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Abstract
Cellular function relies on the proper sequestration of fats in organelles
called lipid droplets. Lipid droplet metabolism is inherently linked to many
disorders including obesity, type-2 diabetes, and atherosclerosis, so further
elucidation of the bio-physical phenomena governing these diseases, is crucial
for their respective treatments.
Once widely regarded as inert, these neutral lipid storage depots are
highly dynamic and are increasingly shown to affect a wide array of biological
processes. Droplet formation requires the accumulation of neutral lipids and
related factors at specific cellular domains, however because this occurs at
nanometer length-scales, details are lacking. Here, we try to provide further
insights into how these events are induced using the popular fission yeast model,
Schizosaccharomyces pombe. Initially utilizing mass spectrometry, we
uncovered proteomic factors which localize to droplet surfaces during known
periods of LD biogenesis. We showed one of these proteins contributes in
maintaining LD homeostasis. In a separate study, we identified spatial biases of
droplet formation and discovered possible mechanisms for why this was
occurring. Lastly, we investigated the potential of fission yeast as a biofuels
producing platform, by maximizing lipid droplet synthesis and ultimately
triacylglycerol production.
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1-1-Introduction
Cells rely on the proper sequestration of neutral lipids, which are
predominantly stored in organelles called lipid droplets. These structures are
highly conserved, appearing in every biological kingdom. Until somewhat
recently, they were widely regarded as inert, however progress in their research
has continued to demonstrate their vast roles in a number of cellular processes,
many unrelated to lipid metabolism. Most notably however, their prominent roles
in type-2 diabetes and atherosclerosis have brought them to the forefront of
many research initiatives.

1-2-1-Structure
Lipid droplets are spherically shaped organelles with highly non-polar
interiors surrounded by a single monolayer of phospholipids (Figure 1-1). An
abundance of proteins, many of which are directly involved in lipid metabolism,
can also be found embedded on their exterior surfaces [1-4]. This phospholipid
monolayer is a unique aspect to LDs, which allows for the transportation of nonpolar substances by shielding the neutral lipids from outside aqueous
environments. This is particularly applicable in mammalian cells, whose
lipoprotein particles travel long distances in the blood stream, trafficking cargo
which would have not been otherwise soluble. In yeast, phosphatidylcholine
(PC) is the predominant PL species, covering more than 56% of droplet surfaces
while phosphatidylinositol (PI) and phosphatidylethanolamine (PE) largely make
up the remainder, at 21% and 17% respectively [5]. Unlike other membranes,
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Figure 1-1. Lipid droplet structure and components
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phosphatidic acid (PA) and phosphatidylserine (PS) are largely depleted in LDs
[4]. Phospholipid fatty acids are also mostly unsaturated, usually C16 or C18,
with their lengths being carbon source dependent [5].
The LD core is mostly comprised of sterol esters (SEs) and triacylglycerols
(TAGs). Because of their relative inertness and stability, they are commonly
referred to as neutral lipids. As its name suggests, TAG contains a glycerol
backbone, esterified by three fatty acids (FAs). These FAs may or may not vary
in the same TAG molecule, and in yeast are generally C16, C16:1, C18, or C18:1
[5]. Sterol esters, on the other hand, are largely aromatic, and their sterol
precursors often contribute towards increased membrane packing and
heightened rigidity [6]. However upon esterification, sterols become increasingly
hydrophobic and fluid. For example, acylation of the primary mammalian sterol
cholesterol with oleate, lowers its melting point nearly 100 degrees Celsius from
about 148°C to 44°C. In yeast the predominant SE species is ergosterol,
however less abundant sterols can also be acylated and incorporated into LDs
[7]. Budding yeast SEs are almost entirely composed of unsaturated, 16:1 and
18:1 fatty acids [7]. In terms of neutral lipid composition, droplets vary largely
very between species and probably even among droplets of the same cell.
Oleaginous yeast species such as P. pastoris and Y. lipotica tend to mainly
accumulate triacylglycerols, whereas total budding yeast droplets contain almost
44% SE by mass [8-10].
Droplets serve as storage depots for other hydrophobic materials as well.
These include neutral lipid precursors such as diacylglycerols (DAG), sterols,
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squalene, and free fatty acids, or other lipids like wax esters and retinyl esters.
Interestingly, the rubber tree utilizes droplets as a means to store isoprene
polymers, the main constituent of natural rubber [11].
Higher eukaryotes have unique cell types, which specialize in neutral lipid
storage and/or trafficking. Adipocytes are chiefly responsible for the
sequestration of fats, and contain the largest LDs (up to 100 µm), which are
almost entirely comprised of triacylglycerols [4]. Mammals also ingest large
quantities of fats via their diets, that are transported to enterocytes or intestinal
cells, and ultimately packaged into components called chylomicrons [12].
Chylomicrons could be considered dietary lipid droplets and are physically the
largest class of lipoproteins, whose main function is to deliver fats from the
intestines to the liver, but can also release lipids to other bodily compartments
such as adipocytes or muscle cells [12]. Other lipoproteins including high-density
lipoprotein (HDL), low-density lipoprotein (LDL), intermediate-density lipoprotein
(IDL), and very-low density (VLDL) are largely either synthesized in hepatocytes
or eventually transported to them for clearance. Unlike larger LDs, their
diminished sizes allow for extracellular transportation along with their various
cargos of fats and proteins as mammalian cells are void of cell walls. These
particles not only range in size, but also their neutral lipid content. HDLs and
LDLs have diameters less than 25 nm, and are mostly composed of cholesterol
esters (CE). Chylomicrons can reach up to 1 µm but are mostly triacylglycerols
(Table 1-1) [13]. It’s likely that LDs in other species may form at similar size
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levels, how however capturing these events using a technique such as electron
microscopy has proven difficult to date.

Table 1-1. Types of lipid particles
Species

Size
(nm)

TAG
(%)

SE
(%)

Protein
(%)

Phospholipid
(%)

HDL

H. sapeins

5-15

2

18

50

28

LDL

H. sapeins

25

2

42

25

30

Chylomicron

H. sapeins

1000

83

3

2

7

LD

S. ceevisiae

400

51

44

2.5

1

LD

Y. Lipolytica

500

85

8

5

1

1-2-2-Lipid synthesis
Nearly all cellular lipids are produced in the ER as it provides a suitable
environment for fatty acids and/or non-polar aromatics while allowing
simultaneous contact of hydrophilic domains with outside aqueous environments.
Though some cells may utilize exogenous fatty acids, traditional glycolysis yields
both acetyl-CoA and DHAP, two building blocks essential for ne novo lipid
synthesis. Unlike sterols, glycerolipids require dihydroxyacteone phosphate, or
DHAP, which can then be acylated, forming 1-acyl-DHAP, or reduced to glycerol
3-phosphate. These precursor molecules are catalyzed to lysophosphatidic
(LPA) via Ayr1p and Gpt2p, two proteins which also localize to LDs [5, 14].
Additional esterification utilizing acyl-CoA yields phosphatidic acid (PA), a critical
checkpoint within lipid regulation. PA can be converted to DAG, however during
mitotic growth, cells most likely prefer synthesizing phospholipids and other
membrane components. Catalysis of PA by Cds1p produces CDP-DAG, which
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channels into the pathway most responsible for phospholipid generation. Cells
are able to bypass the traditional phospholipid synthesis using supplemented
choline or ethanolamine which is combined with pre-existing DAG, termed the
Kennedy Pathway [15].
Cellular PA also helps regulate transcription of many PL genes down
stream of PA, as they all contain a ubiquitous sequence within their promoters
called UASINO . A complex of two proteins, Ino2p and Ino4p, binds this domain,
initiating transcription [15]. A separate regulator called Opi1p, normally binds PA
in in membranes, however when cellular PA levels are depleted, Opi1p enters
the nucleus where it binds Ino2p/Ino4p, inhibiting transcription of several genes.
The latter process can occur in yeast during stationary phase or when specific
nutrients are added or withheld [15]. Not surprisingly, deletion of several genes
responsible for phospholipid metabolism, Ino2, Ino4, Cho2, and Cds1, results in
supersized droplets and increased neutral lipid production in S. cerevisiae. [16]
In the instances where PA is converted to DAG, this step is catalyzed by a
phosphatidic acid phosphatase, Ned1p, or lipin in mammals. Unlike nearly every
other protein in this network, Ned1p is cytosolic and may associate with
membranes in many intracellular domains. Interestingly, this protein contains the
most predicted phosphorylation sites and mutations to these, tailor its
functionality and localization in budding yeast. Phosphorylation of lipin results in
partial loss of activity, and several known proteins including the cell cyclin kinase
Cdk1p, Pho85p, and PKA were identified as negative regulators [17-20]. In

	
  
	
  

	
  

7

contrast, a single complex of two proteins, Nem1p and Spo7p, activates Ned1p
via dephosphorylation [21].
The final step catalyzing TAG synthesis, can be achieved using two
methods of DAG esterification. Diacylglycerol acyltransferase, or Dga1p in yeast,
adds a third fatty acid to the glycerol backbone using acyl-CoA. This highly
conserved gene is analogous to DGAT2 in humans, and in S. cerevisiae, Dga1p
localizes to both lipid droplets or ER [14]. Unlike previous steps, which obtained
its fatty acids from acyl-CoA, the phospholipid:diayclglycerol acyltransferase or
PDAT, removes an acyl group from phospholipids. The PDAT ortholog in S.
cerevisiae, Lro1p, is also responsible for a majority of TAG production during
mitotic growth [22]. This protein is also unique as its catalytic domain is thought
to exist on the luminal side of the ER.
Many of the steps involve acyl-CoA, which is produced de novo by a
repeated reaction using acetyl-CoA carboxylase, Acc1p. Acetyl groups are
stripped from acetyl-CoA and added in a stepwise fashion to a pre-existing
backbone. Because most fatty acids are 16 or 18 carbons, this reaction must
occur 8 or 9 times, making it the rate-limiting step in lipid production [23]. Lone
fatty acids are catalytically inert, and therefore must be combined with CoA by an
acyl-CoA ligase, or Lcf1p in S. pombe. [24] This protein not only localizes
strongly to pre-existing LDs but also to domains of droplet biogenesis [25].
Despite being a primary LD component, previous droplet literature largely
ignores specifics of sterol synthesis, other than the final step utilizing ACATs. A
more complete sterol synthesis chart is illustrated in Figure 1-3. Similar to fatty
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acid generation, sterols utilize large amounts of acetyl-CoA, however unlike
previously, HMG-CoA reductase is considered to control the rate-limiting step in
sterol synthesis [13]. This also happens to be the primary drug target of most
statins, which are designed to inhibit cholesterol synthesis and ultimately
minimize atherosclerosis. One of the highest accumulating sterol intermediates
is squalene, which is catalyzed to lanosterol by Erg1p, which along many other
erg proteins, localizes to lipid droplets. Sterol ester synthesis concludes with the
addition of a long chain fatty acid to a sterol molecule via acyl-CoA:cholesterol Otransferases or ACATs. Budding yeast contains two copies, one expressed
mostly aerobically, Are2p, and the other, Are1p, anaerobically. It’s likely these
neutral lipid synthesizing enzymes (NLSEs) are at least regulated in part via
phosphorylation, as both ACATs contain up to 9 phosphorylation sites, which is
many more than their TAG producing counterparts [23].
1-2-3-Lipid droplet formation
Droplet formation continues to be one of the most sought after questions
of our field, largely in part because events occur at nanometer length scales and
have proven difficult to capture using electron microscopy. The synthesis of
neutral lipids and their respective precursors, primarily occurs within the ER
bilayer, which provides an adequate environment for fatty acids and/or non-polar
aromatics. However once neutral lipids exceed concentrations 3-7% by mass,
bilayer stability becomes compromised [26], which illustrates the need to form
separate sequestration entities or LDs. Several varying models persist, however
most agree that the lens-shaped accumulation of neutral lipids at a single point
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within an ER bilayer leaflets induces budding or protrusion of one or both leaflets
(Figure 1-4). It remains unclear whether these sites are random or specifically
chosen [27]. Because neutral lipid synthesizing may also influence the direction
of formation [26]. Most yeast cells synthesize entirely cytoplasmic LDs, although
recently studies discovered droplets trapped within the nucleus in mutants
lacking the seipin ortholog, fld1 [26]. Chylomicrons, on the other hand, form from
the luminal side and are exported via the Golgi network as pre-chylomicron
transports vehicles (PCTVs) [12]. Computational modeling suggests newly
formed droplets are only 12 nm in diameter [28], which may be plausible as
lipoproteins such as HDLs and LDLs are similar to this in size. Therefore, it is
likely that other lipid droplets types may exist at comparable length scales,
however it is important to note that these particles have greater percentages of
cholesterol esters and proteins, which may help increase emulsion stability.
Bio-physical properties of all lipid droplet components, most likely affect
formation potential. The phospholipid monolayer, along with droplet cosurfactants, help decrease surface tensions of both the bilayer and monolayer,
creating thermodynamically favored environments for membrane budding.
Membrane curvature induced via DAG and lysophospholipids may also be
instrumental to LD biogenesis formation [13]. Within the droplets themselves, it is
not clearly understood how neutral lipids are packaged, although some suggest
SEs and TAG form distinct layers, possibly based on the thermodynamic
properties [13, 29].
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Figure 1-4. Proposed model of lipid droplet formation

Fatty acids of most yeast LD lipids are generally 16 or 18 carbons.
Deceasing FA length, gradually minimizes the melting point, whereas FA
saturation can increase MP significantly. This MP difference between TAG
consisting of completely of saturated vs. unsaturated FAs is greater than 50°C.
Esterification of sterols has even more dramatic effects, dropping its MP around
100°C, however this is still less fluid than its TAG analog. Listed in Table 1-2, are
several species of TAG, CE, and FAs, and their corresponding melting points.

Table 1-2. Melting points of lipids
Melting points (°C)
Saturated
C:12
C:14
C16:0
C18:0
FFA
44-46
52-54
61-62.5
67-72
CE
N/A
N/A
74-77
79-83
TAG
46.5
56
45-67
54-72
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Unsaturated
C18:1
13-14
44-47
5

Excluding enzymes which catalyze neutral lipid production, several
proteins are thought to assist with LD biogenesis. Fat storage inducing (FIT)
proteins have high affinities for binding TAG but are restricted to the ER due to
their vast number of transmembrane domains. Zebrafish embryos and
adipoctyes lacking FIT2 are mostly void of droplets, while FIT2 overexpression
increases both TAG and LD levels [30, 31]. It’s possible FITs may improve
nucleation by fixing TAG at a singular position and allowing like-neutral lipids to
accumulate. The previously mentioned lipodystrophy-related protein, Seipin, is
another interesting target of research. While in mammals, genetic mutations
abolish cells’ abilities to store fats, in yeast, deletion induces “supersized” LDs
over 1 µm in diameter [16, 32-34]. Recent evidence suggests in the absence of
seipin, droplets are unable to self assemble, which points toward a formationrelated function [26].
We should also note a secondary model has been proposed which is
referred to as the vesicular-budding model [2], however up to this point there has
been little evidence to suggest this was occurring.
1-2-4-LD growth and breakdown
Once formed, droplet stability is largely dependent on emulsion properties.
The phospholipid monolayer reduces the water:oil interface, minimizing the
contact angle. While most PLs have either positive or negative curvature, PC, a
predominant LD component across a variety of species, has none, which makes
it ideal for surface coverage while simultaneously dropping surface tension [35].
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Expanding LDs can potentially grow orders of magnitude, depending on
cell type, growth conditions, and external stimuli. A variety of mechanisms have
been proposed, postulating how droplet maturation is reached. The one that is
most often times seen, hints at the direct contact between ER membranes and
cytosolic lipid droplets [36, 37]. This suggests newly synthesized neutral lipids
can easily pass from the hydrophobic bilayer to droplet interiors without the need
for additional, thermodynamically expensive PL monolayers (Figure 1-5) .
Droplets also have the ability to undergo fusion, although this is less frequent.
For this to occur, two droplets must come into close enough proximity to induce
pore development, which eventually expands engulfing both particles [35]. It’s
also suggested that surface lipids with negative curvature increase the probability
of pore formation and an ultimate fusion event [38]. More commonly however, is
the transport of neutral lipids from smaller LDs to larger ones. Smaller droplets
with similar surface packing have higher surface tensions, and therefore higher
internal pressures. To alleviate this, internal components must be transferred,
which has been shown in pre-adipocytes, by which a fat-specific protein, Fsp27p
(Figure 1-6). This mediator accumulated at regions between droplets thereby
facilitating expansion [39].
Some droplets appear to grow lacking additional contact with other
droplets or membranes, which suggests on-site, local synthesis. Because most
the enzymes required for this process already localize to droplets themselves [5,
40-42], this would seem a likely scenario.
Droplet expansion requires additional surfactant in order to balance the

	
  
	
  

	
  

14

Figure 1-5. LD growth via membrane contact
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volume to surface area ratio. For droplets tethered to, or in close proximity with
ER membranes this is not problem, however in the case of local, on-site NL
synthesis appeared, it was unclear how phospholipids were being generated.
Recently a CTP:phosphocholine cytidylyltransferase,or CCT was identified in D.
melanogaster which allowed droplet growth by synthesizing phosphatidylcholine
on the droplet surface [43]. Other proteins with similar functionalities have yet to
be discovered to associate with LDs, particularly with yeast. This may provide
insight as to why yeast droplets generally do not exceed several hundred
nanometers in diameter.
Opposing neutral lipid synthesis is the process of lipolysis, which
catabolizes lipids for chemical energy or various cellular substrates, such as
sterols and diacylglycerols, needed for membrane biogenesis. Genes initiating
this process are often called lipases and are heavily conserved in most
organisms. Both S. pombe and S. cerevisiae contain several copies, some
having dual specificity for both sterol esters and triacylglycerols. [44-48]. Yeast
mutants devoid of lipase activity are also inviable when resuspended in fresh
media. Lipases initially hydrolyze TAG yielding DAG and a single free fatty acid
(FFA), and in mammals this reaction occurs via ATGL. In the case of energy
production, another deacylation step cleaves the second group, resulting in MAG
(monoacylglycerol) and an additional FFA. A third and final hydrolysis step,
results in the overall production of a single glycerol and three FFAs, which are
then transported to either peroxisomes (in yeast) or mitochondria to undergo
beta-oxidation. These lipolysis products were recently shown to inhibit nutrient
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uptake in adipocytes, which are generally signaled via insulin to uptake glucose
and fatty acids. [49]
Membrane synthesis from neutral lipids, utilizes this same initial step,
decaylating either TAG or SE. For phospholipid production, the structural ER
protein, Ice2, then facilitates translocation of DAG sequestered in droplets to the
ER where Dgk1p, removes the residual phosphate group leaving PA [14]. PA is
then funneled to CDP-DAG from which PLs are created. DAG can also be
directly converted to PC or PE by Cpt1p in the presence of exogenous choline or
ethanolamine via the Kennedy Pathway in S. pombe. Once SEs are hydrolyzed,
these resulting sterols are likely transported via Osh-proteins to areas of known
localization, such as the plasma membrane or lipid rafts. In mammals, sterols are
can also be used to generate steroids, hormones, and vitamins.
Upon lipolysis, energetics may favor the process of fission, which is even
more rare than that of fusion, although one instance was reported in fission yeast
[50]. Additionally, although not exactly fission, COPI’s primary component Arf1p,
has been shown to bud off ~70 nm lipid droplets from larger droplets extracted
from fly cells [51].
Lipid droplets can also be processed by in a mechanism termed
lipophagy. This process is mediated by lysosomes or vacuoles in yeast, which
engulf the entire droplet during periods of starvation [27, 52]. Knockdown of
autophagic proteins results in autophagy inhibition and lipid droplet accumulation.
[53]
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LD Proteins and cellular associations
Studying proteins which associate with LDs, has been widely used tool for
further elucidating possible functions. A member of the perilipin family was one of
the first LD proteins discovered in mammalian cells, which acts by shielding
droplets and therefore preventing TAG hydrolysis [54]. Lipases, acyltransferases,
and sterol synthases are routinely identified in LD proteomic studies, however
glycolysis mediators, transcription factors, and ribosomal-related proteins are just
a few of the many non-lipid metabolism gene products also discovered. This
suggests an expanded role in a wide variety of cellular functions not previously
expected.
Another mystery is how proteins reach droplet surfaces, and although
some may pinch off during the budding process, many are recruited postformation. One mechanism which may shed light on this subject, involves the
COPI (Coatamer protein) GTPase, Arf1p, which is vital for vesicle transport from
the ER to the Golgi. Arf1p not only associates with lipid droplets in hepatocytes,
but has also been shown to assist in the recruitment of proteins, such as ADRP
(adipocyte differentiation-related protein) and Pld1 to LDs [38, 55, 56]. It has also
been suggested that surface tension may factor into protein targeting [35], as
less packed surfaces may allow for the exposure of hydrophobic patches,
allowing for protein insertion. In contrast, the ApoC-1 lipoprotein was shown to
bind more membranes with lower surface tensions [57].
Several proteins such as Dga1p and Gpt2p translocate from the ER to
droplet surface despite having multiple transmembrane domains [14, 58]. Studies
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have shown this process it closely connected to cellular neutral lipid levels,
although it remains up for debate whether this is a cause or an effect. Even
proteins lacking transmembrane/hydrophobic domains entirely, can tightly
associate with lipid droplets. They most likely partner with surface molecules like
phospholipid head groups or other LD proteins.
Although they may be tethered to or associate with specific membranes or
cytoskeletal components, LDs are largely cytoplasmic and free to move about the
cell. This encourages interactions with a variety of organelles and allows for their
potential function in a multitude of cellular pathways. Strong affiliations with the
ER are well documented, as this is the location of initial droplet formation, and
often the area of primary growth. In budding yeast, peroxisomes are the primary
source of beta-oxidation, and associate strongly with LDs during low glucose
conditions as most of the cellular energy is generated via fatty acid hydrolysis.
[40]
1-2-6-Glycogen and lipid droplets
Aside from neutral lipids, cells may sequester carbon in alternative forms,
one being glycogen. This tightly, wound polymer of glucose molecules, can
contain thousands of glucose rings in a relatively small volumetric footprint (~25
nm) [59]. Glycogen is also considered cellularly advantageous, having negligible
effects on the cellular osmotic pressure. [60] In humans, it’s the primary energy
source utilized by skeletal muscle cells, but it’s also responsible for maintaining
an appropriate glucose concentration in the blood, by insulin-stimulated glucose
uptake. A majority of the body’s glycogen (80%) is stored within muscle tissues,
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while the remainder is predominantly found in the liver [61]. However due to its
decreased size, the latter actually contains higher glycogen concentrations [61].
Varying cell types have preferred modes of storage, which is most likely a
function of how they would like expend it. In humans, aerobic exercise largely
consumes glycogen, as it provides energy at a faster rate. Rapid expenditure of
energy is not easily achieved through TAG hydrolysis, even though a non-obese
person may contain on average greater than 500,000 kJ stored in adipocyte LDs,
compared to only 2,500 kJ in glycogen [4]. Obese subjects also appear to have
lower potentials of glycogen storage, and therefore sugars not transported into
muscular tissues for glycogen synthesis are mostly converted into fats [61].
These two subtstances appear inherently linked and similar proteins are
found to regulate both lipid and glycogen syntheses (Figure 1-7). Gsk3p or
glycogen synthase kinase-3, is an insulin signaling molecule, with implications in
not only type-2 diabetes but also other diseases such as Alzheimer’s [61]. S.
pombe contains a highly similar Gsk3 ortholog, which may be an interesting
target for future research. Although yeasts lack insulin receptors, the main
purpose here it to illustrate the crosstalk between these two pathways. Gsk3p
blocks glycogen synthesis by inhibiting both Gsy1/2p via phosphorylation,
however its own activity is highly regulated by several proteins. Among these
proteins are PKA and Pho85, which also deactivate the phosphatidic acid
phosphatase, Ned1p, a critical enzyme directing lipid synthesis. Snf1p performs
a similar mechanism, but instead of phosphorylating, Ned1p, it deactivates Acc1p
which catalyzes the rate-limiting step of glycerolipid
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Acc1
Snf1

TAG

Pho85
Gsy1/2

Gsy1/2

Ned1

Gsk3
PKA

Glycogen

Cdk1

mTOR
Insulin

Figure 1-7. Genes regulating neutral lipid and glycogen syntheses. Listed
above are several proteins which have been identified to regulate both the
synthesis of neutral lipids and glycogen across a variety of species. We have
compiled them to illustrate potential crosstalk between the two pathways.
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synthesis. On the other hand in mammals, insulin inhibits Gsk3p by way of
mTOR, while simultaneously activating glycogen synthase [61]. Target of
rapamycin (TOR) activity has aslo been implicated in a variety of phosphorylation
events with Cdk1p, Pho80p, and Pho85p. New evidence suggests the
involvement of mTOR in lipid synthesis, as the incubation of S. cerevisiae with its
inhibitor rapamycin, leads to increases in triacylglycerol levels [62]. It was later
determined mTOR mitigates TAG synthesis by altering the ability of Nem1/Spo7
to dephosphorylate Ned1p [63].
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Chapter 2
An RNA-binding protein, Vip1p, is a major constituent of the
Schizosccharomyces pombe lipid droplet proteome
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Abstract
Lipid droplets consist of a core of neutral lipids surrounded by a
phospholipid monolayer with bound proteins. Much of the information on lipid
droplet function comes from proteomic and lipodomic studies of the components
of droplets isolated from organisms throughout the phylogenetic tree. Here, we
add to that important inventory by reporting lipid droplet factors from the fission
yeast, Schizosaccharomyces pombe. Unique to this study, cells were cultured in
three different environments: 1) late log growth phase in glucose-based media, 2)
late log growth phase in media containing oleic acid, and 3) stationary phase in
glucose-based media. We confirmed colocalization of major factors with lipid
droplets using live-cell fluorescent microscopy. We also analyzed droplets from
each condition for total sterol esters and triacylglycerols (TAG), along with their
respective fatty acid compositions. We identified a previously undiscovered LD
protein, Vip1p, which affects droplet morphology, and the following results should
provide further insight into the workings of these ubiquitous organelles.
2-1-Introduction
Cellular function relies on the proper intracellular sequestration of neutral
lipids, which happens to be the primary role of organelles called lipid droplets.
Once considered inert, lipids droplets or LDs, are highly dynamic and new light
continues to be shed on their expanding roles [1]. Structurally, these spherically
shaped objects are surrounded by a phospholipid monolayer, with bound and
embedded proteins, which encases a hydrophobic core of sterol esters (SEs)
and triacylglycerols (TAGs). It is widely accepted that lipid droplets form from the
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endoplasmic reticulum (ER) when the local concentration of neutral lipids in the
the ER bilayer exceeds a threshold causing the budding of a nascent droplet [26]. Because of the minute length scales at which this process occurs, molecular
dynamics of droplet formation is less clear. Once formed, droplet growth can be
achieved through direct contact with the ER, by which newly synthesized neutral
lipids can be easily fluxed in. Other process facilitating LD expansion include LDLD fusion or local, on-site lipogenesis [7].
Lipid droplets are relatively free to move about the cell, allowing for
interaction with many organelles, including the ER [2,11,13-19], peroxisomes [8,
9], mitochondria [8, 10], endosomes [11], and vacuoles [12-14]. However,
proteomic studies on isolated droplets have uncovered many factors that
potentially modulate droplet interactions with these organelles and have been
crucial for determining droplet behavior [8, 15-24]. Even with such an impressive
inventory of lipid droplet-associated proteins from a wide-range of organisms,
gaps still exist. Here we aim to help fill this void by studying the protein and
neutral lipid compositions of lipid droplets isolated from the fission yeast,
Schizosaccharomyces pombe. This yeast is a celebrated model system for cell
division [25, 26], cell polarity [27], and cell shape studies [28], and is also an
important organism for studying lipid droplet regulation because it has been
shown that droplet numbers change during the cell cycle [29] and that cell cycle
factors play crucial roles in regulating the neutral lipid content of yeast cells [4952]. Proteins comprise only a small fraction of LDs, so significant amounts of
biological material are needed.
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culturing cells to late stationary phase, during which lipid accumulation is
maximized. However during this time, factors which initiated or assisted with
droplet formation may be have lost or degraded. Here we initially set out to
provide metabolic snapshots by determining how lipid droplets proteins vary at
different growth conditions in order to identify novel genes, which may have
direct consequences pertaining to LD formation.
We determined the protein and neutral lipid content of lipid droplets
isolated from fission yeast S. pombe cells that were split into three categories: 1)
cells in log growth phase grown in glucose-rich media, 2) cells in log growth
phase grown in media supplemented with 0.1% oleic acid (YPO), and 3) cells in
stationary phase grown in glucose-rich media. We identified a particular factor,
which localizes strongly to fission yeast LDs, and demonstrated cells lacking this
protein experience defects in lipid droplet metabolism.
2-2-Materials and Methods
2-2-1-Yeast Cell Culture
Lipid droplets were isolated from protease-deficient fission yeast TM011
cells [55]. Set 1 cells were grown to late log phase to an optical density (O.D.) of
~0.8 at 30°C in yeast extract plus five supplement (YE5S) media (Sunrise
Science Products, #2011). Set 2 cells were grown to stationary phase to an O.D.
of ~6.0 at 30°C in YE5S. Set 3 cells were grown to an O.D. of 0.4 at 30°C in
YE5S. The cells were then pelleted in a Sorvell Legend XTR centrifuge at 25°C
for 5 minutes at 3800 x g. The YE5S was removed and the cells were
resuspended in YPO (0.5 % yeast extract, 0.1% oleic acid, 0.2% Tween 80, 0.1%
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glucose, 0.5% peptone, 0.3% potassium phosphate) and incubated at 30°C for
an additional four hours at which point their O.D. reached ~0.8 (log phase).
2-2-2-Lipid droplet isolation
We followed the exact protocol, which is described in detail in Ref. 37 for
the isolation of lipid droplets from fission yeast S. pombe cells using density
gradient centrifugation as the central technique. In that work, the purity of the
lipid droplet fraction was determined using Western Blot Analysis.
2-2-3-Protein Extraction
To delipidate proteins from droplet surfaces, we added diethyl ether to the
lipid droplet fraction in a 3:2 volume:volume ratio and vortexed the combined
sample every 5 minutes over 20 minutes total at 25°C. The diethyl ether
separated the proteins from the lipid droplets with the proteins remaining in the
aqueous phase. We then centrifuged the mixture in Eppendorf tubes at 25°C for
10 min at 17,000 x g in a Fisher Scientific AccuSpin Micro 17 centrifuge. The
upper phase containing the diethyl ether was largely removed, and any residual
diethyl ether evaporated under a steady stream of N2 at 25°C. To precipitate the
the proteins, 100% trichloroacetic acid (TCA) was added so final concentration of
10% TCA and incubated overnight at 4°C. Samples were then spun at 4°C for
20 minutes at 17,000 x g and any remaining TCA was removed, followed by a
secondary wash with chilled acetone. Any residual acetone was removed, and
the protein pellet was stored at -80°C.
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2-2-4-Digestion of Proteins
Proteins extracted from the lipid droplet fraction were solubilized in
guanidine buffer [6 M Guanidine HCl, 10 mM DTT in Tris buffer (100 mM Tris; 10
mM CaCl2), pH 7.6], and incubated at 60°C for 4 hours. Following incubation, 25
µl sample was used for protein estimation and the rest of the sample was diluted
6-fold using Tris buffer (100 mM Tris; 10 mM CaCl2, pH 7.6), amended with
trypsin (Promega, Madison, WI) and subjected to overnight proteolysis at 37°C
with gentle mixing as described before [30]. Following trypsin digestion, the
peptides were amended with 10 mM DTT, and incubated at 37°C for 1h. The
reaction was stopped by adding 10% formic acid to final concentration of 0.1%
and the peptide samples were stored at -80°C until mass spectrometry analysis.
All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO), unless
specified otherwise. High performance liquid chromatography- (HPLC-) grade
water, acetonitrile and acetone were obtained from Burdick & Jackson
(Muskegon, MI) and 99% formic acid was purchased from EM Science
(Darmstadt, Germany). Total protein present in a sample was estimated using
the RC/DC protein estimation kit (Bio-Rad Laboratories, Hercules, CA, USA) per
the manufacturer’s protocol using protein standard (supplied in the kit) for the
assay.
2-2-5-2D- LC-MS/MS analysis
A single aliquot of peptide mix (~70 ug) was pressure loaded onto an inhouse SCX (Luna, Phenomenex, Torrance, CA)-C18 (Aqua, Phenomenex,
Torrance, CA) resin packed column as described earlier [30, 31]. The sample
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column was desalted offline [32] then connected to an C18 packed PicoFrit tip
(New Objective) interfaced with an LTQ Orbitrap instrument (Thermo Scientific).
The peptides were chromatographically separated and analyzed via 24h MultiDimensional Protein Identification Technology (MuDPIT) approach as described
earlier [30, 33] using three salt pulses (30, 60 and 100 % of 500 mM ammonium
acetate followed by 120 min elution gradient). Peptide fragmentation data were
collected using LTQ, operated in data-dependent mode and under the control of
Xcalibur software (Thermo Scientific) as previously described [33]. The MS/MS
data obtained was searched against Schizosaccharomyces pombe 972h genome
using the Myrimatch algorithm [34] set to parameters described by Xiong et
al.2014, with minor modifications. Identification of at least two unique peptides
per protein was a prerequisite for protein identifications. A list of commonly
occurring contaminants (trypsin, keratin) was concatenated to the database for
identification and removal of the contaminant proteins.

Reverse database

sequences were also included in the database as decoy sequences to calculate
false discovery rate (FDR), which was maintained below 0.1% at peptide level.
Raw spectral counts of identified proteins were normalized as described before
[35] to obtain normalized spectral abundance factor (NSAF) which was multiplied
with a constant number (100,000) to obtain normalized spectral counts (nSpc).
The nSpc was used as a relative measure of protein abundance across samples.
2-2-6-Lipid Extraction and Analysis
Neutral lipids were extracted from previously purified lipid droplets using 2
volumes of chloroform:methanol (1:3). Samples were vortexed for 1 minute
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followed by centrifugation at 1000 x g for 10 minutes at 25°C. The lower organic
phase was removed and dried under a stream of N2 at 25°C and resuspended in
100 uL of chloroform. Samples were then separated on TLC plates (Whatman
Diamond LK6F Silica Gel 60 Å, 4500) using hexane:diethyl ether:acetic acid
(70:30:1), Commercially available cholesteryl oleate (Sigma-Aldrich, C9253) and
glyceryl trioleate (Sigma-Aldrich, T7140) were used as standards. Phospholipids
were extracted using similar methods, however TLC was performed using a
different solvent system consisting of chloroform:methanol:water (65:25:4). For
samples separated via TLC but ultimately quantified by GC-MS, bands were
identified using UV light instead of iodine and scraped off the TLC plates. Lipids
were removed from the silica using using a 1:1 chloroform:methanol mixture,
followed by sonication, which was then repeated. Samples were dried overnight
and resuspended in 100 uL of methanol.
For GC-MS, dried samples were resuspended in 100 uL of methanol
followed by the addition of 300 uL 2% H2SO4 in methanol. Esterification was
completed by a 4 hour incubation at 80°C with mixing every 30 min. 300 uL of
.9% NaCl was added, along with 300 uL of hexane, containing 5 mg/L
pentadecanoic acid, used as an internal standard. Samples were vortexed, spun
for 3,000xg for 3 min, and stored at -20°C until further analysis.
The GC/MS run was conducted by using the HP6890 GC/MS system
equipped with a HP 5973 mass selective detector and a 30m×0.25mm i.d., 0.25
µm film thickness DB5 column (Phenomenex Inc.) with an attached 10 m guard
column. A 1µL portion of the extracted sample was injected into the DB5 column
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using splitless injection (1 µL at 280°C). Helium was used as a carrier gas (1.1
µL/min). The mass transfer line and ion source were set at 250°C and 200°C,
respectively. All the esters were detected with electron ionization in both scan
mode (50 to 450 m/z) and selected ion monitoring mode for each compound (for
quantitative analysis). The column temperature was initially held at 160°C for 1
minute, then increased by 20°C per min for 7 min until 300°C. The detection was
delayed for 3.5 minutes due to solvent delay and products were detected using
the following SIM parameters: ions 74.00, 87.00, 143.00, and 256.00 C12 from
3.50-4.50 minutes, ions 74.00, 87.00, and 242.00 detected from 4.50-5.20
minutes for C14, ions 74.10 detected from 5.20-5.65 minutes for C15, ions 74.00,
87.00, and 143 detected from 5.65-6.50 minutes for C16 and 16:1, ions 74.00,
88.00, and 312.00 detected from 6.50-tfinal minutes for C18 and C18:1.
2-2-8-Live Cell Fluorescent Microscopy
We reserved 20 ml each of the three sets of cells to determine the
distribution and number of lipid droplets. Cells were pelleted at 25°C for 5
minutes at 3800 x g in a swinging bucket centrifuge. The supernatants were
removed and the cells were resuspended in 1 ml of fresh YE5S and transferred
to new Eppendorf tubes. Cells from Set 3 were washed twice with 1 ml of YE5S
to remove any oleic acid, which interferes with BODIPY 493/503 staining of
neutral lipids. All cells were then transferred to new Eppendorf tubes that
contained 10 ml of a 100 mM stock of BODIPY 493/503 in ethanol. All three
samples were pelleted at 25°C for 10 min at 1000 x g in a Fisher Scientific
AccuSpin Micro 17 centrifuge and the supernatant was removed down to 100 ml.
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The cells were resuspended and 2 ml aliquots were placed between a glass
cover slip (Fisher Scientific; #12-542-B) and a microscope slide (Fisher Scientific;
#12-544-7). Images were collected on a Leica SP2 laser scanning confocal
microscope and an EVOS inverted microscope equipped with a 100x objective
(Advanced Microscopy Group). Fission yeast strains expressing fluorescent
fusion proteins from native loci were created using the techniques of Ref. 64.
BODIPY 493/503 was added to the cells in the exact manner as above and the
cells were subsequently imaged as above.
2-3-Results
We performed three sets of experiments to determine the protein and
neutral lipid composition of lipid droplets isolated from fission yeast S. pombe
cells that were 1) mitotic (Figure 1A), 2) post-mitotic (Figure 1B), and 3) mitotic
and incubated in media supplemented with free fatty acids (Figure 1C). We grew
the first set of cells to late log phase in glucose-rich media (Set 1), the second set
of cells to stationary phase in glucose-rich media (Set 2), and the third set of cells
in glucose-rich media, after which, the cells were pelleted and resuspended in
media containing 0.1% oleic acid (YPO) for an additional four hours of incubation
until they reached late log phase (Set 3). In the first experiment, we aimed to
determine factors responsible for neutral lipid storage during cell growth; in the
second experiment, we aimed to determine factors responsible for neutral lipid
storage in post-mitotic eukaryotes; and in the third experiment, we aimed to
determine factors responsible for neutral lipid storage when eukaryotic cells were
dividing in the presence of high levels of freely diffusing fatty acids (oleic acid).
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Figure 1
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Figure 2-1. The number of lipid droplets varies in fission yeast cells based
on the growth phase and the amount of free fatty acids in the media. (A-C)
DIC images (left panels) and maximum intensity projections of all z-stacks from
confocal microscopy experiments (right panels) of fission yeast cells where the
lipid droplets have been stained with BODIPY 493/503 (green). (A) Set 1 cells
grown to late log phase in glucose-based media, (B) Set 2 cells grown to
stationary phase in glucose-based media, and (C) Set 3 cells grown in glucosebased media and then pelleted and grown to late log phase in the presence of
0.1% oleic acid. Cells are labeled by number for ease of visualization. (D) Plot of
the number of lipid droplets in five cells each from the three sets. Scale bars are
1 micron.
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We used confocal microscopy to show that the number of BODIPY
493/503-stained cellular lipid droplets increased in cells from Set 1 to cells in
both Set 2 and Set 3 by a factor of two (Figure 1D). Thus, incubating cells that
were in stationary phase in YPO and isolating the their respective LDs would
have been redundant since the main purpose of this work was to determine
factors responsible for droplet formation.
2-3-1-Lipid droplet neutral lipids
We hypothesized fats within droplets are dependent on the metabolic
environment. Therefore, neutral lipids were extracted from LDs using the
techniques of Hsieh et al., and thin layer chromatography (TLC) was used to
confirm sterol esters (SEs) and triacylglycerols (TAGs) as the primary
components of S. pombe lipid droplets (Figure 2-2). Other bands representing
fatty acids and sterols were also present, but these were relatively minor and not
ultimately quantified. 493/503-stained cellular lipid droplets increased in cells
from Set 1 to cells in both Set 2 and Set 3 by a factor of two (Figure 1D). Thus,
incubating cells that were in stationary phase in YPO and isolating the their
respective LDs would have been redundant since the main purpose of this work
was to determine factors responsible for droplet formation.
2-3-1-Lipid droplet neutral lipids
We hypothesized fats within droplets are dependent on the metabolic
environment. Therefore, neutral lipids were extracted from LDs using the
techniques of Hsieh et al., and thin layer chromatography (TLC) was used to
confirm sterol esters (SEs) and triacylglycerols (TAGs) as the primary
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components of S. pombe lipid droplets (Figure 2-2). Other bands representing
fatty acids and sterols were also present, but these were relatively minor and not
ultimately quantified.
Using GC-MS, we analyzed whole LD fractions and detected sizable
peaks for the following fatty acids: laurate (12:0), myristate (14:0), palmitate
(16:0), palmitoleate (16:1), stearate (18:0), and oleate (18:1). In order to quantify
FAs of specific neutral lipids, species were again separated via TLC, however
without the use of iodine, as we confirmed this covalently modifies fatty acids.
As expected, each condition produced droplets whose neutral lipid profile
slightly varied (Table 2-1). LDs from Set 1 were found to contain more SE than
TAG, at 56% to 44% by mass. Four hours of oleate supplementation nearly
reversed this ratio, as droplets became slightly more enriched with TAG at 53%.
LDs from cells reaching early stationary phase (Set 3) had the largest
triacylglycerol levels, nearly doubling those of SEs at 64% to 36%.
More importantly however, we determined the fatty acid composition of the
two major neutral lipid classes. Unlike budding yeast, sterol esters in S. pombe
are largely saturated (Table 2-2). All three conditions shared similar fatty acid
makeups, as palmitate (16:0) and stearate (18:0) were routinely the dominant
species. Stationary phase SEs had one differentiating factors, as they were
slightly more enriched with oleate resulting in decreased saturation.

TAG

species had consistently more unsaturated FAs than their SE counterpart (Table
2-3), and it has been proposed that its higher fluidity may encourage LD
formation [39]. TAG found in Set 3 droplets, contained noticeable differences as
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Figure 2-2. Thin layer chromatography of neutral lipids isolated from S.
pombe lipid droplets in Sets 1-3. Standards were previously run in order to
confirm unique bands.
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Table 2-1. Lipid droplet neutral lipid quantification via GC-MS
Total Mass %
TAG
SE
Set 1
44.3
55.7
Set 2
53.1
46.9
Set 3
63.7
36.3

Table 2-2. Fatty acid analysis of sterol esters from Sets 1-3.
SE by Mass %
%
Unsatur
ated
16.2
12.5
22.5

%
Saturat
ed
83.8
87.5
77.5

Table 2-3. Fatty acid analysis of triacylglycerols from Sets 1-3.
TAG by Mass %
%
Unsatur
C12
C14 C16:1 C16 C18:1 C18
ated
Set 1
2.4
1.4
2.7
30.5
28.0
35.0
30.7
Set 2
1.3
3.2
5.7
30.4
18.2
41.1
23.9
Set 3
2.3
0.9
2.1
17.2
46.2
31.4
48.3

%
Saturat
ed
69.3
76.1
51.7

Set 1
Set 2
Set 3

	
  
	
  

C12
3.4
2.9
3.2

C14
1.9
2.0
1.7

C16:1
4.3
3.8
3.2

	
  

C16
39.2
40.3
34.0
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C18:1
11.9
8.7
19.3

C18
39.3
42.3
38.6

nearly half of its acyl groups were C18:1s which compensated for its loss in C16.
Interestingly in the presence of oleic acid (18:1), TAG species contained less
C18:1.
2-3-2-Lipid droplet associated proteins
Because lipid droplet function can be postulated from interactions with
other organelles, we were interested in determining these underlying
relationships. This approach is in contrast to recent techniques that aim to obtain
highly pure lipid droplets [21]. To this end, we followed the techniques of a
recently published lipid droplet isolation protocol based on density gradient
centrifugation to obtain droplets from the three sets of cells [37]. The enrichment
of lipid droplets and the depletion of other organelles in the floating layer after
each centrifugation step in the isolation protocol was confirmed by Western Blot
analysis. In brief, Erg7p (lipid droplet marker [38],) became enriched in the
floating layer, while Pma1p (plasma membrane marker [8]), and Cpy1p (vacuole
marker) became completely depleted.

The ER marker, Dpm1p, was largely

removed but did maintain a small presence in the LD fraction, which has been
seen previously [8, 16]. In summary, our purification caused previously known LD
factors to be enriched in the floating layer, while minimizing contamination from
other organelles.
We performed mass spectrometry to identify proteins associating with lipid
droplets during 3 unique metabolic conditions. Prior to mass spec, we did extract
proteins from LDs and separated them via polyacrylamide gel electrophoresis
(PAGE) to ensure differences existed (Figure 2-4). Mass spectrometry results
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100#kDa
75 kDa
50 kDa
37 kDa

25 kDa
20 kDa

Figure 2-3. Western blot of purified lipid droplets. Antibodies for specific
organelle markers were incubated with unique fractions from the lipid droplet
isolation in determine purity of LD floating layer. The basal layer corresponds
with fraction obtained in the centrifugation step.
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Figure 2-4. Extracted protein form Sets 1-3, separated via PAGE.
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were sorted in decreasing order by their average adjusted NSAF scores across
the three sets: raw spectral counts were normalised by NSAF and then multiplied
by 100,000 from two independent runs of each sample. The delta-sterol Cmethyltransferase, Erg6p and squalene monooxygenase, Erg1p, were among
the highest in all three, similar to previous studies [39]. A unique RNA-binding
protein, Vip1p, was also a significant contributor to the S. pombe LD proteome in
all three conditions, which to our knowledge, has not previously been associated
with lipid droplets. To ensure the colocalization of Vip1p, Erg1p, and Erg6p to
lipid droplets, we created individual strains expressing the following fluorescent
fusion proteins from each respective native locus: Vip1p-mCherry, Erg1pmCherry, and Erg6p-mCherry. We grew each of these strains expressing
fluorescent fusion proteins in the described conditions for all three sets, stained
lipid droplets with BODIPY 493/503, and performed Epi fluorescence microscopy
experiments to determine the extent of colocalization.

As expected Vip1p-

mCherry colocalized with BODIPY 493/503 in all three conditions, although a
diffuse, cytosolic signal was still present (Figure 2-5-A-C). Both Erg6-mCherry
and Erg1-mcherry localized strongly to BODIPY 493/503-stained lipid droplets in
all three sets as well (Figure 2-5-D-I).
The 20 most abundant proteins from each condition, along with their
predicted functionalities, are listed in Tables 2-1, 2-2, and 2-3. Other than Erg1p,
Erg6p, and Vip1p, several other proteins were present in multiple conditions,
which are listed in bold, and many of which have been seen in previous LD
proteomic studies [8, 16, 23, 39-41]. Our other notable findings include, Lcf1p,
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Figure 2
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Figure 2. Cellular localization of the factors with the highest NSAF scores across all three sets of experiments. (A-L)
Single-plane fluorescent micrographs of fission yeast cells expressing the indicated fluorescent fusion protein from the native
locus (left panel) where the lipid droplets were stained with the neutral lipid dye BODIPY 493/503 (center panel), and the
merger of the two signals (right panel). (A-C) Vip1p-mCherry, (D-F) Erg6p-mCherry, and (G-I) Erg1p-mCherry. Scale bars are 1
micron.

Figure 2-5. Cellular localization of the factors with the highest NSAF scores
across all three sets of experiments. (A-I) Single-plane fluorescent
micrographs of fission yeast cells expressing the indicated fluorescent fusion
protein from the native locus (left panel) where the lipid droplets were stained
with the neutral lipid dye BODIPY 493/503 (center panel), and the merger of the
two signals (right panel). (A-C) Vip1p-mCherry, (D-F) Erg6p-mCherry, (G-I)
Erg1p-mCherry, and (J-L) Cyp4p-mCherry. Scale bars are 1 micron
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Table 2-4. Top 20 factors identified in Set 1
Gene
Predicted function

Score

Erg6
Vip1
Erg1

51.5280
47.4815
7.2082

delta-sterol C-methyltransferase
RNA-binding protein
squalene monooxygenase

SPAC18G6.12
c
hypothetical protein
Lcf1
long-chain-fatty-acid-CoA ligase
cyclophilin family peptidyl-prolyl cis-trans
Cyp4
isomerase
Pgk1
phosphoglycerate kinase
glyceraldehyde-3-phosphate
Tdh1
dehydrogenase
Env9
short chain dehydrogenase
Kar2
BiP
Hsp10
mitochondrial heat shock protein
Eno101
enolase
Tif38
translation initiation factor eIF3h (p40)
glycerophosphoryl diester
Pgc1
phosphodiesterase
Vma2
V-type ATPase V1 subunit B
Eif6
translation initiation factor eIF3f
Rer2
cis-prenyltransferase
Rps1601
40S ribosomal protein S16
HIs2
histidinol dehydrogenase
Rpl35
60S ribosomal protein L35
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6.8060
6.0194
4.3134
4.0888
3.8497
3.7265
3.4309
3.3644
3.3123
2.9589
2.7987
2.2860
2.1928
2.0257
2.0205
2.0001
1.9563

Table 2-5. Top 20 factors identified in Set 2
Gene
Vip1
Hsp10
Ilv5
Erg6
Hsp60
Mdh1
Tef101
Tef103
Tef102
Por1
Hsp70
Anc1

Predicted function

Score

RNA-binding protein
mitochondrial heat shock protein
acetohydroxyacid reductoisomerase
delta-sterol C-methyltransferase
mitochondrial heat shock protein
malate dehydrogenase
translation elongation factor EF-1 alpha
Ef1a-a
translation elongation factor EF-1 alpha
Ef1a-c
translation elongation factor EF-1 alpha
Ef1a-b
mitochondrial outer membrane voltagedependent anion-selective channel
mitochondrial heat shock protein
mitochondrial adenine nucleotide carrier

13.7427
7.4196
5.2188
4.1876
4.0952
3.4702

SPBC16A3.0
2c
mitochondrial peptidase
Pgc1
Atp7
Atp2

Ayr1

	
  
	
  

3.3670
3.2418
3.1263
3.0706

2.9798
2.8885
2.7455

BiP
short chain dehydrogenase
1-acyldihydroxyacetone phosphate
reductase

	
  

3.3670

3.0074

glycerophosphoryl diester
phosphodiesterase
F0-ATPase subunit D
F1-ATPase beta subunit

SPAC3A11.1
0c
dipeptidyl peptidase
Kar2
Env9

3.3670

50

2.6146
2.4638
2.4402
2.2465

Table 2-6. Top 20 factors identified in Set 3
Gene
Predicted function

Score

Erg1
Erg6

13.7965
13.1150

Tef101
Tef103
Tef103

squalene monooxygenase
delta-sterol C-methyltransferase
translation elongation factor EF-1 alpha
Ef1a-a
translation elongation factor EF-1 alpha
Ef1a-c
translation elongation factor EF-1 alpha
Ef1a-b

SPAC3A11.1
0c
dipeptidyl peptidase
Kar2
Hsp10
Env9
Ilv5
Rpl3601
Hsp60
Rho1
Htb1
Atp2
Rer2
Vip1
Erg26
Mdh1
Rpl402

	
  
	
  

BiP
mitochondrial heat shock protein Hsp10
short chain dehydrogenase
acetohydroxyacid reductoisomerase
60S ribosomal protein L36
mitochondrial heat shock protein
Rho family GTPase Rho1
histone H2B alpha Htb1
F1-ATPase beta subunit Atp2
cis-prenyltransferase
RNA-binding protein Vip1
3 beta-hydroxysteroid
dehydrogenase/delta 5-->4-isomerase
malate dehydrogenase
60S ribosomal protein L2
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5.5494
5.5494
4.4313
4.3654
3.9947
3.5504
3.2413
3.0079
2.7148
2.6860
2.6517
2.5763
2.4634
2.4234
2.3283
2.2299
2.1430
2.0886

an acyl-CoA ligase, Rer2p, a predicted cis-prenyltransferase, SPAC3A11.10c, a
dipeptidyl peptidase, and Env9p, a short chain dehydrogenase. Ribosomal
peptides were also detected throughout, and Sets 2 and 3 contained higher
incidences of mitochondrial proteins.
2-3-3-Vip1p
In hopes of elucidating how ultimately Vip1p affects lipid droplet
metabolism, we created a TP150 mutant, lacking vip1, which we then cultured to
the same three conditions. In YE5S, log phase conditions, cells lacking vip1 had
an LD phenotype resembling that of wild type (Figure 2-6-A). However, those
same cells resuspended in YPO for several hours or reaching stationary phase in
YE5S, displayed large differences in LD morphologies (Figure 2-6-B-C). We
quantified these effects by counting the number of lipid droplets in each cell type,
as well as measuring their diameters. Interestingly, droplets from vip1Δ cells
averaged over 100 nm larger in diameter, and routinely contained LDs greater
than 800 nm in diameter. Conversely, the total number of droplets per cell in
vip1Δ was nearly half that of TP150 (Figure 2-7-D-E). To determine whether
vip1Δ contained differences within its neutral lipid profile, we grew up
simultaneously cultures of TP150 and vip1Δ in YE5S to stationary phase, and
isolated their respective lipid droplets. Normalized LD fractions were quantified
via GC-MS, and we determined TP150 was able to sequester 20% more neutral
lipids than vip1Δ. Their neutral lipid compositions remained identical however.
It’s possible abnormalities in LD sizes may ultimately affect how cells
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A

B

C

Figure 2-6. Vip1Δ cells stained with BODIPY493/505 in three conditions. (A)
Log phase in YE5S (B) YPO for 4 hrs (C) Early stationary phase in YE5S

metabolize stored lipids. Therefore we then cultured both TP150 and vip1Δ until
stationary phase, and resuspended them both to an OD600 of .2 in the presence
of cerulenin. Cerulenin forces cells to fully utilize stored neutral lipids as it blocks
de novo lipid synthesis by FAS (fatty acid synthase) inhibition. Unfortunately, no
defect was observed as both reached relatively similar ODs.
Because vip1p is classified as RNA-binding protein, we postulated it may
affect the ability for proteins to interact with lipid droplets via translation inhibition.
We isolated lipid droplets from exponentially growing vip1Δ cells which were
resuspended in YPO for 4 hours, as well as vip1Δ cells reaching early stationary
phase in YE5S and compared them to their respective TP150 controls. Proteins
were extracted and analyzed via PAGE, however any noticeable differences
were lacking, and therefore not subjected to mass spectrometry for further
analysis (Figure 2S-1). We also briefly looked at how the phospholipid profiles
varied between the wild type and vip1Δ, but both total cell and lipid droplet
phospholipids appeared identical.
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Figure 2-7. Comparing TP150 and vip1Δ. (A) BODIPY-stained TP150 droplets
in stationary phase (B) BODIPY-stained vip1Δ droplets in stationary phase (C)
Neutral lipid quantification of LD from TP150 and vip1Δ (D ) Average number of
LDs per cell from TP150 and vip1Δ (E) Average diameters of LDs from TP150
and vip1Δ.
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2-4-Discussion
We set out to investigate lipid droplet formation in the fission yeast S.
pombe by identifying possible proteins which localize to droplet surfaces during
known instances of LD biogenesis. Yeast naturally sequester large quantities of
neutral lipids during stationary phase, however LD synthesis can also be induced
during mitotic growth by the supplementation of free fatty acids [16]. Therefore,
we performed three sets of experiments where we isolated droplets from fission
yeast cells grown to 1) log phase in glucose rich media, 2) log phase in the
presence of oleic acid, and 3) early stationary phase in glucose rich media.
Many of the proteins discovered at higher abundances are well
documented to affiliate with LDs [8, 16, 23, 24, 39, 40]. Two of these, Erg6p and
Erg1p are both ubiquitous lipid droplet proteins, catalyzing integral steps within
the sterol ester synthesis pathway, and their respective deletions induce major
defects [43]. Because of similarly high Vip1p abundances within all three LD
proteomes, we expected Vip1p to also possess a major role in LD dynamics.
Upon vip1 deletion, cells appeared phenotypically normal during mitotic
conditions. We saw the biggest difference in vip1Δ LDs, during instances of
increased neutral lipid sequestration, as droplets were fewer in number but
larger. Neutral lipid quantification also revealed vip1Δ cells contained a lesser
ability to accumulate neutral lipids as total LD neutral lipids were 22% less.
It’s also unclear how Vip1p localizes to lipid droplets as it lacks predicted
transmembrane domains. Other RNA-binding proteins have been identified in
previous LD proteomes, however their levels were not nearly as high and
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perhaps previously thought as artifacts and not significantly relevant.
Mechanistically, how Vip1p affects LD metabolism remains unclear, though it
could

be

translationally

regulating

other

enzymes

affecting

droplet

formation/growth.
We also identified several proteins which have recently been implicated to
affect lipid droplet dynamics. The S. cerevisiae ortholog of the short chain
dehydrogenase, Env9p, was recently shown to localize to LDs and facilitate
expansion [41]. It’s reductase activity was found to be directed at HMG-CoA, a
rate limiting step within the sterol synthesis pathway [41]. Elevated levels of the
cis-prenyltransferase, Rer2p, were also present in Sets 1 and 3, which was
recently found to localize with LDs in a high-confidence study. An additional rer2
knockout mutant further induced a 2-fold increase of SEs in budding yeast [44].
The discovery of SPAC3A11.10c, which functions as dipeptidyl peptidase, was
an interesting result as it lacks a budding yeast ortholog.

Expression of its

human ortholog, DPPIV, induces both adipocyte differentiation and lipid
accumulation and is an active target studied for the treatment of type-2 diabetes
[45, 46].
Also of great interest are the relative contributions of the lipid metabolizing
enzymes to droplet formation and subsequent growth. We discovered the fatty
acid-CoA ligase, Lcf1p, was found at its highest abundance in Set 1 [80]. Its
human ortholog of Lcf1p, acyl-CoA synthetase 3 (GI:4758330), has been found
to promote lipid droplet biogenesis in COS-1 cells [47] and the acyl-CoA
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synthetase 4 isoenzymes mediate the metabolic flux of fatty acids towards
phosphatidylinositol [48].
Factors that initiate neutral lipid breakdown for either energy or
phospholipids, are also typically found in the lipid droplet fraction. Their
colocalization with lipid droplets has been widely documented using fluorescent
fusion proteins with much focus on the tgl gene products [51], which in S. pombe
include the TAG lipases Ptl1p, Ptl2p, and Ptl3p. Although we encountered all
three, Ptl2p was clearly localized more strongly to LDs in all three conditions.
Ayr1p may be an additional contributor, which is normally required for the
biosynthesis of LPA via the acylation of 1-acyl-DHAP, but has recently been
identified as a triacylglycerol lipase in S. cerevisiae [52]. These lipases hydrolyze
FAs from TAG and transform them into usable chemical energy via b-oxidation..
In higher eukaryotes, this process takes place in mitochondria, however in yeast
it is generally considered to occur in peroxisomes. In contrast to budding yeast
and methylotropic yeast Pichia pastoris whose LDs contained strong peroxisomal
relationships [8, 20], here we encountered negligible peroxisomal factors. This,
coupled with the increase of mitochondrial factors in Sets 2 and 3, suggests S.
pombe may heavily on mitochondria for beta-oxidation. Peroxisome biogenesis
has been observed in fission yeast cells after 20 hours of incubation in oleic acid
based media [53], and it’s possible our 4 hours of culturing was not sufficient to
achieve proper association. Even after 20 hours however, S pombe cells
contained 2.5 times fewer peroxisomes than S. cerevisiae [53], suggesting
alternative methods for fatty acid metabolism.

	
  
	
  

	
  

57

The discovery of ribosomal and protein synthesis factors in the lipid
droplet fraction of the cyclophilin family peptidyl-prolyl cis-trans isomerase Cyp4p
(cyp4) lends weight to the theory that protein synthesis may occur close to or on
the surfaces of lipid droplets potentially as they remain in contact with the ER
[56]. The synthesis and translocation of lipid droplet proteins from the ribosome
has long been puzzling because of the need for these factors to be incorporated
into the unique monolayer geometry of the lipid droplet. Cyclophilin B regulates
the distribution of ApoB-100 on cellular lipid droplets, and cyclophilin A is
essential for hepatitis C virus replication, both in hepatocytes [57]. Hepatitis C
replication has been directly linked to aspects of lipid droplet formation [58-60].
Thus, genetic studies on the cyp4 gene in yeast may provide insight into lipid
droplet protein translocation and lipid droplet formation mechanisms. Both the
targeting of proteins to lipid droplets and the dissociation of proteins from lipid
droplets have been areas of intense interest and will mostly likely involve a
variety of mechanisms including translocation of factors from the ER [61] and
potentially from other organelles such as ribosomes and the Golgi.
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2-6-Appendix

Figure 2S-1-Proteins isolated from purified droplets from Vip1Δ (Lane 3)
and TP150 (Lane 2) grown to early stationary phase in YE5S.
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Chapter 3
Lipid droplets form from distinct regions of the ER based on their neutral
lipid content in the fission yeast Schizosaccharomyces pombe
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Abstract
Eukaryotic cells store cholesterol/sterol esters (SEs) and triacylglycerols
(TAGs) in lipid droplets, which form from the contiguous endoplasmic reticulum
(ER) network. However, it is not known if droplets preferentially form from certain
regions of the ER over others. Here, we used fission yeast S. pombe cells where
the nuclear and cortical/peripheral ER domains are easily distinguishable by light
microscopy, to show that SE-enriched lipid droplets form away from the nuclear
ER whereas TAG-enriched lipid droplets form from the nuclear ER. Localized SE
droplet formation can be explained by the presence of sterols in neighboring,
growing regions of the cell. TAG droplet formation around the nuclear ER
appears to be a strong function of diacylglycerol (DAG) homeostasis with Cpt1p,
which coverts DAG into phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) localized exclusively to the nuclear ER, and Dgk1p, which converts DAG
into phosphatidic acid (PA) localized strongly to the nuclear ER over the
cortical/peripheral ER. We also show that TAG more readily translocates from
the ER to lipid droplets than do SEs. The results profoundly modify the standard
lipid droplet formation model, which has SEs and TAGs flowing into the same
nascent lipid droplet regardless of its biogenesis point in the ER.
3-2-Introduction
Eukaryotic cells convert free fatty acids into neutral lipids, which are
packaged into lipid droplets [1-4].In yeast cells, the two most prominent neutral
lipids are sterol esters (SEs) and triacylglycerols (TAGs), which are synthesized
in the endoplasmic reticulum (ER) [29]. The acyl-CoA sterol acyltransferases,
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Are1p and Are2p convert sterols to SEs [5, 6]; the acyl-CoA-diacylglycerol
acyltransferase, Dga1p, converts diacylglycerol (DAG) to TAG [7-9],and the
phospholipid:diacylglycerol acyltransferse, Plh1p, cleaves an acyl chain from
phosphatidylcholine (PC) and conjugates it to DAG to form TAG [10, 11]. It is
widely held that lipid droplets originate from the ER as seen in static highresolution electron micrographs and dynamic lower resolution fluorescent images
[12-14]. Also, lipid droplet proteomic and functional studies have identified
several ER factors crucial for droplet formation and maintenance (for example
[15-19]). Even with these data, it is not clear if droplets form from specific
locations in the ER network [20].
Because domains of the ER can be both enzymatically and geometrically
diverse [21, 22], it stands to reason that certain regions of the ER could be more
amenable than others for lipid droplet formation. Here, we used both
temperature-sensitive cdc25-22 and wild-type Schizosaccharomyces pombe
cells to show that lipid droplets form from different regions of the ER network
based on the initial neutral lipid content of the nascent droplet.
3-2-Material and Methods
3-2-1-Yeast Strains
S. pombe fission yeast strains were constructed by PCR-based gene
targeting and standard genetic methods with wild-type or cdc25-22 cells as
genetic backgrounds [47-49]. Strain genotypes are listed in Table S1. Integration
of all linear PCR products into their native loci was confirmed by diagnostic PCR.
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Cdc25-22 cells have a guanine to an adenine mutation at position 1595 of the
ORF, resulting in C532Y.
3-3-2-Strain Growth
Strains with a wild-type genetic background were grown in 20 ml of media
in 200-ml baffled flasks at 200 rpm at 30°C. All strains were grown in yeast
extract plus five supplement (YE5S 225) media (Sunrise Science Products,
#2011) to desired density of O.D. ~ 0.3 for late log phase. For TAG formation
experiments with oleic acid, the cells were pelleted at O.D. ~ 0.1, the YE5S was
removed and the cells were washed with YPO (0.1% oleic acid, 0.2% Tween 80,
0.1% glucose, 0.5% peptone, 0.3% potassium phosphate), resuspended at O.D.
~ 0.1, and incubated at 30°C for an additional four hours where their O.D.
reached ~0.3. Strains with a cdc25-22 genetic background were grown in 20 ml
of YE5S media in 200 ml baffled flasks at 200 rpm at 25°C until they reached an
O.D. ~ 0.1 at which point their temperature was raised to 36°C for elongation
experiments.
3-2-3-Microscopy
20 ml of cells were pelleted at 2,000 rpm for 5 min in a swinging bucket
centrifuge and resuspended in 1 ml of YE5S. Cells grown in YPO were washed
an additional time with YE5S before imaging. For lipid droplet staining, a stock of
100 mM BODIPY 493/503 (Invitrogen; #D3922) was prepared in 100% ethanol. 1
ml of this stock was added to 1 ml of cells per O.D. of 0.1 as done previously
[26]. This mixture was incubated for 1 minute. The stained yeast cells were
pelleted at 2,000 rpm for 1 min in a micro centrifuge. The supernatant was
	
  
	
  

	
  

67

removed down to 100 ml containing the pellet, which was resuspended. 2 ml of
the resuspended pellet was placed on a 25% gelatin pad of EMM between a
slide and a coverslip. For sterol localization experiments we followed the
procedure of Wachtler et al. and added DMSO-solubilized filipin to the cells at a
concentration of 5 mg/ml. We used a Zeiss LSM710 confocal microscope where
the stage was enclosed within an environmental control chamber (Incubator XL
LSM710 S, PeCon GmbH) to track the positions of BODIPY 493/503-stained lipid
droplets in cdc25-22 cells (Figures 1A and 3I). Images were acquired using a
Plan-Apochromat 63x/1.40 oil DIC M27 objective at a vertical spacing of 360 nm.
We used an Olympus IX83 equiped with a vt-Hawk (VisiTech International) and a
Hamamatsu EM-CCD digital camera ImagEM equipped with a 100x/1.40 oil
objective with z-spacing of 360 nm for additional experiments. We used an epi
fluorescent EVOS microscope equipped with a 100x Zeiss objective to quantify
the localization of BODIPY 493/503-stained lipid droplets and proteins fused to
monomeric YFP (mYFP) in the x-y plane.
3-2-4-Image Analysis
We used ImageJ to analyze the number and positions of lipid droplets in
fission yeast cells. We used the methodology of Ref. 8 in both three- (confocal)
and two-dimensions (epi) to determine the minimal fluorescent value for a lipid
droplet, which is based on an extrapolation of known fluorescent intensities of
droplets having diameters greater than the wavelength of light as previously
published [26]. This allowed us to estimate the fluorescent intensity of a lipid
droplet with a diameter of ~6 nm, which we chose as the minimal allowed droplet
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diameter, which is on the order of the ER membrane thickness. The intensity of
the lipid droplet channels in our images are increased so that smaller droplets
are visible. None of the pixels in the original fluorescent micrographs are
saturated.
3-2-5-Thin Layer Chromatography
We cultured 1.5 liters of cells to O.D. 0.3 for each TLC experiment. To
obtain lipid droplets we followed the procedure of Mannik et al. [50]. Neutral lipids
were extracted from previously purified lipid droplets using 2 volumes of
chloroform:methanol (2:1). Samples were vortexed for 1 min followed by
centrifugation at 1000 x g for 10 min at 25°C. The lower organic phase was
removed and dried under a stream of N2 at 25°C and resuspended in 100 uL of
chloroform. Samples were then run on TLC plates (Whatman Diamond LK6F
Silica Gel 60 Å, 4500) using hexane:diethyl ether:acetic acid (70:30:1), and
stained overnight with iodine [18]. ImageJ was used to quantify the intensities of
the sterol ester and triacylglycerol bands. Commercially available cholesteryl
oleate (Sigma-Aldrich, #C9253) and glyceryl trioleate (Sigma-Aldrich, #T7140)
were used as standards.
3-3-Results
We used fission yeast S. pombe cells to determine whether specific
locations of the endoplasmic reticulum (ER) are used to form lipid droplets in a
model eukaryote. Temperature sensitive fission yeast cdc25-22 cells, that have a
single mutation at position 1595 of the open reading frame of the cdc25 gene [23,
24] are particularly useful for this aim, they have wild-type phenotypes at
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temperatures less than 30°C but show an elongated morphology at 36°C at the
G2/M transition. At that point, the nuclear ER is separated from regions of the
cortical/peripheral ER by up to 10 microns allowing for accurate spatial mapping
of droplet formation from either domain. This is especially important for the aims
here because lipid droplets are highly dynamic and can move significant
distances over minute time scales thus making their point of origin difficult to
determine [1, 3, 4, 25, 26].
Unexpectedly, the number of BODIPY 493/503-stained lipid droplets
increased substantially at the tips of elongating cdc25-22 cells at 36°C without
the addition of fatty acids or manipulation of the expression levels of the neutral
lipid synthesizing enzymes (Figure 3-1A-C). We used the quantitative techniques
of Long et al. to resolve individual droplets whose diameters were below the
wavelength of light and identified the ER in these cells by expression of the
luminal marker mCherry-AHDL under the control of the Bip promoter [21, 27].
The increase in polarized droplet number was accompanied by a similar increase
in polarized BODIPY 493/503 fluorescent intensity (Figure 3-1B) [28]. Droplet
formation was not observed around the nuclear ER as the cdc25-22 cells
elongated and the droplets that were in close proximity to the nuclear ER at t = 0
disappeared over the time course of the experiment, most likely because of
lipolysis (Figure 3-1C). We confirmed these results in five additional cdc25-22
cells (Figure 3-1D). These observations gave us our first clue that lipid droplets
might form from specific regions of the ER.
We first knocked out both acyl-CoA sterol acyltransferase are1 and are2
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Figure 3-1. Lipid droplets that are enriched in SEs form exclusively at the
tips of elongating fission yeast cdc25-22 cells. (A) Confocal microscopy
images of cdc25-22 cells expressing the ER luminal marker mCherry-AHDL (red)
where the lipid droplets have been stained with BODIPY 493/503 (green). Left
panels are maximum intensities of all z-stacks (green), center panels are the
middle z-stack (red), and right panels are the merger of the left and center
panels. Arrows highlight the increase in the number of lipid droplets at the tips of
the cells. Scale bars are 5 microns. (B) Plot of the number (left axis) and
normalized intensity (right axis) of the lipid droplets in the cell in (A) as a function
of time. (C) Plot of the number of lipid droplets as a function of their cellular
position in (A) at t = 0 min (green) and t = 160 min (purple). The symbol, d,
represents the distance from the center of the nucleus to the tip of the cell. The
symbol, x, represents the position of the lipid droplet from the center of the
nucleus. The gray vertical rectangles in the plots represent spaces occupied by
the nucleus. (D) Plot of the positions of lipid droplets in five cdc25-22 cells before
(t = 0 m) and after (t = 160 m) elongation at 36°C. The cell in (A) is not included.
(E) Phase contrast (left panels) and maximum intensity of all z-stacks (right
panels) for elongated cdc25-22 and are1Dare2D-cdc25-22 cells where the lipid
droplets have been stained with BODIPY 493/503. Scale bars are 1 micron. (F)
Plot of the number of lipid droplets as a function of their cellular position in the
cells in (E). (G) Plot of the number of lipid droplets in five elongated cdc25-22
and five elongated are1Dare2D-cdc25-22 cells at 36°C. (H) Confocal microscopy
images of cdc25-22 cells expressing Atb2p-mCherry (red) where the lipid

	
  
	
  

	
  

71

droplets have been stained with BODIPY 493/503 (green). Left panels are
maximum intensities of all z-stacks (green), center panels are maximum
intensities of all z-stacks (red), and right panels are the merger of the left and
center panels. The cell on the right was treated with thiabenzadole to disrupt the
microtubule network. Scale bars are 1 micron. (I) Plot of the distribution of
BODIPY 493/503-stained lipid droplets in elongated cdc25-22 cells expressing
Atb2p-mCherry whose microtubule networks were intact (green) versus disrupted
by thiabenzadole (purple).

	
  
	
  

	
  

72

BODIPY
493/503
(Lipid
Droplets)

mCherryAHDL
(Luminal
ER)

BODIPY
493/503
(Lipid
Droplets)

merge

mCherryAHDL
(Luminal
ER)

merge

N

N

mCherryAHDL
(Luminal
ER)

D
25
merge

80 m

N

10

0
0
center

B

N

120 m

0.6
20

0

C

0.4

10

0.2
0

Elongated
cdc25-22
cells (36°C)

cdc25-22
cells (25°C)

70SE : 30TAG

60SE : 40TAG

SE
TAG
55SE : 45TAG

F

10

Lipid Droplets

w-t (25°C)

cdc25-22 (36°C)

are1Δ-are2Δcdc25-22 (36°C)

F: cdc25: /aadp-studies/aa
image2 (002)
1455 – 6360
Aa-cdc25: /aadp/zuania/ap
973 - 17542

t = 160 m

6
4

N

140 m

0.2 0.4 0.6 0.8 1
x/d
tips

0
40
80 120 160
Time (min)

8
60 m

Normalized Intensity

40 m

0.8

30

2
0

t=0m

0

center

H

G
10

Lipid Droplets

6
4

N

N

Lipid Droplets

8

I
40

cdc25-22 (36°C)
are1Δare2Δcdc25-22
(36°C)

2
0

0

center

0.2 0.4 0.6 0.8 1
x/d
tips

N = 10 cells
total

30

D: /Mak/Figure1/Figure1A/
The data are in the excel f
LDNumberData.xlsx in the
directory as the images.

t=0m

E

1

40

Lipid Droplets

100 m

t = 160 m

15

5

20 m

N = 5 cells

20

160 m

N

0m

BODIPY
493/503
(Lipid
Droplets)

Lipid Droplets

A

0.2 0.4 0.6 0.8 1
x/d
tips

BODIPY
493/503
(Lipid
Droplets)

Atb2pmCherry

merge

BODIPY
493/503
(Lipid
Droplets)

Atb2pmCherry

merge

G: /aadp-studies/aadp/zua
LDnumberData

20

I: /aadp-studies/Microtub
Cdc12-3GFP_022015032

10
0

cdc25-22
(36°C)

are1Δare2Δcdc25-22
(36°C)

cdc25-22 background (36°C)

cdc25-22 background (36°C)
+ thiabenzadole

/aadp-studies/Microtubul
11_w2488 70

J

N

Lipid Droplets

40

cdc25-22 (36°C)
cdc25-22 + tbz (36°C)

30
20

J: /aadp-studies/Microtub

10
0

0

center

0.2 0.4 0.6 0.8
x/d

1
tips

Figure 1A: These images were taken by JMF. They are in folder Figure1/Figure1A/Ori/… The data are in the excel file
called LDNumberData.xlsx in the same directory as the images. The BD images are the AVG values of the stacks.
The AHDL images are the center image where the NER was clearest. I then summed the AVG BD and z# AHDL
images to arrive at the merged images in this figure. I used the followed Brightness contrast options in ImageJ:
BODIPY: -1 19
Red: auto. The images were cropped to the size of the box on the right and then increased to a height of 5”.

	
  
	
  

	
  

73

genes - which are responsible for SE production in yeast cells [5, 6, 29] - in a
cdc25-22 genetic background to determine if the polarized droplets observed in
Figure 1A were composed of SEs. There were a negligible number of BODIPY
493/403-stained droplets throughout those elongated double knockout cells
compared to positive controls (Figure 3-1E,F). We confirmed these results in ten
additional elongated cdc25-22 and elongated are1Dare2Dcdc25-22 cells (Figure
3-1G). (As shown below, knockouts of the TAG producing genes result in vesicleshaped lipid droplets.) These results led us to conclude that the nascent BODIPY
493/403-stained droplets at the tips of elongated cdc25-22 cells were mostly
formed by the actions of the are gene products and are composed primarily of
SEs.
Lipid droplets can be transported along microtubules as seen in early
Drosophila embryos [30, 31]. To determine if microtubules were responsible for
the polarized populations of lipid droplets in elongated cdc25-22 cells, we added
thiabenzadole to cdc25-22 cells expressing mcherry-Atb2p, allowed the cells to
elongate at 36°C. Lipid droplets were stained with BODIPY 493/503 and imaged
both the red and green channels. The microtubules in those cells appeared
severed yet BODIPY 493/503-stained lipid droplets were still present at the tips
of the cells as in controls (Figure 3-1H,I). These results in conjunction with those
in Figures 1A-D show that lipid droplets are forming at the tips of elongated
cdc25-22 cells and are not being transported out to the cell tips via microtubules.
We then focused on determining the reasons for polarized SE-enriched
droplet formation in fission yeast cells. We expressed mYFP-Are1p and mYFP-
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Are2p from their loci under the control of P41nmt1 promoters, which have
medium strength expression levels [32], in cdc25-22 cells and allowed the cells
to elongate for ~2.5 hours in minimal media (EMM) to induce protein expression.
mYFP-Are1p and mYFP-Are2p were both localized throughout the nuclear and
cortical/peripheral ER (Figure 3-2A,B). We repeated these experiments in wildtype genetic backgrounds and saw qualitatively similar YFP signal patterns
(Figure 3-2C,D). Thus, the localizations of these two enzymes do not provide
evidence to explain polarized lipid droplet formation in either cdc25-22 or wildtype fission yeast cells.
We next used the marker filipin to investigate the localization patterns of
sterols in both cdc25-22 and wild-type fission yeast cells to determine any links to
SE droplet position. Filipin localized to the tips of elongated cdc25-22 cells and
also to their septums when we allowed these cells to re-enter the cell cycle by
reducing their incubation temperature (Figure 3-2E,F). The same filipin
localization patterns were observed in wild-type cells (Figure 3-2G). This
confirms previous results from the literature [33]. We then stained cdc25-22 cells
expressing mCherry-AHDL that had re-entered the cell cycle with filipin and
BODIPY 493/503. The lipid droplets in these cells were present at the tips but
also on each side of the septum where the filipin was localized (Figure 3-2H). We
quantified the positions of lipid droplets in two cdc25-22 daughter cells that had
re-entered the cell cycle at M phase. The droplets remained present at the tips
and populated the space on each side of the septum but were mostly absent in
the middle of the cells (Figure 3-2I,J). These results led us to conclude that the
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Figure 3-2. SE lipid droplet formation from the cortical/peripheral ER
correlates with the localization of sterols. (A-D) Single focal plane fluorescent
micrographs of (A) mYFP-Are1p-cdc25-22, (B) mYFP-Are2p-cdc25-22, (C)
mYFP-Are1p, and (D) mYFP-Are2p. All four fusion proteins were expressed from
native loci using the P41nmt1 promoter. (E) Single focal plane fluorescent
micrograph of elongated cdc25-22 cells at 36°C stained with the sterol marker
filipin. (F) Single focal plane fluorescent micrograph of cdc25-22 cells that were
elongated at 36°C then allowed to reenter the cell cycle by temperature reduction
to 30°C followed by filipin staining. (G) Single focal plane fluorescent micrograph
of wild-type fission yeast cells stained with the sterol marker filipin. (H) Single
focal plane fluorescent micrographs of cdc25-22 cells expressing mCherry-AHDL
that were elongated at 25°C then allowed to reenter the cell cycle by temperature
reduction to 25°C followed by BODIPY 493/503 and filipin staining. (I) Confocal
microscopy images of cdc25-22 cells expressing mCherry-AHDL (red) where the
lipid droplets have been stained with BODIPY 493/503 (green). Top panels are
maximum intensities of all z-stacks (green), center panels are the middle z-stack
(red), and lower panels are the merger of the top and center panels. (J) Plots
showing the distribution of the BODIPY 493/503-stained lipid droplets in the cells
in (I). (K) are1Dare2D-cdc25-22 cells stained with the sterol marker filipin. (L)
are1Dare2D fission yeast cells stained with the sterol marker filipin. Scale bars
are 1 micron.
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localization of sterols to growing regions of the cells – including the tips at the
G2/M transition and at the forming septum after M phase - is a significant driving
force in the formation and localization of SE-enriched lipid droplets. We further
wished to determine if SE lipid droplets were responsible for the localized sterol
patterns in fission yeast cells. However, the localizations of the filipin-stained
sterols were unaffected in cdc25-22 and wild-type cells lacking Are1p (which
mainly esterifies lanosterol [5], but has limited activity in aerobic conditions) and
Are2p (which mainly esterifies ergosterol [5]) (Figure 3-2K,L). These results led
us to conclude that SE lipid droplet localization does not affect sterol localization.
We wished to determine if TAG lipid droplets also formed from specific
areas of the cell as we observed with SE droplets in cdc25-22 cells. However,
observing nuclear ER droplet formation in elongating cdc25-22 cells is
challenging because TAG precursors are predominantly directed towards
phospholipid synthesis for expanding membranes and away from storage.
Therefore, we turned to wild-type fission yeast cells where the nuclear and
cortical/peripheral ER domains are still distinguishable by light microscopy and
TAG needs for expanding membranes are minimal.
We induced TAG lipid droplet formation by incubating wild-type fission
yeast cells expressing mCherry-AHDL in media containing 0.1% oleic acid (YPO)
for four hours. Furthermore, oleate inhibits sterol esterification thus neutral lipid
synthesis will occur solely through the DAG→TAG pathway by the action of
Dga1p and Plh1p [34]. BODIPY 493/503-stained lipid droplets formed distinct
and exclusive rings around the nuclear ER in wild-type cells grown in YPO
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versus cells grown in YE5S media, the latter having BODIPY 493/503-stained
lipid droplets throughout their cytoplasms (Figure 3-3A,B). We determined the
neutral lipid composition of whole cell lysates and also of the lipid droplets using
semi-quantitative thin layer chromatography (TLC) analysis. We used a standard
curve to ensure that iodine had equal affinity for SE and TAG in our TLC
membranes (Figure 3-S1A) [35]. As expected, the addition of oleic acid to the
media greatly increased the amounts of TAG in whole cell lysates and also lipid
droplets (Figure 3-3C). Interestingly, the whole-cell neutral lipid content of wildtype cells grown in YE5S is highly enriched in SEs over TAG (Figure 3-3C);
however, the neutral lipid content of isolated lipid droplets from mitotic wild-type
cells grown in YE5S is almost 56:44 SE:TAG by mass(Figure 3-3C). From these
results, we postulate that SEs do not transfer from the ER membrane to lipid
droplets as readily as TAG.
We constructed strains lacking either the phospholipid:diacylglycerol
acyltransferase (plh1D), which cleaves an acyl chain from phosphatidylcholine
(PC) and conjugates it to DAG to form TAG [10, 11] or the acyl-CoAdiacylglycerol acyltransferase (dga1D), which attaches a molecule of acyl-CoA to
DAG to form TAG [13,23,24] to determine the relative contributions of each
enzyme to lipid droplet formation. These strains were also expressing mCherryAHDL. In both strains, BODIPY 493/503-stained lipid droplets showed increased
dispersion throughout the cells after incubation in YPO compared to wild-type
cells (Figure 3-3D-I vs. 3-3A-C). This effect was more pronounced in cells lacking
Dga1p then in cells lacking Plh1p. TLC analysis revealed that both strains had
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Figure 3-3. TAG lipid droplets form around the nuclear ER in fission yeast
cells. (A-N) Sets of single focal plane fluorescent micrographs of fission yeast
cells that have been stained with BODIPY 493/503 (left panel) that are
expressing the ER luminal marker mCherry-AHDL (center panel) and the merger
of these two signals (right panel) with accompanying plots of the positions of lipid
droplets and TLC analysis of the neutral lipid content of the whole cell (C,F,I,K,N)
and isolated lipid droplets where appropriate (C,F,I). Data plotted in (B,E,H,M)
are from ten cells each in either YE5S and YPO. Scale bars are 1 micron.
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reduced whole-cell and lipid droplet TAG levels (Figure 3-3F,I). Yeast cells
lacking both genes (plh1Ddga1D) had no droplets and showed vesicle-shaped
BODIPY 493/503-stained structures when grown in YE5S (Figure 3-3J). The
same cells were not viable when grown in YPO. Thus, plh1Ddga1D double
knockouts appear to have hampered droplet biogenesis events and it is probable
that TAG plays a crucial role in the ER escape hatch mechanism with minimal
amounts needed even for SE lipid droplet formation [36]. As expected, these
cells contained negligible amounts of TAG (Figure 3-3K).
To confirm that the actions of Are1p and Are2p were not responsible for
droplet formation around the nuclear ER, we knocked out both genes in a strain
expressing mCherry-AHDL and repeated the above experiments. BODIPY
493/503-stained

lipid

droplets

formed

around

the

nuclear

ER

in

are1Dare2D-mCherry-AHDL cells grown in YPO media, matching the patterns
observed in cells expressing all four neutral lipid synthesizing enzymes (Figure 33L,M vs. Figure 3A,B). We used TLC to confirm that the neutral lipids in these
cell extracts were exclusively TAG (Figure 3-3N). In sum, these results show that
TAG lipid droplets form around the nuclear ER in fission yeast cells that are
under lipotoxic stress.
To determine the reasons for the ring of lipid droplets around the nuclear
ER in conditions that favored TAG production, we focused on the localization
patterns of mYFP-Dga1p and mYFP-Plh1p which were expressed from their
native loci under the control of P41nmt1 promoters in cdc25-22 cells and allowed
the cells to elongate for ~2.5 hours in minimal media. mYFP-Dga1p and mYFP-
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Plh1p were both localized throughout the nuclear and cortical/peripheral ER
(Figure 3-4A,B). We repeated these experiments in wild-type genetic
backgrounds and saw qualitatively similar YFP signal patterns (Figure 3-4C,D).
Thus, as with the localizations of mYFP-Are1p and mYFP-Are2p, the
localizations of mYFP-Dga1p and mYFP-Plh1p did not provide evidence to
explain observed spatial differences in lipid droplet formation.
We next probed the localization patterns of Ned1p, the fission yeast
functional ortholog of lipin, which converts phosphatidic acid (PA) to DAG. The
Ned1p-eGFP signal in wild-type cells was diffuse throughout the cells even in
situations favoring TAG synthesis (Figure 3-4E,F). It should be noted that only a
subset of the diffuse Ned1p could be active and this may be occurring at the
nuclear ER.
We then turned to the sn-1,2,-diacylglycerol cholinephosphotransferase,
Cpt1p,

which

converts

DAG

into

phosphatidylcholine

(PC)

and

phosphatidylethanolamine (PE) in the Kennedy Pathway in yeast. The function of
this enzyme is especially noteworthy because of its ability to synthesize PC to
potentially coat the neutral lipids of an expanding lipid droplet [17, 37, 38]. We
found that Cpt1p-mYFP localized exclusively to the nuclear ER in both elongated
cdc25-22 cells and wild-type fission yeast cells (Figure 3-4G,H). We also probed
the localization of the diacylglycerol kinase, Dgk1p, which converts DAG into
phosphatidic acid (PA) [39-41]. In budding yeast cells, GFP-Dgk1p localizes to
the nuclear ER over the peripheral ER, and Dgk1p overexpression causes
proliferation of the nuclear ER membrane but not the cortical/peripheral ER
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Figure 3-4. Localizations of key enzymes in the TAG synthesis and lipolysis
pathways. (A-D) Single focal plane fluorescent micrographs of (A) mYFPDga1p-cdc25-22, (B) mYFP-Plh1p-cdc25-22, (C) mYFP-Dga1p, and (D) mYFPPlh1p. All four fusion proteins were expressed from native loci using the P41nmt1
promoter. (E-F) Single focal plane fluorescent micrographs of fission yeast cells
expressing Ned1p-eGFP for the native locus grown to late log phase in YE5S (E)
and late log phase in YPO (F). (G-H) Phase contrast (left panel) and single plane
fluorescent (right panel) micrographs of elongated cdc25-22 (H) and wild-type (I)
fission yeast cells expressing Cpt1p-mYFP from the native locus. (I-J) Single
focal plane fluorescent micrographs of elongated cdc25-22 (I) and wild-type (J)
fission yeast cells expressing mYFP-Dgk1p from the native locus under control of
a P41nmt1 promoter. Scale bars are 1 micron.
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membrane [39]. The fact that Dgk1p is localized to and functions at the nuclear
ER membrane – like lipin - leads to the conclusion that TAG lipid droplets should
remain close to the nuclear ER post-formation for further processing of neutral
lipids. We found that mYFP-Dgk1p localized strongly to the nuclear ER in both
elongated

cdc25-22

cells

and

wild-type

fission

yeast

cells

over

the

cortical/peripheral ER (Figure 3-4I,J). Thus, we postulate that Cpt1p and Dgk1p
play crucial roles maintaining DAG homeostasis and in TAG lipid droplet
formation at the nuclear ER membrane.
3-5- Discussion
Lipid droplets form from the ER, but it is not clear if certain biogenesis
points are favored over others. Here we showed that lipid droplets that are
enriched in SEs form at the tips of elongated cdc25-22 cells and also flanking the
septums of the same cells when they were allowed to re-enter the cell cycle. The
localized formation of SE lipid droplets appears to be linked to the positions of
filipin-stained sterols to growing regions of these cells. We also showed that TAG
lipid droplets form around the nuclear ER in wild-type cells that are incubated in
lipotoxic conditions. Our results show for the first time that lipid droplets can form
from different regions of a eukaryotic cell based on their neutral lipid content.
There are many results in the literature that link TAG lipid droplet
biogenesis to the nuclear ER. DAG depletion in HeLa and COS-7 cells disrupts
the ability of the nuclear envelope to reform at mitosis and also reorganizes the
ER into multi-lamellar sheets [42]. In flies, inhibition of CNEP-1, a nuclear
envelope-enriched activator of lipin, leads to the formation of ER sheets in
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regions of the nuclear envelope [43]. The lipin functional ortholog in budding
yeast, Pah1p, controls nuclear ER membrane expansion [44, 45] and modulates
lipid droplet number and size [40]. The action of these factors at the nuclear ER
provides evidence that TAG synthesis should be favored at the nuclear ER over
the cortical/peripheral ER. Because of lipin’s importance in nuclear ER function,
we expected to see Ned1p localized to the nuclear ER, however,
Further evidence in the literature supports exclusive populations of SE and
TAG droplets. Lipid droplets - labeled by BODIPY 493/503 - formed in close
proximity to the nucleus in COS7 cells expressing mCherry-Rab18 after 18 hours
of incubation in media containing oleate-BSA complexes; almost no droplets
were visible in the tubular ER network extending to the periphery in the same
cells [46]. The biophysical properties of SEs and TAGs also lend weight to the
theory that they could initiate lipid droplet formation at spatially unique sites. Lipid
droplets in mammalian cells can be composed entirely of cholesterol esters
(CEs) or TAG depending on the metabolic function of the tissue [15, 19].
Furthermore, SE and TAG droplets can be mutually exclusive as previously
shown in biophysical studies [16, 18].
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Chapter 4
Utilizing the fission yeast, Schizosaccharomyces pombe, as a platform for
optimizing triacylglycerol production

	
  
	
  

	
  

92

Abstract
The fission yeast, Schizosaccharomyces pombe, is an under-studied
organism as it pertains to lipid metabolism. Here we set out to maximize
triacylglycerol synthesis in this model organism by incorporating known methods
for enhancing lipid accumulation with lesser ones. Through genetic engineering,
we were able to increase intracellular fatty acids over 300% from wild type levels.
4-1-Introduction
The production of chemicals utilizing biological platforms is a growing area
of research, and maximizing the conversion rate of feedstock into usable product
remains a constant challenge. Schizosaccharomyces pombe is traditionally used
to study mechanisms related to the cell cycle, and far less material is available
regarding it metabolism, compared to budding yeast, Saccharomyces cerevisiae.
Historically, yeast species are classified as oleaginous if lipid production
exceeds 20% dry cell weight. One species, Y. lipotica, has become a popular
model, as some of its respective mutants exceeded 85% lipid by mass [1]. A vast
majority of these lipids are housed in organelles called lipid droplets, which serve
as storage depots for triacylglcyerols, sterol esters, or other hydrophobic
components. The LD interiors are incredibly non-polar, and other natural
products can also be encased in these structures as with the rubber tree and its
isoprene polymers [2]. Strains yielding high lipids in the form of triacylglycerols
(TAG), can be achieved via the overexpressions of the diacylglycerol
acyltransferase, dga1, and acetyl-CoA carboxylase, acc1 [3]. This latter protein,
synthesis long-chain fatty acids via the step-wise addition of acetyl-CoA, which
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happens to be the rate-limiting step of lipid production. This process occurs on
the fatty acid synthase complex (FAS), and oleaginous yeasts are thought to
utilize large pools of NADPH for this process generated via a malic
dehydrogenase [4]. Unique to oleaginous yeasts, acetyl-CoA can also be
generated from citrate, however the protein catalyzing this step is not found in
non-oleaginous species.
One advantage of S. pombe for producing biodiesels, is that it naturally
produces a higher quantities of18:1 fatty acids [5]. However despite this, fission
yeast also produces a significant amount of sterol esters during stationary phase,
which are less beneficial as they contain a third of the total energy compared to
triacylglycerols. Therefore, one aim here is to increase TAG levels by removing
sterol ester synthesis.
Leucine supplementation was also shown to increase de novo lipogenesis
in Y. lipolytica, and upon further analysis it was suggested that this possibly
involved the TOR (target of rapamycin) complex [1]. Recent studies with the nonoleaginous S. cereviae, found TOR to be responsible for the phosphorylation of
the Nem1/Spo7, which activates the phosphatidic acid phosphatase, Ned1p. This
protein in especially important as it is the only cytosolic protein catalyzing a direct
step in the lipid synthesizing network and contains at least seven known
phosphorylation sites [6-10]. Key cell cycle mediators including Cdk1p and
Pho85p are responsible for its phosphorylation, opposing the function of
Nem1/Spo7. By manipulating expression levels of both proteins making up this
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complex, we hoped to provide additional insight into how each contributes to lipid
droplet formation and TAG synthesis.
Lastly, unlike P. pastoris and Y. lipolytica, fission yeast utilizes the
Crabtree effect [11], a process by which yeasts generate substantial amounts of
ethanol in aerobic conditions. This process is driven by a high glucose
environment, which is present at the standard culturing condition of 20 gglucose/L.
Different methods for minimizing this pathway have been tried, however few
successes have been achieved. A previous study nearly abolished ethanol
production in S. pombe by the dual deletion of two alcohol dehydrogenases,
adh1 and adh4. [12] However this came at the expense of cellular growth, and
therefore hypothesized that low titers of ethanol maybe required for cellular
function[12]. It is also possible that acetaldehyde, an ethanol precursor, began
accumulating and induced toxicity. It should be noted that ethanol can passively
traverse the cell wall and membranes, and may be a preferred manner of
storage, in the event of excessive glucose titers.
Here we attempted to maximize triacylglycerol production in a variety of
ways, highlighted in Figure 4-1. By overexpressing the gene responsible for the
rate-limiting step of lipid synthesis with that responsible for TAG generation we
greatly elevated intracellular TAG. Additionally, we attempted to increase
substrate efficiency by minimizing ethanol production.
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Figure 4-1. Pathway for maximizing TAG levels in S. pombe. Genes in bold
were manipulated in this study.
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4-2-Material and Methods
4-2-1-Yeast Cell Culturing
Cells were cultured in Edinburgh minimal media (EMM) supplemented
with 450 mg/L of adenine, uracil, leucine, lysine, and histidine in a shaking
incubator at 30°C at 225 rpm. Mutants containing the nmt1 promoter were
incubated in media lacking thiamine for at least 24 hours to ensure full
expression.
4-2-2-Lipid extraction and analysis
Total lipids were extracted using a modified protocol based on Folch et al.
Cells were centrifuged, washed with H2O, and frozen at -80*C for future analysis.
Beads were added to cells which were then lysed using a Beadbeater in 400 µL
2:1 chloroform:methanol for 5 min. Beads were washed twice with 500 µL of 2:1
chloroform:methanol solution, and these resulting layers were pooled together.
An additional mL of 2:1 chloroform:methanol was added, followed by 2.5 mL of
water. The mixture was vortexed and centrifuged at 3000xg for 5 min. The lower
organic phase was removed and dried overnight.
In preparation for thin layer chromatography (TLC), dried lipid extracts
were dissolved in 100 uL of chloroform and run using the solvent system of
hexane:diethyl ether:acetic acid (70:30:1). Plates were stained reversibly using
iodine.
For GC-MS, dried samples were resuspended in 100 uL of methanol
followed by the addition of 300 uL 2% H2SO4 in methanol. Esterification was
completed by a 4 hour incubation at 80°C with mixing every 30 min. 300 uL of
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.9% NaCl was added, along with 300 uL of hexane, containing 5 mg/L
pentadecanoic acid, used as an internal standard. Samples were vortexed, spun
for 3,000xg for 3 min, and stored at -20°C until future analysis.
The GC/MS run was conducted by using the HP6890 GC/MS system
equipped with a HP 5973 mass selective detector and a 30m×0.25mm i.d., 0.25
µm film thickness DB5 column (Phenomenex Inc.) with an attached 10 m guard
column. A 1µL portion of the extracted sample was injected into the DB5 column
using splitless injection (1 µL at 280°C). Helium was used as a carrier gas (1.1
µL/min). The mass transfer line and ion source were set at 250°C and 200°C,
respectively. All the esters were detected with electron ionization in both scan
mode (50 to 450 m/z) and selected ion monitoring mode for each compound (for
quantitative analysis). The column temperature was initially held at 160°C for 1
minute, then increased by 20°C per min for 7 min until 300°C. The detection was
delayed for 3.5 minutes due to solvent delay and products were detected using
the following SIM parameters: ions 74.00, 87.00, 143.00, and 256.00 C12 from
3.50-4.50 minutes, ions 74.00, 87.00, and 242.00 detected from 4.50-5.20
minutes for C14, ions 74.10 detected from 5.20-5.65 minutes for C15, ions 74.00,
87.00, and 143 detected from 5.65-6.50 minutes for C16 and 16:1, ions 74.00,
88.00, and 312.00 detected from 6.50-tfinal minutes for C18 and C18:1.
4-2-3-High performance liquid chromatography
Supernatants from cellular cultures were collected following 1 min of
centrifugation at 17,000xg. Samples were passed through a .2 µm filter, prior to
HPLC analysis. Metabolites were quantified using a Shimadzu HPLC system
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equipped with RID and UV-Vis detectors, and an , Aminex HPX-87H cation
exchange column (BioRad Inc.) A sample was first filtered through a 0.2-µm filter
unit, then loaded into the column operated at 50°C, and eluded with the 10 mN
H2SO4 mobile phase running at a flow rate of 0.6 mL/min based on the methods
of Trinh et al. [13]
4-3-Results
We initially engineered two S. pombe mutants, AM56 and AM57, both of
which overexpressed Dga1p and Acc1p under the control of the P3nmt1
promoter. Additionally in AM57, we knocked out are2, the primary gene
responsible for sterol esterification in S. pombe. Neutral lipids were then
extracted and separated via TLC to ensure SE synthesis was abolished, and to
determine whether other cellular crosstalk was occurring (Figure 4-2). Both
strains overexpressing Acc1p and Dga1p, had elevated TAG levels compared to
wild type. Not surprisingly, the are2Δ mutant was void of SE, but contained
higher sterol levels. AM56 produced relatively low amounts of SE compared to
wild type.
Table 4-1. List of strains used
Strain
527
AM56

Genotype
Wild type
P3nmt1-Acc1 P3nmt1-Dga1
P3nmt1-Acc1 P3nmt1-Dga1
Are2:kanMX6
P3nmt1-YFP-Spo7
P3nmt1-YFP-Nem1
P3nmt1-Acc1 P3nmt1-Dga3
P3nmt1-YFP-Nem1
P3nmt1-Acc1 P3nmt1-Dga4
Adh1:HPH P81nmt1-Adh4

AM57
AM126
AM127
AM128
AM129
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Figure 4-2. Thin layer chromatography of neutral lipids extracted from TAG
producing strains.
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Growth and metabolite data for 527 and AM56 were obtained using HPLC.
(Figure 4-3). Both strains grew relatively similar as glucose levels were
completely abolished once cells reached stationary phase (Figure 4-3). Ethanol
production was similar in wild type and the mutant as they both produced roughly
6 g/L at peak concentrations. These levels slowly dropped, as ethanol remained
the sole carbon source following glucose consumption. Citrate was also
quantified, however titers remained inconsequential.
We also wanted to investigate how the Nem1/Spo7 complex affected TAG
accumulation as this is known to dephosphorylate the S. pombe lipin ortholog,
Ned1p. Both proteins were N-terminally tagged with YFPs under the controlled
expression of identical P3nmt1 promoters. We determined Spo7p localized
primarily to the ER, while Nem1p bound to lipid droplets (Figure 4-4). We then
extracted intracellular neutral lipids from these strains grown to mid-log phase,
and observed a 2-fold TAG increase in the mutant overexpressing Nem1p. We
therefore overexpressed Nem1 with Dga1p and Acc1p (AM128) and performed
similar HPLC analyses. Cells overexpressing Nem1p, grew considerably slower,
as the doubling time of AM128 was nearly twice that of AM56. Ethanol levels
again reached similar levels as previously obtained with WT and AM56. Finally in
order to minimize the Crabtree effects, we knocked out the primary alcohol
dehydrogenase gene, adh1, while simultaneously repressing a secondary gene
adh4 using the endogenous P81nmt promoter. These two mutations were then
incorporated into our AM56 mutant (AM129), but surprisingly alcohol levels were
not diminished.
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Figure 4-3. Growth curve and HPLC data for wild type 527 and AM56. OD is
shown in blue; glucose in red; ethanol in green.
.
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Figure 4-4. Effects of Nem1p and Spo7p on TAG synthesis. (A) Single plane
microscopy of P3nmt1-YFP-Nem1 (B) Single plane microscopy of P3nmt1-YFPSpo7 (C) TLC of whole cell lipid extract from P3nmt1-YFP-Nem1 (Lane 1) and
P3nmt1-YFP-Spo7 (D) Semi-quantified of TAG via iodine staining and ImageJ
analysis
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All 4 strains, wild type, AM56, AM128, and AM129 were grown to late
stationary phase and stained with BODIPY493/503 to visualize lipid droplets
(Figure 4-5). All three overexpressing Dga1p and Acc1p, contained higher
numbers of LDs compared to wild type 527, and droplets from both AM56 and
AM128 appeared larger than those found in AM129.
Lastly, we extracted total lipids and quantified them using GC-MS. Lipid
levels relative to wild type are displayed in Figure 4-6. Confirming what we
visualized from microscopy, AM56 produced 300% more than 527, whereas
AM128 was even 10% higher than AM56. Surprisingly, minimizing alcohol
dehydrogenase actually lowered the amount of total lipids in AM129. Comparing
these values to dry cell weights (Table 4-2), AM128 produced nearly 40% lipids
by mass, a substantial number for a species generally considered nonoleaginous.
4-4-Discussion.
We attempted to determine whether Schizosaccharomyces pombe, could
be a useful tool in the production of biofuels, as much less is known in regards to
its metabolism compared to Saccharomyces cerevisiae. Cells naturally
accumulate large quantities of lipids once reaching stationary phase as
ubiquitous lipid substrates such as acyl-CoA and glycerol are no longer
principally needed for membrane biogenesis. This process is largely dictated by
the carbon:nitrogen ratio, but can be influenced by other cellular factors and
external stimuli. We showed that by overexpressing Acc1p and Dga1p, we could
obtain cells containing greater than 30% lipid by mass. Overexpressing Nem1p
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527

P3-Acc1 P3-Dga1

P3-Acc1 P3-Dga1 P3-Nem1

P3-Acc1 P3-Dga1
Adh1Δ P81-Adh4

Figure 4-5. Lipid droplets from TAG producing strains stained with BODIPY
493/505. Scale bars are 10 microns.
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Figure 4-6. Total lipid yields from TAG overproducing mutants. Total lipid
extracts from the four listed strains, quantified via GC-MS.

Table 4-2. Lipid levels of mutants
527
AM56
AM128
AM129

	
  
	
  

g lipid/ g dry cell weight
11.5
34.6
39.2
31
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induced substantial TAG production in wild type cells and coupled with those
mutations of AM56, elevated lipid levels to nearly 40% dry cell weight, which is
significant for a non-oleaeginous yeast species. We showed that after cells
reached stationary phase, ethanol levels were roughly 6 g/L, however these titers
slowly dropped as it remained the sole carbon source and was most likely
metabolized back into acetyl-CoA, generating additional lipids or ATP.
Lipid droplets from oleaginous yeast species such as P. pastoris and Y.
lipolytica contain negligible SEs [14], and therefore we removed sterol ester
acyltransferase activity to encourage TAG synthesis over SEs. Upon TLC
analysis however, it was revealed only a minute fraction of neutral lipids were
SEs in AM56.
We also attempted to mitigate the Crabtree effect by removing alcohol
dehydrogenase activity, through the deletion of adh1 and the severe repression
of adh4. However in each case we maintained consistently high alcohol
production. Future work will continue to address this topic in order maximize
substrate turnover.
In non-oleaginous yeasts, cytosolic acetyl-CoA is most often generated via
a step-wise reaction scheme beginning with pyruvate decarboxylases or Pdcs.
Because this process creates unwanted byproducts such as ethanol, the direct
conversion of pyruvate to acetyl-CoA via a pyruvate dehydrogenase (Pdh) would
be ideal. Generally these proteins localize solely to the mitochondria, however
recently a cytosolic Pdh was discovered [15].
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Another target of interest may be the malate dehydrogenase, mdh1, which
was found elevated in two lipid droplet fractions during known separate instances
of neutral lipid accumulation in S. pombe. Oleaginous yeast species use this
protein for maintaining adequate levels of NADPH, which are evenutally utilized
by FAS during fatty acid synthesis.
Finally because of their sizes, droplets are unable to bypass the rigid cell
walls found in yeast and extracellular transport is nullified, and therefore
releasing these fats via mechanical cellular lysing may be cost prohibitive. For
some applications, synthesizing smaller molecules which can be passively
transported extracellularly, may be optimal. Previous research has attempted this
technique generating free fatty acids using S. cerevisae and E. coli with minimal
success [16, 17]. We looked at this briefly in S. pombe, however a similar study
with fission yeast showed cells became inviable due to the lipotoxic conditions
[18].
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Chapter 5
Conclusions and future work
5-1-Conclusions
In the last decade, research has significantly increased pertaining to the
area of lipid droplets. More and more, diseases and other metabolic disorders
have been discovered to have defects in neutral lipid sequestration, and here we
tried to provide further insight into what drives the fundamental processes of lipid
droplet formation. Initially we wanted to identify proteomic factors, which
influence LD biogenesis events. We identified several conditions during which
droplet formation was prevalent, and extracted bound proteins and lipids from
these newly generated LDs. Each condition provided a slightly different metabolic
profile, as both the compositions of proteins and neutral lipids varied. Though we
identified several factors that were higher in droplet producing environments, one
protein, Vip1p, was found at significantly elevated levels throughout. Further
analysis revealed this RNA-binding protein, contributes significantly to droplet
morphology as cells lacking this gene, sequester less neutral lipids, in fewer but
larger LDs.
Secondly, we observed spatial biases in the formation of droplets and set
out to investigate processes governing these events. In a mutant strain which
became especially elongated, LD synthesis was largely observed in the cellular
tips. These droplets were especially enriched with SEs, and we found these
formation events were largely influenced by the localization of sterols, the
precursors to SE. In contrast, we observed the formation of TAG specific
droplets, much closer to the nucleus. During conditions known to induce
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formation events, it’s possible lipid droplet formation and subsequent growth is
most easily achieved at locations maintaining greater contact between
membranes and droplets themselves, such as the nuclear ER. These examples
point toward specific sub-cellular location for biogenesis and not simply random
domains of nucleation.

5-2-Future work
5-2-1-Artificial droplet synthesis
Many variables ultimately contribute to the biophysics of neutral lipid
accumulation and ultimately lipid droplet formation. By utilizing a controlled
artificial environment, we could simplify the sequestration and biogenesis
process in order to better elucidate primary mechanisms. The droplet interfacial
bilayer (DIB) technique would be an ideal choice for this, as a nearby lab
specializes in this method. In short, phospholipids are hydrated in an aqueous
buffer, and subsequently two separate volumes of this emulsion are placed in an
oil phase, forming two droplets. The hydrophobic phospholipid tails prefer to
associate with the oil phase, and therefore the droplets form two giant, singlelayered, inverse vesicles. These droplets are manually brought together, which
creates a bilayer at the interface.
This type of system would allow the investigation of bilayer stability by
incorporating various amounts and compositions of oil within the DIB, as it has
been predicted bilayers can retain roughly 3 to 7% prior to destabilization [3]. We
could also alter the PL composition bases on species, saturation, and packing
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densities to observe which parameters most greatly affect droplet formation. We
have already initiated experiments altering the oil phase, which is normally
hexadecane, to one with varying levels of TAG and SEs. From these
measurements, it is also possible to calculate important parameters such as
membrane thickness and surface tensions.
Earlier we demonstrated that the whole cell neutral lipid composition is
unlike that found within their respective lipid droplets. Despite SEs comprising
nearly 80% of whole cell lipids, in droplets themselves, SE and TAG levels were
about equal. We hypothesized SEs are less fluid in an ER bilayer due to their
rigidity and higher melting points, and thus to do not readily nucleate, initiating
droplet synthesis. By creating artificial vesicle-like structures, with varying
amounts of saturated and unsaturated neutral lipids, it may be possible to
simulate this scenario, in order to confirm our hypothesis.
6-2-2-Biofuels
In our metabolic engineering work, we attempted to maximize
triacylglycerol production using fission yeast as a platform. We were able to
largely increase TAG levels several fold largely based off of previous work in Y.
lipolytica, which dually overexpressed the acetyl-CoA carboxylase, Acc1p, with
the diacylglycerol acyl transferase, Dga1p. We were unable to minimize ethanol
production induced via the Crabtree effect [4], however it did appear that ethanol
was gradually being consumed and partially packaged into lipids. We would like
to abolish ethanol production, and the impaired growth caused by adh1 and adh4
deletions may be alleviated by upstream effects induced by Acc1p
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overexpression. However if growth is still disrupted, we could also overexpress
Ald1p, which catalyzes acetaldehyde to acetate. We may need to investigate
proteins which influence NADPH levels, as we may have previously depleted
cellular pools, and therefore lessened the potential for TAG optimization. Finally,
we recently obtained several mutants, which had several genes responsible for
glucose uptake deleted. By minimizing intracellular glucose levels, we could
negate the Crabtree effect, thereby pushing glucose towards biomass generation
and ultimately higher lipid levels.
6-2-3-Glycogen synthase kinase-3
In the introduction, we discussed how glycogen and neutral lipids are the
predominant forms of sequestered energy in humans, and several genes appear
to help regulate both pathways. Because S. pombe has a known ortholog of the
gsk3 gene, it would be interesting to investigate how manipulating glycogen
levels affects neutral lipid accumulation and vice versa. Furthermore, uncovering
mechanisms which govern the regulation of these phosphorylating proteins,
would provide a greater insight into the working dynamics of carbon storage.
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