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Abstract

Genome-scale metabolic models are built using information
from an organism’s annotated genome and, correspondingly,
information on reactions catalyzed by the set of metabolic en-
zymes encoded by the genome. These models have been suc-
cessfully applied to guide metabolic engineering to increase
production of metabolites of industrial interest. Congruity be-
tween simulated and experimental metabolic behavior is influ-
enced by the accuracy of the representation of the metabolic
network in the model. In the interest of applying the consensus
model of Saccharomyces cerevisiae metabolism for increased
productivity of triglycerides, we manually evaluated the repre-
sentation of fatty acid, glycerophospholipid, and glycerolipid
metabolism in the consensus model (Yeast v6.0). These areas of
metabolism were chosen due to their tightly interconnected
nature to triglyceride synthesis. Manual curation was facilitated
by custom MATLAB functions that return information contained
in the model for reactions associated with genes and metabolites
within the stated areas of metabolism. Through manual curation,
we have identified inconsistencies between information con-
tained in the model and literature knowledge. These incon-
sistencies include incorrect geme-reaction associations,
improper definition of substrates/products in reactions, inap-
propriate assignments of reaction directionality, nonfunctional
p-oxidation pathways, and missing reactions relevant to the
synthesis and degradation of triglycerides. Suggestions to amend
these inconsistencies in the Yeast v6.0 model can be im-
plemented through a MATLAB script provided in the Supple-
mentary Materials, Supplementary Data S1 (Supplementary
Data are available online at www.liebertpub.com/ind).

Introduction
iodiesel can serve as a renewable alternative to
petroleum-derived diesel. The current major feed-
stock for commercial production of biodiesel in the
United States is soybean oil.! However, the use of
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soybean oil poses several issues such as the necessity for arable
cropland, competition with food uses, and high feedstock costs.
Alternative feedstocks grown on marginal lands or generated
from waste or agricultural and forest residues could address
these issues. The microbial conversion of these alternative
feedstocks into lipids has been demonstrated to be technically
feasible.> Nonetheless, high lipid productivity will be essential
for commercial production of biodiesel that is economically and
environmentally sustainable.

Metabolic engineering can serve to increase productivity
by driving more metabolic flux into lipids. A challenge in
developing effective schemes for metabolic engineering is
predicting the effects of genetic manipulations a priori. This
is due to the complexities of the metabolic network (eg, re-
dundancy, high level of interconnectedness, presence of al-
ternative metabolic routes, and control mechanisms). Thus, it
is imperative that we move toward a systems approach to
understanding the workings of cells. Genome-scale metabolic
models can be used to predict or describe flux distributions
throughout the entirety of a cell’s known metabolic network.
By extension, these models can also be used to predict the
outcome of genetic perturbations and to determine optimal
engineering strategies.®> An accurate representation of the
metabolic network is crucial for simulation of cellular be-
havior. The endeavor to create an accurate representation is
often an iterative process that requires repeated expansion or
correction of the model based on comparison of model pre-
dictions to experimental data and/or the discovery of errors in
the model.* In this paper, we manually evaluated the repre-
sentation of fatty acid, glycerolipid, and glycerophospholipid
metabolism in the consensus model of yeast metabolism
(Yeast v6.0).> These areas of metabolism were chosen due
to the connection and coordination between glycerophos-
pholipid and glycerolipid (eg, triglyceride) metabolism and
the function of fatty acids as precursors to both lipids. The
description of these metabolic pathways in the model was
compared to the knowledge described in the scientific liter-
ature. Through this comparison, we identified biologically
inconsistent representations (eg, substrate specificity, com-
partmentalization of reactions, reaction directionality), miss-
ing connections between metabolites, and limitations in the
lumped representation of metabolites. We have compiled a
collection of suggested changes to the Yeast v6.0 model to
contribute to the continuing community effort to develop a
genome-scale reconstruction of yeast metabolism.
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Materials and Methods
YEAST V6.0 MODEL

The Systems Biology Markup Language (SBML) file for the
Yeast v6.0 model was downloaded from http://yeast.sourceforge
.net and is included in the Supplementary Materials section,
Supplementary Data S2, (Supplementary Data are available on-
line at www.liebertpub.com/ind). This SBML file was read into
MATLAB R2009a (MathWorks, Natick, MA) using the read-
CbModel function in the Constraints Based Reconstruction and
Analysis (COBRA) Toolbox 2.0.5 via libSBML 5.6.0 and the
SBMLToolbox 4.1.0.58

CURATION PROCESS

To facilitate model investigation, MATLAB functions
were developed to explore the reactions, metabolites, and
genes contained in the model. The following custom func-
tions were frequently utilized during the curation process:
metlnfo, rxnInfo, and cgpr. These functions extract infor-
mation of interest from the COBRA-format model and dis-
play this information in a human-readable format. The
function metInfo displays the names of all the reactions with
which a metabolite is involved; rxnInfo displays the genes
associated with a reaction, lower/upper flux bounds, and the
metabolites involved in the reaction. The sequential use of
metlnfo and rxnlnfo allows one to leapfrog throughout the
model. For instance, rxnInfo can be used to gain information on
a particular reaction, and metInfo can be used to learn more
about the metabolites in the reaction by generating a list of
other reactions in which the metabolite participates. This cycle
can be repeated for the newly generated list of reactions. The
function cgpr, which stands for common gene name-protein-
reaction relationship, displays information on the reactions
associated with a gene. The common gene name utilized for
this function should be consistent with the standard name
specified in the Saccharomyces Genome Database (Www
.yeastgenome.org). All three of these functions are provided
in the Supplementary Materials (Supplementary Data S3, $4,
and S5).

Examination of the reconstruction of fatty acid, glycerolipid,
and glycerophospholipid metabolism was initiated by first de-
fining the set of genes involved in this area of metabolism. A
recent review article served as a source for generating this list of
genes.” The cgpr function was utilized to compare the infor-
mation contained in the model with current knowledge from
scientific literature for each of the genes of interest. To ensure
consideration of reactions not properly annotated with the ap-
propriate gene(s) in the model, the model was also queried using
metabolites as the search basis using the functions metlnfo and
rxnlnfo.

Discrepancies between the model and literature evidence
were addressed by revising the COBRA-format Yeast v6.0
model using functions contained in the COBRA toolbox. The
function changeGeneAssociation was used to amend false gene-
reaction relationships in the model. changeRxnBounds was used
to change the lower and/or upper bound constraints for reaction
flux, and addReaction was used to add reactions for catalytic
activity and for transport of metabolites between compartments.
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removeRxns was typically used in conjunction with addReac-
tion to remove the previous representation of a reaction and to
replace with an updated representation. The collection of all
changes made to the COBRA-format model was documented in
a MATLAB code that, when executed, applies all the changes
(Supplementary Data S1).

DETERMINING BLOCKED REACTIONS
AND ESSENTIAL GENES

Blocked reactions and essential genes in the model
were determined in silico using an updated version of the
testYeastModel MATLAB function included in the Yeast 5
paper (Supplementary Data S6).'° Blocked reactions were
identified using flux variability analysis to search for reactions
incapable of carrying fluxes under any media conditions (ie,
the flux bounds on all exchange reactions are relaxed to allow
for the unconstrained uptake of all the extracellular metabolites
included in the model). Essential genes were predicted by
screening all possible gene knockout strains for inability to
produce biomass at or above the growth rate threshold of 10~/
hr in glucose minimal media; this simulation was performed
using flux balance analysis. The solver used for both flux
balance analysis and flux variability analysis was Gurobi 5.0.2
(Gurobi Optimization, Houston, TX). The list of in silico es-
sential genes was compared to the list of in vivo essential genes
compiled in testYeast.

Results and Discussion
REVISED REPRESENTATION OF FATTY
ACID METABOLISM

Changes to representation of fatty acid synthesis. Fatty acids
serve as building blocks for membrane lipids and as stores of
chemical energy. The profile of fatty acids found in S. cerevisiae
is mostly dominated by C16:0, C16:1, C18:0, and C18:1 fatty
acids; minor amounts of C14:0 and very long-chain fatty acids,
such as C26:0, are also present.” Cellular fatty acids can be
obtained through uptake from media, de novo synthesis, and
lipid turnover.'! In this section, changes made to the Yeast v6.0
model that are relevant to de novo fatty acid synthesis are
discussed.

S. cerevisiae has two fatty acid synthase (FAS) systems to
generate fatty acids through successive additions of two carbons
to a starting acetyl moiety. Cytoplasmic FAS—a complex com-
posed of two subunits, Faslp and Fas2p—releases C16:0 and
C18:0 fatty acids esterified to coenzyme A.'? In contrast, mito-
chondrial fatty acid synthesis is achieved by sequential action of
discrete, individual enzymes and generates C8:0 fatty acids bound
to an acyl carrier protein (ACP).!* The enzymes involved in this
process are acyl-carrier protein (Acplp), malonyl-CoA:ACP
transferase (Mctlp), [-ketoacyl-ACP synthase (Cemlp), 3-
oxoacyl-ACP reductase (Oarlp), 3-hydroxyacyl-thioester de-
hydratase (Htd2p), and enoyl-ACP reductase (Etrlp).!* Although
there is evidence to suggest in vitro catalytic capacity for longer
fatty acids, in vivo evidence and understanding of the roles of
mitochondrial FAS products with chain lengths greater than eight
carbons are lacking."



The Yeast v6.0 model depicts
cytoplasmic fatty acid synthesis
with a lumped reaction for the
extension of acetyl-CoA (C2:0) to
eight carbons and individual reac-
tions for the addition of two car-
bons going from eight carbons up
to 18 carbons in length (Fig. la).
This representation is misleading
since the reaction intermediates
are shuttled within the complex
and are not released into the cyto-
sol in vivo. Cytoplasmic FAS is
also modeled as being capable of
utilizing and producing both free
fatty acids and fatty acids esteri-
fied to coenzyme A. The errone-
ous inclusion of free fatty acids as
products in the model may have
arisen from comparison to mam-
malian cells.!’ To amend both is-
sues, the aforementioned reactions
could be replaced with two reac-
tions describing the net equation
for generation of the dominant
products of cytoplasmic FAS [ie,
palmitoyl-CoA (C16:0) and stear-
oyl-CoA (C18:0)] from acetyl-
CoA (Fig. 1b).

In the Yeast v6.0 model, mito-
chondrial fatty acid synthesis is de-
picted similarly to cytoplasmic fatty
acid synthesis, which allows for the
mitochondrial system to create
products of the same carbon lengths
as the cytoplasmic system (Fig. /a).
Acyl-ACPs from mitochondrial
FAS are portrayed as being able to
be transported to the cytoplasm
where they can be hydrolyzed to
free fatty acids through action of
Faslp and Fas2p. Yeast v6.0 also
includes reactions to generate un-
saturated acyl chains of 14, 16, and
18 carbon lengths through mito-
chondrial FAS. Given that the util-
ity and destination of mitochondrial
FAS products besides octanoyl-
ACP are unknown, the reactions for
longer acyl-chains may be consid-
ered inappropriate (Fig. 1b)."
Octanoyl-ACP serves as a precursor
for lipoic acid, an essential cofac-
tor in oxidative decarboxylation
reactions.!! However, it should be
noted that gaps remain in the re-
constructed pathway for de novo
synthesis of lipoic acid.

CURATION OF A GENOME-SCALE MODEL OF YEAST METABOLISM

a

Cytoplasmic Fatty Acid Synthesis:

ACC1 & ACBI1 & FAS1 & FAS2
acetyl-CoA / acetyl-ACP \
/ \ l Mitochondrial Fatty Acid

octanoyl-CoA octanoate © octanoyl-ACP Synthesis:
l ACP1 & CEM1 & HTD2 &
decanoyl-CoA decanoate © decanoyl-ACP ETR1 & OAR1 & MCT1
lauroyl-CoA laurate & 4=d=== lauroyl-ACP == (Z)-tetradec-7-enoyl-ACP =%» myristoleate ¢?
myristoyl-CoAS€  myristate ©0F < == myristoyl-ACP == cis-palmitoleoyl-ACP =='*+» palmitoleate &0
palmitoyl-CoA*CE palmitate BC0Fe == palmitoyl-ACP = cis-vaccenoyl-ACP ===== L» oleate B0

-~
Xy _
J’ l 1 octadec-9-ynoyl-ACP ===f# linoleic acid ®
stearoyl-CoACE  stearate ©0:6 «=3== stearoyl-ACP

Fatty-Acyl-ACP Hydrolase:
FAS1 B FAS2

A: Transported to ER where it is then classified as an acyl-CoA through an “isa acyl-CoA” reaction; “acyl-CoA” can
be used to acylate glycerol 3-phosphate, dihydroxyacetone phosphate, or 1-acyl-sn-glycerol 3-phosphate

B: Activated with CoA and subsequent transport of acyl-CoA to ER where it is then classified as an acyl-CoA
through an “isa acyl-CoA” reaction

C: Transported to peroxisome

D: Activated with CoA and subsequent transport of acyl-CoA to peroxisome

E: Desaturated in the cytoplasm

F: Elongated by 2 carbons and desaturated in the cytoplasm

G: Elongated to lignoceric acid (C24:0)

b
ﬂ"litachondriai Fatty Acih

Synthesis:
acetyl-ACP
»
Cytoplasmic Fatty Acid Synthesis: ‘tCIE:LIP
FAS1 & FAS2 acetoacetyl
+ OAR1

acetyl-CoA
L4 3-hydroxylbutanoyl-ACP
v N\ ¥ HTD2

itoyl-CoA ABC -Coh MBC
palmitoyl-CoA stearoyl-CoA trans-but-2-enoyl-ACP

4 ETRI
butanoyl-ACP

\ \_ octam:\.rl-ACP //

A: Transported to ER membrane (where it can be elongated; desaturated; or used to acylate glycerol 3-
phosphate, dihydroxyacetone phosphate, or diglyceride)

B: Transported to lipid particle (where it can be used to acylate glycerol 3-phosphate,
dihydroxyacetone phosphate, or diglyceride)

C: Transported to peroxisome

Fig. 1. Curation of cytoplasmic and mitochondrial fatty acid synthesis (FAS) in the Yeast v6.0 model.
(a) Reactions in the Yeast v6.0 model relevant to cytoplasmic and mitochondrial FAS. Dashed
arrows indicate the net outcome of two reactions (ie, transport and hydrolysis). Mitochondrial FAS
reactions leading to production of myristoleate, palmitoleate, and linoleic acid are blocked reac-
tions, as indicated by X’s in the figure. (b) Proposed representation of cytoplasmic and mito-
chondrial FAS. For the sake of space, the repeated reaction sequence of CEM1, OAR1, HTD2, and
ETR1 for butanoyl-ACP (C4:0) to octanoyl-ACP is omitted, as indicated by the dashed arrow. The
reactions for mitochondrial FAS are blocked reactions, as indicated by X’s.
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Changes to representation of fatty

acid elongation. Another set of a
enzymes is needed to produce acyl / 3-hydroxyacyl-CoA

chains longer than 18 carbons. y PHs1 ¢ IFA38 ¢ IFA38
These very long-chain fatty acids trans-2,3-didehydroacyl-CoA 3-oxotetradecanoyl-CoA © 3-oxopalmitoyl-CoA ©
are synthesized through reaction .

: C . 3-hydroxyoctadecanoyl-CoA 3-oxoicosanoyl-CoA 3-oxodocosanoyl-CoA
mechanisms similar to fatty acid ey ¥

: : Y § IFA38 Y irAzs8 & IFA38
synthesis; the difference is that + ' +
medium to very long—chain acyl— 3-oxooctadecanoyl-CoA © 3-hydroxyicosanoyl-CoA 3-hydroxydocosanoyl-CoA
CoA'’s serve as substrates for ad-

.. . 3-oxotetracosanoyl-CoA (5)-3-hydroxyhexacosanoyl-CoA©

dition of two-carbon units. Fatty & asy % s Endoplastile
acid elongation is catalyzed by the M g c Reticulum
sequential action of the following 3-hydroxytetracosanoyl-CoA 3-oxohexacosanoyl-CoA /

(S)-3-hydroxytetradecanoyl-CoA © (SI-B-hydroxypalmitoyl—CoN
. L5

endoplasmic  reticulum  (ER)
membrane-localized  enzymes:
elongases Elo1p, Fenlp, or Surdp;

¢ ELO1

L]

¥
B-ketoacyl-CoA reductase, myristoleate&F  palmitoleate &F oleate OF l, TSC13 & FEN1 & SUR4
Ifa38p; f-hydroxyacyl-CoA de- cerotate

hydratase, Phs1p; and enoyl-CoA

laurate ® myristate A8 palmitate #8 1 TSC13 & FEN1 & SUR4

stearate A8

Cytoplasm

ELO1 1 ELO1 lignoceric acid £

reductase Tsc13p.'*+1°
fatty acid elongation in a biologi-
model currently has seven reac- an “isa acyl-CoA” reaction

tions depicting the activity of E: Tampurtad b pRrosB oA
Ifa38p on various metabolites; a

A: Comes from cytoplasmic or mitochondrial fatty acid synthesis

The Yeast v6.0 model describes B: Comes from transport from the extracellular compartment

C: Classified as an acyl-CoA through an “isa acyl-CoA” reaction; “acyl-CoA” can be used to acylate glycerol 3-

X X phosphate, dihydroxyacetone phosphate, or 1-acyl-sn-glycerol 3-phosphate

cally inconsistent manner. The D: Activated with CoA and subsequent transport of acyl-CoA to ER where it is then classified as an acyl-CoA through

F: Activated with CoA and subsequent transport of acyl-CoA to peroxisome

Phs1p on the generic metabolite 3-

reaction describing the activity of b /Endoplasmic e Membrane\

hydroxyacyl-CoA; three reactions lauroyl-CoA®

for the elongation and desaturation | €01

of free fatty acids from C12:0 to 3-oxotetradecanoyl-CoA
Cl4:1, C14:0 to C16:1, and C16:0 1 IFA38

to C18:1 that are associated with (5)-3-hydroxytetradecanoyl-CoA
ELOI; and two reactions for the § st
elongation of free fatty acids from Trans:tetradec 2 éngh- Con
CI8:0 to C24:0 and C24:0 to } scis
C26:0 that are associated with myristoyl-CoA”
TSCI13, FENI, and SUR4 (Fig. B

2a). The current representation \ ki j

does not capture the interplay be-
tween the different enzymes in-

A: Comes from activation of fatty acid originating from the extracellular compartment

volved in fatty acid elongation.
For instance, the individual reac-

Fig. 2. Curation of fatty acid elongation in the Yeast v6.0 model. (a) Reactions in the Yeast v6.0 model
relevant to fatty acid elongation.

As indicated by X’s, all of the reactions associated with PHS1 or

tions for /FA38 and for PHSI are  |FA38 are blocked, as are two of the three reactions associated with ELO1. (b) Proposed represen-
not connected to the rest of fatty tation of fatty acid elongation. For the sake of space, the repeated reaction sequence of (ELOz, FEN3,
acid elongation since the other or SUR4), IFA38, PHS1, and TSC13 for myristoyl-CoA (C14:0) to hexacosanoyl-CoA (C26:0) is omitted,
reactions consider net reactions as  as indicated by the dashed arrow. For this omission, the embedded intermediates of palmitoyl-CoA

opposed to including intermediate ~ (C16:0) and stearoyl-CoA (C18:0)

are assumed to be also derived from activation of fatty acid origi-

steps. Evaluation of the net reac-  Nhating from the extracellular compartment or from cytoplasmic fatty acid synthesis.

tions reveals several inaccuracies.

The gene associations for these

reactions are incomplete since ff-ketoacyl-CoA reductase and
f-hydroxyacyl-CoA dehydratase are also needed to catalyze the
net reaction. Another error is that the elongation process should
utilize and generate fatty acids esterified to coenzyme A, not
free fatty acids. In addition to the two issues discussed above,
Elolp is not able to introduce a double bond to the fatty acid
chain.
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One solution to these issues is to remove the desaturation
reactions associated with ELO1, expand upon all the steps in-
volved in the elongation process with each individual gene
associated with the appropriate reaction, and use acyl-CoA
species instead of free fatty acids (Fig. 2b). This modification
removes dead-ends in the model by improving metabolite
connections and ensuring that the products of one reaction



CURATION OF A GENOME-SCALE MODEL OF YEAST METABOLISM

serve as the reactants in another reaction. The expansion of the
individual reaction steps allows for the description of the acyl-
CoA specificity of the different elongase enzymes. The elon-
gases have different reactant preferences and also differ in the
length of the acyl-chain produced by the elongation cycle.'”-?°
The proposed modification assumes that Elolp acts on C12:0
and C14:0 acyl-CoA; Fenlp acts on even-length acyl-CoA’s
from C16:0 to C22:0; and Sur4p acts on even-length acyl-
CoA’s from C18:0 to C24:0. Overall, the expanded repre-
sentation allows for resolution of the individual reactions
associated with each gene.

Changes to representation of fatty acid desaturation. The pro-
duction of C16:1 and C18:1 fatty acids is catalyzed by the A9-
desaturase Olelp, which catalyzes the insertion of a double bond
between carbons 9 and 10. Olelp acts on palmitoyl-CoA
(C16:0) to form palmitoleoyl-CoA (C16:1) and on stearoyl-CoA
(C18:0) to form oleoyl-CoA (C18:1).2! As described in prior
sections, reactions that produce monounsaturated fatty acids
through mitochondrial fatty acid synthesis or fatty acid elon-
gation are removed from the model after applying the suggested
changes for those processes. This modification restricts de novo
synthesis of C16:1 and C18:1A fatty acids to occur only through
Olelp.’ The two reactions for OLE] in the Yeast v6.0 model
also have reconstruction errors. The introduction of a double
bond in the fatty acid chain requires reducing equivalents from
NADH.??> NADH/NAD + cofactors for these reactions are not
included in the Yeast v6.0 model. In addition, the product of
desaturation of palmitoyl-CoA should be corrected to be pal-
mitoleoyl-CoA, instead of hexadec-2-enoyl-CoA. Although
both palmitoleoyl-CoA and hexadec-2-enoyl-CoA contain
Cl16:1 fatty acids, the location of the double bond differs be-
tween the two metabolites.

Changes to repair blocked reactions in f-oxidation. Fatty acids
can be broken down through a process called f-oxidation.
Each round of f-oxidation removes two carbons from the
fatty acid chain in the form of acetyl-CoA. This acetyl-CoA
can be utilized for energy production through the citric acid
cycle and for carbohydrate biosynthesis through the glyox-
ylate cycle.?® For S. cerevisiae, f-oxidation occurs only in
peroxisomes.>* Since the peroxisomal membrane is imper-
meable to NAD(H) and acetyl-CoA, there must exist mech-
anisms to regenerate NAD + for continued ff-oxidation and to
transport acetyl-CoA to mitochondria for energy produc-
tion.>* Attention to this issue in curation of the model led to
corrections that allow for simulated growth on fatty acids as
sole carbon sources, which is reflective of in vivo metabolic
capacity of S. cerevisiae. A visual comparison of the differ-
ences in depiction of f-oxidation before and after our curation
is shown in Fig. 3.

During f-oxidation, NAD + is needed for the step catalyzed
by FOX2-encoded 3-hydroxyacyl-CoA dehydrogenase.?* The
NAD+ used for ff-oxidation is able to be regenerated through
action of MDH3-encoded malate dehydrogenase, which reduces
oxaloacetate into malate in an NADH-dependent manner.?* The
Yeast v6.0 model has this reaction constrained strictly in the
direction of conversion of malate to oxaloacetate. This direction

© MARY ANN LIEBERT, INC. e VOL. 9 NO. 4 ¢ AUGUST 2013

constraint therefore prevents NAD + from being able to be re-
generated in the peroxisome. This can be remedied by making
the malate dehydrogenase reaction reversible.

Since the acetyl-CoA end-product of -oxidation is unable
to diffuse across the peroxisomal membrane, S. cerevisiae re-
lies on two different pathways to utilize this metabolite.?* One
pathway is through the glyoxylate cycle, which yields succi-
nate from two molecules of acetyl-CoA. Another pathway
is through the carnitine shuttle. The carnitine acetyl-CoA
transferase, Cat2p, is involved in transfer of acetyl units from
the peroxisome to the mitochondria. Acetyl-CoA is converted
to acetylcarnitine in the peroxisome. Acetylcarnitine can be
transported to the mitochondria and subsequently the acetyl
group can be transferred to a molecule of free coenzyme A for
further metabolism in the tricarboxylic acid cycle (TCA) cycle.
The Yeast v6.0 model represents both peroxisomal and mito-
chondrial carnitine acetyl-CoA transferase reactions in the
same way (ie, (R)-carnitine + acetyl-CoA — coenzyme A +O-
acetylcarnitine). This representation does not allow for mito-
chondrial production of acetyl-CoA from acetylcarnitine.
Therefore, the mitochondrial CAT2 reaction can be revised by
switching the products/reactants.

REVISED REPRESENTATION OF GLYCEROLIPID
AND GLYCEROPHOSPHOLIPID METABOLISM

Addition of new genes. Following manual curation, 15 addi-
tional genes were identified for inclusion in the Yeast v6.0
model (Table I). Eleven of these genes introduce the potential
for new catalytic activity. The addition of AYR! to the model
ultimately allows for the formation of phosphatidate from
the substrate of dihydroxyacetone phosphate (Fig. 4).%
Phosphatidate is a key intermediate in the synthesis of gly-
cerophospholipids and triglycerides. With the inclusion of
AYRI, the two different pathways for phosphatidate biosyn-
thesis (ie, glycerol 3-phosphate pathway and dihydroxyace-
tone phosphate pathway) can both be accounted for in the
model.

The genes PAHI and LROI, which are relevant to tri-
glyceride synthesis, can also be added to the model. The
enzyme encoded by PAHI dephosphorylates phosphatidate to
yield diglyceride, which can be utilized in the synthesis of
triglyceride or the glycerophospholipids phosphatidyletha-
nolamine and phosphatidylcholine.?® The Yeast v6.0 model
associates the conversion of phosphatidate to diglyceride with
the gene DPPI (Fig. 4a). Although Dpplp does act upon
phosphatidate to yield diglyceride, this activity is believed to
be involved in lipid signaling through the regulation of the
amounts of phosphatidate and diacylglycerol pyrophosphate
present in the vacuolar membrane, as opposed to generating
diglyceride for de novo synthesis of glycerophospholipids and
triglyceride.?” Thus, the model can be amended to have Pahlp
produce diglyceride at the ER membrane for the synthesis of
triglyceride, phosphatidylethanolamine, and phosphatidyl-
choline (Fig. 4b). The phosphatidate phosphatase activity
associated with Dpplp can be relocated to the vacuolar
membrane in the model and kept separate from the de novo
synthesis pathways.
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Peroxisome
Classical 8-oxidation:

Auxiliary 8-oxidation Activity: \

hexacosanoyl-CoA 524 (POX1 & FOX2 & POT1 & ECI1) OR
+ POX1 (POX1 & FOX2 & POT1 & DCI1) OR
trans-hexacos-2-enoyl-CoA (POX1 & FOX2 & POT1 & ECI1 & 5P519) OR
4 Foxz (POX1 & FOX2 & POT1 & DCI1 & SPS19)
(S)-3-hydroxyhexacosanoyl-CoA tetradecenoyl-CoA »E hexadec-2-enoyl-CoA 8
¢ roxz X X
+ ¥ '
3-oxohexacosanoyl-CoA acetyl-CoA acetyl-CoA
¢ PoTI1 " 4 i 5
tetracosanoyl-CoA A8< Oleﬂvl'-COA octa ec—9-\:rnoy -CoA
Y POX18& FOX2 & POT1 ¥ ¥
stearoyl-CoA A< acetyl-CoA acetyl-CoA
v
octanoyl-CoA B
; POX1 & FOX2 & POT1
acetyl-CoA

MDH3

CAT2
acetyl-CoA == O-acetylcarnitine (S)-malate == oxaloacetate
K ‘
+ CRC1 CAT2 ]
Cytoplasm  O-acetylcarnitine = O-acetylcarnitine #= acetyl-CoA Mitochondrion

A: Comes from transport from the cytoplasm
B: Comes from activation of fatty acid originating from the cytoplasm
C: Can be hydrolyzed to form free fatty acid

Peroxisome

4 - palmitoleoyl-CoA A€
Classical 8-oxidation:

(oleayl-CoA #85) Auxiliary B-oxidation Activity:

hexacosanoyl-CoA*

| roxa ¥ POX1
trans-h 2 |-CoA cis-dodec-5-enoyl-CoA —p trans-2,cis-5-dodecadienoyl-CoA
e (cis-tetradec-5-enoyl-CoA) (trans-2,cis-S-tetradecadienoyl-CoA)
| roxz : e
R)-3-hydroxyh I-CoA H . :
{RY3-hydroxhexacosanoyl-Co is-dec-3 o I-CoA trans-3,cis-5-dodecadienoyl-CoA
1 o i daataalid b (trans-3,cis-5-tetradecadienoyl-CoA)

3-oxohexacosanoyl-CoA (cis-dodec-3-enoyl-CoA)
1 POT1 l, ECi1

tetracosanoyl-CoA trans-dec-2-enoyl-CoA
5 (trans-dodec-2-enoyl-CoA)

| o
trans-2,trans-4-dodecadienoyl-CoA
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Fig. 3. Curation of p-oxidation in the Yeast v6.0 model. (a) Reactions in the Yeast v6.0 model
relevant to -oxidation of saturated and unsaturated fatty acids. All of the reactions shown are
blocked, as indicated by X’s. For the sake of space, the repeated reaction sequence of POXi,
FOX2, and POT for stearoyl-CoA (C18:0) to octanoyl-CoA (C8:0) is omitted, as indicated by the
dashed arrow. (b) Proposed representation of f-oxidation of saturated and unsaturated fatty
acids. The metabolites relevant to f-oxidation of oleoyl-CoA are shown in parentheses and are
written below the metabolites relevant to f-oxidation of palmitoleoyl-CoA. For the sake of
space, dashed arrows are used to condense the combined action of the enzymes of classical f-
oxidation (ie, Pox1ip, Fox2p, and Pot1p) into a singular illustrated reaction.
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The synthesis of triglyceride from
diglyceride can occur through either a
mechanism using acyl-CoA or gly-
cerophospholipids as acyl donors. The
four enzymes that account for all tri-
glyceride synthesis are Dgalp, Lrolp,
Arelp, and Are2p. Dgalp catalyzes
the majority of the acyl-CoA-depen-
dent diglyceride acyltransferase ac-
tivity, whereas Arelp and Are2p
provide only minor activity.?8=3¢
Lrolp catalyzes the transfer of the
acyl group at the sn-2 position of
phosphatidylethanolamine or phos-
phatidylcholine to diglyceride.3!3?
The Yeast v6.0 model associates the
conversion of diglyceride to triglyc-
eride with the genes DGAI, TGL2,
TGL3, TGL4, and TGL5 (Fig. 4a),
instead of the genes DGAI, LROI,
AREI, and ARE2 (Fig. 4b). The as-
sociation of the triacylglycerol lipase
(TGL) genes with this activity is er-
roneous since these genes enable the
breakdown, not synthesis, of triglyc-
eride. Thus, the reaction directionality
for the TGL genes should be changed
so that it goes irreversibly towards
triglyceride hydrolysis. The genes
associated with triglyceride lipase
activity should also be amended to
be TGL3, TGL4, TGLS, and LDHI
(Fig. 4b). TGL2 is not included in
this association since triglyceride
has not been observed at the mito-
chondria, which is where Tgl2p is
localized.*** LDH] is a new gene to
the model and is added based on re-
cent evidence.®

Additional genes and reactions
connected to triglyceride breakdown
should be included in the model (Fig.
4b). The inclusion of DGK1 allows for
utilization of the diglyceride generated
from triglyceride hydrolysis. DGKI
encodes for diacylglycerol kinase,
which converts diglyceride into phos-
phatidate for wuse in glycerophos-
pholipid synthesis.*® The pathways
for triglyceride degradation in the
model should also be supplemented
with reactions for the complete hy-
drolysis of triglyceride into glycerol
and free fatty acids. This can be ac-
complished by the addition of TGL3-
encoded diglyceride lipase activity and
YJU3-encoded monoglyceride lipase
activity to the model.*”-3
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Table 1. List of New Genes To Be Added to the Yeast v6.0 Model

NEW GENE ADDITIONS THAT CATALYZE REACTIONS CURRENTLY NOT INCLUDED IN THE MODEL

AYR1 NADPH-dependent 1-acyl dihydroxyacetone phosphate reductase

CLD1 Mitochondrial cardiolipin-specific phospholipase

CST26 Protein that incorporates stearic acid into phosphatidylinositol

DGK1 Diacylglycerol kinase

GCY1 Putative NADP(+) coupled glycerol dehydrogenase

GEP4 Mitochondrial phosphatidylglycerophosphatase

IDP2 Cytosolic NADP-specific isocitrate dehydrogenase

LRO1 Acyltransferase that catalyzes diacylglycerol esterification

PAH1 Mg?* -dependent phosphatidate (PA) phosphatase

PHMS8 Lysophosphatidate (LPA) phosphatase

YJU3 Monoglyceride lipase

NEW GENE ADDITIONS THAT CATALYZE REACTIONS ALREADY PRESENT IN THE MODEL

FRQ1 N-myristoylated calcium-binding protein that may have a role in intracellular signaling through its regulation of the phosphatidylinositol 4-kinase Pik1p
LDHT Exhibits active esterase plus weak triacylglycerol lipase activities
VAC14 Protein involved in regulated synthesis of PtdIns(3,5)P(2); interacts with Fig4p; activator of Fablp

VPS15

Functions as a membrane-associated complex with Vps34p; active form recruits Vps34p to the Golgi membrane

Expansion of species. Glycerolipids and glycerophospholipids
can vary by the fatty acyl chain attached to the glycerol back-
bone of the molecule. The acyl chains can differ in chain length
and/or the number of double bonds. These differences are in-
fluential in altering the physical properties of the biological
membrane with respect to membrane thickness, intrinsic cur-
vature, and fluidity.*® These physical properties can in turn
affect the membrane’s permeability, the activity of membrane-
associated enzymes, and membrane fusion and fission.>® Fur-
thermore, adjustment of the acyl chain composition is utilized
by the cell to adapt to different conditions and has also been
proposed as a means to increase tolerance to stress condi-
tions.***! Theoretically, the number of glycerolipid and gly-
cerophospholipid species that can exist is extremely large due to
the vast permutations possible for different acyl chains posi-
tioned along the glycerol backbone. Thus, a modeling strategy to
represent this structural diversity is needed and is explored
herein.

Most of the models prior to the Yeast consensus model (ie,
iFF708, iLL672, iMM904, and iND750) represent the glycer-
olipid and glycerophospholipid classes as defined composites of
specific species.>*** For instance, in iND750, the glycero-
phospholipid class phosphatidate is given a singular defined
molecular formula of Czs40Hg5440s800P100 in the model, which
describes 100 molecules of phosphatidate; reactions using this
metabolite have the stoichiometric coefficient scaled by 1/100.
This formula arises from the stoichiometry of the various acyl-
CoA’s used in the two reactions describing the successive ac-

© MARY ANN LIEBERT, INC. e VOL. 9 NO. 4 ¢ AUGUST 2013

ylation of glycerol-3-phosphate. As an example, the first acyl-
ation is described in the iND750 model as:

Glycerol 3-phosphate +0.02 Decanoyl-CoA (n-C10:
0CoA) +0.06 Dodecanoyl-CoA (n-C12:0CoA)+0.17
Hexadecenoyl-CoA (n-C16:1CoA)+0.09 Octadecynoyl-
CoA (n-C18:2CoA) +0.24 Octadecenoyl-CoA
(n-C18:1CoA) +0.27 Palmitoyl-CoA (n-C16:0CoA)
+0.05 Stearoyl-CoA (n-C18:0CoA)+0.1 Tetradecanoyl-
CoA (n-C14:0CoA) —

0.01 1-Acyl-sn-glycerol 3-phosphate + Coenzyme A

This reaction in iND750 is an abstraction that depicts the
creation of 1-acyl-sn-glycerol 3-phosphate through fixed frac-
tional contribution of various acyl-CoA species in acylating the
sn-1 position of glycerol 3-phosphate. The advantages of this
approach are its succinctness and its incorporation of informa-
tion on reaction specificity through different stoichiometries for
each species. Conversely, this approach implements rigid stoi-
chiometries and imposes a requirement for all the species listed
in the reaction equation. Thus, this approach does not capture the
flexibility of the cell’s lipidome and the possibility for re-
modeling of individual lipids because of its restrictive molecular
formulas.

In contrast, the approach taken by the Yeast consensus model
is to categorize individual specific species into general classes
using ‘“‘isa reactions’’ (eg., isa acyl-CoA: hexacosanoyl-CoA —
acyl-CoA) and to use the term subsequently for the general class
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categorized individual acyl-CoA
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the diversity of lipid species is to
expand the general classes into
their corresponding individual
species and to utilize the appro-
priate species, as opposed to gen-
eral class, in the equations for
metabolic reactions. This approach
has recently been applied to

\
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Fig. 4. Curation of glycerolipid metabolism in the Yeast v6.0 model.
model relevant to glycerolipid metabolism. Blocked reactions are indicated by X’s. (b) Proposed
representation of glycerolipid metabolism. The proposed modification expands each of the classes
shown in this figure into its constituent species (not shown). For instance, the term phosphatidate
in the figure refers to a collection of individual species [eg, phosphatidate (1-16:0, 2-16:1),

phosphatidate (1-16:1, 2-16:1), etc].

throughout metabolic reactions in the model. For example, the
reaction described above for iND750 is represented in the Yeast
v6.0 model as:

Glycerol 3-phosphate + Acyl-CoA —
1-Acyl-sn-glycerol 3-phosphate + Coenzyme A+2 H*

The use of isa acyl-CoA reactions in defining the term acyl-
CoA allows for logical “OR” operation in which any of the
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sphingolipid metabolism in the
Yeast consensus model and has
been continued in this paper for
glycerolipid and  glyceropho-
spholipid metabolism.*® The gen-
eral classes of glycerolipids and
glycerophospholipids can be ex-
panded to clarify the specific acyl
group(s) attached to the glycerol backbone. This expansion can
consider the dominant acyl species found in S. cerevisiae, ie,
C16:0,C16:1,C18:0, and C18:1.° An additional assumption can
be applied to restrict the acyl chain found at the sn-2 position of
the glycerol backbone to be either C16:1 or C18:1.47 As an
example, phosphatidylcholine can be expanded out to eight
different species: phosphatidylcholine (1-16:0, 2-16:1), (1-
16:1, 2-16:1), (1-18:0, 2-16:1), (1-18:1, 2-16:1), (1-16:0, 2—
18:1), (1-16:1,2-18:1), (1-18:0, 2-18:1), and (1-18:1, 2-18:1).

(a) Reactions in the Yeast v6.0
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A major detriment of this representation is that it greatly in-
creases the number of reactions, which may be deemed unnec-
essary for the modeling scope of certain users. However,
incorporation of this level of detail will provide a platform for
users interested in accounting for distribution and function of
distinct molecular lipid species.

Compartmentalization. Multiple compartments, each housing
specific enzymes, contribute to lipid synthesis in S. cerevisiae.’
The catalogue of lipids in various membranes is a result of both
local metabolism and membrane trafficking between different
compartments. For instance, most of the steps in the synthesis of
phosphatidylcholine through the CDP-diacylglycerol pathway
occur at the ER membrane. However, the major source of the
intermediate phosphatidylethanolamine comes from activity at
the mitochondrial membrane. Consequently, lipid molecules
must be transferred between different membranes in order to
fulfill a sequence of metabolic reactions.

The Yeast v6.0 model classifies reactions and species into 16
compartments: boundary, cell envelope, cytoplasm, ER, ER
membrane, extracellular, Golgi, Golgi membrane, lipid particle,
mitochondrion, mitochondrial membrane, nucleus, peroxisome,
peroxisomal membrane, vacuole, and vacuolar membrane. In
classifying reactions involved in lipid metabolism, the Yeast v6.0
model opts not to localize the reactions to membrane compart-
ments (eg, localized to ER instead of ER membrane). Reactions in
glycerolipid and glycerophospholipid metabolism could be up-
dated to indicate if they occur at the membrane. The utilization of
membrane compartments in the model provides more resolution
on reaction localization. This change also requires the addition of
transport reactions to allow transport of water soluble lipid pre-
cursors from the cytoplasm to the membrane and to allow re-
versible transfer of lipids between membrane compartments. The
addition of these transport reactions can be based on modeling
decisions to fill gaps within the model. As the interplay of or-
ganelles in lipid metabolism is further elucidated, these modeling
decisions may be readdressed.

BLOCKED REACTIONS

Blocked reactions are defined as reactions that are incapable
of carrying flux while still satisfying the constraints of flux
bounds and the steady-state assumption. Upon implementing all
of the suggested changes to the Yeast v6.0 model (Supplemen-
tary Data S1), the absolute number of blocked reactions actually
increases by eight, but the relative number of blocked reactions
decreases from 39.2% to 21.3% of all reactions (Table 2). This
contrast arises from the large increase in the number of reactions
in the model due to the expansion of classes into the individual
species that can participate in various reactions. This expansion
consequently biased the metric of percent blocked reactions to
be more of an indicator of the topology of fatty acid, glycer-
olipid, and glycerophospholipid metabolism. Nevertheless,
comparison between the set of blocked reactions for the model
before and after modifications can allow assessment of gaps that
were filled in the network and of areas of metabolism that can
serve as a focus for future model development.

The major source of reductions in the number of blocked
reactions was due to changes relevant to f-oxidation (Fig. 3).
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Table 2. Statistics for the Yeast v6.0 Model Before
and After Implementing the Changes Suggested

Through Manual Curation

YEAST V6.0 MODEL | BEFORE CHANGES AFTER CHANGES

Genes 901 916
Reactions 1,882 3,493
Metabolites 1,454 2,218

Blocked Reactions

737 (39.2%) 745 (21.3%)

These changes not only allowed for fatty acids to be broken
down in the peroxisome but also allowed for the acetyl-CoA
produced from f-oxidation to serve as a carbon and energy
source for cell growth. Flux can now be carried through
peroxisomal reactions utilizing acetyl-CoA—ie, carnitine
acetyl-CoA transferase, citrate synthase, and malate synthase.
Carnitine acetyl-CoA transferase mediates transfer of the acetyl
unit from the peroxisome to the mitochondria, where it can then
feed into the TCA cycle for further oxidation and energy re-
lease.”® The two glyoxylate cycle enzymes citrate synthase and
malate synthase use acetyl-CoA to generate citrate and malate,
respectively. These metabolites can be exported to the cytosol
where they can undergo further transformation and can ulti-
mately be used for synthesis of carbohydrates through gluco-
neogenesis.”* Given the increase in utilizable pathways in the
model, the model now has the capacity to simulate growth on
fatty acids as the sole carbon source.

One area of metabolism that was originally capable of car-
rying flux in simulations but was blocked following changes to
the model was mitochondrial fatty acid synthesis (Fig. ). In the
original model, certain acyl-ACP species created in the mito-
chondria could be transported to the cytoplasm where they can
then be hydrolyzed to free fatty acids. Removal of the acyl-ACP
transport and hydrolysis reactions, as was done in the model
changes, leads to blocked mitochondrial fatty acid synthesis.
The removal of these reactions was justified by the observation
that the mitochondrial FAS system is unable to compensate for
the loss of cytoplasmic fatty acid synthesis in fas! or fas2 mu-
tants.*® The blocked nature of mitochondrial fatty acid synthesis
in the modified model does not stem from gaps within the
pathway but rather lack of utility of its end products. Although
mutants in mitochondrial fatty acid synthesis are viable in vivo,
these strains display deficiency in mitochondrial respiration.'?
This respiratory deficiency has a straightforward explanation:
lack of lipoic acid, which is an essential cofactor for a-keto acid
dehydrogenase complexes and is produced from octanoyl-ACP
from mitochondrial fatty acid synthesis.'® The dysfunction in
respiration is currently not captured by either the original model
or the modified model, which can be attributed to several issues.
The synthesis and attachment of the lipoic acid moiety to
the glycine decarboxylase, pyruvate dehydrogenase, and o-
ketoglutarate dehydrogenase enzyme complexes are not re-
presented in the original Yeast v6.0 model or in the modified
model. Furthermore, in the reaction mechanisms for the enzyme
complexes, the lipoic acid moiety undergoes transformations
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but is ultimately regenerated. Thus, the net reactions do not
include any terms for lipoic acid, which obviates the need for
this metabolite and consequently yields a discrepancy between
simulation and in vivo requirements.

Additional pathways, of which the end products lack utility,
are also blocked in both the original and revised Yeast v6.0
model. Two examples are cardiolipin metabolism and phos-
phoinositide metabolism. Cardiolipin plays a role in multiple
mitochondrial processes such as transport of proteins into the
mitochondria, mitochondrial energy production, regulation of
apoptosis, and membrane fusion.** Phosphoinositides are in-
volved in many functions such as signaling, recruitment of
proteins to specific membranes, regulation of cell wall mainte-
nance/synthesis, and vesicle-mediated membrane trafficking.>
Although reactions for the synthesis of cardiolipin and phos-
phoinositides are contained in the model, their involvement in
the aforementioned processes is beyond the scope of both the
original and revised model. The comprehensive modeling of
metabolism, regulation, signaling, and other cellular processes
involves complex and, in many cases, unknown interactions;
this presents a great challenge for modeling.® As it stands,
modeling only purely metabolic reactions for these metabolites
yields blocked reactions in the pathways. Since the revised
model expands upon the individual species of the lipid class,
there is more of a penalty in the number of blocked reactions for
the revised model compared to the original model, which uses
generic classes.

PREDICTIONS ON GENE ESSENTIALITY

Analysis of gene essentiality has been one standard measure for
the predictive ability of genome-scale metabolic models.* In this
test, the effect of single gene deletions is assessed on the basis of
whether removal of reactions associated with each gene in the
model blocks the ability for biomass production. The results of
single gene deletions for both the original and modified Yeast
v6.0 model using a simulated aerobic glucose-limited defined
media are summarized in Table 3. Although there are individual
differences in predictions of essential and lethal gene deletions,
the aggregate statistics remain consistent between the original and
modified model. This is to be expected, since manual curation
focused on only a small portion of metabolism. Both models are
able to match the in vivo phenotype of the single-gene deletion
mutants for approximately 87% of the genes contained in the
model. Both models have better prediction accuracies for viable
gene deletions than lethal gene deletions, with approximately
98% of viable gene deletions correctly predicted versus 52% of
lethal gene deletions correctly predicted.

Whereas there is minimal change in relative accuracy be-
tween the original and modified model, focusing on individual
differences in predictions of gene essentiality allows for as-
sessment of how the changes made to the model affect simula-
tion results and also provides further insight into the limitations
of the models. The addition of 15 new genes to the model led to
14 new true positive predictions and one new false positive
prediction. This false positive prediction was for the gene FRQ1,
the product of which recruits PIKI-encoded phosphatidylino-
sitol 4-kinase to the Golgi membrane and stimulates Pik1p ac-
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Table 3: Accuracy of Gene Essentiality Predictions
for the Yeast v6.0 Model Before and After Implementing

the Changes Suggested Through Manual Curation

YEAST V6.0 MODEL | BEFORE CHANGES AFTER CHANGES

True Positive? (TP) 674 691
True Negative® (TN) 114 114
False Positive (FP) 102 103

False Negative (FN) 11 8

Sensitivity® 98.4% 98.9%
Specificity? 52.8% 52.5%
Overall accuracy® 87.5% 87.9%

2Positive =viable gene deletion
°Negative = lethal gene deletion

“Sensitivity =TP/(TP + FN)

dSpecificity =TN/(TN + FP)

Qverall accuracy = (TP+TN)/(TP+TN + FP+ FN)

tivity.>® The false positive prediction (ie, deletion of FRQI was
predicted to be viable despite in vivo lethality) can be attributed
to the lack of utility of phosphoinositides in the model (see
“Blocked Reactions’”). Thus, the synthesis of phosphoinositides
is treated as inessential in the model. This leads to additional
false positives in both the original and modified model for genes
that catalyze the synthesis of phosphatidylinositol 4-phosphate
and phosphatidylinositol 4,5-bisphosphate (ie, ST74, PIKI, and
MSS4). A simple workaround is to include these species in the
pseudo-reaction representing biomass production, therefore re-
quiring synthesis of these species to form biomass. For this
approach, it should be noted that the separate pools of phos-
phatidylinositol 4-phosphate (PI 4-P) in the cell have their own
distinct roles in cell functioning; absence of ST74, which gen-
erates PI 4-P at the plasma membrane, cannot be compensated
by overproduction of PIKI, which generates PI 4-P at the Golgi
membrane, and vice versa.>°

Several of the genes involved in metabolism of very-long chain
fatty acids had different predictions of gene essentiality between
the original and modified model. Single-gene deletions of FAT]I,
FENI, and SUR4 were correctly predicted as being viable in
the modified model, while incorrectly predicted as lethal in the
original model. FATI-encoded acyl-CoA synthetase catalyzes the
esterification of very long chain fatty acids with coenzyme A to
form very long chain acyl-CoA’s.>! Another means of generating
very long chain acyl-CoA’s is through fatty acid elongation (see
“Changes to Representation of Fatty Acid Elongation”). FATI is
incorrectly predicted as essential in the original model since it
depicts fatty acid elongation as producing free fatty acids instead
of acyl-CoA’s. Therefore, the very long chain acyl-CoA’s needed
to synthesize sphingolipids is only able to be produced through
FATI-encoded acyl-CoA synthetase in the original model.

The depiction of fatty acid elongation in the original model
also leads to its false negative predictions for FENI and SUR4.
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Both FENI and SUR4 encode for elongases that have partially
overlapping ranges of acyl-CoA substrates and function; mu-
tants with deletion of either FENI or SUR4 are viable, whereas
deletion of both genes is lethal.'* The original model contained
two lumped reactions for fatty acid elongation, which had gene
associations of “TSCI3 and FENI and SUR4.” This logical
relationship employs the ““AND’’ condition, which requires all
the genes in the association to be present for fatty acid elonga-
tion to occur. In contrast, the modified model has individual
reactions for the action of elongases on different acyl-CoA
substrates and assigns the appropriate gene relationship based on
substrate specificity of each elongase. As a result, the modified
model accurately predicts the viability of single gene deletions
of FENI or SUR4 and the lethality of simultaneous deletion of
both genes.

For the fatty acid elongation system, one gene deletion that
the original model is able to predict correctly as viable while
the modified model predicts falsely as lethal is /FA38. How-
ever, this correct prediction in the original model is not due to
accuracy in its representation of the functioning of IFA3S8-
encoded f-ketoacyl-CoA reductase. All of the reactions in the
original model that are associated with /FA38 are blocked re-
actions due to the lack of connection to the rest of fatty acid
elongation (see ‘‘Changes to Representation of Fatty Acid
Elongation’’). Thus, all the reactions associated with /FA38 are
inconsequential to simulation results using the original model
and, therefore, deletion of /FA38 is predicted as viable. In
comparison, the reactions associated with /FA38 in the modi-
fied model can carry metabolic flux and are also needed for
fatty acid elongation to occur. The synthesis of very long chain
fatty acids is essential in vivo, and the viability of ifa38A
suggests capacity for residual ff-ketoacyl-CoA reductase ac-
tivity.® It has been hypothesized that Ayrlp is responsible for
this residual activity based on its homology to /FA38 and the
synthetic lethality of ifa38AayrIA.'® However, overexpression
of AYRI does not suppress the slow growth of ifa38A mutants,
and in vitro data generated in another study do not support any
role of Ayrlp in fatty acid elongation in ifa38A mutants.'®->°
Based on a lack of direct evidence, the gene AYRI was not
associated with fatty acid elongation in the modified model.
This modeling decision meant that the only gene product ca-
pable of catalyzing the f-ketoacyl-CoA reductase activity for
fatty acid elongation in the modified model was that of IFA38
and, consequently, the deletion of /TFA38 is falsely predicted as
lethal for the modified model.

In comparing the original and modified model, there are also
instances in which the original model is able to predict cor-
rectly the single gene deletion as lethal, whereas the modified
model incorrectly predicts it as viable. Nevertheless, the reason
for why the gene is essential for simulation of biomass pro-
duction in the original model does not match with the true role
of the gene in vivo. This is the case for the genes RIM?2
and PET8. RIM2 encodes for a transporter that imports
(deoxy)pyrimidine nucleoside triphosphates into the mito-
chondria in exchange for intra-mitochondrially generated
(deoxy)pyrimidine nucleoside monophosphates.”> The im-
ported (deoxy)pyrimidine nucleoside triphosphates are essen-
tial for synthesis of mitochondrial DNA and RNA. Neither the
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original nor modified model captures the role of RIM?2 in pro-
viding precursors for mitochondrial DNA and RNA metabo-
lism. Instead, the original model requires RIM?2 for exchange of
the mitochondrial nucleotides cytidine monophosphate (CMP)
and cytidine triphosphate (CTP) for synthesis of the glycer-
ophospholipids phosphatidylinositol, phosphatidylserine, and
CDP-diacylglycerol. The modified model does not require
RIM? for this purpose because the reactions for PISI-encoded
phosphatidylinositol synthase and CHOI-encoded phosphati-
dylserine synthase are localized to the ER membrane, while
CDSI-encoded CDP-diacylglycerol synthase is localized to
both the ER membrane and mitochondrial membrane. It should
be noted that the original model does have these enzymes lo-
calized to other organelles besides the mitochondria; however,
the reactions in these alternate compartments are blocked and
flux can only be carried through the mitochondrial reactions in
the original model.

The correct prediction of PETS as an essential gene using the
original model and the wrong prediction using the modified
model can be attributed to similar circumstances as those de-
scribed previously for RIM2. The physiological role of Pet8p is
to transport S-adenosylmethionine into the mitochondria, where
it is utilized as a cofactor in biotin and lipoic acid synthesis and
also as a methyl group donor for methylation of DNA, RNA, and
protein.>® The involvement of S-adenosylmethionine in these
processes is not accounted for in either the original or modified
model. The reason for the essentiality of PETS in the original
model is for the transport of S-adenosylmethionine into the
mitochondria for the methylation of phosphatidylethanolamine
to phosphatidylcholine. The modified model, in contrast, has
these methylation reactions localized to the ER membrane and
therefore does not require mitochondrial S-adenosylmethionine
for this purpose.

A direct consequence of the expansion of glycerolipid and
glycerophospholipid species in the modified model was the
correct prediction that olelA mutants require unsaturated fatty
acids for growth, which the original model could not foresee.>*
OLE] encodes for A9-desaturase, which is required for pro-
duction of unsaturated fatty acids.?! The inability of the orig-
inal model to predict the unsaturated fatty acid auxotrophy of
ole ] A mutants stems from its usage of isa reactions, which treat
species as functionally equivalent. For instance, the isa acyl-
CoA reaction categorizes various individual acyl-CoA species
(eg, palmitoyl-CoA, palmitoleoyl-CoA, etc.) into the generic
term of acyl-CoA. Thus, any of the categorized acyl-CoA
species can fulfill the requirement for the acyl-CoA used in
lipid metabolism. In contrast, the modified model employs the
assumption that the acyl chain found at the sn-2 position of the
glycerol backbone of glycerolipids and glycerophospholipids
is either C16:1 or C18:1. This assumption imposes a specific
requirement for unsaturated acids that must be met either
through synthesis with Olelp or through supplementation of
the media.

Conclusions
Through the process of manual curation, we have identified
inconsistencies between information contained in the Yeast
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consensus model (Yeast v6.0) and literature knowledge for fatty
acid, glycerolipid, and glycerophospholipid metabolism. These
inconsistencies include instances of incorrect gene-reaction as-
sociations, improper definition of substrates/products in reac-
tions, and inappropriate assignments of reaction directionality.
In addition to correcting these inconsistencies, the addition of 15
new genes and the introduction of increased specificity in rep-
resentation of glycerolipid and glycerophospholipid metabolism
through the expansion of lipid classes and denotation of mem-
brane reactions are proposed. A complete consideration of tri-
glyceride metabolism should include pathways for both its
synthesis and degradation. Through the addition of new genes
and reactions the proposed modifications account for the syn-
thesis of the key intermediate phosphatidate from dihydroxy-
acetone phosphate; for the conversion of diglyceride generated
from hydrolysis of triglyceride into phosphatidate; and for the
complete breakdown of triglyceride into glycerol and free fatty
acids.

One consequence of the proposed changes to the Yeast v6.0
model is the newly acquired ability to simulate growth on fatty
acids as the sole carbon source. This functionality is enabled
through the amendment of blocked reactions in f-oxidation.
Analysis of the blocked reactions in the Yeast v6.0 model both
before and after implementing the suggested changes revealed
gaps reflecting the challenge in interlinking metabolic reactions
to complex biological processes such as signaling, and the un-
accounted-for roles of metabolites such as cofactors. The pres-
ence of these blocked reactions ultimately leads to an
incomplete picture that does not capture the function of genes
associated with the blocked reactions. This is especially con-
sequential for the predictive accuracy of the effect of gene de-
letions. In this respect, deletions of genes associated with
blocked reactions are predicted as viable. The high percentage
of blocked reactions is not unique to the Yeast consensus model;
the iIMM904 and iND750 models of yeast metabolism have
respectively 31% and 41% of all reactions blocked.'° Thus, with
the various models, the accuracy of predictions for viability of
gene deletions can be highly influenced by blocked reactions
instead of a basis rooted in biological reality.

The suggested changes for Yeast v6.0 have been submitted
to Dr. Kieran Smallbone, University of Manchester, UK, who
maintains the Yeast metabolic network reconstruction, and
have since been incorporated to generate Yeast v7.0. Prior to
the publication of this paper, another genome-scale model of S.
cerevisiae metabolism called iTO977 has been published.
1iTO977 merges the earlier models of iIN800O and Yeast v1.0
and then improves and expands on this through gap-filling
methods and the introduction of additional genes, reactions,
and metabolites based on literature evidence and database
searches.>>% The process presented in this paper for analysis
of the representation of fatty acid, glycerolipid, and glycer-
ophospholipid metabolism was repeated for iTO977, and a
discussion of the differences between Yeast v6.0 and iTO977 is
provided in the Supplementary Materials (Supplementary Data
S§7). Overall, there were instances in which iTO977 had the
same issues as the Yeast v6.0 model, where iTO977 was in
agreement with the proposed modifications, and where iTO977
had its own unique issues.
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The modeling of the entirety of an organism’s metabolic
network is highly complex. The databases upon which these
networks are built can contain errors, even in well-known
pathways such as the TCA cycle.>” These inaccuracies can be-
come embedded in the model unless efforts are taken to inspect
the representation of metabolism. One approach to achieve this
goal is manual curation of sub-portions of the model defined by
pathways of interest. Although this requires significant time and
effort, the benefit of such manual curation is an increased con-
fidence and also awareness of limitations in the examined por-
tion of the model.

An accurate representation of the metabolic network is a key
component to ensure that application of the model yields results
reflective of actual biochemistry. Genome-scale metabolic
models have been used to aid the interpretation of high-
throughput data, to guide metabolic engineering, and to generate
testable hypotheses on cellular behavior.> Our own particular
interest is in using this framework to explore the molecular
organization of lipid biosynthesis and how this synthesis influ-
ences the metabolic fluxes and pools of critical metabolites,
such as phosphatidate, phosphatidylinositol, diglyceride, and
triglyceride, which play important roles in signaling and re-
sponse to environmental stress. Yeast adapt to environmental
stresses such as product inhibition, nutrient limitation, elevated
temperatures, and high osmolarity through manipulation of
lipid yield and membrane composition. A better understanding
of key lipid biosynthetic pathways is important for industrial
biotechnologists seeking not only to increase lipid yields but
also to push the environmental limits of microbial conversion
systems.
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