a role in asthma pathogenesis. A number of studies support a role for sphingolipids such
as ceramide and sphingosine-1-phosphate in asthma-associated inflammatory processes,
including mast cell degranulation, airway hyper-responsiveness, and immune cell

trafficking'?’"'*!

. Our findings now link this growing body of evidence to the
identification of SNPs near ORMDL3 that are associated with childhood asthma’”.
Specifically, our observation that altered Orm levels strongly impact sphingolipid
metabolism raises the testable hypothesis that misregulation of sphingolipids may have a

direct and causative role in the development of asthma. A broader potential role for

sphingolipids in inflammatory disease is also suggested by reports that SNPs near
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ORMDL3 are associated with Crohn’s disease'*, type I diabetes'*’ and primary biliary
cirrhosis'**. Finally, the existence of a rich set of pharmacologic tools targeting the
sphingolipid pathway™ raises the possibility of therapeutic intervention to counteract the

potential effects of changes in ORMDL gene activity.
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Methods Summary

Phosphorylation analysis by phosphate-affinity SDS/PAGE. Lysates for
phosphorylation analysis were prepared by pelleting and immediately resuspending
logarithmically growing yeast in SDS lysis buffer (50mM Tris-Cl, pH 6.8, 2% SDS, 10%
glycerol) with protease inhibitors (Complete EDTA-free protease inhibitor tablets;
Roche) at 65°C. SDS/PAGE gels with phosphate affinity reagent'*® (synthesized
according to standard synthetic procedures and kindly provided by D. Fiedler) were
prepared with a 7.5% acrylamide resolving gel with 25 pM MnCl, and 50uM phosphate
affinity reagent (375mM Tris, pH 8.8, 0.1% SDS). Gels were run at 70V for 2.5 hr,
rinsed twice for 5 min in transfer buffer with ImM EDTA, and rinsed twice more for 5
min in transfer buffer without EDTA prior to transfer to nitrocellulose membranes.

Western blots were performed as described below.

Western blots. Proteins were transferred from SDS/PAGE gels to nitrocellulose
membranes and probed for proteins of interest using standard Western blot procedures.
Antibodies used were as follows: rabbit anti-Flag (Sigma Aldrich), mouse anti-Flag (M2;
Sigma Aldrich), mouse anti-HA antibodies 12CAS5 (Roche) and HA.11 (Covance Inc.),
mouse anti-yPgkl (Molecular Probes), rabbit anti-yLcb]1 (raised against peptide antigen
SYIKKSHHDDPYRTTC; Abgent, Inc), mouse anti-hSptlc1 (Becton Dickinson), and
rabbit anti-hOrmdl1/2/3 (raised against peptide antigen KETPFETPDQGKARLC; Abgent,
Inc.). Western blots were scanned using an Odyssey fluorescent scanner (Li-Cor

Biosciences).
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Supplementary Information is linked to the online version of the paper at
WWWw.nature.com/nature.
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Figure Legends.
Figure 3.1. Orm1/2 are negative regulators of sphingolipid synthesis.

a, Genetic interaction (E-MAP) profiles were generated for strains harbouring ORM?2
deletion, ORM1 over-expression, and ORM?2 over-expression alleles (orm2A, pTDH3-
ORM1 & pTEF2-ORM1, and pTDH3-ORM?2 & pTEF2-ORM?2, respectively).
Correlations between the E-MAP profiles of these strains and those of more than 1400
other yeast mutants are shown in histograms (see Methods and Supplementary Data).
b, Lipids were extracted from the indicated strains and analyzed using a global mass
spectrometry approach'”. Amounts of the indicated metabolites are shown relative to
wild-type (WT; average + s.d., n = 4; see Methods and Supplementary Data). c,
Logarithmic-phase growth rates for the indicated strains were measured in standard
media or media supplemented with myriocin at 150 ng ml~'. Growth rates (average +
s.d., n = 3) are shown normalized to wild-type (WT); asterisks denote statistical
significance (p < 0.05). d, Schematic of the sphingolipid biosynthesis pathway in S.
cerevisiae, with selected metabolites and genes indicated. Abbreviations are as follows:
FA-CoA, fatty acid co-enzyme A; VLCFA-CoA, very long-chain fatty acid co-enzyme
A; LCBs, long-chain bases; LCB-Ps, long-chain base phosphates; IPC,
inositolphosphorylceramide; MIPC, mannosyl-inositolphosphorylceramide; MIP,C,

mannosyl-diinositolphosphorylceramide.

Figure 3.2. Orm/Ormdl proteins form a complex with serine palmitoyltransferase.
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a, Colloidal-stained gels are shown for proteins eluted after affinity purifications from
strains expressing 3xFlag-Orm1 or 3xFlag-Orm2, or from an untagged control strain.
Immunoprecipitated proteins were identified by mass spectrometry (see Supplementary
Table 1; asterisk indicates the partially obscured protein Tsc3, whose presence was
confirmed by mass spectrometry). b, Affinity purifications of 3xFlag-Lcb1 from
wild-type (WT), saclA, and orm1A/orm2A strains were performed as in a. Asterisks

indicate bands that are lost in deletion backgrounds.

Figure 3.3. ORM gene function is conserved in human cells.

a, HEK293T cells were transfected with either an empty vector or a vector encoding
Ormdl3 fused to the 3xFlag epitope (N- or C-terminal fusion). Immunoprecipitations
with anti-Flag agarose were analyzed by Western blot against human serine
palmitoyltransferase (a-hSptlc1) and against the Flag epitope (a-Flag). b, HeLa cells
were transfected with short interfering RNAs (siRNAs) directed against the indicated
genes. After 72 hr, cells were harvested and their lipids were analyzed by mass
spectrometry. Ceramide levels normalized to phosphatidylcholine (PC) are shown (mol

ceramide per mol PC, normalized relative to untreated cells; average + s.d., n = 3).

Figure 3.4. Orm1/2 are regulated in response to disruption of sphingolipid synthesis.

a, Serial dilutions of the indicated strains were spotted on plates containing 0, 200 or
400 ng ml~' myriocin and imaged after growth for 24-48 h. b, LCBs were extracted and

analysed from wild-type and ORM /2 deletion strains grown in media supplemented with
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the indicated concentrations of myriocin. The combined amounts of C18
dihydrosphingosine and C18 phytosphingosine are shown (relative to wild-type LCB
levels in the absence of myriocin; average of n = 2 experiments). ¢, Native
immunoprecipitations of 3xFlag-tagged Orm1 and Orm2 were performed from strains
grown in standard media or media supplemented with 150 ng ml™' myriocin and analysed
by western blot. The indicated strains also expressed 3xHA-Orm1/2 from their
endogenous loci (diploid strains were used to examine self-association of Orm1 and
Orm?2). d, Lysates were prepared from yeast expressing 3xFlag-Orm1/2 after growth in
media containing the indicated concentrations of myriocin. Western blots show
phosphorylated forms of 3xFlag-Orm1 (P-Orm1) and 3xFlag-Orm2 (P-Orm2) after
separation on phosphate-affinity gels'>>. An immunoprecipitated (IP) sample treated with

calf intestine phosphatase (CIP) shows the position of un-phosphorylated Orm1/2.

Figure 3.5. Mutation of phosphorylated Orm1/2 residues impairs sphingolipid
homeostasis.

a, Lysates were prepared from strains expressing wild-type (WT) or phospho-site mutant
3xFlag-Orm1 or 3xFlag-Orm?2 after growth in standard media or media supplemented
with 150 ng mI™' myriocin. Western blots are shown after protein separation on
phosphate-affinity gels. Residues mutated to alanine in the indicated phospho-mutants
are highlighted in red below. b, Native immunoprecipitations of 3xFlag-tagged wild-type
or phospho-mutant Orm1 and Orm2 were performed from strains expressing wild-type or
phospho-mutant 3xHA-Orm1/2 after growth in standard media or media supplemented

with 100 ng ml™' myriocin. Western blots were analyzed as in Fig. 3.4c. ¢, Model for
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homeostatic regulation of Orm1/2, in which Orm proteins act as negative regulators of
serine palmitoyltransferase (Lcb1/Leb2/Tse3), whose inhibitory activity is dependent on
levels of downstream sphingolipids. P-Orm1/2 denotes phosphorylated Orm1/2; see Fig.
3.1d for abbreviations used. d, LCBs were extracted and analyzed from wild-type (WT)
and 3xFlag-tagged ORM1/2 double phospho-mutant strains grown in standard media.
Data were analyzed as in Fig. 3.4b (average + s.d., n = 3). e, Serial dilutions of wild-type
(WT), ORM1/2 deletion, and 3xFlag-tagged ORM1/2 double-phospho-mutant strains
were spotted on plates with 0 or 280 ng ml™' myriocin and imaged after growth for 24-36

hr.
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Figure 3.2
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Supplementary Figure 3.1
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Supplementary Figure 3.1. A functional role for Sac1 in sphingolipid metabolism.

a, Lipidomic analysis of LCB levels in the indicated strains are shown (average + s.d., n = 3).
b, Serial ten-fold dilutions of the indicated strains were spotted on plates with 0 or 400 ng/ml
myriocin and imaged after 24-48 hr of growth. The sac7-8 allele of SAC1 is a catalytically
inactive SAC7 mutant described previously (ref. 132). ¢, ORM1/ORM2 and SAC1 deletion
mutants exhibit synthetic lethality. Representative tetrads from a orm1A/orm2A x sac1A
cross are shown, with circles indicating spores with the orm1A/orm2A/sac1A genotype that
fail to grow.
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Supplementary Figure 3.2
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Supplementary Figure 3.2. ORMDL gene expression after RNAi treatment

Gene expression was quantified for the indicated genes after transfection of Hela cells
with indicated siRNAs. RT-PCR was performed with primers for the indicated genes
using RPL19 as a reference. Data are normalized to expression levels in untreated
cells (average = s.d., n = 3).
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Supplementary Figure 3.3
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Supplementary Figure 3.3. Myriocin treatment does not prevent formation of the
Orm1/2-Lcb1/2-Sac1 complex. Colloidal-stained SDS/PAGE gels are shown for native
affinity purifications from strains expressing 3xFlag-Orm1 or 3xFlag-Orm2. Prior to
harvest, the indicated strains were grown for 12-16 hr in standard rich media or media
supplemented with 150 ng/ml myriocin.
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Supplementary Figure 3.4. Orm2 localization changes in response to myriocin treatment.
GFP-Orm2 and GFP-Orm1 were visualized in strains grown in rich media with or without myriocin.
Sec63-mCherry was used as a marker for ER localization. Arrowheads in images of GFP-Orm2
indicate a reduction in cortical ER localization in response to myriocin treatment. Median filtering
was applied to reduce image noise.
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Supplementary Figure 3.5
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Supplementary Figure 3.5. Disruptions to sphingolipid synthesis that act
downstream of Lcb1/2 but upstream of Aur1 induce Orm1/2 phosphorylation.
Tetracycline-repressible promoters were inserted in front of the indicated genes in
strains expressing 3xFlag-Orm1 or 3xFlag-Orm2 (note: pTet-LAG1 was combined
with deletion of LAC17). Lysates were prepared before and after gene expression
shut-off (treatment with 5 ug/ml doxycyclinefor 14-16 hr) and analyzed by Western
blot against the Flag epitope after separation on phosphate-affinity SDS/PAGE gels.
Note: gel-to-gel differences in banding pattern are due to variability in phosphate-
affinity gel resolution.
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Supplementary Figure 3.6
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Supplementary Figure 3.6. Mass spectrometry identifies phosphorylated residues
on Orm1 and Orm2. Phospho-peptides from immuno-precipitated 3xFlag-Orm1 and
3xFlag-Orm2 proteins were analyzed using an orbitrap mass spectrometer. For both
Orm1 and Orm2, three phospho-peptides were identified. All Orm2 phospho-peptides
were singly phosphorylated, whereas singly, doubly and triply phosphorylated peptides
were identified for Orm1. The most probable phosphorylation site assignments are
highlighted in red, and alternative assignments (with a lower probability) are highlighted
in blue. For the boxed peptides NOTDLKPFPS*AGSASSSIK (Orm1) and
TKNES*PAFEESPLTPNVSNLKPFPSQSNK (Orm2), annotated tandem mass spectra are
shown, where s* indicates the site of phosphorylation.

110



Supplementary Figure 3.7
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Supplementary Figure 3.7. Wild-type and phospho-mutant forms of Orm1 and Orm2
show similar expression levels. Lysates from strains expressing 3xFlag-tagged wildtype
(WT) or phospho-mutant alleles of ORM1 and ORM?2 were prepared after growth for 12-16
hrin 0 or 150 ng/ml myriocin. Western blots of these lysates were probed against the Flag
epitope and against Pgk1 as a loading control.
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IP 3xFlag-Orml IP 3xFlag-Orm2
% Sequence % Sequence

Protein ID | # of peptides | Coverage # of peptides | Coverage

Sacl 42 74.6 33 62.1
Lcbl 23 40.9 26 43.5
Lcb2 23 41.0 22 37.1
Orml 10 49.1 4 19.4
Orm?2 6 25.0 8 31.9
Tsc3 3 30.0 1 17.5

Supplementary Table 3.1. Orm-associated proteins identified by mass
spectrometry.

Proteins found in immunoprecipitations of 3xFlag-Orm1 and 3xFlag-Orm2 were
analyzed by mass spectrometry. Peptide coverage information for identified proteins

corresponding to the bands indicated in Fig. 3.2a are shown above.
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Supplementary detailed methods

Growth media, plasmids, and strain construction. All yeast experiments were
conducted in strain BY4741 (ATCC)'"’, a related strain suitable for E-MAP
experiments’, and derivatives thereof. Strains were grown in YEPD media or media
supplemented with myriocin (Sigma Aldrich; at least 12 hr growth in myriocin in all
cases), with the exception of samples prepared for lipidome analysis, which were grown

in synthetic defined media.

Deletion, DAmP, over-expression (pTEF2 and pTHD3), mCherry fusion, and
tetracycline-repressible promoter strains were constructed by standard PCR-based
methods (see Supplementary Information). Strains expressing N-terminally epitope-
tagged or GFP-tagged forms of wild-type and mutant Orm1, Orm2, Lcbl, and Sacl were
made by integration of DNA fragments encoding these gene variants into strains in which
these genes had been deleted with the URA3 counter-selectable marker. For the essential
gene LCBI1, a diploid strain was used for integration of the tagged allele containing the
3xFlag epitope inserted between codons 9 and 10, as previously reported'*. ORMI and
ORM?2 mutants, as well as the previously described sac/-8 mutation'*?, were created by

standard PCR mutagenesis.

HEK293T cells (ATCC) and HeLa-Kyoto cells (a gift from A. Hyman) were
grown in DMEM high-glucose media supplemented with penicillin, streptomycin,
glutamine, and 10% heat-inactivated fetal calf serum. ORMDL3 was cloned from
HEK293T ¢cDNA into expression plasmids containing N- or C-terminal 3xFlag epitopes

(p3XFLAG-CMV-10 and p3XFLAG-CMV-14; Sigma Aldrich).
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E-MAP data collection and analysis. E-MAP data were collected and analyzed as
described previously’ (manuscript in preparation). Genetic interaction patterns were
compared for pairs of mutants by first identifying those genetic backgrounds for which E-
MAP data was available for both mutants of interest. The similarity of the genetic
interaction scores for the two mutants was then calculated by computing the cosine
correlation between their interaction scores across these shared mutant backgrounds. For
a given mutant of interest such as orm2A, these pair-wise comparisons were carried out
with all other mutant strains having at least 200 shared genetic interaction data points.
For the ORM1 and ORM?2 over-expression mutants, an average of the pTDH3 and pTEF?2

interaction profiles was used as the query profile for correlation calculations.

Lipidome analysis by mass spectrometry. Lipidome analyses were conducted as
described previously'*’ with minor modifications based on an existing method'*® for LCB
analysis. Samples were harvested from 20ml cultures of yeast cells growing
logarithmically in synthetic defined media or from ~4-6 x10° HeLa cells grown as
described above. Cells were washed in water or 155mM ammonium bicarbonate at 4°C,
and cell pellets were then frozen immediately in liquid nitrogen. Yeast data are from two
independent samples each analyzed twice; HeLa cell data are from samples analyzed in

triplicate.

Growth rate measurements. Logarithmic growth rates were measured by ODgo from n
= 3 replicate samples. Saturated cultures of the relevant strains were diluted into fresh
media and grown for >7 hr prior to growth analysis. Myriocin-treated cultures were

grown for 3 hr in the presence of drug prior to growth rate analysis.
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Native affinity purifications of solubilized membrane proteins (large-scale, yeast).
ER-derived microsomes were prepared from yeast cells grown in YEPD (~4000 ODggo
units harvested at ODgop ~1.4). Cells were harvested, washed in water at 4°C,
resuspended in lysis buffer (50mM Hepes-KOH, pH 6.8, 150mM KOAc, 2mM MgOAc,
ImM CaCl,, 200mM sorbitol) supplemented with protease inhibitors (Complete EDTA-
free cocktail; Roche) and frozen in a drop-by-drop fashion in liquid nitrogen. Frozen
cells were then pulverized in a ball mill (6x 3 min at 30Hz; Retsch), thawed in lysis
buffer at 4°C, and dounced 10 times to homogeneity. After clarification by two
consecutive centrifugations at 1000 x g, microsomes were pelleted at 44000 x g,
resuspended in 0.5ml lysis buffer, and then diluted with 14ml IP buffer (50mM Hepes-
KOH, pH 6.8, 150mM KOAc, 2mM MgOAc, ImM CaCl,, 15% glycerol) with 2%
digitonin (Calbiochem) supplemented with protease inhibitors. After nutating for 1.5 hr
at 4°C, un-solubilized material was removed by centrifugation at 44000 x g, and the
remaining supernatant was added to anti-Flag resin (150ul bed volume; Sigma Aldrich).
Immunoprecipitations were nutated for 3 hr at 4°C and then washed 4x10ml with IP
buffer with 0.1% digitonin. Bound proteins were eluted twice with 150ul IP buffer with
0.25% digitonin and 2mg ml~' 3xFlag peptide (Sigma Aldrich). Eluates were combined,
separated on SDS/PAGE gels, and stained with a colloidal blue staining kit (Invitrogen).
Samples were prepared for phospho-site mapping using the same protocol, except that
phosphatase inhibitors (Halt phosphatase inhibitor cocktail; Pierce) were included in the

buffers used.

Native affinity purifications of solubilized membrane proteins (small-scale, yeast).

Lysates for small-scale immunoprecipitations were prepared from logarithmically
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growing yeast cells (~25 ODggp units) grown in YEPD. Cultures were harvested, washed
in water at 4°C, and resuspended in 500ul IP buffer (see above) with 0.1% digitonin and
supplemented with protease and phosphatase inhibitors. Cell lysates were prepared by
bead-beating at 4°C, followed by addition of 500ul IP buffer with 1.9% digitonin to raise
the final digitonin concentration to 1%. Membrane proteins were solubilized by nutating
lysates at 4°C for 40 min. Unsolubilized material was next removed by centrifugation at
100,000 x g, and clarified lysates were incubated with anti-Flag resin (25l bed volume)
for 2.5 hr. The anti-Flag resin was then washed four times with 1ml IP Buffer containing
0.1% digitonin, and bound proteins were eluted by addition of 30ul IP Buffer with 0.25%

digitonin and 2mg ml~' 3xFlag peptide.

Native affinity purifications of solubilized membrane proteins (small-scale, human
cells). HEK293T cells grown in DMEM high-glucose media supplemented with
penicillin, streptomycin, glutamine, and 10% heat-inactivated fetal calf serum were
transfected using Fugene6 transfection reagent (Roche) according to the manufacturer’s
instructions. After approximately 48 hr growth, transfected cells were harvested by
trypsinization and washed with PBS. Cell pellets were then resuspended at 4°C in 1ml IP
buffer (see above) with 2% digitonin and protease inhibitors and nutated for 45 min to
solubilize membrane proteins. Insoluble material was removed by centrifugation at
100,000 x g, and the clarified supernatant was incubated with anti-Flag resin (25ul bed
volume) for 2.5 hr. The remainder of the immunoprecipitation was done in the same

fashion as the yeast small-scale affinity purifications (see above).

Denaturing immunoprecipitations and phosphatase treatment. A 50ml yeast culture

in logarithmic phase growth was harvested and resuspended in 10ml 5% tricholoroacetic
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acid and incubated for 10 min at 4°C. Cell pellets were washed once in 1ml 5% TCA,
washed twice in 1ml acetone, and then air-dried. 200ul acid-washed glass beads and
150ul SDS lysis buffer (50mM Tris-Cl, pH 7.8, ImM EDTA, 1% SDS, 2M Urea)
supplemented with protease inhibitors were added to the dried pellets, which were then
lysed by bead-beating (3x 60s at 4°C). Lysates were diluted by addition of 1350ul
Tween IP buffer (100mM Tris-Cl, pH 7.8, 200mM NacCl, 0.5% Tween-20, also
supplemented with protease inhibitors) and clarified at 20000 x g. Supernatants were
then added to anti-Flag agarose (25l bed volume) and immunoprecipitated for 2.5 hr at
4°C. The anti-Flag resin was then washed 2x 1ml with Tween IP buffer, 1x 1ml with
Tween/Urea wash buffer (100mM Tris-Cl, pH 7.8, 100mM NaCl, 0.5% Tween-20, 2M
Urea), and 2x 1ml in phosphatase buffer (NEBuffer 3; New England Biolabs), with 0.1%
Tween-20). The washed resin was then resuspended in 54ul phosphatase buffer + 6l
calf intestine phosphatase (New England Biolabs) and incubated for 1 hr at 37°C. After
phosphatase treatment, the resin was sequentially washed with 1ml Tween IP buffer and
Iml in SDS/DOC wash buffer (50mM Tris-Cl, pH 7.8, 0.1% SDS, 0.1% Na-
deoxycholate). Bound proteins were then eluted by addition of 60ul SDS buffer (100mM

Tris-Cl, pH 6.8, 4% SDS, 20% glycerol) and incubation for 10 min at 65°C.

RNAI and plasmid transfection of HeLa cells. HeLa cells grown in DMEM high-
glucose media supplemented with penicillin, streptomycin, glutamine, and 10% heat-
inactivated fetal calf serum were transfected using HiPerFect transfection reagent
(Qiagen) according to the manufacturer’s instructions. After approximately 72 hr
growth, transfected cells were harvested by trypsinization for lipidomic and gene

expression analysis. For each targeted gene, a pool of four siRNAs was used (ON-
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TARGETplus SMARTpool; Dharmacon), with siRNA sequences as follows: ORMDLI:
5'-UGGCAAGUUUCUAUACGAA-3', 5'-GGAGUUGGCUUGCUUCAUA-3', 5'-
GCUUAUAAGUUAAAGGGCA-3', 5'-GGACCAGCUUAACUUAUAA-3'; ORMDL?2:
5'-UGGUAGGAUUGCUGCAUAU-3', 5" AGUUUAAUCAGGAUGGGUA-3', 5'-
GUGUACUGCUGCCGAAGUU-3', 5'-AGUAUGAUGCUGCGCACUU-3"; ORMDLS3:
5-GAACAUGGACCACGCAGUU-3', 5'-"ACACUAAGUACGACCAGAU-3', 5'-

CGGUACGGCUUCUGGAUUG-3', 5'-UGGGUAGGGAGCUGUCUAA-3'".

RT-PCR analysis of gene expression in HeLa cells. RNA was extracted from HeLa
cells using the RNeasy kit (Qiagen) after cell homogenization (QIAshredder; Qiagen).
Extracted RNA was reverse-transcribed using AMV RT (Promega) and amplified with
Taq polymerase (GoTaq; Promega). Real-time SYBR Green fluorescence was monitored
using a DNA Engine Opticon System (MJ Research), and the following primers were
used: RPL19: 5'-ATGTATCACAGCCTGTACCTG-3', 5'-
TTCTTGGTCTCTTCCTCCTTG-3"; ORMDLI: 5'-CTGACCAGGGTAAAGCAAGG-3/,
5'-TCCAAAGATCCGAACACCAT-3"; ORMDL2: 5'-
CATACGGTGAAAGGGACACC-3', 5'-CGGCAGCAGTACACTTAGCA-3";
ORMDL3: 5'-AACCCCTGCTCACTTGTTTG-3', 5'-CAAAGACCCATCCCACACTT-

3.

Live-cell yeast fluorescence microscopy. Yeast cells expressing Sec63-mCherry and
GFP-Orm1 or GFP-Orm2 were grown in rich media with or without myriocin and spotted
on a concanavalin A-coated 25 x 50 mm coverslip covered with a 22 x 22 mm coverslip.
Cells were imaged through the 25 x 50 mm coverslip using a Zeiss Axiovert 200M

microscope (Carl ZeissMicroimaging Inc.) equipped with a spinning disk confocal
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scanhead and laser system (Yokogawa CS10, Yokogawa Electronics; Solamere). Images
were collected as Z-stacks with 0.5 pm spacing between frames using pManager

software and an ImagEM C9100-13 EM-CCD camera (Hamamatsu Photonics).

Serial-dilution cell spotting assays. Logarithmically growing yeast were spotted onto
agar plates in 10-fold serial dilutions from a starting ODgo density of 0.3 to a final ODggo
density of 3 x10™*. Plates were imaged after growth for 24-48 hr. Plates with myriocin

are standard YEPD supplemented with 0.1% tergitol and 2mM citric acid.

LCB extraction and analysis by HPLC. LCB extraction and analysis was carried out
as described by Lester and Dickson'*’. Myriocin-treated samples were grown for 14-16
hr in the presence of drug prior to extractions. For extractions, S0ml of a logarithmically
growing culture was harvested and re-suspended in 10ml 5% TCA at 4°C. Following a 10
min incubation, cells were washed once in 5% TCA and three times in H,O at 4°C. Cell
pellets were then re-suspended in 75ul H,O followed by addition of 425ul 70.6mM
TEA/ethanol. Lipids were extracted by bath sonication (3x 99s, 30W) and incubation at
65°C for 30 min. 150pl of this extract was derivatized by reaction for 40 min at room
temperature with 30ul of AccQ Fluor reagent (Waters Corp.). Ester-linked lipids were
de-acylated by addition of 22.5ul of 1.5M KOH/methanol. Following 30 min incubation
at 37°C, the reaction was neutralized by addition of 22.5ul 1.74M acetic acid/methanol.
Samples were analyzed on an Agilent Chemstation HPLC using a reverse-phase C18

column (ZORBAX Eclipse XDB-C18; Agilent).

Protein identification by mass spectrometry. Gel slices were trypsinized and mass

spectra were acquired on a Bruker Reflex III MALDI-TOF mass spectrometer. Proteins
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were identified by searching NCBInr database using MS-Fit program on Protein

Prospector (University of California, San Francisco, http://prospector.ucsf.edu)'*’.

Identification of phosphorylation sites by mass spectrometry. Proteins eluted from
native affinity purifications of 3xFlag-Orm1 or 3xFlag-Orm2 (see above) were
precipitated using ice-cold acetone. After incubation overnight at -20°C, proteins were
pelleted at 4°C by centrifugation. Protein pellets were then processed, and the resulting
peptide mixtures were analyzed on a hybrid LTQ-Orbitrap mass spectrometer, as
described previously'*®. Database searches were performed using the Saccharomyces

Genome Database non-redundant database, as described'*®.

Plasmid sequences. Plasmid sequences below are derived in part from published

149 117
L. .

constructs described in Gari et a and Shaner et a

pFA6a-NATMX4 pTEF2_eGFP_Adhl-tm-AG
Primer annealing sequences used for PCR are underlined. TEF2 promoter sequence is in
bold font.

GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAG
ATCTGTTTAGCTTGCCTTGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTG
ACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCAT
GTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCA
GACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATAC
AGTTCTCACATCACATCCGAACATAAACAACCATGGGTACCACTCTTGACGACACGGCTTACCGGTACCGC
ACCAGTGTCCCGGGGGACGCCGAGGCCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTTCCG
CGTCACCGCCACCGGGGACGGCTTCACCCTGCGGGAGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCC
CCGACGACGAATCGGACGACGAATCGGACGACGGGGAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCG
TACGGGGACGACGGCGACCTGGCGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGAACCGCCGGCTGACCGT
CGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGGGGTCGGGCGCGCGTTGATGGGGCTCGCGALCGG
AGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTGGCTGGAGGTCACCAACGTCAACGCACCGGCGATCCAC
GCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCTGGACACCGCCCTGTACGACGGCACCGCCTCGGACGG
CGAGCAGGCGCTCTACATGAGCATGCCCTGCCCCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
GAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATA
TTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAAT
CGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAG
CTCATATATGGGGCCGTATACTTACATATAGTAGATGTCAAGCGTAGGCGCTTCCCCTGCCGGCTGTGAGG
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GCGCCATAACCAAGGTATCTATAGACCGCCAATCAGCAAACTACCTCCGTACATTCATGTTGCACCCACAC
ATTTATACACCCAGACCGCGACAAATTACCCATAAGGTTGTTTGTGACGGCGTCGTACAAGAGAACGTGGG
AACTTTTTAGGCTCACCAAAAAAGAAAGAAAAAATACGAGTTGCTGACAGAAGCCTCAAGAAAAAAAAAAT
TCTTCTTCGACTATGCTGGAGGCAGAGATGATCGAGCCGGTAGTTAACTATATATAGCTAAATTGGTTCCA
TCACCTTCTTTTCTGGTGTCGCTCCTTCTAGTGCTATTTCTGGCTTTTCCTATTTTTTTTTTTCCATTTTT
CTTTCTCTCTTTCTAATATATAAATTCTCTTGCATTTTCTATTTTTCTCTCTATCTATTCTACTTGTTTAT
TCCCTTCAAGGTTTTTTTTTAAGGAGTACTTGTTTTTAGAATATACGGTCAACGAACTATAATTAACTAAA
CACTAGTACCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTG
ATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTT
AAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCACTTATGGTGT
TCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTT
ATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAA
GGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACA
CAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAG
TTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACT
CCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGA
TCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGG
ATGAACTATACAAATAGGGCCTCGAGgcccgctattaacgetttgtaatgtatagecttttaatgtgtgatce
gcctgacttttgcacgccggeccggcggcagcgegcectgegtceccaggcagegtcacggecgcaggtggeggget
gtgcgagctggcgcgactggcgcgactgtecgectgtcacgtgacggcgaccacgggtggagaaaatttttgg
ccaacggcgcgcagagcagtcctcgacAACGAGCTCGAATTCATCGACCGCGGATCTGCCGGTCTCCCTAT
AGTGAGTCGTATTAATTTCGATAAGCCAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGC
GGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCG
AGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACA
TGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTC
CGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAG
ATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACC
TGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTG
TAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGG
TAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGA
TTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGA
AGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATC
CGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAALAG
GATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATC
AATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAG
CGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGC
TTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAAT
AAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTA
ATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGT
TACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT
TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGA
TGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTC
TTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAAC
GTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA
CCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC
CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAA
GCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGG
GTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTA
TAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACA
TGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGLG
TCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCA
CCATATGGACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGAT
TTAGGTGACACTATA
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pFA6a-NATMX4 pTDH3_eGFP_Adhl-tm-AG
Primer annealing sequences used for PCR are underlined. TDH3 promoter sequence is in
bold font.

GAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAG
ATCTGTTTAGCTTGCCTTGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTG
ACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCAT
GTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCA
GACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATAC
AGTTCTCACATCACATCCGAACATAAACAACCATGGGTACCACTCTTGACGACACGGCTTACCGGTACCGC
ACCAGTGTCCCGGGGGACGCCGAGGCCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTTCCG
CGTCACCGCCACCGGGGACGGCTTCACCCTGCGGGAGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCC
CCGACGACGAATCGGACGACGAATCGGACGACGGGGAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCG
TACGGGGACGACGGCGACCTGGCGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGAACCGCCGGCTGACCGT
CGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGGGGTCGGGCGCGCGTTGATGGGGCTCGCGACGG
AGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTGGCTGGAGGTCACCAACGTCAACGCACCGGCGATCCAC
GCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCTGGACACCGCCCTGTACGACGGCACCGCCTCGGACGG
CGAGCAGGCGCTCTACATGAGCATGCCCTGCCCCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
GAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATA
TTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAAT
CGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAG
CTCCACGCTTTTTCAGTTCGAGTTTATCATTATCAATACTGCCATTTCAAAGAATACGTAAATAATTAATA
GTAGTGATTTTCCTAACTTTATTTAGTCAAAAAATTAGCCTTTTAATTCTGCTGTAACCCGTACATGCCCA
AAATAGGGGGCGGGTTACACAGAATATATAACATCGTAGGTGTCTGGGTGAACAGTTTATTCCTGGCATCC
ACTAAATATAATGGAGCCCGCTTTTTAAGCTGGCATCCAGAAAAAAAAAGAATCCCAGCACCAAAATATTG
TTTTCTTCACCAACCATCAGTTCATAGGTCCATTCTCTTAGCGCAACTACAGAGAACAGGGGCACAAACAG
GCAAAAAACGGGCACAACCTCAATGGAGTGATGCAACCTGCCTGGAGTAAATGATGACACAAGGCAATTGA
CCCACGCATGTATCTATCTCATTTTCTTACACCTTCTATTACCTTCTGCTCTCTCTGATTTGGAAAAAGCT
GAAAAAAAAGGTTGAAACCAGTTCCCTGAAATTATTCCCCTACTTGACTAATAAGTATATAAAGACGGTAG
GTATTGATTGTAATTCTGTAAATCTATTTCTTAAACTTCTTAAATTCTACTTTTATAGTTAGTCTTTTTTT
TAGTTTTAAAACACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACACTAGTACCATGAGTAAAGG
AGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTT
CTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGA
AAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCACTTATGGTGTTCAATGCTTTTCAAGATACCC
AGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATAT
TTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGA
ATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAA
CTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACA
ACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTC
CTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCA
CATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAGGGCC
TCGAGgcccgctattaacgctttgtaatgtatagecttttaatgtgtgatcgectgacttttgcacgeccgge
cggcggcagcgcgctgcecgtccaggcagecgtcacggecgcaggtggecgggectgtgecgagectggegecgactgge
gcgactgtcgctgtcacgtgacggcgaccacgggtggagaaaatttttggccaacggcgecgcagagcagte
ctcgacAACGAGCTCGAATTCATCGACCGCGGATCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTCGA
TAAGCCAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCT
TCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAA
GGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAA
AGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCAC
AAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGG
AAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGG
GAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTG
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GGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAA
CCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAG
GCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGC
GCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGG
TAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGA
TCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCA
AAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTA
AACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCAT
CCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCT
GCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGC
CGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAG
TAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCG
TCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTG
CAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCA
TGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG
TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGA
TAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCT
CAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCT
TTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGC
GACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTC
TCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGA
AAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAG
GCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCA
CAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGT
CGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGGACATATTGTCGTT
AGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTGACACTATA

pFA6a-NAT-MX4-Tet-Act-pTet

A fusion PCR product of the pFA6a-NATMX4 marker, Tet-Activator, and 4XTet-
Operator promoter was generated and cloned into the pCR2.1-TOPO vector (Invitrogen).
The sequence of the cloned PCR product is given below (NAT marker is underlined,
TetO sites are in bold font):

GGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAGATCTGTTTAGCTTGCCTCGTCCCCGCCGGGTCACC
CGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGT
GACTGTCGCCCGTACATTTAGCCCATACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGCCG
CACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACG
CGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTC
TTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATG
GGTACCACTCTTGACGACACGGCTTACCGGTACCGCACCAGTGTCCCGGGGGACGCCGAGGCCATCGAGGC
ACTGGATGGGTCCTTCACCACCGACACCGTCTTCCGCGTCACCGCCACCGGGGACGGCTTCACCCTGCGGE
AGGTGCCGGTGGACCCGCCCCTGACCAAGGTGTTCCCCGACGACGAATCGGACGACGAATCGGACGACGGG
GAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCGTACGGGGACGACGGCGACCTGGCGGGCTTCGTGGT
CGTCTCGTACTCCGGCTGGAACCGCCGGCTGACCGTCGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGC
ACGGGGTCGGGCGCGCGTTGATGGGGCTCGCGACGGAGTTCGCCCGCGAGCGGGGCGCCGGGCACCTCTGG
CTGGAGGTCACCAACGTCAACGCACCGGCGATCCACGCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCT
GGACACCGCCCTGTACGACGGCACCGCCTCGGACGGCGAGCAGGCGCTCTACATGAGCATGCCCTGCCCCT
AATCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAG
TTGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCG
AAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTGCTGTCGAT
TCGATACTAACGCCGCCATCCAGTGTCGAAAACGAGCTCGAATTCttattacgatcctcgecgeccectacce
caccgtactcgtcaattccaagggcatcggtaaacatctgctcaaactcgaagtcggccatatccagageg
ccgtagggggcggagtcgtggggggtaaatcccggacccggggaatcceccgtcececccaacatgtceccagate
gaaatcgtctagcgcgtcggcatgcgccatcgccacgtcecctecgecgtctaagtggagectecgtecceccagge
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tgacatcggtcgggggggccgtcgacagtctgecgegtgtgtecccgecggggagaaaggacaggcgecggagece
gccagccccgcectettecgggggegtegtecgteccgggagatcgagcaggececctecgatggtagaccegtaatt
gtttttcgtacgcgcgcggctgtacgcggacccactttcacatttaagttgtttttctaatcecgecatatga
tcaattcaaggccgaataagaaggctggctctgcaccttggtgatcaaataattcgatagecttgtcgtaat
aatggcggcatactatcagtagtaggtgtttccctttcttctttagecgacttgatgctcttgatcttccaa
tacgcaacctaaagtaaaatgccccacagcgctgagtgcatataatgcattctctagtgaaaaaccttgtt
ggcataaaaaggctaattgattttcgagagtttcatactgtttttctgtaggccgtgtacctaaatgtact
tttgctccatcgcgatgacttagtaaagcacatctaaaacttttagecgttattacgtaaaaaatcttgecca
gctttcceccecttctaaagggcaaaagtgagtatggtgectatctaacatctcaatggectaaggecgtcgagcea
aagcccgcttattttttacatgccaatacaatgtaggctgctctacacctagecttectgggecgagtttacgg
gttgttaaaccttcgattccgacctcattaagcagctctaatgcgctgttaatcactttacttttatctaa
tctagacatatgaattaattcGgggccgcggaggctggatcggtecececggtgtettectatggaggtcaaaac
agcgtggatggcgtctccaggcgatctgacggttcactaaacgagctctgecttatatagacctcccaccgt
acacgcctaccgcccatttgecgtcaatggggcggagttgttacgacattttggaaagtccecgttgattttg
gtgccaaaacaaactcccattgacgtcaatggggtggagacttggaaatcccecgtgagtcaaaccgctatce
cacgcccattgatgtactgccaaaaccgcatcaccatggtaatagcgatgactaatacgtagatgtactge
caagtaggaaagtcccataaggtcatgtactgggcataatgccaggcgggccatttaccgtcattgacgtce
aatagggggcgtacttggcatatgatacacttgatgtactgccaagtgggcagtttagcgtaaatactcca
cccattgacgtcaatggaaagtccctattggecgttactatgggaacatacgtcattattgacgtcaatggg
cgggggtcgttgggcggtcagccaggcgggccatttaccgtaagttatgtaacgcggaactccatatatgg
gctatgaactaatgaccccgtaattgattactattaataactagtcaataatcaatgtcaacatggcggta
atgttggacatgagccaatataaatgtacatattatgatatggatacaacgtatgcaatgggccaagctcce
tcgagtaattcgcgccacttctaaataagcgaatttcttatgatttatgatttttattattaaataagtta
taaaaaaaataagtgtatacaaattttaaagtgactcttaggttttaaaacgaaaattcttAttcttgagt
aactctttcctgtaggtcaggttgctttctcaggtatagTatgaggtcgctcttattgaccacacctctac
CggcAGATCCGCTAGGGATAACAGGGTAATATagatcaattcctcgatcgagtttaccacteectatcagt
gatagagaaaagtgaaagtcgagtttaccactccctatcagtgatagagaaaagtgaaagtcgagtttace
actccctatcagtgatagagaaaagtgaaagtcgagtttaccactcecctatcagtgatagagaaaagtgaa
agtcgagctcggtaccctatggcatgcatgtgctctgtatgtatataaaactcttgttttcttecttttcete
taaatattctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacac
aaatacacacactaaattaccggatcaattcgggATG

pNTI8 _mCherry URA
Primer annealing sequences used for PCR are underlined. mCherry sequence used for C-
terminal tagging is in bold font.

ATATCAGATCCACTAGTGGCCTATGCGGCCGCGGATCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTC
GATAAGCCAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCT
CTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCA
AAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCA
AAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATC
ACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCT
GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTC
GGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGC
TGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC
AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGT
AGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCT
GCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCT
GGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTT
GATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTAT
CAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAG
TAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTC
ATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTG
CTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGG
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GCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAG
AGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCT
CGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTG
TGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT
CATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTG
AGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGG
GATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACT
CTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT
CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGG
GCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTG
TCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCC
GAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACG
AGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGT
CACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGT
GTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTGACACTATAGAAC
GCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGACGGATCGGTGACGGTGCTGGTTTAATTAACATGH
BEAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGAGATTCAAGGTGCACATGGAGGGC
TCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCAGACCCTACGAGGGCACCCAGACCGC
CAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACG
GCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTC
AAGTGGGAGAGAGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGA
CGGCGAGTTCATCTACAAGGTGAAGTTGAGAGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGA
AGACCATGGGCTGGGAGGCCTCCTCCGAGAGAATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAG
CAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCC
CGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCA
TTGTGGAACAATATGAAAGAGCTGAAGGTAGACATTCTACTGGTGGTATGGATGAATTGTACAAANRAGGC
GCGCCACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAATA
AGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAATTCTTATTCTTGAGTAACTCTTTCCT
GTAGGTCAGGTTGCTTTCTCAGGTATAGTATGAGGTCGCTCTTATTGACCACACCTCTACCGGCAGATCCG
CTAGGGATAACAGGGTAATATAGATCTGTTTAGCTTGCCTCGTCCCCGCCGGGTCACCCGGCCAGCGACAT
GGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGT
ACATTTAGCCCATACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGC
ARAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCC
CCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTC
CTTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATGACAGTCAACACTA
AGACCTATAGTGAGAGAGCAGAAACTCATGCCTCACCAGTAGCACAGCGATTATTTCGATTAATGGAACTG
AAGAAAACCAATTTATGTGCATCAATTGACGTTGATACCACTAAGGAATTCCTTGAATTAATTGATAAATT
AGGTCCTTATGTATGCTTAATCAAGACTCATATTGATATAATCAATGATTTTTCCTATGAATCCACTATTG
AACCATTATTAGAACTTTCACGTAAACATCAATTTATGATTTTTGAAGATAGAAAATTTGCTGATATTGGT
AATACCGTAAAGAAACAATATATTGGTGGAGTTTATAAAATTAGTAGTTGGGCAGATATTACCAATGCTCA
TGGTGTCACTGGGAATGGAGTGGTTGAAGGAT TAAAACAGGGAGCTAAAGAAACCACCACCAACCAAGAGC
CAAGAGGGTTATTGATGTTAGCTGAATTATCATCAGTGGGATCATTAGCATATGGAGAATATTCTCAAAAA
ACTGTTGAAATTGCTAAATCCGATAAGGAATTTGTTATTGGATTTATTGCCCAACGTGATATGGGTGGCCA
AGAAGAAGGATTTGATTGGCTTATTATGACACCTGGAGTTGGATTAGATGATAAAGGTGATGGATTAGGAC
AACAATATAGAACTGTTGATGAAGTTGTTAGCACTGGAACTGATATTATCATTGTTGGTAGAGGATTGTTT
GGTAAAGGAAGAGATCCAGATATTGAAGGTAAAAGGTATAGAAATGCTGGTTGGAATGCTTATTTGAAAAR
GACTGGCCAATTATAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTT
TTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCA
TCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCT
ATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAGCTCGAATTCATCGATG
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Chapter 4

Unpublished Data
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Introduction to unpublished data

Subsequent to publication of my initial findings on the function of Orm proteins, I
have continued to investigate their role in sphingolipid homeostasis. Specifically, I have
focused on elucidating how disruption of sphingolipid synthesis leads to Orm protein
phosphorylation. Three principal questions are raised by the findings described in
Chapter 3: what sphingolipid species is sensed? what is the sensor for this lipid? and how
is this signal transduced to control Orm1/2 phosphorylation? In collaboration with Prof.
Jeremy Thorner and Frangoise Roelants, a post-doctoral fellow in the Thorner laboratory,
we have worked towards identifying the kinase that phosphorylates Orm proteins and the
mechanism by which this kinase is regulated by sphingolipid levels.

As described below, several lines of evidence indicate that Ypk1 is the kinase
responsible for Orm protein phosphorylation. Ypkl is a member of the AGC kinase
family and is homologous to the mammalian kinase SGK. It has an N-terminal domain
of unknown function and a C-terminal kinase domain that phosphorylates substrates on
an Arg-X-Arg-X-X-Ser/Thr motif*. Loss of YPKI causes a significant reduction in yeast
growth rate and is lethal in combination with deletion of its paralog YPK2%. A role for
Ypkl in sphingolipid metabolism is suggested by the finding that over-expression of
YPK confers resistance to the serine palmitoyltransferase inhibitor myriocin, whereas
deletion of YPK] results in hypersensitivity to this drug’*>. A specific link between
YPKI and ORM genes is suggested by the isolation of a transposon insertion mutant in
ORM? in a screen for genes whose disruption suppresses the temperature sensitivity of a

ypkI-1° ypk2A strain™.
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Several studies have investigated mechanisms by which Ypk1 activity is
regulated. First, the N-terminus of Ypk1 may itself have an auto-inhibitory role, as
deletion or mutation of the N-terminus leads to Ypk1 hyper-activity®. Second, there is
preliminary evidence that LCBs can directly activate Ypk1®. Lastly, several kinases are
thought to phosphorylate and regulate Ypk1, including Pkh1/2, TORC2, and Fpk1/2 (Fig.
4.1a).

Pkh1/2 phosphorylate Ypk! on its activation loop (also known as the PDK1 site),

and this modification is required for Ypk1 activity®*""’!

. Interestingly, Pkh1/2 activity
may also be controlled by sphingolipid levels, either via direct activation by LCBs or via
Ncel02, a recently identified sensor of plasma membrane sphingolipids’*”>. TORC2 has
also been proposed to phosphorylate Ypkl1 on its ‘turn’ and ‘hydrophobic’ motifs (also
known as the PDK2 site)*”. Interestingly, the PDK2 site in Ypk1 has been previously
linked to sphingolipid metabolism, as its mutation causes hypersensitivity to myriocin

without affecting other known Ypk1-associated phenotypes’"'>°

. Ypkl may be a major
TORC?2 effector in yeast, as lethality associated with loss of TORC?2 activity can be
suppressed by YPK I hyper-activity®. Lastly, Fpk1/2 were recently shown to
phosphorylate Ypk1 at Ser51 and Ser71°°. Ypkl was also found to phosphorylate
Fpk1/2, although this bi-directional regulation makes it difficult to determine the
functional consequences of these phosphorylations”. It is interesting to note that
sphingolipids appear to regulate phosphorylation of Ypkl at the Fpk1/2 sites.
Specifically, myriocin and several other disruptions to the sphingolipid pathway lead to

loss of basal phosphorylation at Ser51/71°°. Because CSG2 deletion altered Ypk1

phosphorylation at these residues but /P71 deletion did not, Roelants et al. proposed that
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MIPC (the product of Csg2 and substrate for Iptl) is the lipid that controls S51/71
phosphorlyation™. Thus, several pathways coordinately regulate Ypk! activity, and a
number of kinases that act on Ypk1 have been linked to sphingolipid metabolism. Thus,
a complete understanding of how Orm proteins mediate sphingolipid homeostasis will
require a thorough analysis of how Ypkl is regulated in response to perturbations to

sphingolipid synthesis.
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Unpublished results

Prompted by the finding that a transposon insertion in the ORM2 gene suppresses
temperature sensitivity in the ypkI-1°/ypk2A strain™, we have since found that deletion of
ORM1 and ORM? together results in even greater suppression of temperature sensitivity
(Fig. 4.1b). This observation, in addition to the known effects of YPK/ mutation on
sensitivty to myriocin’"*?, led us to test whether Ypk1 is the kinase that phosphorylates
Orm1/2. We expressed and purified GST fusions to the N-terminus of Orm1 and Orm2
and used these proteins as substrates in an in vitro kinase assay. When incubated with
immunoprecipitated Ypkl and radioactive ATP, GST fusions to the N-terminus of Orm1
or Orm2 (Fig. 4.2a,b) are robustly phosphorylated. This phosphorylation is dependent on
catalytic activity of Ypkl1, as an inhibitor-sensitized Ypk!1 variant (Ypk1-L424A) does
not phosphorylate Orm1 in the presence of inhibitor (Fig. 4.2a). Mutation of serines
within the GST-Orm1 substrate confirms that in vitro phosphorylation occurs on the same
N-terminal residues that were identified as in vivo phosphorylation sites in Chapter 3 (Fig
4.2b). Notably, these sites also match the previously identified Ypkl consensus motif
(Arg-X-Arg-X-X-Ser/Thr)*®. Thus Ypk! phosphorylates Orm proteins in vitro. We next
determined whether Ypk1 is needed for myriocin-induced phosphorylation of Orm1 in
vivo. In agreement with our in vitro findings, deletion of YPK/ (but not deletion of
YPK?2) prevents the increase in Orm1 phosphorylation seen in response to myriocin
treatment, as visualized on phosphate-affinity gels'> (Fig. 4.2¢). Collectively, these data
indicate that Ypkl is the kinase for Orm proteins.

Although Ypkl mediates Orm protein phosphorylation in vitro and in vivo, these

observations do not indicate how and why Orm phosphorylation is elevated in response
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to myriocin treatment. To address this question, we compared in vitro activity of Ypkl in
myriocin-treated and untreated cells. Notably, Ypkl immunoprecipitated from myriocin-
treated cells showed a clear increase in activity relative to Ypk1 from untreated cells, thus
indicating that increased Orm phosphorylation in myriocin treated cells is likely due to
activation of the Ypk1 kinase (Fig. 4.3a; compare WT lanes).

How then is Ypk! activity induced in myriocin-treated cells? As mentioned
above, the Pkh1/2, TORC2 and Fpk1/2 kinases all appear to regulate Ypkl, and it is also
possible that a lipid metabolite is directly bound by Ypk1 and modulates its activity.
Fortunately, the ability to isolate moderate (ug) quantities of Ypkl from yeast and
preserve its activity state (data not shown) suggests that it should be possible to determine
what is altered about Ypk1 when it becomes activated. We have now initiated a variety
of mass spectrometry-based approaches to compare Ypkl from myriocin-treated and
untreated cells.

A complementary approach is to test each of the known candidate kinases that act
on Ypkl for a potential role in myriocin-induced regulation. Due to technical challenges,
convincing results have only been obtained thus far for Fpk1/2, and these data indicate
that Fpk1/2 are dispensable for activation of Ypkl1 in response to myriocin. In vitro,
mutation of the Fpk1/2 sites identified in Ypkl to alanine (Ypk1-S51/71A) does not alter
the effect of myriocin on Ypkl activity toward GST-Orm substrates (Fig. 4.3a). In vivo,
the same ypkl-S51/714 mutation does not affect Orm1 phosphorylation in the presence or
absence of myriocin (Fig. 4.3b). Similar results were also seen in the fpklA/fpk2 A strain,
although higher concentrations of myriocin were used because roughly four-fold more

myriocin is needed to slow growth in this strain than in wild-type yeast (Fig. 4.3c and
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data not shown; the myriocin resistance upon deletion of FPK1/2 is likely attributable to
Fpk1/2’s regulation of the lipid flippases Dnf1/2/3, which may control myriocin entry
into cells”®). Lastly, the lipid-dependence of Fpk1/2-mediated phosphorylation of Ypk1
also suggests that Fpk1/2 are not relevant to myriocin-induced activation of Ypkl.
Specifically, MIPC is reported to regulate Fpk1/2-mediated phosphorylation of Ypk1°®,
but Orm1/2 phosphorylation appears to be sensitive to a lipid produced upstream of
MIPC (see Supplementary Figure 3.5 and below). This discrepancy is illustrated when
MIPC production is reduced by deletion of CSG2: this mutation leads to reduced
phosphorylation of Ypk1 at S51 and S71, but has a negligible effect on Orm1
phosphorylation (Fig. 4.3d). Thus, Pkh1/2 and TORC2 may be better candidates than
Fpk1/2 for kinases that are responsible for myriocin-induced activation of Ypkl. An in

depth analysis of the role of these kinases however awaits improved tools to monitor and

disrupt phosphorylation of Ypkl1 by these kinases.
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Preliminary Conclusions

Here we find that Ypk1 is the kinase that phosphorylates Orm proteins. This
conclusion is supported by in vitro, in vivo, and genetic evidence that Ypk1
phosphorylates Orm proteins on the same residues previously identified as being
important for sphingolipid homeostasis. Notably, we have also found that inhibition of
sphingolipid synthesis by myriocin treatment, which leads to increased Orm1/2
phosphorylation, appears to do so by causing an increase in Ypkl activity. Current
efforts are now aimed at investigating how Ypkl is activated in myriocin-treated cells, as
addressing this question is likely to clarify our understanding of the feedback pathway in
which Orm proteins participate. In particular, it is hoped that characterization of the
factors responsible for Ypk! activation will ultimately reveal a sensor of sphingolipid
levels, the nature of the sphingolipid metabolites that are sensed, and the mechanism by

which this information is transduced to modulate Orm protein phosphorylation.
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Methods

Strain construction and yeast growth

Strain construction, site-directed mutagenesis, and yeast growth were done using standard
methods and media, as described in Chapter 3. For in vivo analysis of Ypkl and Orm1
phosphorylation, strains expressing Flag-tagged Orm proteins (see Chapter 3) were
modified such that the genomic copy of YPK/ was deleted by PCR-based gene
replacement and wild-type YPKI was expressed from a URA3-marked plasmid. These
strains were then transformed with G4/8-resistance-marked plasmids from which myc-
tagged wild-type or S51/714 YPK1 was expressed using the endogenous YPK/ promoter.
The URA3-marked plasmid was then removed by counter-selection on 5-FOA plates,
leaving the G418-marked plasmid as the sole source of Ypkl. Strains for cell-spotting
assays were constructed by deleting ORM] in the YPH499 ypkI-1* ypk2A strain® and
crossing the resulting strain to an isogenic orm2A strain.

Serial-dilution cell-spotting assays

Serial dilution and cell spotting were done as described in Chapter 3.
Phosphate-affinity SDS-PAGE analysis and Western blotting

Strains expressing Flag-tagged Orm1 and/or Ypkl-myc were grown in 150 ng ml™'
myriocin for the indicated times and harvested as described in Chapter 3. Lysates were
separated on phosphate-affinity gels'> and analyzed by Western blotting as in Chapter 3,
using anti-Flag (Sigma) and anti-myc monoclonal 9E10 (Roche) antibodies where
needed.

Purification of GST-Orm1 and GST-Orm2 in vitro kinase assay substrates
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GST-Orm1(1-85) and GST-Orm2(1-80) bacterial expression vectors were created by
amplifying ORM genes from yeast genomic DNA; ORM PCR products were cloned into
pGEXA4T-1 (Amersham) between Sall and Notl for Orm1 and between EcoRI and Notl
for Orm2. Expression and purification of the GST fusions was carried out as described
previously”®. Where indicated, immunoblotting against the RxRxxS-P motif was done
using an antibody specific for this phosphopeptide sequence (Cell Signaling Technology
#9614).

In vitro Ypk1 Kinase assay

For in vitro kinase assays, cultures (40 ml) of BY4741'" cells expressing from the GALI
promoter either Ypkl-myc (pAMS54), catalytically-inactive Ypk1-K376A-myc (pAM49),
or Ypk1-S51A/S71A-myc were grown in SC +Raf-Suc to an ODggo = 0.6, induced by
addition of galactose (2% final concentration), and incubated with shaking at 30°C for 1
h. Where indicated, myriocin (1.25 uM) was then added and incubation continued for an
additional 2 h. Immunoprecipitation of Ypk1 and kinase assays were performed as
described previously”. For Fig 4.2a, wild-type and analog-sensitive (AS) L424A-Ypk!
were generously provided by Yidi Sun and David Drubin. Briefly, wild-type and AS
Ypkl-TEV-myc were expressed from the GAL/ promoter in strain BJ2168 by growth in
2% galactose for 12 h. Ypkl-TEV-myc was then immunoprecipitated with anti-myc
resin and released by TEV cleavage for analysis of kinase activity. Where Ypk1-AS
activity was analyzed, approximately three times more kinase was used than for Ypkl
wild-type. The AS-specific inhibitor 3MOB-PP1 was added at a concentration of 10 uM

during the kinase assay as indicated.
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Figure Legends

Figure 4.1

Deletion of ORM1/2 suppresses ypkl/2 mutants. (a) Schematic of Ypkl1 and known
sites of phosphorylation by upstream kinases Fpk1/2, Pkh1/2, and TORC2. (b) Serial
dilutions of the indicated ypkI-1* ypk2A strains were spotted on plates and grown at the

indicated temperatures.

Figure 4.2

Ypk1 phosphorylates Orm proteins. (a) Analog-sensitive (AS) or wild-type (WT)
Ypkl-myc was immunoprecipitated from strains expressing these proteins from a GALI-
driven plasmid after growth in SC-Gal media. Ypkl-myc captured on anti-myc resin was
incubated with a GST fusion to the N-terminus of Orm1 (GST-Orm1(1-85)) and with **P-
ATP in the presence or absence of the AS-specific inhibitor 3MOB-PP1 (10 uM).
Reactions were analyzed by autoradiography (top left), Coomassie blue staining (top
right), and immunoblotting with antibodies against the RXRXX-S(P) phospho-motif
(bottom left) and against the GST protein (bottom right). (b) Ypkl kinase activity was
analyzed as in (a), using wild-type (WT) GST-Orm1(1-85), §51/52/534 mutant GST-
Orm1(1-85), and wild-type GST-Orm2(1-80) as substrates. Below, the sequence
surrounding the Orm1 phosphorylation sites at S51-S53 is indicated, with the mutated
residues highlighted in red. (¢) Lysates were prepared from wild-type (WT), ypkl A, and

ypk2A yeast expressing 3xFlag-Orm1 after growth in rich media containing 150 ng ml™’
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myriocin for the indicated times. Western blots show phosphorylated forms of 3xFlag-

Orm1 (P-Orm1) after separation on phosphate-affinity gels'*’.

Figure 4.3

Ypkl is activated upon myriocin treatment in an Fpk1/2-independent manner.

(a) Strains expressing wild-type (WT) or S5/4/5714 mutant forms of Ypkl-myc from a
GALI-driven plasmid were grown in SC-Gal media in the presence or absence of 1.25
UM myriocin for 2h and harvested for analysis of Ypkl activity. In vitro kinase assays
were carried out with GST-Orm1(1-85) and GST-Orm2(1-80) substrates as in Fig. 4.2a.
(b) Lysates were prepared from strains expressing 3xFlag-Orm1 and wild-type (WT) or
S51A4/8714 mutant Ypk1-myc as the sole source of Ypkl. Yeast were grown in rich
media containing 150 ng ml™' myriocin for the indicated times and 3xFlag-Orm1
phosphorylation state was analyzed on phosphate-affinity gels as in Fig. 4.2¢. (¢) Lysates
were prepared from wild-type (WT) and fpkl A /fpk2 A strains after growth in rich media
containing the indicated concentrations of myriocin. Wild-type strains were grown in the
presence of myriocin for 6h; fpklA /fpk2 A strains were grown in the presence of myriocin
for 8h. Orm1 phosphorylation was analyzed as in Fig. 4.2¢. (d) Lysates were prepared
from wild-type (WT) and csg2A strains expressing Flag-Orm1 and Ypkl-myc as the sole
copies of these proteins. Prior to harvesting, strains were grown in rich media containing
150 ng ml™' myriocin for the indicated times. Ypkl-myc and Flag-Orm1
phosphorylation were analyzed on phosphate-affinity gels as in Fig. 4.2¢. P-S51/71-

Ypkl indicates the position of Ypk1 phosphorylated at Ser51 and Ser71.
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Figure 4.1
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Figure 4.3
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Summary

Large-scale measurement of genetic interactions is a powerful strategy for
functional characterization of genes whose cellular roles are not understood. However,
current approaches rely on methods for high-throughput growth rate measurement that
lack the precision needed to identify small growth phenotypes. Consequently, many
genetic interactions have been difficult to identify, classify, and quantify. For the first
part of my dissertation, I developed a high-precision method for growth rate
measurement based on co-culture competitions between fluorescently marked wild-type
and mutant strains. This assay provides substantial improvements in precision and made
it possible to find for the first time that most yeast genes do contribute to optimal growth,
even under a single experimental condition. From a theoretical perspective, this
observation resolves a long-standing puzzle concerning the apparently high level of gene
dispensability seen in yeast. From a practical standpoint, having detectable growth
phenotypes for a larger fraction of yeast genes expands the number of yeast genes
accessible to quantitative genetic analysis. Indeed, with a more accurate growth assay,
we were able to detect genetic interactions missed by previous approaches, to distinguish
different types of positive genetic interactions, and to use this information to gain new
insights even for well-studied genes involved in chromatin modification and in the 26S
proteasome.

In principle, this assay should be readily adaptable to a variety of organisms. For
other related yeast strains, improved growth measurements should enable evolutionary
comparisons of the contributions of homologous genes to growth and of genetic

interactions between homologous gene pairs. In metazoan organisms, similar growth
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competitions may be used to functionally explore their genomes (for example, in
conjunction with RNAI1), although it remains to be seen how well suited double RNA is
for genetic interaction analysis. Encouragingly, efforts to utilized RNAi and growth

competitions in mammalian cells are already underway'>".

In the second part of my thesis, I investigated the function of the ORM gene
family. Beginning from large-scale genetic interaction data, I found that Orm proteins
are negative regulators of sphingolipid synthesis that form a conserved complex with
serine palmitoyltransferase, the first and rate-limiting enzyme in the pathway. Loss of
Orm proteins causes toxic over-production of sphingolipids, whereas over-expression of
Orm proteins results in decreased sphingolipid levels. The activity of Orm proteins is
regulated in turn by a phosphorylation-based feedback mechanism. When sphingolipid
synthesis is disrupted, Orm proteins are inactivated by phosphorylation by the Ypkl
kinase. Phosphorylation relieves their inhibition of serine palmitoyltransferase and thus
serves to restore sphingolipid output and ensure sphingolipid homeostasis.

Orm proteins represent, to our knowledge, the first identified negative regulators
of a sphingolipid synthetic enzyme and the first molecularly defined mechanism that
enables cells to adjust de novo sphingolipid synthesis according to metabolic need. A
number of features of Orm-mediated feedback regulation may make this pathway well
suited to control sphingolipid synthesis. For example, phosphorylation offers a rapid
mechanism to respond to changing demand for sphingolipids, and multiple sites of Orm

phosphorylation may provide a graded mechanism to tune sphingolipid synthesis.
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A number of exciting directions for future investigation are suggested by our
findings. The question of how cells are able to sense sphingolipid levels is of primary
interest to us currently. This is a longstanding question in the field of sphingolipid
research, and we expect that our identification of Orm proteins and their regulation by
Ypkl should be a useful foothold in elucidating the identity of a cellular sphingolipid
sensor. A second interesting direction to explore is the possibility that Orm proteins are
regulated in response to a wide range of conditions beyond perturbations to sphingolipid
synthesis. For example, it will be interesting to see if Orm proteins are regulated during
the cell cycle, in response to cellular stress, or in conjunction with other types of lipids.
Similarly, it is possible that Orm1 and Orm?2 are differentially regulated under certain
conditions.

A third set of questions for future investigation are suggested by the finding of
serine palmitoyltransferase, Orm proteins, and Sacl in a coherent, roughly stoichiometric
complex. What is the purpose of placing these proteins in a single complex? Sacl and
its substrate (PI4P) are known to control protein and sphingolipid transport through the
secretory pathway and are thought to adjust protein secretion in response to nutrient

#346.135 * Our data indicate that Sac1 directly modulates sphingolipid synthesis, but

supply
by what mechanism? Additionally, the SPOTS complex reveals a new connection
between sphingolipids and phosphoinositides whose physiological significance requires
further investigation. One appealing model is that the SPOTS acts as a dynamic

coordinating center that couples changes in sphingolipid and nutrient levels to the activity

and localization of key enzymes of lipid metabolism and trafficking.
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More information is also needed regarding the structural organization of the
SPOTS complex and the mechanism of Orm-mediated inhibition of serine
palmitoyltransferase. For example, do Orm proteins regulate Lcb1/2 by modulating
catalytic activity of the enzyme, by controlling substrate accessibility to the active site, or
by an alternate mechanism? How does this regulation occur at a structural level and how
is it related to phosphorylation-induced changes in SPOTS complex stoichiometry? Such
questions will likely be difficult to address given the membrane-embedded nature of the
SPOTS complex, but may be amenable to techniques such as in vitro enzymology, X-ray
crystallography, and electron microscopy.

Lastly, our preliminary finding that ORM gene function is conserved in
mammalian cells suggests several directions for future investigation. Most immediately,
it will be important to explore how ORMDL proteins are regulated in mammalian cells
and if they also act to ensure sphingolipid homeostasis. Additionally, the recent
identification of a genetic risk factor for childhood asthma linked to the ORMDL3 locus
now raises the testable hypothesis that misregulation of sphingolipid metabolism
contributes to asthma development. For example, one could ask whether altering
ORMDL gene activity has any effect in established mouse models of asthma, whether
sphingolipid levels are altered in patients with asthma (some evidence already indicates

138,139,152

that this is the case ), or whether other sphingolipid-related genes exhibit a

genetic association to asthma (as has recently been reported for S7/PR1, which encodes

the S1P receptor'>®). Lastly, the ORMDL3 locus has also been linked to a number of

other inflammatory diseases including type I diabetes'*, primary biliary cirrhosis'**'>*,
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ulcerative colitis'>, and Crohn’s disease'**. Therefore, it will be important to investigate

145



whether ORMDL genes may have more general roles in inflammation and auto-
immunity.

In summary, genetic interactions represent a powerful tool for functional
genomics in yeast and for investigating novel gene families of interest. The utility of
such approaches is exemplified by their role in our identification of ORM genes as
mediators of sphingolipid homeostasis. Ongoing technological progress is likely to
further increase the value of these approaches and to bring the power of genetic

interaction data to higher organisms.
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