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SUMMARY

Lipid composition can differ widely among organelles and even between leaflets of a membrane.
Lipid homeostasis is critical because disequilibrium can have disease outcomes. Despite their
importance, mechanisms maintaining lipid homeostasis remain poorly understood. Here, we
establish a model system to study the global effects of lipid imbalance. Quantitative lipid profiling
was integral to monitor changes to lipid composition and for system validation. Applying global
transcriptional and proteomic analyses, a dramatically altered biochemical landscape was revealed
from adaptive cells. The resulting composite regulation we term the “membrane stress response”
(MSR) confers compensation, not through restoration of lipid composition, but by remodeling the
protein homeostasis network. To validate its physiological significance, we analyzed the unfolded
protein response (UPR), one facet of the MSR and a key regulator of protein homeostasis. We
demonstrate that the UPR maintains protein biogenesis, quality control, and membrane integrity—
functions otherwise lethally compromised in lipid dysregulated cells.

INTRODUCTION

Although seemingly uniform in appearance, biological membranes are composed of
hundreds of distinct lipids (van Meer et al., 2008). The major groups include phospholipids,
sphingolipids, and sterols. The most abundant, phospholipids, are subdivided further
according to head group structures (Wenk, 2005). Additionally, phospholipids of the same
class can have acyl chains of 14 to 26 carbon atoms and containing 0 to 6 double bonds
(Henry et al., 2012; Hermansson et al., 2011). Lipid composition can vary dramatically
between organelles and cell types (van Meer et al., 2008). In most cases, the biological
significance of these differences remains unclear. Despite gaps in our present understanding,
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numerous links between disease states and lipid disequilibrium underscores the importance
of membrane homeostasis (Sanyal, 2005; Wenk, 2005).

The complex organization of cellular membranes suggests the need for sophisticated
homeostatic regulatory mechanisms. Although little is known, links were made with an
endoplasmic reticulum (ER) stress pathway called the unfolded protein response (UPR) (Fu
etal., 2011; Lee et al., 2008; Oyadomari et al., 2008; Rutkowski et al., 2008). For example,
hepatic lipid metabolism in mammals is UPR regulated through Irelp. High dietary
carbohydrates activate the UPR, which controls the expression of genes involved in fatty
acid and cholesterol biosynthesis (Lee and Glimcher, 2009). In obese mice, chronic UPR
activation leads to suppression of the insulin-signaling pathway, which could contribute to
type Il diabetes (Ozcan et al., 2004). In budding yeast, a large-scale screen uncovered
several lipid metabolic mutants that activate the UPR, suggesting a compensatory role when
these pathways are disrupted (Jonikas et al., 2009). Together, these studies indicate an
intimate relationship between the UPR and lipid homeostasis.

How the UPR responds to internal cues of lipid disequilibrium is unclear. This is partly due
to the paucity of information regarding its role here and inherent limitations of classical lipid
analytical methods. Recently, it was shown that the obese mouse liver has a
phosphatidylcholine (PC)/phosphatidylethanolamine (PE) ratio that is slightly higher than
normal liver. This difference was correlated with a disturbance of calcium homeostasis
through the SERCA transporter that leads to ER stress (Fu et al., 2011). This study shows
that the UPR can respond to the consequences of lipid disequilibrium but how it alleviates
this form of stress remains unanswered.

The importance of the PC/PE ratio to health and disease was already established by earlier
studies. In mammals, PC can be synthesized using the CDP-choline pathway or through
three PE methylation steps catalyzed by PE N-methyltransferase (PEMT) (Li and Vance,
2008). PEMT-deficient mice (Pemt”") develop steatohepatitis and liver failure within three
days after switching to choline deficient diets (Walkey et al., 1998). This is caused by a
reduction of the PC to PE ratio that leads to loss of membrane integrity in hepatocytes (Li et
al., 2006). The mouse model is relevant to human nonalcoholic steatohepatitis (NASH)
because patients have similarly reduced PC/PE ratios in the liver. Despite these important
advances, the biological effects of PC/PE disequilibrium are not well understood. In
particular, the cellular mechanisms used to detect and buffer such homeostatic shocks
remain unexplored.

In budding yeast, de novo synthesis of PC is similar to mammals except PE methylation is
catalyzed sequentially by two distinct phosphatidyl N-methyltransferases (Figure 1A)
(Daum et al., 1999; Moreau and Cassagne, 1994; van Meer et al., 2008; Zinser et al., 1991).
First, Cho2p methylates PE to generate N-monomethyl phosphatidylethanolamine (MMPE).
Next, Opi3p methylates MMPE to N,N-dimethyl phosphatidylethanolamine (DMPE) in one
step and to PC in the second (Kodaki and Yamashita, 1987, 1989). Alternatively, yeast cells
can synthesize PC through the Kennedy pathway when choline is available (Figure 1A)
(Carman and Henry, 1989). Thus, in principle, a yeast lipid homeostatic model can be
established based on the mouse NASH system.

In this study, classical genetic and biochemical approaches were combined with lipidomic,
genomic, and proteomic technologies to understand the maintenance and regulation of
membrane homeostasis. Specifically, we focus on how cells respond to and cope with PC/
PE disequilibrium. The data reveal a broad response that remodels the proteome to buffer
the otherwise lethal effects of lipid disequilibrium. Surprisingly, the major changes
reconfigure the protein homeostasis network to regulate protein synthesis, folding, and
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quality control. Of one facet, we demonstrate that activation of the unfolded protein
response is essential to support protein translocation, transport, ER quality control, and
membrane integrity. Lipidomic analysis shows that the UPR program compensates for these
effects without altering the lipid composition of membranes.

Cho2p or Opi3p deficiency causes severe but non-lethal imbalances in lipid composition

Cho2p and Opi3p are required for synthesis of PC from PE in budding yeast (Figure 1A)
(Daum et al., 1999; van Meer et al., 2008; Zinser et al., 1991). Despite these important roles,
cells are viable if either of their genes is deleted suggesting alternative means of PC
synthesis, or more radically, mechanisms that bypass the need for the phospholipid
altogether. Indeed, cho2and op/i3 mutants displayed sharp declines of PC by thin layer
chromatography (Daum et al., 1999; McGraw and Henry, 1989).

The robustness of PC deficient cells hints of mechanisms that can buffer sudden and chronic
changes to lipid homeostasis. To validate the use of PC biosynthetic mutants to study the
effects and response to lipid disequilibrium, quantitative lipid profiles of Acho2and Aopi3
strains were determined. Total lipid extracts from logarithmic cells were analyzed using high
performance liquid chromatography coupled to mass spectrometry (LC-MS). Consistent
with earlier studies, PC is reduced 2.8 fold in AchoZ cells (Figure 1B and 1C). The
reduction but not elimination of PC suggests that Opi3p might partly compensate for Cho2p
because its homolog, PEMT, alone catalyzes all three methylation reactions in mammals
(Kanipes and Henry, 1997; Preitschopf et al., 1993). Accordingly, PE is proportionally
elevated which exacerbates further the PC/PE imbalance. In Agpi3 cells, a similar reduction
of PC was not observed. Instead, PC is effectively absent (173-fold reduction compared to
wild type) and the inability to process MMPE causes its abnormal accumulation (Figure
1C). Other changes include higher triacylglycerol (TAG) levels, resulting in the appearance
of lipid droplets (Figure S1A) (Fei et al.). Significant changes to the levels of several less
abundant lipids were also observed (Figure 1B) while other lipid concentrations remained
unchanged (Table S1). Although PC/PE ratios are dramatically altered in mutant cells as
expected, the data show that lipid homeostasis is more broadly impacted. Despite this,
internal membranes of mutant cells are morphologically indistinguishable from wild type
(Figure S1A and S1B).

The above phenotypes are consistent with the steatosis effect of Permr~~ mice fed choline
deficient diets (Li et al., 2006). To determine whether choline supplementation can fully
ameliorate Cho2p and Opi3p deficiencies as in Pemt™~ mice, lipid profiling was performed
on AchoZand A opi3cells grown in 1 mM choline. PE, PC, and TAG levels were restored to
normal levels, in line with normal growth of cells (Figure S1C and Table S1). This
experiment shows the preferred compensatory response is through alternative lipid
metabolic pathways, if available. Interestingly, MMPE levels stayed depressed in Acho2
cells and elevated in Agpi3cells under these conditions (Figure S1C). This shows that the
CDP-DAG pathway only partially attenuates when the Kennedy pathway provides all the
needed PC (Figure 1A). Nevertheless, the symptoms of stress are largely relieved by
restoration of the correct PC/PE ratio (see Figure 4C).

These data show that disrupting PC synthesis leads to dramatic lipid imbalances that are
surprisingly well tolerated (Figure 1B). Synthetic genetic array analysis (SGA) performed
by the Andrews and Boone laboratories revealed extensive interactions for Acho2 and
Aopi3 mutants, suggesting the existence of broad compensatory mechanisms (Costanzo et
al., 2010). Taken together, these data validate the use of cho2and opi3 mutants as
experimental models of lipid disequilibria.

Mol Cell. Author manuscript; available in PMC 2013 October 12.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Thibault et al.

Page 4

Recalibration of the protein homeostasis network in response to lipid disequilibrium

To understand how cells buffer homeostatic shocks, quantitative transcriptional and
proteomic profiles were obtained for mutant and wild type cells. First, DNA microarray
analysis was performed using RNA extracted from cells grown in synthetic media without
added choline. To validate the quality of microarray data, gPCR was performed on a gene
subset (Figure S2). The breadth and extent of changes were dramatic. Overall, 527 genes
were upregulated at least 2-fold in AchoZand Agpi3cells and 152 genes were
downregulated (Figure 2A). For a detailed accounting of protein changes, global quantitative
proteomic analysis was performed using isobaric Tandem Mass Tag (TMT) labeling (Ting
et al., 2011). Log?2 values of each protein were used for hierarchical clustering of protein
expression levels in AchoZand Aogpi3 (Huang da et al., 20094, b). Except for a small
number of outliers, comparison of the two data sets shows changes in steady state protein
levels are in excellent agreement with microarray data (Figure 2B). Functional clustering
analysis revealed strong elevation of major protein chaperones involved in protein folding,
repair, and quality control (Figure 2C and 3A,; Table S2 and S3). Along these lines,
components required for posttranslational translocation into the ER are upregulated (Figure
3B). Notably, the major catabolic pathways of the ubiquitin-proteasome system (UPS) as
well as the conventional and autophagic arms of the vacuolar (lysosomal) system are
coordinately induced. Among UPS feeder pathways, components of the ER-associated
degradation pathway (ERAD), which disposes aberrant proteins, are coordinately elevated
(Figure 3C). Of major stress regulatory pathways, numerous targets of the heat shock
response (HSR) and the unfolded protein response (UPR) are strongly activated (Figure 3A,
4A and 4B). The UPR monitors the state of the ER and regulates several hundred genes to
maintain homeostasis (Travers et al., 2000). UPR activation is not surprising because PC is
the most abundant lipid constituent of ER membranes (Zinser et al., 1991). On the other
hand, the HSR is sometimes termed the “cytosolic UPR” because it can respond to unfolded
cytosolic proteins independent of temperature change (Metzger and Michaelis, 2009). Their
activation suggests that protein homeostasis is broadly disrupted by lipid disequilibrium. In
agreement with microarray data, most enzymes of lipid biosynthetic pathways were
unchanged or somewhat reduced. Although this finding doesn’t rule out remodeling of
membrane lipid composition as part of the compensatory response, it is notable that proteins
that stabilize and regulate the structure of membranes (Hsp12p and Rtn2p) were strongly
elevated. A particularly intriguing pattern is the broad upregulation of proteins comprising
the secretory pathway and the mitochondria. It is unclear whether their regulation
compensates for reduced activities or to elevate their functions for increased loads.

Major systems were also downregulated. The most dramatic include broad classes related to
protein synthesis and its regulation. These include the ribosomal proteins themselves,
assembly and nuclear transport factors, translation initiation factors, ribosome associated
chaperones, and components of the signal recognition particle (SRP) and its receptor (Figure
3A and 3B). Other functions important in protein synthesis, including various amino acid
permeases, are also strongly reduced.

Based solely on transcriptome and proteome profiles, the data suggest that a major
physiologic consequence of lipid disequilibrium is the general disruption of protein
homeostasis, which increases the concentration of abnormal proteins (Lee, 2004). In
response, the MSR output enhances protein folding and repair functions while attenuating
translational activity to reduce further stressing on the system. Augmenting this, catabolic
pathways are activated to rid irreversibly defective molecules.

We wondered whether the complex changes are specific to lipid disequilibrium or reflects a
general stress response to perturbed membranes. To address this question, we analyzed cells
lacking phosphatidic acid phosphatase (encoded by PAH1, Figure 1A), a key enzyme in
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phospholipid metabolism. It was previously reported that membrane biosynthesis is
dysregulated in Apah1 cells leading to the formation of extended and distorted membranes
(Han et al., 2008). This phenotype is easily observed when compared to the near normal
morphologies of Acho2and Agpi3 cells (Figures S1A, S3A and S3B). Despite these
perturbations, we found the Apah transcriptome nearly unchanged from wild type (Figures
4A and 4B). Lipidomic profiling shows a relatively normal lipid composition compared to
AchoZand Agpi3strains, apart from a sharp reduction in DAG and TAG (Figure S5B).
These data show that proteome remodeling in Acho2and Agpi3is a specific response to
lipid disequilibrium.

The UPR program is essential to counteract the lethal effects of lipid disequilibrium

Of the prominent regulatory signatures revealed, broad activation of UPR targets was
perhaps the most striking (Travers et al., 2000). Many UPR target genes were activated
strongly in Agpi3 cells compared to wild type cells treated with DTT, a powerful UPR
inducer (Figures 2A and 4B). The pattern for AchoZ cells is similar but the extent of gene
activation was generally lower. Although there is sizable overlap of induced genes, of equal
interest is the large number of DTT-induced genes not activated in Acho2and Aopi3 strains
(Figures 2A and 4A). This pattern follows other specific mutants causing ER stress, where
differential target gene regulation was observed depending on the defect (Thibault et al.,
2011).

To determine if the UPR signaling mechanism is directly stimulated, we applied an
established UPR-specific reporter assay (Cox et al., 1997). Here, both mutants displayed a
strong constitutive response, with Agpi3 cells measuring the highest for any physiological
inducer analyzed to date (Figure 4C) (Thibault et al., 2011). These data are consistent with a
large-scale screen for mutants activating a UPR-specific reporter (Jonikas et al., 2009). To
determine if the UPR is stimulated as a direct consequence of lipid disequilibria, mutant
cells were grown in media supplemented with 1 mM choline to restore PC/PE balance. As
shown in Figure 4C, the addition of choline entirely abrogates UPR activation. By contrast,
Apahl cells displayed no UPR induction using this assay, consistent with microarray data
(Figure 4 and S3).

Interestingly, the CHOZand OPI3 genes display synthetic lethality with the UPR signaling
genes HACI and /REI (Costanzo et al., 2010 and our unpublished results). Because the
UPR is normally quiescent, these interactions suggest that UPR activation buffers otherwise
lethal deficiencies (Cox et al., 1997; Thibault et al., 2011). If so, we reasoned the
relationship can be exploited to reveal the normally hidden adverse effects of lipid
disequilibrium. For this, analysis of lipid dysregulated cells must be performed in the
absence of UPR activation. To this end, we created “conditional synthetic lethality” mutants
to overcome the inviability of double nulls. Applying the strategy outlined in Figure S4A,
temperature sensitive (ts) alleles of CHOZand OP/3 genes were created in combination with
the wild type or null allele of /REZ (Thibault et al., 2011). All strains grew equally well at
the permissive temperature (Figure S4B, 25°C). At 37°C, the cho2-1Airel and opi3-1Airel
strains were strongly impaired while Ajrel, cho2-1, and gpi3-1 strains grew like wild type
(Figure S4B). Complete rescue of the cho2-1Airel and opi3-1Airelts phenotype by choline
supplementation shows that growth impairment is due to PC depletion specifically in the
absence of the UPR (Figure S4B). The robust growth of UPR proficient gp/i3-1 and cho2-1
mutants at 37°C indicates that UPR induction compensates for an otherwise lethal condition
(Figure S4B). Together, these experiments validate the use of conditional synthetic lethal
mutants to examine the UPR’s role in alleviating lipid disequilibrium.

As part of the MSR, the UPR might function to adjust lipid composition because lipid
metabolic genes are among its targets (Travers et al., 2000). Lipid profiles obtained for
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AchoZand Agpi3 cells reflect UPR-induced, adapted cells but do not by themselves inform
on whether any changes are consequences of UPR induction (Figure 1B and Table S1). To
determine if UPR activation adjusts membrane composition in response to stress, lipids were
extracted from cho2-1, opi3-1, cho2-1Airel, and opi3-1Airel strains following temperature
shift and quantitative lipid profiles were obtained. The profiles measured for ¢ho2-1 and
cho2-1Airel cells showed no significant differences, indicating membrane remodeling is not
part of the UPR compensatory program for diminished Cho2p (Figure 5A). Similarly,
between gpi3-1 and gpi3-1Airel strains, only small differences were observed (Figure 5A).
As a control, the profile of AJreZ cells is indistinguishable from wild type under the same
conditions (Figure 5A). In addition, the lipid compositions for both ts mutants at permissive
temperature were largely unchanged from wild type (Figure S5A). As expected, the
presence or absence of the UPR has no impact on the lipid composition of cells lacking
PAH1 (Figure S5B). Together, these data show that the ER stress response to lipid
disequilibrium, though essential, does not include compensatory changes to lipid
composition.

UPR activation is required to maintain membrane morphology

In contrast to ApahI cells, indirect immunofluorescence and transmission electron
microscopy (TEM) imaging revealed no morphological differences of internal membranes
between AchoZand Aogpi3 cells to wild type (Figure S1A and S1B). To determine if the
UPR program plays a role in maintaining membrane integrity, imaging of cho2-1, opi3-1,
cho2-1Airel, and opi3-1Airel cells were performed before and after temperature shift. At
the permissive temperature, internal membrane structures of all four strains were similar to
wild type (Figure S5C and S5D). After the temperature shift, dramatic differences
cho2-1Airel and opi3-1Airel cells were apparent. Both displayed distorted and enlarged
ER/nuclear membranes (Figure 5B). Visualization of these cells by TEM revealed highly
disorganized membranes and distorted or fragmented organelles (Figure 5B). By contrast,
cho2-1and gpi3-1 cells appeared similar to wild type except for the appearance of lipid
droplets (Figure 5C and 5D). These data show that the UPR plays a critical role in
maintaining the internal architecture of membranes under phospholipid disequilibrium.

The UPR compensates for protein biogenesis and quality control deficiencies during lipid
disequilibrium

Among its functions, the UPR regulates ER protein synthesis and quality control
(Casagrande et al., 2000; Ng et al., 2000; Travers et al., 2000). Because of the strong UPR
response, we wondered whether these functions are compromised during lipid
disequilibrium. For this, the synthesis and processing of endogenous secretory proteins were
analyzed. We selected carboxypeptidase Y (CPY) and the glycosylphosphatidylinositol
(GPI)-linked membrane protein Gaslp (Doering and Schekman, 1996; Hann and Walter,
1991; Ng et al., 2000; Robinson et al., 1988; Simons et al., 1995). CPY and Gaslp are
translocated into the ER using a post-translational mechanism. Translocation efficiency /n
vivo can be monitored by protein gel mobility shifts reflecting the addition of N-linked
glycans in the ER (Figure 6A). In the cho2-1Airel strain, translocation of CPY and Gaslp
was delayed at 37°C as detected by the appearance of “pre” forms (Figure 6A and S6A).
This strain also displayed a strong delay in the ER-to-Golgi/plasma membrane (PM)
transport of Gaslp compared to controls (Figure 6A). This delay could be due to defect in
the addition of the GPI-anchor, folding, transport, or a combination of these. A similar but
less pronounced effect was observed for CPY maturation suggesting a general defect in
protein maturation and/or transport. N-linked glycosylation was unaffected in cho2-1Airel
cells because underglycosylated forms were not observed (Figure 6A). We did not observe
translocation defects in the SRP-dependent substrate DPAP B suggesting that the co-
translational pathway remains intact (data not shown) (Hann and Walter, 1991). The
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difference is intriguing because components dedicated to posttranslational protein
translocation are coordinately upregulated while SRP components are downregulated
(Figure 3B). No translocation defect was observed in gpi3-1Airel for CPY and Gaslp. This
could be due to a milder lost of function of gpi3-1 allele compared to ¢ho2-1 or the
difference in lipid composition. AchoZand Aogpi3 cells (UPR activated) did not display
CPY defects indicating the robustness of the UPR in functional compensation (Figure S6B).
Gaslp trafficking from the ER was delayed in these strains suggesting that the biogenesis of
GPI-anchored proteins might be more sensitive to lipid imbalance. The Apah and
ApahlAirel strains were unaffected in secretory protein processing compared to WT and
Alirel strains despite their altered ER/nuclear morphologies (Figure S6C). To confirm that
the observed defects are the consequence of perturbed membrane lipid composition, we
examined the biogenesis of CPY and Gaslp in the presence of exogenous choline. Choline
supplementation rescued the translocation defect in ¢ho2-1Airel but not in the control
translocation mutant sec63-1 (Figure 6B).

Misfolded proteins in the ER are degraded by ER-associated degradation (ERAD)
(Romisch, 2005; Vembar and Brodsky, 2008). CPY*, a misfolded mutant of CPY, is a
classical substrate of ERAD (Finger et al., 1993). To examine the functionality of the ERAD
machinery during lipid disequilibrium, CPY* turnover was measured by metabolic pulse
chase. CPY™* expression causes mild ER stress and consequently a minor ERAD defect in
control Ajrel cells as reported previously (Figure 7A) (Casagrande et al., 2000; Ng et al.,
2000). In cho2-1Airel and gpi3-1Airel cells, CPY* was strongly stabilized while in cho2-1
and gpi3-1 cells, degradation was as efficient as wild type (Figure 7A and S7A). These
results demonstrate that both forms of lipid disequilibrium severely disrupt ERAD function
that is detected and alleviated by UPR activation. The exceptional sensitivity of ERAD to
lipid disequilibrium is highlighted in Acho2and Aopi3 cells, which remains partially
defective in ERAD (Figure S7B). In these strains, UPR activation fails to fully restore
ERAD perhaps reflecting the limit of the response when disequilibrium is particularly
severe. Although ERAD is highly sensitive to changes to lipid composition, not all forms of
membrane dysfunction compromise its function. No significant defect in CPY* degradation
was observed in Apahland ApahlAirel cells (Figure S7C). To confirm that the observed
ERAD defects are due to lipid disequilibria, we monitored CPY* degradation in the
presence of exogenous choline. In cho2-1Airel strain, the availability of choline strongly
relieved the ERAD defect but is less efficient compared to the AJrel control (Figure 7B,
compare left and middle panels). For gpi3-1Airel, choline supplementation fully restored
CPY™* degradation to the rate observed for the AJrel control (Figure 7B, compare left and
right panels).

DISCUSSION

Changes in cellular and circulating lipid composition are associated with numerous human
pathologies (Sanyal, 2005; Wenk, 2005). It is therefore widely acknowledged that lipid
homeostasis is critical for health. Despite many lipid metabolic pathways characterized in
detail, the mechanisms used to monitor and maintain lipid homeostasis are not well
understood. We sought to understand how cells respond and cope with lipid disequilibrium
using PC/PE homeostasis as a focus. A yeast model based on the PEMT-deficient mouse
system of steatohepatitis was created to analyze the global response to lipid disequilibrium.

Cells reacted to Cho2p or Opi3p deficiency by broadly altering transcription patterns
resulting in a purposely-remodeled proteome. The MSR output, although broad in scope,
provided insight into the consequences of lipid disequlibrium as well as the cellular strategy
used to buffer them. The coordinate regulation of protein synthesis, folding, modification,
quality control, transport and degradation functions mirrors the defined collection of
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pathways termed the proteostasis (protein homeostasis) network (Balch et al., 2008; Hartl et
al.; Powers et al., 2009). Despite the dramatic changes, we were surprised that regulation of
lipid metabolic pathways to remodel membrane composition is not part of the response.
Regulation of the proteostasis network has featured prominently in various protein
conformational diseases. It was therefore proposed that its therapeutic control to restore
balance could be a key in disease intervention (Balch et al., 2008; Hartl et al.; Powers et al.,
2009). The results of this study broaden this view to lipid disorders and provide a de facto
proof-of-principle using a simple model organism.

Remodeling of the proteostasis network suggested that lipid disequilibrium interfered with
protein biogenesis and quality control functions. These include increased chaperone
concentrations in all compartments, the enhancement of quality control pathways for
aberrant proteins and the associated catabolic pathways of the proteasome and vacuole
(lysosome). In addition, levels of the membrane stabilizing protein Hsp12p and curvature
inducing protein Rtn2p are both strongly increased. Of great interest is the coordinate
downregulation of protein biosynthetic machinery, particularly in the secretory pathway.
The ribosome and associated proteins are repressed, as are components of the signal
recognition particle, glycosylation factors, plasma membrane transporters, etc. Interestingly,
factors dedicated to SRP-independent translocation are coordinately upregulated (Figure
3B). This could be due to the upregulation of ER chaperones, vacuolar proteases, and other
soluble luminal proteins, which tend to use the SRP-independent pathway while membrane
proteins tend to use the SRP pathway (Ng et al., 1996; Ulbrandt et al., 1997).

As part of a comprehensive membrane stress response, the yeast UPR is specifically
activated. UPR activation was previously reported for several models of metabolic disease
and lipid disequilibrium (see /ntroduction). Of particular interest, a recent study reported
that the fatty liver tissue of obese mice led to changes in lipid composition and notably in a
change of the PC/PE ratio (Fu et al., 2011). The disequilibrium causes sarco/endoplasmic
reticulum calcium ATPase (SERCA) dysfunction, leading to chronic ER stress that was
previously associated with the development of type Il diabetes (Ozcan et al., 2004).
Restoring the PC/PE ratio or exogenous supplementation of SERCA function reduced ER
stress and improved glucose homeostasis.

In this study, the data show that broad deployment of the UPR program is essential for
viability under stress. Evidence came from the use of conditional synthetic lethal mutants
that allow controlled initiation of lipid perturbation, with and without the UPR. These
analyses show that the UPR can alleviate some forms of stress resulting from lipid
disequilibrium without remodeling membrane composition. Instead, the translocation,
trafficking, and ERAD defects observed when PC/PE ratios are modestly altered are entirely
alleviated by UPR activation. It should be noted that lipid biosynthetic genes are part of the
UPR program (Travers et al., 2000). It is therefore likely that their activation may be
required for other forms of lipid perturbation. In a recent report, mutants of ARV, encoding
a protein involved in sterol transport, leads to ER stress (Shechtman et al., 2011). Thus, it is
plausible that UPR activation under a distinct form of membrane stress might involve
membrane remodeling.

UPR synthetic lethality has been particularly useful in revealing physiologically linked
functions to the stress pathway (Ng et al., 2000). Indeed, near genome-wide SGA analysis
suggests that well over a hundred client functions are monitored by the UPR (Costanzo et
al., 2010). This demonstrates the remarkable breadth of the UPR in maintaining
functionality of the early secretory pathway. Despite this, the UPR is not generally
deployed. For example, it is not activated by heat stress in yeast as one might expect
intuitively and UPR mutants are not temperature sensitive (Cox et al., 1993). Similarly,
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Apahl1 cells do not activate the UPR despite disruption of a major lipid metabolic pathway
that causes broad changes in membrane morphology. However, detailed analyses may
explain the basis for the apparent paradox. We detected few changes in lipid composition
besides major decreases in diacylglycerol and triacylglycerol, which are not major
components of membrane bilayers (Figure 1B). The relative balance in lipid composition
likely involves phosphatidic acid metabolic redistribution by alternative synthetic routes
(Gaspar et al., 2007). In addition, no defects in ER protein translocation, trafficking, or
ERAD were detected. Viability of Apahl cells is not based on a prototypical stress response
because few genes were found to be significantly upregulated compared with wild type
(Figure 4) (Han et al., 2008).

Upon ER stress, ER membrane expansion can occur in concert with the UPR to relieve
stress (Schuck et al., 2009). However, conditions that lead to membrane expansion in cho2-1
and gpi3-1 cells (UPR off) are insufficient to relieve stress. The reduction in PC of CHOZ
and OP/3null and ts strains dramatically changes the chemical composition of the
membranes. The thickness, fluidity, and spontaneous curvature of the bilayer are a product
of the collective physical properties of the bilayer (Lee, 2004). As such, changing the
zwitterionic lipid from PC to PE was shown to dramatically reduce the activity of the
mechanosensitive channel MscL in £. coli (Powl et al., 2008). This effect likely explains the
observed defects in ER protein translocation and ERAD, activities that are entirely
dependent on ER membrane protein complexes (Vembar and Brodsky, 2008; Zimmermann
etal., 2011). Remarkably, UPR activation completely alleviates these defects caused by the
cho2-1and ogpi3-1 mutations despite having altered membranes.

Although the importance of the proteostasis network in alleviating the consequences of PC/
PE disequilibrium is apparent, DNA microarray and proteomic analysis revealed more
extensive physiological remodeling. These include the /VOI gene, which encodes the
inositol-3-phosphate synthase that catalyzes the rate-limiting step in the synthesis of the
essential phospholipid precursor inositol (Carman and Henry, 1999; Donahue and Henry,
1981). Accordingly, the transcriptional activator genes for /NOZ1, INOZ, and INO4, are
simultaneously activated. /NOZ2 displays synthetic lethality with CHO2and OP/3indicating
that its targets are an essential part of the overall compensatory mechanism (Costanzo et al.,
2010). In addition, the heat shock genes are strongly upregulated in the AchoZ2and Agpi3
cells. This is not unexpected because PC/PE disequilibrium affects both bilayers of cellular
membranes and the consequences could equally impact the ER lumen (UPR) and cytosol
(heat shock response). The breadth and magnitude of transcriptional remodeling in these
cells likely reflect the broad defects expected when PC is sharply reduced or eliminated.
Microarray analysis of the UPR synthetic lethality mutants Aalg5, Ascj1, and Alhs
revealed relatively modest changes. Only selective parts of the UPR program were
upregulated and, except for A/hs2, other known stress pathways were not activated (Thibault
etal., 2011). Although the UPR plays an essential compensatory role, the overall buffering
effect is undoubtedly the coordinated effort of multiple regulatory pathways comprising the
MSR.

In this report, we show that remodeling of the protein homeostasis network is a signature
response against lipid disequilibrium, particularly during loss of PC/PE homeostasis. One
facet of the response, the UPR, sustains protein biogenesis and ERAD functions. In addition,
through a mechanism that remains unclear, UPR activation maintains membrane integrity
and organization without the need to adjust lipid composition. Taken together, the data
demonstrate the remarkable ability of cells to remodel their physiology to counteract
perturbations to internal membranes. How each of the regulatory pathways contributes to
stress alleviation will be the challenge of future studies.
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EXPERIMENTAL PROCEDURES

Assays

Protocols and reagents used for proteomic analysis, lipidomic analysis, DNA microarray, p-
galactosidase reporter assay, transmission electron microscopy, and real-time PCR are
described in Supplemental Information.

Cell labeling and immunoprecipitation

Cell labeling and immunoprecipitation was carried out as previously described (Thibault et
al., 2011). Typically, 3.0 Aggg units of early log phase cells were labeled with 80 .Ci of L-
[35S]-methionine/cysteine mix (Perkin Elmer). Immunoprecipitated proteins were separated
on SDS-PAGE and exposed to phosphor screens. Exposed screens were visualized using a

Typhoon 8600 scanner (GE Healthcare) and quantified using ImageQuant TL software (GE
Healthcare). All data plots reflect three independent experiments with mean + SD indicated.

Indirect Immunofluorescence

Indirect Immunofluorescence was carried out as previously described (Wang and Ng, 2010).
Typically, cells were grown to early log phase at 23°C, 30°C, or 37°C in selective synthetic
complete media, fixed in 10% formaldehyde and permeabilized. After blocking with 3%
BSA, staining was performed using anti-Kar2p primary antibody (1:1000 dilution) followed
by Alexa Fluor 488 goat anti-rabbit secondary antibody (1:1000 dilution). The DNA dye
DAPI was applied as a mounting medium mixture. Samples were visualized using a Zeiss
Axiovert 200M microscope with a 100x 1.4 NA oil Plan-Apochromat objective (Carl Zeiss
Microlmaging).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lack of Cho2p or Opi3p causes severe lipid imbalance

(A) Metabolic pathways for the synthesis of phosphatidylcholine in S. cerevisiae. PE,
phosphatidylethanolamine; MMPE, N-monomethyl phosphatidylethanolamine; DMPE,
N,N-dimethyl phosphatidylethanolamine; PC, phosphatidylcholine; PA, phosphatidic acid;
DAG, diacylglycerol; TAG, triacylglycerol; P-choline, phosphate-choline. (B) Heat maps
reflecting all significant lipid changes to WT. Cells were grown to early log phase at 23°C in
selective synthetic complete media. Lipids were extracted with chloroform:methanol
mixture from lyophilized cells. Organic extractions were concentrated and analyzed by
HPLC-MS. PI, phosphatidylinositol; PS, phosphatidylserine; PG, phosphatidylglycerol;
PhytCer, phytoceramide; IPC, inositolphosphoceramide; MIPC,
manosylinositolphosphoceramide; EE, ergosterol ester. p < 0.05, Student’s #test compared
to WT. (C) Comparison of total PE, MMPE, and PC as prepared in (B). *p< 0.01, **p<
0.005, Student’s +test compared to WT.
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Figure 2. Genomic and proteomic cellular responseto lipid disequilibrium

(A) Venn diagram representation of upregulated genes at a minimum of two folds compared
to untreated WT cells. Total RNA was extracted from cells grown to early log phase at
30°C. Probes were prepared using Low Input Quick Amp Labeling System with 100 ng of
total RNA as starting material following manufacturer instruction. (B) Pearson correlation of
relative protein and RNA abundance. R, Pearson correlation; P, p-value. (C) Hierarchical
clustering of Log2 levels for each protein in Acho2and Aopi3(left panel) and parallel
coordinate plot of the nine major clusters (right panel). Major GO terms for plots i to ix are
listed in Table S2.
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Figure 3. Broad remodeling of protein homeostasis networksin responseto lipid disequilibrium
(A) Protein expression in Acho2and Aogpi3 compared to WT are illustrated by color-coding
according to their fold change. Circle sizes are proportional to the number of proteins that
were found to have similar fold change under the same cellular function. The summarized
data was based on the hierarchical clustering from Figure 2C. (B) Expression of proteins
part of the signal recognition particle (SRP), co-translational (Co-Trans) and post-
translational (Post-Trans) translocation machineries. Based 2 logarithmic fold changes in
protein expression were normalized to untreated WT cells. (C) Expression of proteins part of
the ER-associated protein degradation (ERAD) machinery and data was normalized as in
(B). Non-significant changes are denoted by “x” with p> 0.05, Student’s #test compared to
WT.
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Figure4. The UPR isstrongly activated in Acho2 and Aopi3 cells

(A) Heat map representing genes with Log2 (fold change) = 1 for AchoZ, Aopi3, or Apahl
cells. (B) Heat maps of UPR regulated genes previously listed by Travers et al. (Travers et
al., 2000) (A-B) Total RNA was extracted from cells grown to early log phase at 30°C.
Probes were prepared using Low Input Quick Amp Labeling System with 100 ng of total
RNA as starting material following manufacturer instruction. Based 2 logarithmic fold
changes in genes expression were normalized to untreated WT cells. (C) Cells were grown
to early log phase at 30°C in selective synthetic complete media in the absence or presence
of 1 mM choline. UPR induction was measured using a UPRE-LacZ reporter assay. Tm,
tunicamycin. Data shown is the mean + SD of three independent experiments. *p < 0.005,
Student’s #test compared to WT.
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Figure 5. UPR activation maintains membrane morphologies under lipid disequilibrium

(A) Heat maps reflecting all significant lipid changes to WT. Cells were grown to early log
phase at 23°C and shifted to 37°C for 2 h in selective synthetic complete media before being
harvested. Lipids were extracted with chloroform:methanol mixture from lyophilized cells.
Organic extraction was concentrated and analyzed by HPLC-MS. p< 0.05, Student’s #test.
(B) Cells were grown at 23°C and shifted to 37°C for 2 h in selective synthetic complete
media before being prepared for TEM analysis as described in experimental procedures. N,
nucleus; V, vacuole. Scale bar, 1 um. (C) Cells were grown to early log phase at 23°C and

shifted to 37°C for 2 h in selective synthetic complete media before being fixed in
formaldehyde and permeabilized. Staining was performed using anti-Kar2p primary
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antibody followed by Alexa Fluor 488 goat anti-rabbit secondary antibody. DAPI staining
marks the position of nuclei. Scale bar, 5 pm.
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Figure 6. The UPR compensates protein biogenesis defect during lipid imbalance

Cells were grown to early log phase at 23°C and shifted to 37°C for 30 min (sec63-1) or 2 h
in selective synthetic complete media in the absence (A) or presence (B) of 1 mM choline
before being pulse-labeled at 37°C with L-[3°S]-methionine/cysteine for 5 min followed by
a chase at the indicated times. Immunoprecipitated proteins using anti-CPY or anti-Gas1p
were resolved by SDS-PAGE and visualized by phosphoimager analysis.
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Figure 7. The UPR compensates protein quality control defect during lipid imbalance

Cells were grown to early log phase at 23°C and shifted to 37°C for 2 h in selective
synthetic complete media in the absence (A) or presence (B) of 1 mM choline before being
pulse-labeled at 37°C with L-[3°S]-methionine/cysteine for 10 min followed by a chase at
the indicated times. Immunoprecipitated proteins using anti-HA were resolved by SDS-
PAGE and quantified by phosphoimager analysis. Data plotted is the mean + SD of three

independent experiments. *p < 0.02, Student’s £test.
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