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ABSTRACT

The two lipid kinases, diacylglycerol kinase (DGK) and phosphatidylinositol 4-
phosphate 5-kinase (PIP5K), are vital players of the phosphatidylinositol cycle. DGK
regulates the intracellular balance between two important lipid signaling molecules,
diacylglycerol and phosphatidic acid. PIP5K produces another key signal messenger,
phosphatidylinositol 4,5-bisphosphate. We studied several fundamental aspects of DGK
and PIP5K properties. We investigated the topology of the hydrophobic segment of
FLAG-tagged DGK epsilon, and showed that a single amino acid mutation P32A caused
the hydrophobic segment to favor a transmembrane orientation. We demonstrated that
DGKe is localized in both the plasma membrane and endoplasmic reticulum. Our work
helped to better elucidate the substrate specificity of DGKe and PIP5K isoforms, and it
lead us to discover the motif that is common for several enzymes that exhibit specificity
for substrates containing polyunsaturated fatty acids. We studied the organ distribution of
murine DGK isoforms, and also expanded our knowledge of DGK expression in diabetic
animals, showing that the expression profiles of several DGK isoforms are altered in
adipocytes isolated from diabetic mice. Moreover, DGK expression profiles change
dramatically during adipocyte differentiation. Taken together, our findings contribute to
the growing knowledge about two enzymes, DGK and PIP5K, by providing the
fundamental information about the structural and functional properties of these lipid
kinases. Both PIP5K and DGK enzymes have a strong potential for use as drug targets.
Although at present their clinical importance has not been completely assessed, we

believe that their significance as drug targets will be recognized in the nearest future.
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CHAPTER ONE

INTRODUCTION
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1. Phosphoinositide cycle in the cell

Phosphoinositides are a minor component in the cytosolic side of eukaryotic cell
membranes. They are grouped into a family of phosphoglycerides containing myo-inositol
as their headgroup. Seven different molecules of polyphosphoinositides (PPIn) can be
produced by phosphorylation of single or multiple hydroxyl groups on the inositol ring of
the parent lipid, phosphatidylinositol (Ptdins) (Fig. 1.1). Typically, the three, four and
five hydroxyl groups, which are exposed to the cytosol, are phosphorylated, while the two
and six hydroxyl groups are not phosphorylated due to steric hindrance.

Eukaryotic cells contain less than 10% of phosphoinositides as total
phospholipids, with PtdIns comprising a major fraction of 6 — 8 %, while the most
prevalent polyphosphoinositides, phosphatidylinositol 4-phosphate (PtdIins4P) and
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P,), constitute about 1% and 0.25-
0.5% respectively.: 2 But despite their low abundance, phosphoinositides play a crucial
role in the regulation of cellular physiology due to their high rate of interconversion by
multiple lipases, phosphatases and kinases. This conversion and recycling of
phosphoinositides was first demonstrated in 1960-70s,>° and it is now referred to as
“canonical PtdIns cycle”. Since then many new players involved in this pathway were

discovered.



PhD thesis — Shulga Y.V_;

PI3K III

R

.27-0 PtdIns3P
0
ng—-§

s
Ho. o7 N

H
p233PIKfyve
PIP4K

PI3K1I

R

1]
T PtdIns(3.4)P:
i

~ o
HO D/\P\\O H

Ry

PIP5K
SHIP

Ry

]

{-% PtdIns
L

[n] -
N A

Ry

{
or PtdIns4P

o
Ry
= 4o

HO: N "
OH
W

PIP5SK

PI3K

b_—n

o PtdIns(3.,5)P:

0
R,
HO; o)P ‘{‘:
s OH

R
{0

McMaster University — Biochemistry & Biomedical Sciences

p235PIKfyve

Ry

{3
0»'- PtdInsSP
(]
Rg—"g ,D_
HO ‘3"):\\0
oD

OH

PIP4K

R
1]
Dr PtdIns(4,5)P:
0
R
A X

HO, o7 ™
HO

PI3K 1
PTEN

¢ PtdIns(3.4,5)P;

o
R
o
HO. o‘}\\o

Figure 1.1. The generation and interconversion of phosphoinositides. Red circles
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In the Ptdins cycle, Ptdins is converted to PtdIns4P by phosphatidylinositol 4-
kinase (P14K), which is next phosphorylated to PtdIns(4,5)P, by phosphatidylinositol 4-
phosphate 5-kinase (PIP5K) (Fig. 1.2). In resting cells the level of PtdIns(4,5)P, seems to
be relatively high for a signal lipid and does not change dramatically upon stimulation of
the whole cells. Therefore, it is proposed that there are two types of Ptdins(4,5)P, —
dynamic and static, and that the local concentration of membrane PtdIns(4,5)P; in the
restricted areas, such as lipid rafts, is critical for cellular signaling. One possibility for
regulation would involve the existence of mechanisms to locally concentrate and mask
PtdIns(4,5)P, at the inner leaflet of the cell membrane, where its accessibility to actin

regulatory proteins would be linked to extracellular signals.®

eceptor-
stimulated
\_PLC ‘

PtdIns transfer
protein

CDP-DAG
~ synthase

e/ ER
PtdIns ) =3
M
a ,’ \\.

Figure 1.2. Phosphatidylinositol cycle in the cell.
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PtdIns(4,5)P, can also be synthesized from PtdIns5P by phosphatidylinositol 5-
phosphate 4-kinase (PIP4K) family that includes three isoforms, o, p and y (Fig. 1.1).”°
PtdIns5P is produced by a phosphatidylinositol 3-phosphate 5-kinase (p235PIKfyve)
which utilizes both PtdIns and PtdIns3P substrates.™® **

Ptdins(4,5)P, is a substrate for phospholipase C (PLC), which cleaves the
phosphodiester bond between myo-inositol and the diacylglycerol (DAG) backbone,
producing inositol (1,4,5)-trisphosphate (Ins(1,4,5)P3) and DAG, both of which function
as second messengers. DAG remains on the cell membrane and initiates the signal
cascade by activating protein kinase C (PKC) and other C1-domain-containing proteins,
such MUNC-13.2 2 PKC in turn activates other cytosolic proteins through
phosphorylation. Ins(1,4,5)P3 enters the cytoplasm and activates Ins(1,4,5)P3 receptors on
the smooth endoplasmic reticulum (ER). This causes calcium channels on the smooth ER
to open, allowing mobilization of Ca** into the cytosol and therefore producing complex
Ca®* concentration signals including propagating waves and temporal oscillations. These
signals activate a number of other proteins and initiate a strong cellular response.

As the next step in the PtdIns cycle, DAG is phosphorylated to phosphatidic acid
(PtdOH) by diacylglycerol kinases (DGKSs). Further PtdOH can be transferred to ER,
where it is converted to cytidine-diphosphate-DAG (CDP-DAG) by CDP-DAG synthase.
CDP-DAG, together with inositol, is used to regenerate PtdIns, which is then transferred
back to plasma membrane, completing the Ptdins cycle (Fig. 1.2).

In addition to PPIn, phosphorylated at 4 and 5 hydroxyl groups of inositol ring,

the group of PPIn, phosphorylated at D3 position, was discovered in late 1980s.*> 4
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Phosphoinositide 3-kinase (PI3K) family of enzymes, catalyzing this reaction, includes
nine members in mammalian cells, which are grouped into three classes according to their

preferred substrates.>

PI3K can generate four different products, PtdIns3P,
PtdIns(3,4)P,, PtdIns(3,5)P, and PtdIns(3,4,5)Ps. PtdIns(3,4,5)P3 plays an important role
as second messenger,”” which is below detectable levels in resting cells but is generated
immediately upon cell stimulation. Thus, PI3K signaling pathway is involved in several
fundamental cellular processes, including cell proliferation and survival, by means of
regulation of the activities of a wide range of downstream molecular effectors.'® Several

reports demonstrate that PI3K activity is essential in the inflammatory response,**

as
we as in the immune recognition of tumor cells.?"?* On the other hand, PI3K pathway, in
conjunction with v-akt murine thymoma viral oncogene homologue (AKT) and mitogen-
activated protein kinase (MAPK), was shown to be essential for glucose homeostasis.
Deregulation of PIBK/AKT/MAPK pathway often results in obesity and diabetes.?® For
example, an R409Q amino acid substitution in p85a subunit of PI3K was shown to
compromise insulin-stimulated PI3K activity in humans.?* % Further, transgenic mice
lacking either p85a or all three isoforms of Pik3rl (gene encoding p85a, p55a and p50a
subunits of PI3K) were shown to be hypoglycaemic and displayed increased glucose
tolerance.?

Phosphoinositides contain mainly polyunsaturated fatty acids, with the 1-stearoyl-
2-arachidonyl species comprising 30-80% (depending on the cell type).?”*® One
particular isoform of DGK, DGKe, was shown to contribute to the enrichment of

phosphoinositides with 1-stearoyl-2-arachidonyl moiety,®! acting selectively on DAGs
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containing arachidonoyl chains.?* ** In Chapter 3 we further explored the involvement of
this enzyme in the PtdIns cycle by comparing the phospholipid compositions of plasma
membrane and ER isolated from embryonic fibroblasts obtained from DGKe knockout
(KO) and wild-type (WT) mice. The Ptdins cycle occurs between two membranes — the
plasma membrane and ER. Using mass spectrometry, we determined the distribution of
PtdOH and phosphoinositides and their acyl chain compositions in these two subcellular
membranes. We found that the PtdIns cycle is slowed in the plasma membrane of DGKe
KO cells, but there is less of an effect of DGKe depletion in the ER, likely due to de novo

synthesis of PtdOH in this organelle.

2. Diacylglycerol kinases (DGKSs)

Preface:

The material presented in Section 2 “Diacylglycerol kinases (DGKs)” includes
excerpts from the work that was published previously in Chemical Reviews, volume
111(10), pages 6186-6208, in 2011.

Adapted with permission from “Shulga Y.V., Topham M.K., Epand R.M. (2011)
Regulation and functions of diacylglycerol kinases. Chem Rev. 111(10):6186-208".

Copyright (2011) American Chemical Society.

2.1. Overview of DGKs

DGKs play a major role in cellular signaling by converting DAG to PtdOH,

regulating the balance between these two important lipid signaling molecules. Further
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modulation of this balance can be achieved by formation of DGK complexes with
proteins that regulate DAG production or act as downstream effectors of DAG, or with
proteins that act downstream of PtdOH to efficiently couple with the PtdOH dependent
signaling.>*3®

The majority of signaling DAG is generated by hydrolysis of PtdIns(4,5)P, by
PLC, but DAG can also be generated when phosphatidic acid phosphatases remove the
phosphate head group from PtdOH (Fig. 1.3). DAG is well known to regulate different
cellular processes, mostly through binding to C1 domains that are found in many proteins
including protein kinase C (PKC).*" * In addition to modulating classical and novel
DAG-sensitive PKC isoforms by removing DAG, DGKs have also been found to
negatively regulate several other signaling proteins, such as RasGRP1,%* RasGRP3,*

UNC-13,*" 2 B,-chimaerin,”® and protein kinase D.* Also it was found that DAG

activates some transient receptor potential channels that do not have C1 domains.*
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Figure 1.3. Adapted with permission from “Shulga Y.V., Topham M.K., Epand
R.M. (2011) Regulation and functions of diacylglycerol kinases. Chem Rev.
111(10):6186-208”. Copyright (2011) American Chemical Society.

A. Different enzymatic pathways can produce diacylglycerol (DAG) and
phosphatidic acid (PtdOH). PLC enzymes generate DAG that can be phosphorylated by
DGKs to produce PtdOH. In another pathway, phospholipase D (PLD) hydrolyzes
phosphatidylcholine (PC) — or phosphatidylethanolamine — making PtdOH that can be
further hydrolyzed by PAPs to generate DAG. To date, there is little definitive evidence
to suggest that the DGK and PAP reactions are coupled. Both DAG and PtdOH can act
as signaling lipids and are also intermediates in lipid biosynthetic pathways. B. DAG and
PtdOH have the same general structure but contain different functional groups attached to
the third (sn-3) carbon. Depending on their molecular structure, the fatty acyl groups
confer different signaling properties to the DAG or PtdOH.

The product of the reaction catalyzed by DGK, PtdOH, has also been shown to

regulate a wide variety of cellular events, including cytoskeletal rearrangement,
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proliferation, and cell survival.*® It is also required for vesicle trafficking, stimulation of
DNA synthesis and is potentially mitogenic. These effects are likely due to the ability of
PtdOH to regulate a number of signaling proteins, such as Sos, a Ras GEF (guanidine-
nucleotide-exchange factor), Ras-GAP, phosphatidylinositol 5-kinases, Raf-1, PAK1 and
PKCC

It is believed that each PtdOH species, saturated and unsaturated, can
differentially activate proteins. PtdOH produced by DGKSs is enriched in polyunsaturated
fatty acids, particularly arachidonate. It was shown that the PtdOH produced by DGKa
was necessary for stimulated T lymphocytes to progress to S phase of the cell cycle*” and
that PtdOH produced by DGK(, activates PAK1 that then caused actin rearrangements.*®

Because of their importance, it is crucial that the intracellular levels of DAG and
PtdOH should be tightly regulated, which is accomplished by the diacylglycerol kinases
and phosphatidic acid phosphatases. As such, these enzymes have numerous important
functional roles.

2.2. Mammalian isoforms of DGK

Unlike bacteria and yeast, multicellular organisms express more than one, and
often several, DGK isoforms that can be grouped by common structural elements into five
subfamilies (Fig. 1.4). The DGKs expressed in mammals are the best characterized, and
ten of them have been identified.* *° *° Like DGKs in other multicellular organisms, all
of the mammalian DGKSs have two common structural features: at least two cysteine-rich,
C1 domains and a catalytic domain. The C1 domains are homologous to the DAG-

binding C1A and C1B motifs of PKCs,*! but the C1 domain closest to the catalytic
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domain has an extended region of fifteen amino acids not present in C1 domains from
other proteins or in the other C1 domains of DGKs. Mutations within this extended
region significantly reduced kinase activity, indicating that this extension appears to
contribute to DGK activity.*” In theory, DGK C1 domains bind DAG, perhaps localizing
them to where DAG accumulates. However, it is still controversial whether all DGK C1
domains can bind DAG or if only some of them are capable of binding this lipid. Of
several that were tested, only the C1 domains of DGKs [ and y could bind DAG
analogues (phorbol esters), while the C1 domains of DGKs §, n, and 6 did not bind.>**°
These results were in agreement with sequence alignments performed by Hurley and
colleagues,® who predicted that only the C1 domains from DGKs B and y could bind
DAG while other DGK C1 domains were sufficiently different from those in PKCs that
they might not bind DAG. Supporting the possibility that DGK C1 domains might serve
alternative functions, the C1 domains of some DGKs, like those in other proteins, can act
as protein-protein interaction sites. Indeed, the C1 domains of DGK( associate with -
arrestins,”® and they bind directly to Rac1.>” It will be enlightening to test the phorbol
ester binding capacity of all DGK C1 domains and to solve their crystal structures so that
we can understand the differences between the C1 domains of DGKs and other proteins

that contain them.
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Figure 1.4. The mammalian DGK family. Based on structural motifs, the ten
mammalian DGKs are divided into five subtypes. Alternative splicing of some DGK
isotypes generates even more structural diversity. Alternative splicing variants are
designated by a number following the Greek letter. Many of the DGKSs contain other
unique structural domains that are not shown. Reprinted with permission from “Shulga
Y.V., Topham M.K., Epand R.M. (2011) Regulation and functions of diacylglycerol
kinases. Chem Rev. 111(10):6186-208”. Copyright (2011) American Chemical Society.

The catalytic domains in DGKs are composed of accessory and catalytic subunits.
In most cases, these subunits are joined to create an uninterrupted catalytic domain.

However, in the type Il DGKs &, 1 and « *° %% %

these domains are separated by a long
peptide sequence that does not have any apparent functional motif. Each catalytic subunit
has an ATP binding site where mutation of a glycine in this motif to an aspartate or

alanine renders the DGK kinase dead.®®®? Evidence suggests that some DGK catalytic

domains may also require other motifs for maximal activity because catalytic domains
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from DGKSs g, ¢, and 6 have very little DGK activity when expressed as isolated subunits
(M.K.T. and R.M.E unpublished observations and®?), although the isolated catalytic
domain of DGKa retained about 1/3 the activity of a fully active DGKa. N-terminal
truncation mutant.>® Thus, it appears that unlike bacterial DGK, several mammalian DGK
catalytic domains require other motifs for maximal activity. It is possible that these other
motifs somehow function in coordination with the catalytic domain.

In addition to the C1 and catalytic domains, DGKs contain other structural
domains that form the basis of the five subtypes. In general, these other domains help
regulate the level of kinase activity and/or the localization of the enzyme. For example,
type | DGKs, a, B, and vy, have calcium-binding EF hand motifs that make these enzymes
more active in the presence of calcium. Evidence from mutational studies indicates that
when the EF hand motifs of DGKa bind calcium, a conformational change occurs that
allows membrane association and activation of the enzyme.®® Type 1l DGKs, &, n, and «,
have pleckstrin homology (PH) domains near their amino termini. This domain in DGKd
has been shown to bind weakly and non-selectively to phosphatidylinositols,®* ® but
binding these lipids did not significantly affect its activity.** DGKs & and n also have a
sterile alpha motif (SAM) at their carboxy termini. A recent study shows that SAM
domains of DGKJ bind zinc at multiple sites and might allow DGKS$ to form oligomers.66
Mutant of DGKS, containing a SAM domain refractory to zinc binding, exhibits partially
impaired localization to the cytoplasmic puncta and enhanced localization to the plasma
membrane in response to TPA stimulation, thus suggesting that zinc may play an

important role in the assembly and physiology of DGK&.%® There is also further evidence
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that SAM domain interactions sequester DGKd away from membranes to limit its access
to diacylglycerol.®’

The only type III DGK, &, does not have identifiable structural motifs outside of
its C1 and catalytic domains. It is also the only mammalian DGK isoform with a
hydrophobic segment that comprises approximately residues 20-40 and promotes
attachment of the protein to membranes.® In the work presented in Chapter 2, we showed
that the hydrophobic segment of FLAG-DGKze has a U-bent conformation that determines
the deep insertion of this protein into the cell membranes. Thus, we concluded that
FLAG-DGKe is a monotopic enzyme with both the C and N-terminus of the protein
oriented on the cytoplasmic side of the membrane. The single residue mutation P32A in
the middle of the hydrophobic segment of FLAG-DGKe changes the topology of this
segment, causing it to protrude through the membrane. Further studies using in vitro
translation in the presence of dog pancreas rough microsomes showed that the topology
of this N-terminal hydrophobic segment in DGKe depends on the presence of FLAG-tag,
and that the native DGKe without FLAG-tag attains a bitopic rather than a monotopic
structure in this experimental system.®®

Type IV DGKs, ¢ and 1, have a motif enriched in lysines and arginines that acts as
a nuclear localization signal and is a substrate for conventional PKCs. This motif is
homologous to the phosphorylation site domain of the myristoylated alanine rich C kinase
substrate (MARCKS) protein and phosphorylation of this domain limits nuclear
localization of these DGKs. The £ and 1 DGK isoforms also have four ankyrin repeats and

a PDZ binding motif at their carboxy termini that may be sites of protein-protein
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interactions. The only type V DGK, 0, is distinguished by three C1 domains, a PH
domain, and a Ras-association domain within the PH domain. To date, no binding

partners for the PH and Ras-association domains have been identified.

2.3.  Organ distribution

Most tissues express several different DGK isoforms, and even within the same
cell type, more than one DGK isoform can exist. For example, all known DGK isoforms
were detected in mouse brain extracts,”® and at least six DGK isoforms are expressed in
mouse embryo fibroblasts (unpublished observations). In general, when several DGKs are
expressed in tissues or cells, they are from different subfamilies, suggesting that each
subfamily carries out a distinct biological function. But because no one has assayed the
relative expression levels of the DGK family in a systematic way it is difficult to directly
compare the expression levels of DGK isoforms in each tissue. However, one way to
compare the levels of DGKs in tissues is to examine the frequency at which cDNA clones
— called expressed sequence tags (ESTs) — of each DGK are identified in cDNA libraries
prepared from different tissues. This information is available at the National Center for
Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov), which collects EST profile
data. It should be noted that these data only approximate the levels of DGK mRNA in a
given tissue and are not meant to be definitive. Given that caveat, this database suggests
that most tissues express at least one member of each DGK subfamily, with brain and
hematopoeitic organs particularly enriched in DGKs. The EST data also suggests that

DGKs o and ¢ are the most commonly expressed isoforms, with both of them being

expressed in almost every tissue examined. Conversely, DGKs B, k, and 1 are expressed
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at much lower levels and in fewer tissues compared to other DGK isoforms. DGKJ, for
example, is expressed predominantly in nerves and brain, indicating an important role for
this isoform in neural tissue. Because of the fairly ubiquitous expression patterns of most
DGK isoforms, it is perhaps more interesting to consider outliers in this dataset such as
tissues that express a single DGK isoform or only a few DGKs. The limited DGK
expression profile in these tissues probably suggests that the DGKs that are expressed
have particularly important functions. For example, according to EST profile data, DGKe
is the only DGK isoform that has been identified in adipose tissue, DGKYy is the only
isoform isolated from pituitary tissue, only DGKs a and 6 have been identified in bone
marrow, and DGKSs a, 8, and ¢ are the most abundant isoforms in lymphocyte-rich tissues
such as lymph nodes, spleen, and thymus. Alternatively, no DGK ESTs have been
isolated from parathyroid tissue, suggesting that DGK activity might be dispensable in
parathyroid glands. In Chapter 7 we discuss our study of DGK expression in murine
adipose tissue and 3T3-L1 cultured adipocytes. In contrast to EST data, we found that
DGKe is not the only isoform expressed in adipocytes, but rather seven isoforms are
present in this type of cells. We also showed that DGK expression levels change
dramatically during adipocyte differentiation. Further, there was a significant difference
in the expression levels of several DGK isoform in adipocytes isolated from diabetic mice
in comparison with control mice, implicating a possible role for this enzyme in type 2
diabetes melitus.

2.4.  Subcellular distribution
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DGKs have been identified in a number of cell compartments, including the
nucleus (Fig. 1.5). Their localization within the nucleus is not surprising because it has a
phosphatidylinositol cycle that is regulated separately from plasma membrane

phosphatidylinositol signaling.”* DGKSs a, ¢, and 1 shuttle into and out of the nucleus,*" %

7273 while a significant fraction of DGK localizes there constitutively.”* These nuclear
DGKs appear to be confined to separate, distinct regions of the nucleus: DGKs 6, { and 1

have been identified in discrete, unidentified regions within the body of the nucleus,®* ™

™75 while DGKo. appeared to predominantly localize around its periphery.*’

In addition to localizing within the nucleus, DGKSs are also found throughout other
parts of the cell (Fig. 1.5). Most of them are at least partly localized at the plasma
membrane either constitutively — in the case of DGK«k™* — or following stimulation with
specific agonists. For example, DGKa translocates to the plasma membrane following
engagement of the T cell receptor,”® DGK®31 translocates there upon exposure to phorbol
esters,”” and DGKs ¢ and © are found at the plasma membrane following activation of
some G protein-coupled receptors.”® " Presumably, their function at the plasma
membrane is to attenuate DAG signaling initiated by specific receptors.

In addition to the plasma membrane, DGK activity has been detected in cell
fractions containing cytoskeleton components along with other proteins involved in
cytoskeleton dynamics.®’ Consistent with this, DGK6 was found to associate with
RhoA,* DGKP co-localized with actin filaments,® and DGK( interacted with several
proteins involved in actin dynamics.®* In most cases, the physiological significance of

their interactions with cytoskeleton components is not entirely clear, but there are data
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demonstrating that DGKs can modulate cytoskeleton remodeling. For example, DGK
inhibitors augmented platelet secretion and aggregation,®® and DGK( is involved in actin
dynamics.*® DGKs have also been found to co-localize with organelles. DGKy, for
example, co-localizes with the Golgi,*> DGKS appear to reside in the endoplasmic
reticulum,®* and DGKs & and n have been found to be localized on endosomes.® In

Chapter 2 we studied the subcellular distribution of DGKe isoform and showed that it is

localized in both ER and plasma membrane in COS-7 cells.
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Figure 1.5. Cell distribution of mammalian DGKs. Reprinted with permission
from “Shulga Y.V., Topham M.K., Epand R.M. (2011) Regulation and functions of

diacylglycerol kinases. Chem Rev. 111(10):6186-208”. Copyright (2011) American
Chemical Society.

2.5. DGK epsilon and its role in the PtdIns cycle
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DGK epsilon isoform is the smallest known mammalian DGK (64 kDa) and it is
unique in several aspects among other DGKs. Despite its lack of identifiable regulatory
domains, DGKe is the only DGK that displays specificity toward acyl chains of DAG.
Previously it was shown that DGKe dramatically prefers DAGs with an arachidonoyl
group at the sn-2 (middle) position of the glycerol backbone.®* ® In Chapter 5 we tested
the acyl chain specificity of DGKe in more details, particularly for the sn-1 position of
DAG. We showed that DGKe exhibits a similar activity with 1,2-diarachidonoyl-DAG
(20:4/20:4-DAG) in comparison with 1-stearoyl-2-arachidonoyl-DAG (18:0/20:4-DAG).
Surprisingly, we found that DGKe exhibits higher activity with 18:2/18:2-DAG than with
18:0/18:2-DAG in vitro, although it was a common believe that DGKe has a preference
for 18:0 acyl chain at the sn-1 position.

It is intriguing, that there is no identified distinct domain responsible for the
substrate recognition and specificity of DGKe. Nevertheless, in Chapter 4 we discuss the
region, located in the accessory domain of DGKg, that we demonstrated to be important
for DGKe specificity for arachidonoyl-DAGs. We identified a motif L-X(z.4-R-X)-L-
X@-G, in which -X,- represents n residues of any amino acids, that is very similar to that
in lipoxygenases, an enzyme family that catalyze the formation of fatty acid
hydroperoxides from polyunsaturated fatty acids.*® 8 We found that mutations of the
essential residues in this motif result in the loss of arachidonoyl specificity. Furthermore,
when DGKo was mutated so that it gained the identified motif, the enzyme also gained

some specificity for arachidonoyl-DAG.
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DGKe preference for arachidonoyl-DAG suggests that it may be a component of
the biosynthetic pathway that accounts for the enrichment of PtdIns(4,5)P, with
arachidonic acid.®® All of the lipid intermediates in the Ptdins-cycle are enriched in
arachidonoyl groups in the sn-2 position. Both the substrate and product of the reaction
catalyzed by DGK — DAG and PtdOH — are intermediates in the PtdIns -cycle (Fig. 1.2).
Hence the DGK-catalyzed step is a fundamental step in the Ptdins-cycle. Recently
lipidomics analysis has been carried out to compare the acyl chain composition of the
major phospholipids in normally proliferating mouse embryonic fibroblasts (MEFs)
derived from wild type versus DGKe or DGKo. knockout mice.*! Dramatic differences
between wild-type and, DGKe knock out cells in arachidonate-containing lipids were
observed for multiple classes of glycerophospholipids and poly-phospoinositides. The
peaks from mass spec are identified by their mass/charge ratio and presented in the form
X:Y where X is the total number of carbon atoms and Y the total number of double bonds
in both acyl chains of the phospholipid. The lipidomics data demonstrated that the 38:4
species of phosphoinositides decreased from 33% of the total cellular phosphoinositides
in the wild type cells to 24% in the DGKe knock out cells, a significant decrease of
27%.%! Further, 18:0 (stearoyl)-containing phosphoinositides decreased by 29% in DGKe
knock out cells compared with the wild type samples (p<0.01).% This is in contrast to the
observation that despite the similarity between 16:0 and 18:0 acyl chains, deletion of
DGKe results in a larger decrease in 18:0 compared with 16:0 phosphoinositides,
supporting DGKe’s selectivity for an sn-1 stearoyl acyl chain of DAG® in addition to the

arachidonoyl specificity for the sn-2 position. These results provide in vivo evidence of
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DGKe’s selectivity for DAG with a 1-stearoyl-2-arachidonoyl acyl chain composition
results in the enrichment of phosphoinositides with this acyl chain composition. Hence,
DGKe can affect phosphoinositides that are neither substrates nor products of the DGK
reaction but are influenced by DGKe through the PtdIns-cycle.

In contrast to the observations with DGKe, no differences in the acyl chain
composition of any phospholipid class or DAG were observed between wild-type and
DGKa knock out cells. There was also no significant difference in the concentrations of
any of the DAG species between the wild-type and DGKe knock out MEFs. However, the
cells from the DGKa knock out mice had a higher concentration of DAG, consistent with
the lack of down regulation of the major fraction of DAG because of the absence of
DGKaoa. This is in contrast with DGKe that is primarily responsible for enrichment of only
a fraction of PPIn, i.e. species with arachidonoyl acyl chains.

One of the proposed roles of DGK in regulating metabolism has been suggested to
be the removal of the signaling lipid DAG. The results with the DGKa knockout MEFs
are in accord with this explanation, since removal of this isoform results in a slower loss
of DAG and hence an increase in its concentration. We anticipate that this effect is typical
of most, if not all, mammalian isoforms of DGK, apart from DGKe, because these
isoforms phosphorylate all forms of DAG with equal rates. This is not the case, however,
for DGKZe that has specificity for catalyzing the phosphorylation of arachidonoyl-DAG.

Another observation, that goes counter to the hypothesis that the sole function of
DGK is to down-regulate the DAG signal, comes from observations that electrical

stimulation of the brains of mice leads to a transient increase in arachidonoyl-containing
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DAG.® Interestingly, this increase is greater in wild type mice compared with DGKe-
knockout mice. Again this observation is contrary to the concept of DGK lowering the
level of DAG. However, the observation would be consistent with the idea that removing
DGKe slows the PtdIns-cycle and hence results in the lowering of all the intermediates in
the cycle. In Chapter 3 we discuss the involvement of DGKe in PtdIns-cycle in more
details.

We can thus conclude that whatever the details of the regulation of lipid
intermediates of the PtdIns-cycle, it is clear that DGKe, but not other isoforms of DGK, is
the predominant enzyme that catalyzes the step of the PtdIns-cycle in which 1-stearoyl-2-
arachidonoyl-DAG is phosphorylated to 1-stearoyl-2-arachidonoyl-PtdOH.

2.6. Role of PtdOH derived from DGK activity

PtdOH itself has a broad array of signaling properties that are very distinct from
those of DAG. For example, PtdOH can bind and regulate numerous proteins including
phosphatidylinositol-4-phosphate 5-kinase,® RasGAP,*! Raf-1 kinase,? p21-activated
kinase 1,°* mammalian target of rapamycin (mTOR),* atypical PKCs,*> p47phox,*
sphingosine kinase,” the transcriptional repressor Opilp,® and the catalytic subunit of
protein phosphatase-1.** As such, their ability to generate PtdOH suggests that DGKs
might also influence biological events not only by metabolizing DAG but also by
producing PtdOH. This would not be surprising based on what is known about PtdOH
signaling in plants. Seven DGK genes (AtDGK1-7) have been identified in Arabidopsis
thaliana,’® and in rice there are eight putative DGK isoforms.’* In plants, numerous

PtdOH targets have been identified'® and they vastly outnumber DAG targets, so it has
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been hypothesized that the primary role of DGKs in plants is to generate PtdOH rather
than to consume DAG.'® PtdOH in plants is usually produced in response to stress,
suggesting that DGKs might influence the stress response. Supporting this possibility,
expression of plant DGKSs is induced in response to stresses such as wounding, chemicals,

and fungal infection,'® o

and over-expression of a rice DGK in tobacco plants enhanced
the resistance of those plants to disease.’®® Although it is not clear exactly how plant
DGKs are protective in conditions of stress, they are probably critical effectors in the
stress response.

Given their potential role in PtdOH signaling in plants, it was not surprising that
mammalian DGKs appear to modulate proteins by producing PtdOH. One example of this
mechanism is the ability of DGKZ to modulate the activity of phosphatidylinositol-4-
phosphate 5-kinase (PIP5K) a.. The PIP5K enzymes are potently activated by PtdOH'
and DGK activity was found to co-immunoprecipitate with a complex that included a
PIP5K.% Together, these observations suggested that DGKs might modulate PIP5K
activity by generating PtdOH. Indeed, DGKZ co-localized and co-immunoprecipitated
with PIP5Ka, and its expression dramatically promoted the generation of PtdIns(4,5)P, in
cells.®* A kinase dead DGK( also co-immunoprecipitated with the PIPSK, but failed to
enhance its activity. Collectively, these data indicate that localized PtdOH generation,
rather than a conformational change mediated by association of the PI4P5K with DGKC,
augmented PIP5K activity.

In a separate study, DGK{ was shown to mediate DAG signaling downstream of

the M1 muscarinic receptor (M1R), a seven-transmembrane receptor (GPCR).*® " Its
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translocation to M1R required binding to B-arrestins — which are scaffolding proteins that
bind GPCRs. It was subsequently shown that PIP5Ka also translocated to GPCRs by
binding to B-arrestins, and its function at the GPCR was to promote internalization of the
receptor.” Since DGK( also binds B-arrestins, this collection of observations raises the
possibility that DGK{Z might function in this complex not only to metabolize DAG, but
also to promote PIP5K activity by generating PtdOH. This would provide a two-step
mechanism to shut down the M1R receptor, where DGK( first metabolizes DAG to
reduce this signaling lipid, and then the PtdOH that it produces activates the PIP5K
enzyme in order to promote receptor internalization. This hypothetical model has not
been specifically tested, but it agrees with data showing that transgenic over-expression
of DGKC in mouse myocardium protects the mice against cardiac hypertrophy initiated
by excessive activation of a GPCR.'®

The serine/threonine kinase mammalian target of rapamycin (MTOR) is an
important intermediate in several pathways that manage cellular responses to
environmental stress. Its activity is regulated, in part, by PtdOH, which appears to
compete with rapamycin for a binding site on mTOR. There is strong evidence indicating
the phospholipase D (PLD) isoforms are largely responsible for providing the pool of
PtdOH that activates mTOR.!® But there is evidence that DGK¢ might also activate
MTOR under some circumstances. For example, overexpression of DGKC{, but not
DGKa, led to enhanced, serum-induced phosphorylation of p70 S6 kinase (p70S6K) — a
major downstream target of mMTOR — and rendered the cells resistant to the effects of

rapamycin.*® PtdOH appeared to be important in this mechanism to activate mTOR,
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because DGKC could not promote activation of a mutant mTOR that had reduced ability
to bind PtdOH. The target of PtdOH produced by DGKC(, however, is not clear because
another report showed in the same cell line that inhibiting PLD almost completely
abolished serum-induced S6 kinase activity, indicating that PLD is largely responsible for
activating mTOR.* It is possible then that instead of directly activating mTOR, DGK(,
instead activates PIP5Ks, which could provide PtdIns(4,5)P,, an important activator of
PLD enzymes.'”” Regardless of the mechanism, these data suggest that DGK( can
potentially activate mTOR and that it does so by producing PtdOH.

Finally, there is evidence that DGKs might regulate additional cell responses
through their ability to modulate the levels of PtdOH. But the targets of PtdOH in these
cases are not as well defined. For example, compound mutant mice lacking both DGK(
and DGKa have defects in T cell development that can be partially rescued by exogenous
PtdOH.'® And defective Toll-like receptor (TLR) signaling in macrophages from DGK(,
deficient mice was rescued by addition of exogenous PtdOH.® The role of PtdOH is not
clear, but it might be necessary to inhibit PI3Ks, which were excessively active in the
DGK( deficient cells. Finally, a recent report suggested that PtdOH derived from DGKa
influenced neutrophil responses to anti-neutrophil cytoplasmic antibodies.*'® Collectively,
these observations indicate that DGKs o and  regulate immune cell function not only by

influencing DAG levels, but also by producing PtdOH.

3. Phosphatidylinositol-4-phosphate 5-kinases (PIP5K)
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Phosphatidylinositol-4-phosphate 5-kinase (PIP5K) supposedly accounts for more
than 95% of the total synthesis of PtdIns(4,5)P, from PtdIns4P. Up to date, three isoforms
of PIP5Ks, a, B and v, are identified. In 1996, mouse and human PIP5K isoforms were

M 2 which led to the confusion in the

cloned independently by two laboratories,
nomenclature of the human and mouse PIP5K isozymes, with human o corresponding to
mouse [, and human B corresponding to mouse o. Recently this discrepancy was
corrected in the National Center for Biotechnology Information (NCBI) database, where
the nomenclature corresponding to the human enzyme was accepted. Therefore, in this
work I follow the NCBI guidelines and hereafter refer to human PIP5SKa/mouse PIPSKf3
as PIP5Ka, and human PIP5SKf/mouse PIP5Ka as PIPSK}.

Each PIPSK isoform produces multiple splicing variants.” ™™ The catalytic
domain of PIP5K was identified in the center of the protein, with about 80% identity of
its amino acid sequence between three isoforms.*** ** The N- and C-terminal domains
outside of the catalytic domain are less conserved among the PIP5K isoforms. For
example, the splicing variants of PIP5Ky contain a different number of additional amino
acids at the C-terminus. Therefore, the difference in N- and C-terminal regions of the
PIP5Ks is likely to be responsible for generating functions that are specific for each
splicing variant. One example of such function is selective binding of talin and AP-2 by
the C-terminal domain of PIPSKy661, which are required for the regulation of focal
115, 116

adhesion assembly and the clathrin-dependent endocytosis.

3.1. Cell and tissue distribution of PIP5Ks
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While PIP5K isoforms are shown to co-express in most tissues, each isoform also
exhibits an individual tissue distribution. Thus, PIP5Ka is abundant in skeletal muscles,
PIPSKp — in the heart, and PIPSKy is highly expressed in the brain. Therefore, it was
suggested that PIP5Ks have not only overlapping biological roles, but isoform specific
functions as well, when isoforms cannot compensate for each other.**” 8 For example,
isoform o of PIP5K is involved in cytoskeleton rearrangements and actin dynamics.™® 0
PIPSKB is implicated in the formation of clathrin-coated pits during receptor
endocytosis.?! PIP5Ky is shown to play a critical role for the assembly of focal contacts
and cell—cell contacts.*** 1% 1%

This idea is also supported by the fact that each PIP5K isoform localizes to
distinct subcellular compartments. PIP5Ka localizes to the Golgi complex and, upon
stimulation, to the plasma membrane. It is also concentrated at sites of membrane ruffling
formed in response to the Rho GTPase Rac. PIP5Ka has also been detected in the nuclear

speckles.'?*

PIPSKJ localizes to the plasma membrane and to punctate structures in the
perinuclear region.’?® Different splicing variants of PIP5Ky have been shown to have
distinct cellular localizations. Thus, PIP5Ky661 localizes to focal adhesions™ *# and to
adherens junctions in epithelial cells.**® Exogenously expressed PIP5Ky635 has been
observed in the cytosol. PIP5Ky700 have been shown to localize to the nucleus, and
| 127

PIP5Ky707 — to punctate structures in the cytoso

3.2. Regulation of PIP5K activity by other proteins

Regulation of PIP5Ks by the small GTPases of the Rho family is important for

actin cytoskeleton rearrangements, since PtdIns(4,5)P, regulates cytoskeletal dynamics
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through interactions with actin-capping proteins, talin, vinculin, and a-actinin. PIP5K is
suggested to be a downstream effector of Rho activation in mammalian cells.*?® The
activation of PIP5K likely occurs not through a direct interaction between PIP5K and
Rho, but rather through Rho kinase (ROCK), which has been implicated in the PIP5K
activation.'®

In contrast, Rac was shown to regulate PIP5K localization and activity through a
direct interaction with all PIP5K isoforms in a GTP-independent manner.**® Furthermore,
it seems that there is a feedback regulation of Rac by the product of PIP5K, PtdIns(4,5)P5,
that can affect the localisation and activity of Rac.

PIP5K activity is also regulated by ADP-ribosylation factors (ARFs), a family of
small GTPases that control membrane trafficking and actin cytoskeletal dynamics.*** The
mammalian Arf family comprises six gene products, Arfl-Arf6, and based on the
sequence homology they are divided into three classes.”** PIP5K is shown to be
stimulated by different Arf isoforms depending on the types of cells. Thus, ARF1 and
ARF6 activate PIP5K in the presence of PtdOH in HelLa cells and HL60 cells
respectively. '3 13

Several observations suggest that PIP5K is phosphorylated during the cell resting
state, and dephosphorylated or further phosphorylated upon cell stimulation, a process
that is controlled by agonists and cell stresses.*** All three PIP5K isoforms are capable of
autophosphorylation, which was shown to be enhanced by PtdIns, leading to inhibition of
PIP5K lipid kinase activity."*® The phosphorylation/dephosphorylation process also

regulates the binding of talin to PIP5Ky661,"*° since talin can interact with the
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dephosphorylated form, but not the phosphorylated form of PIP5SKy661. Talin affects cell
signaling and adhesion through binding to integrin and altering the affinity of integrin for
its ligand. Therefore, the phosphorylation/dephosphorylation of PIP5SKy661 by multiple
kinases and phosphatases regulates the focal adhesion assembly and disassembly events.

3.3.  Regulation of PIP5K activity by phosphatidic acid

Enzymatic activity of all three PIP5Ks was shown to be activated by PtdOH,

produced either through PLD or several isoforms of DGK.*** 3 337 Eyrthermore, PLD2
and DGK( were demonstrated to colocalize substantially with PIPSK in the cell > %
Feed-forward loop model was proposed to describe the interaction of these enzymes,
where ARF6 activates PLD to generate PtdOH, and PIP5K to generate PtdIns(4,5)P, (Fig.
1.6). Resulting increased synthesis of PtdOH further activates PIP5K, leading to increased
synthesis of PtdIns(4,5)P,, which further activates PLD. This PLD-PIP5K loop may play
an important role in driving clathrin- and non-clathrin-mediated endocytosis by changing

the local concentrations of PtdIns(4,5)P, and PtdOH at the membrane. 3% 24

Feed-forwardloop
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Figure 1.6. A proposed model for a feed-forward loop regulating production of
PtdOH and PtdIns(4,5)P,. Lipid enzymes are shown in blue and lipid products in red. Red
arrows indicate conversion to a lipid product, while blue arrows indicate activation of a
downstream protein. ARF6, activating enzymes PLD and PIP5K, is shown in green.

Multiple domains of PIP5K were demonstrated to bind PtdOH directly through
both ionic and hydrophobic interactions.*** Further, comparison of several PtdOH with
shorter saturated acyl chains and one di-unsaturated PtdOH showed the preference of
murine PIPS5Ka for the latest.* Nevertheless, in all previous reports the importance of
choice of the substrate Ptdins4P for the extent of PIP5K activation by PtdOH was
ignored, leading to varying results. In Chapter 6 we showed that all three isoforms of
PIP5Ks discriminate between the acyl chains of the substrate, although with a different
degree, and that the activation by PtdOH is dependent on the used substrate. We also
studied in more details the PIP5K sensitivity for the acyl chain composition of PtdOH and
demonstrated that PIPSK has preference for the PtdOH with two unsaturated fatty acids.
Therefore, it seems possible that the acyl chain preference of PIP5Ks for the activator
PtdOH and the substrate PtdIns4P may regulate the production of PtdIns(4,5)P, species,

required for proper downstream cascades. This may be an important factor, determining

the involvement of different PtdIns(4,5)P, species in cellular events.
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CHAPTER TWO
DETERMINATION OF THE TOPOLOGY OF THE HYDROPHOBIC SEGMENT OF
MAMMALIAN DIACYLGLYCEROL KINASE EPSILON IN A CELL MEMBRANE

AND ITS RELATIONSHIP TO PREDICTIONS FROM MODELING
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CHAPTER TWO PREFACE

The work presented in this chapter was published previously in Journal of
Molecular Biology, volume 383(4), pages 797-809, in 2008.

Reprinted with permission from “Decaffmeyer M., Shulga Y.V, Dicu
A.O., Thomas A, Truant R., Topham M.K, Brasseur R.,Epand R.M. (2008)
Determination of the topology of the hydrophobic segment of mammalian diacylglycerol
kinase epsilon in a cell membrane and its relationship to predictions from modeling. J.
Mol. Biol. 383(4):797-809.” Copyright (2008) Elsevier.

Shulga Y.V. conducted all the experiments described in this chapter. Decaffmeyer

M. conducted computer modeling.

Research objective: to determine the topology of the hydrophobic segment of
diacylglycerol kinase epsilon.
Research highlights:

> Although simple predictive algorithms suggest that the hydrophobic
segment of DGKe will form a TM helix, calculations using PepLook demonstrate that
two different stable conformations are possible for this segment;

> Experimental studies of FLAG-DGKe expressed in COS-7 cells indicate
that a U-bent conformation predominates;

> The conformational state of the protein can be shifted toward the
transmembrane arrangement of the helix by a single amino acid mutation, changing the
Pro32 residue to Ala;

> FLAG-DGKEe is localized in both plasma membrane and endoplasmic
reticulum of COS-7 cells.
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ABSTRACT

The epsilon isoform of diacylglycerol kinase (DGKe) is unique among
mammalian DGKs in having a segment of hydrophobic amino acids comprising
approximately residues 20 to 41. Several algorithms predict this segment to be a
transmembrane (TM) helix. Using PepLook, we have performed an in silico analysis of
the conformational preference of the segment in a hydrophobic environment comprising
residues 18 to 42 of DGKe. We find that there are two distinct groups of stable

conformations, one corresponding to a straight helix that would traverse the membrane
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and the second corresponding to a bent helix that would enter and leave the same side of
the membrane. Furthermore, the calculations predict that substituting the Pro32 residue in
the hydrophobic segment with an Ala will cause the hydrophobic segment to favor a TM
orientation. We have expressed the P32A mutant of DGKe, with a FLAG tag (an N-
terminal 3xFLAG epitope tag) at the amino terminus, in COS-7 cells. We find that this
mutation causes a large reduction in both k¢, and Ky, while maintaining Ke./Kn, constant.
Specificity of the P32A mutant for substrates with polyunsaturated acyl chains is retained.
The P32A mutant also has higher affinity for membranes since it is more difficult to
extract from the membrane with high salt concentration or high pH compared with the
wild-type DGKe. We also evaluated the topology of the proteins with confocal
immunofluorescence microscopy using NIH 3T3 cells. We find that the FLAG tag at the
amino terminus of the wild-type enzyme is not reactive with antibodies unless the cell
membrane is permeabilized with detergent. We also demonstrate that at least a fraction of
the wild-type DGKe is present in the plasma membrane and that comparable amounts of
the wild-type and P32A mutant proteins are in the plasma membrane fraction. This
indicates that in these cells the hydrophobic segment of the wild-type DGKe is not TM
but takes up a bent conformation. In contrast, the FLAG tag at the amino terminus of the
P32A mutant is exposed to antibody both before and after membrane permeabilization.
This modeling approach thus provides an explanation, not provided by simple predictive
algorithms, for the observed topology of this protein in cell membranes. The work also

demonstrates that the wild-type DGKe is a monotopic protein.
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Abbreviations used

DGK, diacylglycerol kinase; DGKe, epsilon isoform of DGK; TM,
transmembrane; PLC, phospholipase C; FLAG, an N-terminal 3xFLAG epitope
tag; EDTA, ethylenediaminetetraacetic acid; OG, octylglucoside; PtdIns(4,5)P2,
phosphatidylinositol  (4,5)-bisphosphate; DAG, diacylglycerol; SAG, 1-stearoyl-2-
oleoylglycerol; DMEM, Dulbecco's modified Eagle's medium; PBS, phosphate-buffered
saline; gRMSD, global RMSD; GFP, green fluorescent protein; RFP, red fluorescent
protein; PNS, post-nuclear supernatant; PMF, post-mitochondrial fraction; PM, plasma
membrane; ER, endoplasmic reticulum; GRP 94, a chaperone glucose-regulated protein.

Keywords

diacylglycerol kinase; hydrophobic segment; transmembrane helix; monotopic
protein

INTRODUCTION

Diacylglycerol kinase (DGK) is a family of enzymes that appears unique to
multicellular organisms. Bacteria also have DGK, but its structure and substrate
specificity are very different from that of the mammalian isoforms. The bacterial enzyme
is an integral membrane protein with several transmembrane (TM) segments with
specificity for ceramide as well as diacylglycerol (DAG). A unique species of DGK has
recently been reported in yeast that uses cytidine triphosphate as the phosphate donor.” It
has been suggested that the mammalian forms of DGK control functions unique to
multicellular organisms, such as the immune response or nerve signal conduction. The
only mammalian DGK isoform with a putative TM domain is DGKe. This putative TM
comprises approximately residues 20—40 and is found in all forms of mammalian DGKe

as well as in Drosophila and in DGK2 from Arabidopsis thaliana. Predictive algorithms

that identify this segment as a TM helix include IMPALA,? TM Finder® and DAS.*
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The epsilon isoform is the smallest known mammalian DGK, a 64-kDa protein
having only two Cys-rich regions (C1 domains) and a catalytic domain that are
homologous to segments found in all other mammalian DGK isoforms. DGKe is unique
in not having any domain involved in regulation of the enzyme activity. DGKze is also
unique in having specificity for DAG substrates with an arachidonate moiety > ®. This
may also account for the enrichment of phosphatidylinositides with arachidonate, since
one path for its synthesis involves phosphorylation of DAG as the first step.” It appears
that the physiologically relevant DAGs are those containing a polyunsaturated acyl chain
in the sn-2 position. This DAG is formed as a result of phosphatidylinositol (4,5)-
bisphosphate [PtdIns(4,5)P2]-specific phospholipase C (PLC)-catalyzed hydrolysis of
PtdIns(4,5)P2 that itself is highly enriched in arachidonic acid. Thus, DGKe may be
responsible for down-regulating the DAG signaling resulting from inositol cycling.® The
importance of DGKe in neuronal function has been demonstrated in studies with
knockout mice.> !> It has been suggested that cell localization is a major factor
determining the specific biological roles of the various DGK isoforms.'? Since DGKe is
unique in having a putative TM domain, it is important to understand the role of this
hydrophobic segment in membrane interactions since they are likely to contribute to the
unique functional properties of this isoform.

Although the segment from residues 20 to 40 in DGKe is predicted to be a TM
helix, several observations do not coincide with this prediction. A model peptide
corresponding to this region of DGKe is only partially helical when embedded in a

phospholipid bilayer.”® In addition, although the hydrophobic segment of DGKe
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contributes to its membrane partitioning,'* the intact enzyme can be partially extracted
from a membrane with 2 M KCI, indicating that the protein cannot be classified as an
integral membrane protein. There are other protein segments that are predicted to be TM
helices that form reentrant loops.” To test whether DGKe truly has a TM topology, we
expressed an N-terminal Flag-tag-labeled form of DGKe in cells to determine if the
epitope is exposed to the cell exterior, as would occur if the hydrophobic segment were a
TM helix. These studies were supplemented with in silico calculations that are in accord
with several of the experimental findings and provide a thermodynamic basis for the

experimental observations.

RESULTS

Experimental studies

Kinetic analysis of 1-stearoyl-2-oleoylglycerol as substrate

We compared the kinetic properties of FLAG- DGKe [DGKe with an N-terminal
3xXFLAG epitope tag (FLAG)] with that of its P32A mutant (Table 2.1). The proteins
were obtained from transfected COS-7 cells and were assayed in a 1-stearoyl-2-
oleoylglycerol (SAG)-detergent—phospholipid mixed micellar system using a high
concentration of ATP (0.5 mM). The concentration of SAG is expressed as its mole
fraction in the lipid—detergent mixture, since the binding of the lipid substrate to the
catalytic site is determined not by its bulk concentration but by its concentration within
the water-insoluble phase of micelles.® The initial rate of the enzyme-catalyzed reaction

was determined as a function of the concentration of SAG in the micellar phase to obtain
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the kinetic constants kc; and K, Similar analysis was carried out for 1,2-dioleoylglycerol
but the rate of reaction was about fourfold lower than for SAG. The activity with 1,2-
dioleoylglycerol was too low for us to obtain an accurate analysis of the kinetic
constants ke and Ky, However, the results clearly show the retention of enzymatic

specificity for arachidonoyl-containing substrates for this mutant.

Table 2.1. Apparent Michaelis-Menten constants of DGKe constructs using SAG
as substrate.

Vmax, Keat/ Km, sec

. Keat, S€C™* h
nmolPA/min/ng cat ' mol%™

Isoform Km, mol%

FLAG-DGKe 0.59+0.19 0.0022 + 0.0005 2.35+0.36 3.9

FLAG-DGKe-P32A  0.13+£0.05 0.00054 +0.00006 0.53 +0.05 4.1

Solubilization of the enzymes from the cell membranes

An integral membrane protein is defined as one that cannot be extracted from a
membrane without disruption of the membrane structure. An integral membrane protein
should thus not be extracted by use of high salt concentrations or extremes of pH. It
would be expected that a protein with a TM helix would behave as an integral membrane

protein and not be extracted even by harsh aqueous conditions. Only 14% of the FLAG-

DGKe and 6% of the FLAG-P32A-DGKe activity are extracted with 2 M KCI (Fig. 2.1).

When buffers at physiological pH and salt concentration are used, negligible amounts of

FLAG-DGKe or the P32A mutant (4% or 2%, respectively) are extracted from the

membrane, compared with extraction by Na,COs at high pH that solubilizes 11% and 4%
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of the native and P32A proteins, respectively (Fig. 2.2). Thus, the P32A mutant is more

strongly anchored to the membrane than the native enzyme under a variety of conditions.

w
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solubilized activity (%)

FLAG-DGKe  FLAG-DGKe P32A

Figure 2.1. Percent activity found in the salt-extracted lysate from transfected
COS-7 cells. Total cell lysates of FLAG- DGKe and FLAG- DGKe P32A were extracted
with 2 M KCI by centrifugation at 73,000 rpm at 20 °C. Activity assay was done in OG
mixed micellar system as described in Materials and Methods. Activity was measured for
the extracted lysates and compared to the activity of the starting cell pellet.
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Figure 2.2. Percent of FLAG- DGKe extracted from a lysate of transfected COS-7
cells at pH 11.5 and 7.5. Total cell lysates of FLAG- DGKe and FLAG- DGKe P32A
were extracted with either 0.2 M Na,COg3 (pH 11.5) or with physiological buffer (pH 7.5)
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by centrifugation at 80,000 rpm at 4 °C. The amount of FLAG-tag protein in the aqueous
extract was measured by Western blotting and compared to the total amount in the
starting cell pellet. The average of two experiments is shown.

Fluorescence microscopy immunodetection of the FLAG epitope of FLAG-
DGKze and of the P32A mutant

The present study allowed detection of the topology of the N-terminus FLAG-tag
proteins by comparing the exposure of the FLAG tag to antibody before and after
detergent permeabilization. The results show that for the wild-type FLAG- DGKg, much
more of the N-terminus FLAG tag is detected upon cell permeabilization (Fig. 2.3a and
b). There is some variability in the extent of staining of the non-permeabilized cells that
we ascribe to some membrane damage as a result of the fixing procedure. We show a
representative result. Empty vector control cells (not shown) exhibit only background
fluorescence, similar to the non-permeabilized cells expressing wild-type FLAG-DGKe.
In contrast, with the P32A mutant, the fluorescent signals from the permeabilized and
non-permeabilized cells (Fig. 2.3c and d) are very similar, indicating that the amino
terminus of the P32A-DGKze is exposed to the cell exterior as a result of it forming a TM

helix.
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Figure 2.3. Confocal fluorescence microscopy of NIH 3T3 cells cotransfected
with the pmRFP-C1 vector and the p3xFLAG- DGKe vector (a and b) or with the
p3xXFLAG-P32A- DGKe vector (¢ and d). (a and ¢) Non-permeabilized cells. The cells
were fixed with paraformaldehyde and left non-permeabilized prior to indirect
immunofluorescence using an antibody directed against the FLAG tag and an Alexa Fluor
488 secondary antibody. (b and d) Permeabilized cells. The cells were fixed with
paraformaldehyde and permeabilized with Triton X-100 prior to indirect
immunofluorescence using an antibody directed against the FLAG tag and an Alexa Fluor
488 secondary antibody. Columns show examples of different cells. The top rows show
the 3xFLAG signal from DGK. Middle rows show the pmRFP-C1 signal. Bottom rows
show the merged images. The intensity level of images from cells before and after
permeabilization were kept identical. This resulted in the intensity of the Alexa Fluor 488
signal (green) from the non-permeabilized cells transfected with FLAG- DGKe (a) to be
very weak.

Detection of FLAG- DGKze in an affinity-purified plasma membrane fraction

Although the results from fluorescence microscopy indicate that some of the
DGKZe is present in the plasma membrane (PM), we wished to confirm this with the use of
an affinity-purified PM fraction that was free of intracellular membranes. Using a method
that combines cell surface biotinylation with affinity enrichment by streptavidin beads,
we prepared the affinity-purified PM fraction from NIH 3T3 cells transiently transfected
with FLAG-DGKe." The results of Western blot analysis showed the presence of FLAG-
DGKe in the purified PM fraction (Fig. 2.4). We confirmed the absence of membranes
from the endoplasmic reticulum (ER), which is the major contaminant in PM
preparations, using antibodies against a chaperone glucose-regulated protein (GRP) 94, a

marker protein for the ER. No detectable contamination was found (Fig. 2.4).
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PMF PM

- FLAG-DGKe
—“ Na/K ATPase a. (PM marker)
— GRP-94 (ER marker)

Figure 2.4. Detection of FLAG- DGKe and organelle-specific proteins in an
affinity-purified PM fraction by Western blotting analysis. Proteins were separated in a
7.5% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. The blot was
probed with antibodies against FLAG-tag and organelle-specific proteins: anti-Na/K
ATPase a for PM and anti-GRP 94 for endoplasmic reticulum (ER). PMF, post
mitochondrial fraction; PM, affinity-purified membrane fraction.

Subcellular fractionation of cells overexpressing either FLAG-DGKe or the

P32A mutant

Although the results presented in Fig. 2.4 unequivocally demonstrate that FLAG-
DGKe is expressed in a PM fraction that is not contaminated with ER, we wished to
better compare the relative amounts of FLAG-DGKe in the PM versus the ER. This
question is of particular importance because there is evidence that some DGKe is present
in the ER."® We therefore separated the membranes of transfected cells by using an
OptiPrep gradient. We used antibodies to the proteins GRP-94 and Na/K ATPase a as
markers for the ER and the PM, respectively. The ER is exclusively in the higher density
fractions, but the PM has a broader distribution, with the major portion being in the
lighter density fractions. Both FLAG-DGKe and the P32A mutant are detectable in all of
the fractions (Fig. 2.5). The density of the bands was quantified by densitometry (Fig. 6).

ER membranes are absent in fractions 3-5, but Na/K ATPase o is present in these
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fractions. The findings that FLAG-DGKe and the P32A mutant are present in these
fractions and in comparable amounts indicate that these proteins are present in the PM,
and the fact that FLAG- DGKe could not be detected by immunofluorescence in intact
cells is not a result of the protein being sequestered on intracellular membranes. However,
FLAG-DGKe and the P32A mutant are also present in fractions ~ 10-15. Since there is
some contamination of these fractions with the PM marker, it is not possible to
unequivocally state what fraction of the DGKe proteins is in the ER. The amounts of
FLAG-DGKe and the P32A mutant in these higher density fractions are comparable;
however, the fractionation pattern of the FLAG-DGKze in this region of the gradient is
different from that of the P32A mutant. How this relates to the role and location of these

proteins on intracellular membranes is currently under investigation.
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Figure 2.5. Subcellular fractionation of COS-7 cells transiently transfected with
FLAG- DGKe WT and P32A mutant. Fractionation was performed using an OptiPrep
gradient, and fractions were analyzed by immunoblotting with antibodies against the
indicated protein. (a) Density profile of 3-25% iodixanol gradient used for subcellular
fractionation. (b and c) The detection of marker proteins for PM (anti-Na—K ATPase), ER
(GRP-94) and FLAG-DGKe WT (b) and P32A mutant (c) proteins.

54



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

A B
—+— FLAG-DGKe WT — — FLAG-DGKe P32A
—-—GRP-94 —-— GRP-94
g 161 ; § 18] N
S 141 i S 16
o 12 : 5 141 . -
< 10+ N4 e 124 [
2 o y 3 101
£ gl
5 6 / \ &
8 4] g / N L) . .
Qo \/ Qo 44 — ~—
e oL —— = s ol
e 12345678 9101112131415161718 12345678 9101112131415161718
fraction number fraction number
C D
—+ — FLAG-DGKe WT —+— FLAG-DGKe P32A
—+—Na/K ATPase a —+— Na/K ATPase a
£ 16; ) £ 181 N
B 141 8_16'
212 o 141
o -
£ 10] =12
3 8] B 310
E 6- E 8 A
§ J \/ S 4 ./'/\ - R
5 2 S 2 e \»‘\
L Lb-rbrrr s HQH0H"QVY
12345678 9101112131415161718 12345678 9101112131415161718

fraction number fraction number

Figure 2.6. Quantification of immunoblots by densitometry. Results are presented
normalized for the total amount of each protein. Shown for comparison are the
distribution of ER (GRP-94) (a and b), PM (anti-Na—K ATPase) (c and d) markers, and
FLAG-DGKe WT (a and c) and P32A mutant (b and d) proteins.

Modeling

Structural prediction of the D18-Q42 peptide: PepLook

Analysis of the native TM fragment structure and polymorphism

Using PepLook, we generated 2.5 x 10° different conformations of D18-Q42 and
selected the 99 best energy models. Calculations assumed a hydrophobic medium to

simulate the membrane environment. The 99 best models for D18-Q42 have a large
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(mean, 74%) helical contribution; the balance is mainly due to random coiled (21%) and
beta-extended (5%) conformations (Supplementary Fig. 1). The 99 models cluster into
two different groups that are equally represented by subpopulations of structures (close to
50% each). Each subpopulation was analyzed as a variation around its best structure, i.e.,
the lowest-energy structure. For the first subpopulation, the best structure is the Prime,
i.e., the conformation of lower energy (Fig. 2.7); for the second subpopulation, the best
structure is the second model, i.e., the conformation next to the Prime in energy (Fig. 2.7).
In the first subpopulation, all models diverge from the Prime with a global RMSD
(gRMSD) within 3.5 A and a small variation of secondary structure as demonstrated by
the fact that the RMSD on a sliding window of nine residues (RMSD [9])*° (Fig. 2.7) is
not higher than 1.5 A all through the sequence. The Prime conformation is 88% helical
and the corresponding subpopulation is mainly a straight helix. The models of the other
subpopulations of D18-Q42 have a gRMSD of 4 to 10 with respect to the Prime,
supporting a different 3D structure. They have a low RMSD [9] with respect to the Prime
at both ends of the sequence, but diverge in the middle with an RMSD [9] increasing up
to 3 A between C27 and I135. The second population and its best model (model 2) are
partly helical and have a random coil and extended conformation at the fragment center
(L31V33) (Fig. 2.7 and Supplementary Fig. 1, left), which enables the peptide to adopt a
bent conformation. Values of secondary structures of this population better match the CD
data of peptide L22W39, which indicate a partly (~ 30%) helical conformation when in
phospholipid bilayers containing anionic lipid.** All together, this indicates that

secondary structures of the N- and C-terminal residues are similar for both subpopulations
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but vary in the middle of the peptide (Fig. 2.7). Both populations are individually
homogeneous, correspond to similar energy and account for a similar percentage of the 99
most stable models. The Prime is a helix, while model 2 is a U-bent conformation of two

short helical fragments (Fig. 2.7).

Prime's population
Structure 2's population

Local RMS (win 9)

DGHLILWTLCSVLLPVFITFWCSLAQ

Figure 2.7. D18-Q42 models of the native DGKe calculated by PepLook. Top:
Snapshot of the 99 best structures provided by PepLook (left). View of the best model of
each population (Prime's structure in pink and model 2 in blue) (right). Bottom: Local
RMS (window of nine residues) along the sequence. The reference structure is the Prime.
The red plot represents the mean values of all models of the Prime's subpopulation, the
blue one represents the mean value for all models of the second subpopulation. The
standard deviations clearly indicate that the two populations are homogenous.

Analysis of stability

2
1%

As previously described by Thomas et al.,”” the stability of residues was scored as

the ratio (in percent) of their mean force potential values in the calculated models to their

57


http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#fig7
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#fig7
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#bib20

PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

reference mean force potential values in a large series of stably folded
proteins.?! Structures with a mean stability score of 100 are considered as stable as in
proteins. Because they are shorter than proteins, peptides with a mean stability score over
60 are likely to be stable conformations. Residues under 50-60% are considered as
unstable and are priority candidates for external partner binding.

Analysis of the stability score supports the conclusion that most residues are ready
for external partnership: the mean stability score of model 2 is 51%; the mean stability
score of the Prime is 47% (Fig. 2.8). In addition, the N-terminal (D18-W24) and the C-
terminal (V33-Q42) moieties of the Prime show a lower stability score (42%) than the
center of the peptide (56%). In the bent form (i.e., model 2), some of the Prime's unstable
residues, notably L21, T25, V29, L31, F34, W38 and L41, are stabilized thanks to
intramolecular interactions, but two hydrophobic residues, L30 and V33, have low

stability scores.
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Figure 2.8. Analysis of the native DGKe D18-Q42 model stability. Stability score
(in %) of every residue of the two different models of DGKe 18-42.

Analysis of the P32A TM fragment structure and polymorphism
Our calculations show that substitution of Pro32 with Ala greatly favors the

straight TM helical conformation of the hydrophobic segment (Fig. 2.9a). All together,

the 99 best models for P32A-DGKe 18-42 have a larger helical contribution (mean, 82%)

than the native DGKe 18-42 (mean 74%). For the mutant, we also observe two distinct

structural populations (Fig. 2.9a and b), but the population with a straight helical
conformation now represents up to 89% of the conformations, while the second

population contains only 11% of the structures, among which only half adopt the U-bent

conformation. In the first subpopulation of P32A-DGKe 18-42, comprising 89%, the

models diverge from the Prime with a small variation of secondary structure. This is
demonstrated by the fact that the RMSD [9] (Fig. 2.9c) is not higher than 1.6 A
throughout the sequence. The models of the other subpopulations have a low RMSD [9]
with respect to the Prime at both ends of the sequence, but diverge in the middle with an
RMSD [9] increasing up to 2.6 A. The standard deviations clearly indicate that models of
the Prime's populations are homogenous and that the second population is less

homogenous (Fig. 2.9¢). The slight kink of the helix that we had noticed for the 50%

Prime population of native DGKe 18-42 disappears for the 89% Prime population of

P32A-DGKe 18-42, confirming the role of Pro32 in the U-bent formation.
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Figure 2.9. D18-Q42 models of the P32A DGKe calculated by PepLook.
Calculated conformations of P32A- DGKe 18-42. (a) Snapshot of the 99 best structures
provided by PepLook. (b) View of the best model of each population (Prime's structure in
pink and representative of the second population in blue). (c) Local RMS (window of
nine residues) along the sequence. The reference structure is the Prime. The red plot
represents the mean values of all models of the Prime's subpopulation; the blue one
represents the mean value for all models of the second subpopulation. The standard

deviations clearly indicate that the Prime's populations are homogenous and that the
second population is less homogenous.

DISCUSSION

The most hydrophobic segment of DGKe is between residues 20 and 40. Deletion
of the 40 N-terminal amino acids from DGKze significantly decreases the membrane
affinity of the protein.* What is the nature of the membrane insertion of the segment 20
to 40 when DGKe binds to membranes? Membrane proteins have been classified by

Blobel on the basis of the number of times their hydrophobic domains span the
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membrane.?? Therefore, monotopic proteins are hydrophobically associated with the
membrane but do not pass across the bilayer, bitopic proteins cross the membrane only
once, and polytopic proteins cross the membrane more than once.?® Monotopic proteins
are less common.**

If DGKe was the most common type of bitopic protein, with residues 20—40
forming a TM helix, then either the segment of residues 1-19 with its attached FLAG tag
would protrude from the membrane or the topology of the protein would be reversed with
the protein being an ectoenzyme having its active site on the extracellular side of the
membrane. However, it is unlikely that the protein is an ectoenzyme. This family of
enzymes participates in intracellular signal transduction and it is thought to down-regulate
the DAG signal produced intracellularly by PtdIns(4,5)P2-specific PLC-catalyzed
hydrolysis of Ptdins(4,5)P2. There is an ecto-PLC known® that could produce DAG on
the outside surface of the cell membrane. However, an additional fact making this
orientation unlikely for DGKe is that a green fluorescent protein (GFP)-DGKe construct
that does not sequester well to membranes is found in the cytoplasm?® and is not excreted,
as would be the case if it were an ectoenzyme. It is possible, however, that under certain
conditions, DGKe can become an ectoenzyme, as has been shown for protein kinase C
during apoptosis.?’

Another possibility is that DGKe is located on an intracellular membrane.
However, there is evidence that DGKze is involved in inositol cycling.® ** This cycle can
be activated by hormones binding to cell surface receptors resulting in the activation of

PtdIns(4,5)P2-specific phospholipase C. The DAG derived from this process will be
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formed in the PM and is a preferred substrate for DGKe. It is therefore likely that this
enzyme is also present in the PM. We have demonstrated directly that there is DGKe in a
purified PM fraction (Fig. 2.4). The subcellular localization of a substantial and similar
fraction of the wild-type enzyme and the P32A mutant in the PM fraction following
density gradient centrifugation confirms this conclusion (Fig. 2.6). Hence, the lack of
FLAG-tag staining in the cells expressing wild-type DGKe is not a result of complete
sequestration of the enzyme on intracellular membranes. A GFP— DGKe construct has
been shown by fluorescent microscopy to colocalize with a marker for the
ER.™ However, these images look very different from the ones shown in this article.
Furthermore, with permeabilized cells expressing both intracellular-localizing red
fluorescent protein (RFP) and FLAG-DGKg, it is clear that the two proteins are separated.
In addition, there is no change in distribution of the P32A-DGKe before and after
permeabilization (Fig. 2.3c and d), indicating some PM localization. We do not believe
that the FLAG epitope tag alters subcellular distribution. The FLAG tag is small and the
FLAG-DGKe maintains enzyme activity and membrane affinity similar to that of the
endogenous enzyme.'* We cannot completely eliminate the possibility that the
overexpression of the DGKe in the transfected cells alters its localization, but we do not
believe this is likely. Transfecting the cells with different amounts of DNA, resulting in
several fold changes in DGKe expression, did not alter the subcellular distribution (not
shown). Additionally, even with overexpression, the level of protein is very small and
cannot be detected in gels with Coomassie staining. Thus, on the basis of the lack of

exposure of the N-terminal FLAG-tag without detergent permeabilization of the
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membrane, we conclude that DGKe is a monotopic enzyme with both the carboxyl and
amino termini of the protein oriented on the cytoplasmic side of the membrane. This
topology is altered in the P32A mutant where the hydrophobic segment protrudes through
the membrane.

The definition of monotopic proteins does not specify the extent to which the
protein inserts into the membrane, only that the protein will not translocate across the
membrane. In the case of the wild-type DGKge, the protein inserts deeply into the bilayer
so that it has properties partially resembling that of an integral membrane protein. We
suggest that this class of monotopic proteins should be distinguished by referring to them
as deeply inserted monotopic proteins. The deep insertion of the native DGKe is indicated
by the fact that it is poorly extracted from the membrane by both 2 M KCIl and 0.2 M
Na,COs at alkaline pH (Fig. 2.1 and Fig. 2.2). However, it is partially extracted by these
harsh conditions, indicating that it has properties intermediate between those of an
integral membrane protein and those of a peripheral membrane protein; i.e., it is a deeply
inserted monotopic protein. In contrast, the P32A mutant is very poorly extracted from
the membrane even at high salt concentrations or high pH and therefore it behaves more
like an integral membrane protein with a TM helix, as suggested by fluorescence
microscopy studies (Fig. 2.3c and d).

The Pro residue is a feature that could disrupt a TM helix. However, in some
proteins, such as bacteriorhodopsin, there are several Pro in TM helices that can be
mutated without consequence to the topology of the protein in a membrane.? There are,

however, other examples of motifs in which a Pro-containing hydrophobic segment will
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insert into a membrane with a conformation different from that of a TM helix. One

example is the caveolin-1 protein® *

that presents its hydrophobic domain at the
membrane in the form of a hydrophobic loop. Caveolins are a family of proteins that coat
the cytoplasmic side of caveolae. The primary sequence of caveolin-1 contains a central
hydrophobic domain (104-124) that is believed to anchor the protein to membranes as a
deeply inserted monotopic protein. We compared the sequence of this segment with that
of the hydrophobic segment of DGKe (Table 2.2). There is little homology and even the

Pro residue is in a different location. Nevertheless, the two proteins have in common that

they are both monotopic.

Table 2.2. Comparison of the Hydrophobic Segments of DGKe and of Caveolin-
DGKe LILWTLCSVLLPVFITFWCSL

Caveolin-1 ALFGIPMALIWGIYFAILSFL

The modeling studies support our experimental observations and provide a
mechanistic rationale. For the native DGKe 18-42 fragment, PepLook detects a tendency
to structural polymorphism. The 99 models of lower energy give two equally frequent
conformations: a long helix and a U-bent helix. Interestingly, the two representative
models (the Prime and the second model) are the two most stable conformations of the 99
models, supporting the conclusion that both conformations might coexist. Since both
conformations have low self-stability, their relative ratio might depend upon the medium,

and factors such as the protein/lipid ratio, the nature of the lipid and the strength of
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interactions between the N- and C-termini of the protein may determine which of the two
conformations is in greater abundance.

In addition to the intact protein, we have also studied a model peptide
corresponding to the fragment of DGKe from residues 22 to 39 and flanked at both
carboxyl and amino termini with Lys residues.*® It would be expected that in the presence
of SDS, this peptide would fold into a straight helical conformation, similar to what we
have called the Prime structure. From CD studies, we find that the peptide has the greatest
helical structure in SDS. However, the peptide has less secondary structure in
phospholipid bilayers than in SDS, suggesting that even this short peptide forms a U-bent
structure in a membrane.

In summary, although simple predictive algorithms suggest that the hydrophobic
segment of DGKe will form a TM helix, calculations using PepLook demonstrate that
two different stable conformations are possible for this segment. Experimental studies of
the protein expressed in cells indicate that a bent conformation predominates. The
conformational state of the protein can be shifted toward the TM arrangement of the helix

by a single amino acid mutation, changing the Pro32 residue to Ala.

MATERIALS AND METHODS

DGKZe constructs

A FLAG-epitope-tagged DGKe expression vector was prepared as previously
described and was transfected into NIH 3T3 or COS-7 cells for subcellular

fractionation. In addition, as a marker for transfection efficiency, cells used for
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fluorescence microscopy were cotransfected with pmRFP-C1 that produces a protein with
fluorescence in the visible region that can be monitored.** The P32A mutant of the
FLAG- DGKe was designed with the use of the QuikChange protocol (Stratagene, La
Jolla, CA). A mutated DNA plasmid was amplified from an N-terminal FLAG-tagged
DGKe by 12 cycles using PfuTurbo DNA polymerase and the following mutagenic
primers:  forward, 5-CGGTCCTGCTGGCGGTGTTCATCAC-3’; reverse, 5'-
GTGATGAACACCGCCAGCAGGACCG'3'. After digestion of the nonmutated parental
DNA with Dpnl restriction enzyme, the resulting PCR mix containing the mutated DNA
plasmid was transformed into XL1-Blue supercompetent cells. DNA was purified from
the bacterial culture using Wizard Plus Minipreps DNA purification system (Promega).
The presence of the desired mutation was verified by sequencing analysis.

Cell culture

COS-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM,
GIBCO/Invitrogen) containing 10% fetal bovine serum (GIBCO/Invitrogen) and 1%
penicillin/streptomycin (GIBCO/Invitrogen) at 37 °C in an atmosphere of 5% carbon
dioxide. The cells were grown to about 70-80% confluency and harvested after 18-24 h
by scraping them off the plate in 1x phosphate-buffered saline (PBS) containing 1:100
protease inhibitor cocktail for use with mammalian cells and tissue (Sigma-Aldrich). The

cells were kept at — 70 °C until further use.

Estimation of the amounts of FLAG-tagged recombinant P32A-DGKe

protein
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Amounts of FLAG-tagged P32A- DGKe protein in the membrane fractions of
transfected COS-7 cells were estimated by immunoblotting with a mouse anti-FLAG
peptide M2 primary antibody (Sigma-Aldrich). A 3xFLAG-tagged bacterial alkaline
phosphatase (Sigma-Aldrich) with a molecular mass of 49.9 kDa was used as a standard
in different lanes of the same blots. Details of the procedure are the same as those
previously used by us for another FLAG-DGK construct.**

Enzyme preparations for kinetic analysis

The transfected cells were harvested after 24-48 h in ice-cold cell lysis buffer
(20mM Tris—HCI, pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), and 1x protease inhibitor cocktail (Sigma-Aldrich)). The cells were pelleted at
low speed (6000g) and the pellets were kept at — 70 °C until further use. Prior to assay,
cell pellets were resuspended in cell lysis buffer containing 30 mM octylglucoside (OG),
allowed to lyse for 10 min on ice and then centrifuged at 100,000g for 30 min at 20 °C.
The supernatants were used in the assay of DGK activity.

DGK activity assay in OG micelles

The assay was adapted from the method described by Walsh et al.® as previously
employed in our laboratory.* Controls were run with the addition of mock-transfected
cell lysates or without the addition of lipid substrates. In both cases, the counts remaining
in the organic phase were only slightly above background. The DGK activity measured
with mock-transfected cells was subtracted from the values obtained using cells
overexpressing one of the DGKe constructs. The production of phosphatidic acid was

linear with time over 10 min. The assays were done in triplicate and the results presented
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with errors showing the standard deviation of the mean for one particular experiment.
Each experiment was independently repeated at least two times. The day-to-day
variations using the same enzyme preparation and the same lipids were not much greater
than those for an individual experiment.

Kinetic analysis of the micelle-based assay of DGK activity

A Kinetic analysis was performed on the FLAG- DGKe full-length construct and

on the P32A-DGKe. The Michaelis-Menten constants Vi and Ky, were evaluated by a

least-squares fit of a two-parameter hyperbolic plot [initial velocity (vo) versus substrate
concentration ([S])] as well as by using Hanes plots ([S]/voversus [S]). The content of
FLAG-tagged DGKe protein was determined as described above. Microcal Origin
software was used to determine ke and Kp,.

Solubilization of the enzymes from the cell membranes

Two confluent 10-cm dishes of COS-7 cells transfected with 3xFLAG- DGKe or
with 3xFLAG-DGKe P32A were scraped into ice-cold cell lysis buffer [20 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1x protease inhibitor cocktail (Sigma-
Aldrich)] and centrifuged for 5 min at 6000g. Cells were adjusted to 1 mL with either
extraction buffer (200 MM Na,CO;, 10 mM DTT, 2% glycerol, pH 11.5), with
physiological buffer (10 mM Tris—HCI, pH 7.5, 10 mM NaCl, 3 mM MgCl,-6H,0, 1 mM
DTT) or with high-salt buffer (2 M KCI, 30 mM Tris—HCI, 60 mM NaCl, pH 8). The
reaction was incubated on ice for 30 min. Cell pellets extracted with 2 M KCI were
centrifuged for 30 min at 73,000 rpm (rotor RP120-AT, Sorvall) at 20 °C, while the

samples extracted with carbonate were centrifuged at 80,000 rpm (rotor RP120-AT,
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Sorvall) for 30 min at 4 °C. The supernatant was removed. A small aliquot of the salt-
extracted supernatant was assayed directly for enzymatic activity with the OG assay
described above. The carbonate-extracted material was first neutralized with glacial acetic
acid and precipitated with 30% trichloroacetic acid. To pellet the precipitated protein, the
suspensions were spun at full speed in a tabletop microcentrifuge. The pellet was washed

with 50:50 ethanol/ether. This precipitate as well as the original unextracted cell pellet

were dissolved in 0.1 M Tris (pH 8.9) and 1% SDS. The presence of 3xFLAG-DGKe and

3xXFLAG- DGKe P32A proteins in each fraction was detected by Western blotting using
mouse anti-FLAG M2 antibody (Sigma-Aldrich).

Indirect immunofluorescence

NIH 3T3 cells were grown on poly-L-lysine-coated coverslips in a six-well plate.
The cells were grown to 50-70% confluency in DMEM with 10% FBS and 1%
penicillin/streptomycin. The cells were then transiently transfected with Lipofectamine
2000 reagent from Invitrogen. The medium was replaced after 5 h and the cells were left
in the incubator for 16-18 h. The next day, the cells were fixed with 3.7%
paraformaldehyde in PBS, pH 7.4, and after several washes, the cells were incubated with
5% bovine serum albumin in PBS for 1.5 h or they were treated with 0.1% Triton X-100
in PBS for 10 min, washed a few times and then incubated with 5% bovine serum
albumin in PBS for 1.5 h. The cells were then rinsed with PBS and incubated with the
mouse monoclonal anti-FLAG antibody (Sigma-Aldrich) in PBS (1:200) for 1.5h at
37 °C in 5% CO,. The cells were rinsed three times with PBS then incubated with Alexa

Fluor 488-labeled goat anti-mouse 1gG (Molecular Probes/Invitrogen) in PBS (1:500 or
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1:1000) for 1 h at 37 °C in 5% carbon dioxide. After washing the glass coverslips five
times with PBS, the coverslips were mounted onto the glass slides and left to dry at room
temperature in the dark overnight. The coverslips were then sealed onto the slide with nail
polish and left to dry. The slides were visualized using a confocal fluorescent microscope.
The intensity levels of images from cells before and after permeabilization were kept
identical.

Preparation of affinity-purified plasma membrane fraction

1.1 and from

The biotinylation protocol was adapted from the work of Zhao et a
the manufacturer's instructions. NIH 3T3 cells were grown at 37 °C in DMEM with 10%
FBS until approaching confluency (80%) and transfected with FLAG-DGKe plasmid
DNA. Ten dishes (10 cm) of cells were washed with pre-warmed (37 °C) PBS three
times, and then 5 mL of PBS and 167 uL of 10 mM EZ-Link Sulfo-NHS-SS-Biotin
(Pierce, Rockford, IL) stock solution in water was added to each dish. The cells were
incubated at room temperature for 30 min and the biotinylation reaction was quenched by
removal of the biotin solution and addition of 50 mM Tris—HCI (pH 8). The cells were
washed twice with ice-cold PBS and scraped into ice-cold PBS containing 1x protease
inhibitor cocktail. After centrifugation at 1000g for 5min, 4°C, the cells were
resuspended into 1 mL of ice-cold hypotonic buffer (10 mM Hepes, pH 7.5, 1.5 mM
MgCl;, 10 mM KCI, 1x protease inhibitor cocktail, 1 mM NaF and 1 mM NazVO,),
incubated on ice for 15 min and broken by Dounce homogenization (50 passes). A post-

nuclear supernatant (PNS) was generated by centrifugation at 1000g for 10 min at 4 °C.

The KCI concentration in this fraction was adjusted to 150 mM, and then the fraction was
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centrifuged at 12,000g for 15 min at 4 °C to obtain the post-mitochondrial fraction
(PMF). A 250-uL aliquot of suspended streptavidin magnetic beads (Dynabeads 280,
Invitrogen, pre-washed with PBS three times before use) was added to the PMF fraction
and the suspension was rotated at 4 °C for 1 h. The beads were collected with the use of a
magnetic plate and washed eight times with the hypotonic buffer to obtain the affinity-
purified membrane fraction. Proteins were extracted from beads with 2x SDS sample
buffer containing 50 MM DTT and precipitated with trichloroacetic acid/acetone. The
protein pellet was redissolved in 1% SDS sample buffer prior to SDS-PAGE. The
presence of 3XxFLAG-DGKe and organelle-specific proteins was detected by Western
blotting using mouse anti-FLAG M2 antibody, anti-Na/K ATPase a polyclonal antibody
(Santa Cruz Biotechnology) and anti-GRP 94 polyclonal antibody (Santa Cruz
Biotechnology).

Subcellular fractionation

Subcellular  fractionation was adapted from a previously described
procedure.® The fractionation was performed using the OptiPrep gradient (Sigma-
Aldrich), according to the manufacturer's instructions. Briefly, COS-7 cells were
transiently transfected with either FLAG-DGKe or FLAG-DGKe P32A vectors and after
48 h the cells were rinsed twice with PBS, scraped in homogenization buffer [0.25 M
sucrose, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM KCI, 20 mM NaCl, 1x protease
inhibitor cocktail (Sigma-Aldrich)] and centrifuged for 5 min at 1000g. Cells were
resuspended in 0.5mL of homogenization buffer plus DNase 1, followed by

homogenization at 4 °C by 14 passages through a 25-gauge needle syringe. The
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homogenate was centrifuged at 1000g for 10 min to obtain a PNS. The PNS was further
centrifuged at 100,000g at 4°C for 1h and the resulting membrane pellet was
resuspended in 1 mL of homogenization buffer containing 25% (w/v) iodixanol. The
vesicle suspension was layered underneath an OptiPrep gradient consisting of 3%, 6.5%,
10%, 13.5%, 17% and 20.5% (w/v) iodixanol solutions. Gradients were centrifuged using
a SW41Ti rotor in a Beckman Optima L-100 XP ultracentrifuge at 50,0009 for 18 h, 4 °C.
Eighteen fractions were collected, concentrated using Vivaspin-500 columns (30-kDa cut-
off, GE Healthcare) and analyzed with SDS-PAGE and Western blotting.

Molecular modeling

The location of the putative TM sequence of DGKe was predicted from the

protein sequence by combining the method of Eisenberg et al.*®

with a test of the stability
of the selected fragment using Impala.? The sequence G19-F37 was first identified using
the method of Eisenberg et al. This TM segment might be too short to completely cross
the membrane so we tested the insertion of several longer peptides with Impala. The
results support the conclusion that the best putative TM segment is D18-Q42, notably
because it allows a matching of the terminal residues (D18 and Q42) with the
phospholipids’ polar heads (data not shown). We have used this segment for subsequent
calculations of the conformational and membrane insertion properties of this region of the
protein. Our model protein segment was blocked at the amino and carboxyl termini to
remove the charges at the ends of the peptide. The sequence used for modeling was: N-

acetyl-DGHLILWTLCSVLLPVFITFWCSLQ-amide.

PepLook method (Boltzmann stochastic method)
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In order to explore conformational possibilities of the peptide, we used the
Boltzmann stochastic in silico method, PepLook.?’ This method requires several
successive steps of calculation. At each step, a random population of 10,000
conformations of DGKe 18-42 is generated and the energy of all conformations is
calculated using the force field described below. The first step uses a set of 64 pairs of
®/¥Y of angles with equal probability. In the next steps, the probabilities of ®/¥ values
per residue vary according to whether they had previously contributed in exclusively poor
or exclusively good structural solutions for DGKe 18-42, respectively. The calculation is
iterated up to when the probability of all ®/¥ angles remains constant. Then, the 99
models of lower energy are further minimized using a Simplex method* * with a
precision of 5° and a maximum of 1000 steps.

Force field

The molecule energy was calculated as the sum of four contributions: van der
Waals energy, electrostatic energy, internal and external hydrophobicity potential.

Van der Waals contribution is calculated using the 6-12 Lennard-Jones

description of interaction energy between unbonded atoms [Eq. (1)]:

o eyalgre[gE

A;; and B;; are coefficients assigned to atom pairs, r% and r? are the van der Waals
radii of atoms i and j, andd; is the distance between i and j.
The Coulomb's equation [EQ. (2)] is used for the calculation of electrostatic

interaction energy between nonbonded atoms:

73


http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#bib20
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#fd1
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283608011042#fd2

PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

S
=M\
@) E. ) le-:l e2) dy

A is the electronic density unit conversion factor, djj is the distance between atoms
i and j. 2j(z) is the medium dielectric constant varying from 1 to 80 with a sigmoid
function of dj; (Ref. 36) between 2 and 10 A. g; and g; are the FCPAC charges of atoms i
and j.*°

The intramolecular hydrophobicity contribution is calculated using Eq. (3). In this

equation, energy decreases as an exponential function of distance between atoms:

(3)

Epho intra — Z Z Su [(Etrl fu) (Etrj fji)] exp (ﬁo +rj0 'dij/2 rso|)

i=1l j=i+l

dij = — 1 if atoms in the interaction are both hydrophobic or both hydrophilic and
dijj = +1 if atoms i and j are of opposite type. Etr; and Etr; are the energy for transferring
atoms i and j from a hydrophobic to a hydrophilic phase; fij and fj; are the ratios of atom |
or j surface covered by partner j or i, respectively; r’and roj are the van der Waals radii of
atoms i and j, dj is the distance between i and j and ry is the radius of a water molecule.

Finally the force field allows calculation of the energy of the structure with
respect to the solvent. Solvent contribution is calculated via an implicit external

hydrophobicity energy as described in Eq. (4):

(4) Epho_out = il Si EtrSi
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where S is the solvent-accessible surface of atoms calculated using the method of
Shrake and Rupley with a surface precision of 162 points®’ as previously used to compute
the hydrophobic and hydrophilic surfaces of residues in soluble proteins.*®Etrs;is the
energy of transfer of atom i expressed in surface area units.*
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CHAPTER THREE
MOLECULAR SPECIES OF PHOSPHATIDYLINOSITOL-CYCLE
INTERMEDIATES IN THE ENDOPLASMIC RETICULUM AND PLASMA

MEMBRANE
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CHAPTER THREE PREFACE

The work presented in this chapter was published previously in Biochemistry,
volume 49(2), pages 312-317, in 2010.

Reprinted with permission from “Shulga Y.V., Myers D.S., Ivanova P.T., Milne
S.B., Brown H.A., Topham M.K., Epand R.M. (2010) Molecular species of
phosphatidylinositol-cycle intermediates in the endoplasmic reticulum and plasma
membrane. Biochemistry 49(2):312-7.” Copyright (2010) American Chemical Society.

Shulga Y.V. conducted sample preparation (cell culture and subcellular
fractionation by iodixanol gradient), as well as interpretation of results. Myers D.S.,

Ivanova P.T., and Milne S.B. conducted mass spectral analysis.

Research objective: to investigate the role of DGKe in the PtdIns cycle occurring
between the plasma membrane and endoplasmic reticulum.

Research highlights:

> The acyl chain profile for phosphoinositides is very different from that for
phosphatidic acid in mouse embryonic fibroblasts, suggesting that phosphatidic acid is
derived from other sources in addition to the action of DGK in the PtdIns cycle;

> In the plasma membrane of DGKe KO cells the levels of
phosphoinositides and phosphatidic acid are decreased 3-fold in comparison with those in
WT cells;

> The PI cycle is slowed in the DGKe KO cells;

> There is less of an effect of the DGKe depletion in the ER where de novo
synthesis of phosphatidic acid occurs in comparison with the plasma membrane.
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ABSTRACT

Phosphatidylinositol (PI) turnover is a process requiring both the plasma and ER
membranes. We have determined the distribution of phosphatidic acid (PA) and Pl and
their acyl chain compositions in these two subcellular membranes using mass
spectrometry. We assessed the role of Pl cycling in determining the molecular species and
quantity of these lipids by comparing the compositions of the two membranes isolated
from embryonic fibroblasts obtained from diacylglycerol kinase € (DGKze) knockout (KO)
and wild-type (WT) mice. In the KO cells, the conversion of arachidonoyl-rich DAG to
PA is blocked by the absence of DGKe, resulting in a reduction in the rate of PI cycling.
The acyl chain composition is very similar for Pl and PA in the endoplasmic reticulum
(ER) versus plasma membrane (PM) and for WT versus KO. However, the acyl chain
profile for PI is very different from that for PA. This indicates that DGKe is not
facilitating the direct transfer of a specific species of PA between the PM and the ER.
Approximately 20% of the PA in the ER membrane has one short acyl chain of 14 or
fewer carbons. These species of PA are not converted into Pl but may play a role in
stabilizing regions of high positive curvature in the ER. There are also PI species in both
the ER and PM for which there is no detectable PA precursor, indicating that these
species of Pl are unlikely to arise via the PI cycle. We find that in the PM of KO cells the
levels of Pl and of PA are decreased 3-fold in comparison with those in either the PM of

WT cells or the ER of KO cells. The PI cycle is slowed in the KO cells; hence, the lipid
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intermediates of the PI cycle can no longer be interconverted and are depleted from the PI
cycle by conversion to other species. There is less of an effect of the depletion in the ER

where de novo synthesis of PA occurs in comparison with the PM.

INTRODUCTION

A major pathway for hormonal stimulation of cells is through the activation of
P1(4,5)P,-specific isoforms of phospholipase C that catalyzes the hydrolysis of
PI(4,5)P,' to the two signaling molecules, diacylglycerol (DAG) and inositol
triphosphate. The efficiency of this system is due in part to the fact that the initial
substrate, PI(4,5)P,, is regenerated from DAG through a biochemical cycle termed the PI
cycle. The hormone-stimulated initial cleavage of PI(4,5)P,occurs in the PM, but the
regeneration of PI(4,5)P, requires participation of enzymes found only in the ER
(Figure 3.1). Thus, the functioning of the PI cycle requires transfer of lipids between

these two membranes.
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Figure 3.1. Pl cycle.

Several of the lipid intermediates of the PI cycle have important signaling
properties; however, little is known about how they are distributed between the two
membranes involved in the Pl cycle, nor is the acyl chain composition for these lipids
known in these two membranes. Among the lipid intermediates of the Pl cycle with
important signaling properties are the various species of phosphorylated PI, PIPn. This
lipid class, of PI plus PIPn, comprises only 5—-8% of total lipids in mammalian cells (1).
However, these lipids regulate fundamental cell processes, including cell growth,
cytoskeleton dynamics, membrane trafficking, and nuclear events (2). P1(4,5)P, is not the
only form of PIPn with important cellular functions; rather, PIPn species undergo rapid

interconversion through cycles of phosphorylation and dephosphorylation, tightly
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regulated by numerous Pl and PIPn kinases and phosphatases to form Pl and various
species of PIPn with varying numbers and positions of phosphorylation in the inositol
moiety. All of the different forms of PIPn serve as individual signaling molecules.
Another important signaling lipid of the PI cycle is phosphatidic acid (PA). PA is
essential in controlling cell processes such as cytoskeletal rearrangement, proliferation,
and cell survival (3). PA is required for vesicular trafficking. A decreasing level of PA
production results in a reduced level of exocytosis (4). PA regulates fusion through
promotion of the negative membrane curvature (3). Another lipid intermediate of the PI
cycle, diacylglycerol (DAG), is a lipid second messenger whose importance in cell
signaling is well-established (5). DAG’s diverse range of effectors allows it to modulate a
large variety of cellular events, resulting in its broad effects on the cell (6).

There is interconversion among the three types of lipid signaling molecules,
PI/PIPn, PA, and DAG, in the PI cycle. One important step in Pl turnover is the
conversion of DAG to PA, the first step in the resynthesis of PI, catalyzed by
diacylglycerol kinases (DGK), a family of lipid signaling enzymes (7-10). Among all the
isoforms of DGK, DGKe appears to be most important for catalyzing this step in the PI
cycle (11, 12). DGKe is located in both plasma and ER membranes (13); it has specificity
for 1-stearoyl-2-arachidonoylglycerol (14), and through the PI cycle, DGKe contributes to
enriching the P1 with these acyl chains (14). In this work, we assess the role of the PI
cycle in determining the location and acyl chain composition of the lipid intermediates of
the cycle by affecting the cycle with the deletion of DGKe. For this purpose, we have

compared the PA and PI of the ER and PM isolated from embryonic fibroblasts derived
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from DGKe KO and WT mice using mass spectrometry. This is a reliable method of
detecting Pl and PA and also allows determination of the acyl chain composition of these
lipids. There have been studies using fluorescent protein-tagged protein domains that
specifically recognize P1 lipids to determine their cellular localization, but these methods
have their own limitations (15). In addition, there is no acceptable fluorescent probe,

specific for non-Pl lipids, such as PA.

EXPERIMENTAL PROCEDURES

Tissue Culture

Mouse fibroblasts were obtained from embryos of mice that were made deficient
in DGKe and are designated as DGKe KO mouse embryonic fibroblasts (MEFs) (11). In
each experiment, these cells were compared with wild-type embryonic fibroblasts
obtained from siblings of the (—/—) mice. These cells, derived from DGKe (+/+) embryos,
are designated as DGKe WT MEFs. All cells were immortalized by transfection with the
SV40 large T antigen. Cells were cultured in DMEM supplemented with 10% fetal

bovine serum and 25 mM HEPES, at 37 °C in a humidified atmosphere with 5% CO,.

Subcellular Fractionation

Subcellular fractionation was adapted from a previously described procedure (16).
The fractionation was performed using the OptiPrep gradient (Sigma-Aldrich), according
to the manufacturer’s instructions. The method has been shown to give good separation of
the ER and PM despite the fact that these two organelles have very similar densities of

1.16 g/cm3(17). Briefly, DGKe KO and WT MEF cells were grown at 37 °C in DMEM
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medium with 10% FBS until they approached confluency (80%). Thirty-two dishes (10
cm) of each cell line were washed two times with ice-cold PBS and scraped into ice-cold
PBS containing 1x protease inhibitor cocktail for use with mammalian cell and tissue
extracts (Sigma-Aldrich). The cells were collected by centrifugation at 10009 for 5 min at
4 °C and resuspended in 850 uL of ice-cold homogenization buffer [0.25 M sucrose, 10
mM HEPES (pH 7.5), | mM EDTA, 1 mM KCl, 20 mM NaCl, and 1x protease inhibitor
cocktail]. The cells were broken by 20 passages through a 25-gauge needle syringe.
Unbroken cells and nuclei were removed from the cell homogenate by centrifugation at
1000g for 10 min at 4 °C to generate a postnuclear supernatant (PNS). The crude
microsomal sample was diluted with the 50% Optiprep Density Gradient Medium
(lodixanol, from Sigma) to a final concentration of 25% Optiprep. The vesicle suspension
was layered underneath an OptiPrep gradient consisting of 3, 6.5, 10, 13.5, 17, and 20.5%
(w/v) iodixanol solutions. Gradients were centrifuged using a SWA4LTi rotor in a
Beckman Optima L-100 XP ultracentrifuge at 50000g for 18 h at 4 °C. Eighteen fractions
were collected and concentrated using Vivaspin-500 columns (30 kDa cutoff, GE
Healthcare). The presence of organelle-specific proteins was detected by SDS—PAGE and
Western blotting using rabbit anti-Na/K ATPase o polyclonal antibody (Santa Cruz
Biotechnology) and anti-GRP-94 polyclonal antibody (Santa Cruz Biotechnology).
Marker enzymes indicate an excellent separation of the PM and ER. It is not likely that
there would be much contamination with other organelles that have an even greater
difference in density. In addition, we are measuring the total PA and PI species in these

membranes, so that a minor contamination with another organelle would not greatly
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affect the results. This is different, for example, from a common use of subcellular
fractionation to determine the location of an enzyme, where a small contamination can
falsely identify a fraction as being the one in which the enzyme is located. Nevertheless,
we recognize that there is likely some overlap in the distribution of subcellular organelles
that is in part unavoidable because several of these membranes undergo exchange of
materials and cycling and there are probably membrane particles of intermediate density.
The ER contains the largest amount of membrane material in the cell, so any
contamination of this fraction would be a small percent of the total. Because of its similar
density, the ER would be the most likely contaminant of the PM. However, there is little
overlap of the two peaks for the marker enzymes, and the lipid composition is distinctly
different between the PM and ER fractions. Furthermore, there is not likely to be a major
difference in the contamination of the organelles between the two cell lines since the acyl
chain compositions in the PM and ER, although different from each other, are the same

for WT and KO cells.

Determination of the Total Protein Concentration

The total protein concentration in the samples was measured using a BCA protein

assay kit (Thermo Scientific) according to the product manual.

Glycerophospholipid Analysis

Phospholipids were extracted from the cellular fractions by a modified Bligh and
Dyer extraction using acidified methanol. Briefly, an equal volume of ice-cold 0.1 N

methanolic HCI and ice-cold CHCI; was added to each of the fractions. Following a 1

min vortex at 4 °C, layers were separated by centrifugation (180009 for 5 min at 4 °C).
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After the extraction and addition of standards, solvent was evaporated. The resulting lipid
film was dissolved in 100 upL of a 58:40:2 2-propanol/hexane/100 mM
NH4COOHq) mixture (mobile phase A).The mass spectrometric analysis and
quantitation were performed essentially as described in ref 18. The LC—MS technique
was used with the utilization of synthetic odd-carbon phospholipid standards (four per
each class). An MDS SCIEX 4000QTRAP hybrid triple-quadrupole/linear ion trap mass
spectrometer (Applied Biosystems, Foster City, CA) was used for the analyses. Coupled
to it was a Shimadzu HPLC system (Shimadzu Scientific Instruments, Inc., Columbia,
MD) consisting of a SCL 10 APV controller, two LC 10 ADVP pumps, and a CTC HTC
PAL autosampler (Leap Technologies, Carrboro, NC). Phospholipids were separated on a
Phenomenex Luna Silica column (Phenomenex, Torrance, CA) (2 mm % 250 mm, 5 pm
particle size) using a 20 uL. sample injection. A binary gradient consisting of a 58:40:2 2-
propanol/hexane/100 mM NH4;COOHgmixture (mobile phase A) and a 50:40:10 2-
propanol/hexane/100 mM NH4COOH 4q mixture (mobile phase B) was used for the
separation. The parameters of the mass spectrometer instrument and solvent gradient were

as described in ref 18.

Statistical Analysis

Experiments were performed in five independent repeats of each subcellular
fraction and condition (ER/WT, ER/KO, PM/WT, and PM/KO). The concentration of
total protein was measured in each sample, and the amount of each lipid was normalized
for the amount of the corresponding marker protein, relative to the total protein in the

PNS. Results are presented as means + the standard error of the mean (SEM). Data are
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analyzed by paired t tests across either fractions (ER and PM) or genotypes (WT and KO)
from the repeated experiments. Association of enrichment levels of Pl in one fraction
versus the other (the PM:ER ratio) with acyl chain length and fatty acid unsaturation is

assessed by Spearman rank correlation (19).

RESULTS

Subcellular Fractionation of DGKeg KO and WT MEF Cells

We tested the role of PI cycling in determining the relative amounts of specific
species of PA and PI, as well as their partitioning between the plasma and ER membranes
of DGKe KO and WT MEF cells. The membranes of DGKe KO and WT MEF cells were
separated using an OptiPrep gradient. We used antibodies to the proteins GRP-94 and
Na/K ATPase a as markers for the ER and the PM, respectively. The ER marker was
found exclusively in the higher-density fractions, but the PM has a broader distribution,
with the major portion being in the lower-density fractions. The distribution of the PM
was confirmed previously, using antibodies to caveolin-1, which showed a pattern similar
to the distribution of Na/K ATPase a. The density of the bands was quantified by
densitometry (Figure 3.2). The standard curve, using different amounts of amino-terminal
FLAG-BAP protein (Sigma), was plotted to show that loaded amounts of protein were in
the linear range. The fractions containing the maximum amount of the marker proteins
were combined and used for mass spectrometry analysis. These were generally fractions
5-9 for the plasma membrane but varied by one or two fractions from one preparation to

another and fractions 16—18 for the ER samples.
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Figure 3.2. Isolation of PM and ER membrane fractions by iodixanol gradient
centrifugation. Fractionation was performed using a 3 to 25% OptiPrep gradient, and
fractions were analyzed by immunoblotting with antibodies against GRP-94 (ER marker)
and Na/K ATPase o (PM marker). PNS is the postnuclear supernatant.

Phospholipid Composition of Plasma and ER Membranes of WT versus
DGKe KO Cells

Mass spectrometry analysis of plasma and ER membrane fractions of DGKe KO
and WT MEF cells showed a number of significant differences in PA and Pl composition.
Notably, the PM of KO cells contains only one-third of the Pl and PA, as does the ER
(Figure 3.3). Although the effect is modest, there is a close relationship between the level
of PI enrichment in the PM versus ER to acyl chain length and fatty acid unsaturation in

DGKe KO cells, but not in WT cells. In particular, the rank correlation (Spearman’s p) of

the number of carbons to the PM:ER ratio for PI species in the DGKe KO case is —0.74
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(p < 0.01) and is even more pronounced for the correlation with the number of double

bonds (—0.88, p < 0.01). These correlations are not significant for the WT cells.
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Figure 3.3. Comparison of ratios of PA or PI in the PM to ER for DGKe KO and
WT cells. Results are presented as means of the PM:ER ratio £ SEM. In the KO case, all
PM:ER ratios shown are significantly less than one with p < 0.05 except for 32:0 PA (p =
0.06), 36:0 PA (p = 0.08), 38:3 PA (p = 0.08), and 34:0 PI (p = 0.19). The only PM:ER

ratios in the WT case that are significantly less than 1 are 36:1 PI (p = 0.01) and 36:2 PI
(p = 0.03).

When taken as a ratio of KO to WT, several PA and PI species, such as 30:1 PA,

38:4 PA, 38:3 PA, 40:4 PA, 36:4 PI, 38:6 PI, and 38:3 PI, show 2-fold decreases in the

PM, whereas KO:WT ratios in the ER membrane show almost no significant changes

(Figure 3.4).

ratio KO/WT
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Figure 3.4. Comparison of ratios of PA and PI in DGKe KO to WT cells in
plasma and ER membranes. Results are presented as means of the KO:WT ratio + SEM.
Statistically different values (p < 0.05) are labeled with asterisks.

Comparison of PM versus the ER Membrane of MEF Cells of Molecular
Species of PA and PI

Although the levels of enrichment of PA and P1 species in the PM versus the ER
in WT cells are similar across the acyl chain distribution (Figure 3.3), the acyl chain
profile for Pl is very different from that for PA. The PI:PA ratio is >1 for 34:2, 36:1, 38:3,
and 38:4, while for most of the other species, it is <1 (Figure 3.5). The overall PI:PA
ratios in both the WT ER (1.79 + 0.21, mean + SEM) and PM (1.57 £+ 0.12) are

determined primarily by these major species of PI, which together account for more than

half of the PI by mass in each fraction.
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Figure 3.5. Ratios of PI to PA in the plasma and ER membranes of DGKe WT
cells. Results are presented as means of the PI:PA ratio = SEM. All ratios are statistically
different from 1.0 (p < 0.05) except for 32:1 and 34:0 in the PM.

Also, it is of particular interest that several species are detected either in Pl or in
PA, but not in both (Table 3.1). With regard to PA, there are two species, 30:1 and 30:0,
that make up 21% of the PA in the ER. These species are twice as abundant in the ER

compared with the PM. With regard to the unique PI species, they are found equally in

the ER and PM, like most other lipid species, but unlike the unique PAs.

Table 3.1. List of PA and PI Species That Do Not Have a Corresponding Pair
in the Other Lipid Class®.

®Values given as a percentage of the total lipid of that type.
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PA for which there is no corresponding PI for which there is no corresponding
Pl PA
species ER PM species ER PM
30:1 PA 9.0 4.4 36:4 Pl 5.9 6.4
30:0 PA 12 9.0 36:3 PI 3.3 4.0
32:0 PA 4.9 6.8 38:6 PI 1.8 1.6
36:0 PA 2.6 2.3 38:5 Pl 18 16

Comparison of Results to Analysis Using Relative Quantitation of Molecular
Species of PA and PI versus Total Phospholipid

To safeguard against variable recovery rates across the subcellular fractions or
genotypes, the analyses for Figures 3.3 and 3.4 were repeated on the basis of the percent
composition of the PA and P1 molecular species, normalized by total phospholipid. These
relative quantitation results are presented in Figures S1 and S2 of the Supporting
Information, and it is evident that no large differences exist between the respective

analyses in Figures 3.3 and 3.4, which use absolute quantitation.

DISCUSSION

For most PA and PI species in WT cells, the ratio of PM to ER is close to 1
(Figure 3.3), despite the fact that there is much more membrane in the ER than in the PM.
Thus, the concentration of Pl and PA within the ER membrane must be less than in the

PM. The equal amount of these lipids in the two compartments may be a consequence of
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the PI cycle equalizing them. Although one would expect the rate of transfer from the
more dilute PA and PI in the ER to be slower than the transfer to the ER from the higher
concentration in the PM, this would be compensated by a larger amount of ER membrane,
making the net flux of lipids in the two directions similar.

Our results also clearly show that DGKe is an important component of the PI
cycle since deletion of this enzyme decreases the amounts of both Pl and PA in the PM to
approximately one-third of that found in the ER of these cells (Figure 3.3). Since Pl is
neither a substrate nor a product of the reaction catalyzed by DGKe, its concentration in a
particular membrane could most likely change as a consequence of slowing the PI cycle
by deletion of DGKe, though we cannot rule out the possibility that the knockout might
have more indirect impacts on the PA and PI distributions, as well. The direct effect of
slowing the PI cycle would be to specifically reduce the concentrations of arachidonoyl-
containing PA and PIl. However, we observe that the reduction in relative concentrations
of PA and PI in the ER versus the PM extends essentially over all species (Figure 3.3).
This is most likely a result of the interconvertion among species of PA and Pl with
different acyl chain compositions. This can occur by acyl chain remodeling through
acylation—deacylation reactions. In addition, DGKe can be bypassed in the PI cycle
through PLD-catalyzed formation of PA, including direct conversion of P1(4,5)P; to PA.
Additionally, other isoforms of DGK, although are not specific for 1-stearoyl-2-
arachidonoylglycerol (SAG), can still use it as a substrate to form 1-stearoyl-2-
arachidonoyl-PA (SAPA), and the specificity of DGKe for SAG is not absolute; rather, it

is the preferred substrate. Hence, the PI cycle will not be completely isolated from other
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metabolic pathways. Nonetheless, these results show the importance of the association of
DGKe with the PI cycle, and this agrees with results reported previously (11, 12) and is
consistent with the specificity of this enzyme for 1-stearoyl-2-arachidonoyl lipids (14). In
particular, although differences in rates across Pl species are relatively small (14), we find
that there is a strong relationship (rank correlations with p < 0.01) between the level of Pl
enrichment in the PM versus the ER and acyl chain length and/or fatty acid unsaturation
in DGKe KO cells, but not in WT cells (Figure 3.3).

The PM and the ER have different roles in the PI cycle. In the isolated wild-type
PM, PI can be converted to PA; however, there are no enzymes in the PM that can
synthesize Pl from precursors. In addition, in the ER but not in the PM, PA can be
synthesized de novo from smaller precursors. However, in the DGKe KO cells, the extent
of formation of PA from arachidonoyl-rich DAG is reduced; hence, there is little SAPA
produced. PA can also be produced by phospholipase D, including a small amount of
SAPA by PI(4,5)P,-requiring phospholipase D isoenzymes. However, in the PM alone,
not all of the components are present to allow the functioning of a PI cycle to regenerate
the lipid intermediates of the cycle.

It is known that intermediates in biochemical cycles have the property of being
catalysts. They are regenerated each time the cycle repeats. As a consequence of this
cyclic nature, the Pl cycle lipid intermediates become progressively enriched with 1-
stearoyl-2-arachidonoyl acyl chains through multiple iterations of this cycle. The cycle
also contributes to the maintenance of the steady state concentration of the intermediates

of the cycle. When the cycle is damaged, as in this case of the KO cells, via elimination
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of DGKge, these lipid intermediates are metabolized to other products. Furthermore, in the
PM, several enzymes of the Pl cycle are activated by other lipids of the cycle. In
particular, PIP-5-kinase, which produces P1(4,5)P,, is activated by PA (20, 21). Thus, in
the absence of DGKg, the functioning of the PI cycle in the PM will also be slowed by the
lack of SAPA produced by DGKe. Overall, there will be a lowering of PI and PA levels
in the PM, which we observed in DGKeg KO cells.

In the case of the ER membrane, the levels of most Pl and PA species are slightly
higher or remain the same in KO cells in comparison with WT cells. The level of PA in
the ER can be maintained in part by an alternative pathway for the de novo synthesis of
PA from glycerol 3-phosphate (22) (Figure 3.1). Using acyl-CoAs, PA is first synthesized
and undergoes maturation in the remodeling pathway that includes acylation of lyso-PA
(Lands cycle) (23). This newly synthesized PA can then enter the Pl cycle in the ER
through a CDP-dependent reaction catalyzed by CDP-diacylglycerol synthase. CDP-
diacylglycerol synthase is not found in the PM, nor can the PM synthesize PA from small
molecule precursors. Hence, PA and PI are more rapidly depleted in the PM in DGKe KO
cells. Within the ER, PI can be phosphorylated to PI(4)P by PI(4)K, to PI(3,4)P,, or to
P1(4,5)P, by PIP(5)K (24).

Pl formed in the ER can be transferred to the PM by both vesicular transport and
specific lipid transporters. This process will also be slower in KO cells because of the
lower level of PA in the PM of these cells. It has been shown that PA is required for
vesicular trafficking and that decreasing PA production results in a reduced rate of

exocytosis (4). PA regulates fusion through promotion olf the negative membrane
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curvature (3). Therefore, in the PM of DGKe KO cells, where the levels of PA are
significantly reduced, the fusion process, where the vesicle membrane becomes
contiguous with the PM, will be disrupted. Moreover, vesicular transport is also regulated
by PI(4,5)P; (25). Thus, reduced levels of P1(4,5)P, and PA in the PM of KO cells would
reduce the level of vesicle fusion with the PM, therefore impairing vesicular trafficking of
Pl from the ER, further reducing the levels of these phospholipids in the PM. This also
can account for the slight accumulations of Pl in the ER, which we observed in DGKe
KO cells. One interpretation is that the redistribution of PA and PI in the cell due to the
knockout could largely be a result of the disruption of vesicular trafficking specifically,
thereby altering the turnover of PI.

In further analysis, we also compared the distribution of different Pl and PA
species in DGKe WT mouse embryonic fibroblasts. The data show that the acyl chain
composition of the Pl and PA is similar in both plasma and ER membranes of this cell
line, and also approximately the same in the WT and KO cells. This suggests that DGKe
is not facilitating the transfer of specific species of PA between the PM and ER.

Furthermore, our results show that the acyl chain profile for Pl is very different
from that for PA. In both cellular fractions, virtually every species is found with a PI:PA
ratio significantly greater than or less than 1. The PI:PA ratio is >1 for 34:2, 36:1, 38:3,
and 38:4, while for most of the other species, it is <1 (Figure 3.5). These PI species,
which together contain more than 50% of the Pl mass in both fractions, have PI:PA ratios
much higher than those of the other molecular species, and there is certainly no strict

stoichiometry between PA and PI species across the acyl distribution. These data suggest
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that a narrow range of acyl chain lengths is enriched in P1 relative to its precursor PA, and
that PA is derived from other sources in addition to the action of DGK in the PI cycle.
Thus, the species of PA used for the synthesis of Pl are either preferred substrates or
modulators of the biosynthetic enzymes involved, or these lipids are physically
segregated into specific membrane domains.

It is of particular interest that several species with particular acyl chains are
detected either as Pl or as PA, but not as both (Table 3.1). These lipids are examples of
species of PA and PI that do not appear to participate in the PI cycle since they do not
have a corresponding partner, and thus, they should be somehow separated from lipids in
the PI cycle. With regard to PA, there are two species, 30:1 and 30:0, that constitute 21%
of the PA in the ER. These species are twice as abundant in the ER as in the PM. The
30:1 and 30:0 PA have a sum of 30 carbons in the acyl chains, which means that one acyl
chain must have 14 or fewer. Only a minor fraction of acyl chains are this short, but these
species are highly enriched in PA and in particular in the ER. We suggest that these short
chain PA may concentrate on the outer monolayer of the ER. Since short acyl chains will
facilitate positive curvature, they would stabilize some of the folds in the ER. This would
not be needed in the PM. These species have a decreased level in the KO cells, which
may indicate a change in ER morphology in KO compared with WT cells, to a form that
is less folded.

With regard to the unique PI species, they are equally distributed in the ER and
PM, like most other species of PA and PI, but unlike the unique PA. Our data show that

their levels do not differ in KO and WT cells. The results indicate that these lipids are not
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involved in the PI cycle. In total, these unique PI species comprise 30% of the total PI.
They do not have a PA precursor for them to be synthesized from a CDP-dependent
reaction catalyzed by CDP-diacylglycerol synthase, an essential step in the PI cycle.
Therefore, they could arise from an acyl chain exchange of one of the lipid intermediates
of the PI turnover (through Lands cycle), or by a PLD-catalyzed headgroup exchange
from another lipid class. Thus, only a specific fraction of Pl and PA participates in the Pl
cycle, and these pools are likely segregated from the other lipids with the same headgroup
that are not intermediates in this cycle.

The acyl chain composition is very similar for Pl or PA in the ER versus PM and
for WT versus KO cells. However, the acyl chain profile for Pl is very different from that
for PA. Our findings also reveal that DGKe plays an important role in inositol lipid
turnover and regulates the lipid composition of the PM in mouse embryonic fibroblasts.

The PI cycle is selective for lipids with specific acyl chains in both the PM and ER.

Supporting Information

We present results of an analysis giving the relative quantitation based on the
percent composition of the PA and Pl molecular species, normalized by total
phospholipid. This material is available free of charge via the Internet

at http://pubs.acs.org.
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CHAPTER FOUR
STUDY OF ARACHIDONOYL SPECIFICITY IN TWO ENZYMES OF THE PI

CYCLE
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CHAPTER FOUR PREFACE

The work presented in this chapter was published previously in Journal of
Molecular Biology, volume 409(2), pages 101-112, in 2011.

Reprinted with permission from “Shulga Y.V., Topham M.K., Epand R.M. (2011)
Study of arachidonoyl specificity in two enzymes of the PI cycle. J. Mol. Biol.
409(2):101-12.” Copyright (2010) Elsevier.

Shulga Y.V. conducted all the experiments described in this chapter.

Research objective: to identify a domain responsible for the acyl chain
specificity of two enzymes, DGKe and PIPSK.
Research highlights:

> An amino acid pattern similar to that identified for LOX enzymes is
present in the two unrelated enzymes DGKe and PIPSK, which have specificity for
polyunsaturated acyl chains.

> We show the marked acyl chain substrate specificity of PIP5K and further
elucidate the roles of acyl chains in the PA activation of this enzyme.

> These observations contribute to our understanding of the mechanism
underlying the enrichment of lipid intermediates of the PI cycle in arachidonic acid.
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Study of Arachidonoyl Specificity in Two Enzymes of the PI Cycle
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! Department of Biochemistry and Biomedical Sciences, McMaster University,
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ABSTRACT

We identified a conserved pattern of residues L-X.4-R-X(2)-L-X@)-G, in which -
X(y- is n residues of any amino acid, in two enzymes acting on the polyunsaturated fatty
acids, diacylglycerol kinase epsilon (DGKe) and phosphatidylinositol-4-phosphate-5-
kinase la (PIPSK Ia). DGKe is the only one of the 10 mammalian isoforms of DGK that
exhibits arachidonoyl specificity and is the only isoform with the motif mentioned above.
Mutations of the essential residues in this motif result in the loss of arachidonoyl
specificity. Furthermore, DGKa can be converted to an enzyme having this motif by
substituting only one residue. When DGKa was mutated so that it gained the motif, the
enzyme also gained some specificity for arachidonoyl-containing diacylglycerol. This
motif is present also in an isoform of phosphatidylinositol-4-phosphate-5-kinase that we
demonstrated had arachidonoyl specificity for its substrate. Single residue mutations
within the identified motif of this isoform result in the loss of activity against an
arachidonoyl substrate. The importance of acyl chain specificity for the phosphatidic acid

activation of phosphatidylinositol-4-phosphate-5-kinase is also shown. We demonstrate
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that the acyl chain dependence of this phosphatidic acid activation is dependent on the
substrate. This is the first demonstration of a motif that endows specificity for an acyl
chain in enzymes DGKe and PIP5K Ia.

Abbreviations used

AA, arachidonic acid; BEL, PAP inhibitor; DAG, diacylglycerol; DGK,
diacylglycerol  kinase; LOX, lipoxygenase; PA, phosphatidic acid; PAP, PA
phosphatase; Pl, phosphatidylinositide; P1(4,5)P, phosphatidylinositol-4,5-
bisphosphate; P1(4)P, phosphatidylinositol-4-phosphate; PIP5K, phosphatidylinositol 4-
phosphate 5-kinase; PKC, protein kinase C;PLD, phospholipases D; di-PUFA-PA,
phosphatidic acid with two polyunsaturated acyl chains; PUFA, polyunsaturated fatty
acid; WT, wild type

Keywords

diacylglycerol kinase; acyl chain specificity; phosphatidylinositol-4-phosphate-5-
kinase; arachidonic acid; PI-cycling

INTRODUCTION

Polyunsaturated fatty acids (PUFAS) are essential nutrients for humans and are
major components of cell membrane phospholipids. PUFAs from the diet play an
important role in the regulation of prostaglandin and proinflammatory cytokine
synthesis.!

One of the most abundant PUFAs in mammalian cells is arachidonic acid (AA),
and its derivatives are key mediators of a wide variety of physiological and
pathophysiological processes, such as atherosclerosis, arthritis, asthma and

tumorigenesis.”* AA is the precursor of a large family of bioactive compounds called

eicosanoids, produced by cyclooxygenases and lipoxygenases.>® Because of the potent

108


http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283611003743#bb0005

PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

biological actions of eicosanoids and of free AA itself, this fatty acid is maintained at
very low levels in the cells, where it is converted into cellular lipids by the enzymes
arachidonoyl-CoA synthetase and lysophospholipid acyltransferases.” Therefore, under
physiological conditions, AA is generally found esterified at the sn-2 position of
glycerophospholipids, such as choline and ethanolamine glycerophospholipids,
phosphatidic acid and phosphatidylinositol.

To utilize the arachidonic acid pathway, the enzymes are required to distinguish
the acyl chain length and saturation of the substrate. It is common that only one of the
isoforms of a particular enzyme has specificity towards substrates with an arachidonate
moiety. Thus, only the epsilon isoform of diacylglycerol kinase (DGKe) shows substrate
specificity in vitro for diacylglycerols with an arachidonoyl acyl chain at the sn-2
position.'° Phosphorylation of 1-stearoyl-2-arachidonoyl-glycerol (SAG) (for lipid
abbreviations used in this study, see Table 4.1) is the first step in the resynthesis of
phosphatidylinositols (PIs) and, therefore, DGKe contributes to the enrichment of 1-
stearoyl-2-arachidonoyl species of Pls.***? It is intriguing that the domain responsible for
the substrate recognition and specificity of DGKe and other enzymes with arachidonate
specificity has still not been identified. We propose a region located in the accessory
domain of DGKe that can recognize an arachidonoyl group. We identified the motif L-
X3-4-R-X(2)-L-X(4)-G, in which -X(n)- is n residues of any amino acid in this domain, that
is present in DGKe as well as in phosphatidylinositol-4-phosphate-5-kinase type I. This
motif is similar to a PUFA-recognizing domain identified recently in lipoxygenases

(LOX) on the basis of a 1.85 A resolution structure of an 8R-lipoxygenase from Plexaura
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homomalla, which reveals a U-shaped channel, defined by invariant amino acids that
would allow substrate access to the catalytic iron.*® We show that several residues in this
motif are involved in the substrate specificity of two enzymes acting on PUFA-containing

substrates, DGKe and PIP5K Ia.

Table 4.1. Lipids used and/or referred to in this study

Abbreviation Full name Alternative notation

(sn-1/sn-2)
DAG
AAG 1-Arachidoyl-2-arachidonoyl-sn-glycerol 20:0/20:4 DAG
DOG 1,2-Dioleoyl-sn-glycerol 18:1/18:1 DAG
PAG 1-Palmitoyl-2-arachidonoyl-sn-glycerol 16:0/20:4 DAG
SAG 1-Stearoyl-2-arachidonoyl-sn-glycerol 18:0/20:4 DAG
SLG 1-Stearoyl-2-linoleoyl-sn-glycerol 18:0/18:2 DAG
PA
AAPA 1-Arachidoyl-2-arachidonoyl phosphatidic acid 20:0/20:4 PA
DAPA 1,2-Diarachidonoyl phosphatidic acid 20:4/20:4 PA
PAPA 1-Palmitoyl-2-arachidonoyl phosphatidic acid 16:0/20:4 PA
POPA 1-Palmitoyl-2-oleoyl phosphatidic acid 16:0/18:1 PA
SAPA 1-Stearoyl-2-arachidonoyl phosphatidic acid 18:0/20:4 PA
SLPA 1-Stearoyl-2-linoleoyl phosphatidic acid 18:0/18:2 PA
SOPA 1-Stearoyl-2-oleoyl phosphatidic acid 18:0/18:1 PA
PC
DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 18:1/18:1 PC
PS
DOPS 1,2-Dioleoyl-sn-glycero-3-phospho-L-serine 18:1/18:1 PS
P14P
SA-P14P 1-Stearoyl-2-arachidonoyl phosphatidylinositol-4- 18:0/20:4 P14P
phosphate
DP-P14P 1,2-Dipalmitoyl phosphatidylinositol-4-phosphate  16:0/16:0 P14P
RESULTS

Mutations in the LOX-like motif of DGKe greatly affect the activity of the

enzyme
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We identified the motif L-Xz-4)-R-X2)-L-X(4)-G in the accessory domain of DGKe
(Table 4.2), similar to that in lipoxygenases, but different in having L rather than | as the
first residue (Table 4.3). This motif is highly conserved in DGKe among different species.
To determine if this motif plays a role in DGKe specificity towards arachidonate-
containing substrates, we mutated the residues in this region of the protein and measured
the activity of FLAG- DGKe wild type (WT) and mutant proteins using the micelle-based
assay with SAG as a substrate. The results showed that the mutations in this LOX-like
region of DGKe greatly affect the activity of the enzyme (Fig. 4.1). Notably, this effect is
strongly correlated with the size and/or shape of a side chain of the mutated amino acids.
From these results for a single concentration of substrate, it is clear that all of the
mutations result in a significant loss of enzymatic activity, even substitution of a single
amino acid with a similar residue, demonstrating the importance of this region of DGKe

for enzymatic activity.

Table 4.2. A partial sequence alignment of vertebrate DGKe. The conserved
residues, similar to those in LOX, are colored red. Note the high degree of sequence
conservation in this region of the protein from avian to mammalian species.

LOX15 [Oryctolagus cuniculus] 389 LIVPHLRYTLEINVRARNGLVSDFGIFDQIM 419

LOX15 [Homo sapiens] 388 LIIPHLRYTLEINVRARTGLVSDMGIFDQIM 418
LOX12 [Homo sapiens] 388 FLIPHIRYTMEINTRARTQLISDGGIFDKAV 418
LOX12 [Rattus norvegicus] 389 LLVPHLLYTMEINVRARSDLISERGFFDKAM 419
LOX5 [Rattus norvegicus] 395 LLVAHVRFTIATNTKAREQLNCEYGLFDKAN 425
LOX1 [Arabidopsis thaliana] 547 LLEPHFRDTMNINALARQILINGGGIFEITV 577
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Table 4.3. A partial sequence alignment of LOX. The conserved residues,
located in U-shaped channel, that would allow substrate access to the catalytic iron,™ are
colored in red.

NP_003638 [Homo sapiens] 421 KDLNKKVELELDGERVALPSLEGIIVLNIGYWG 453
NP_062378 [Mus musculus] 418 KDLNKKIELELDGERVELPNLEGIIVLNIGYWG 450
XP_618342 [Bos taurus] 418 KDLNKKVELELDGERVELPNLEGIIVLNIGYWG 450
XP_001503369 [Equus caballus] 418 KDLNKKVELELDGERVELPNLEGIIVLNIGYWG 450
XP_548222 [Canis familiaris] 418 KDLNKKIELELDGERVELPNLEGIIVLNIGYWG 450
XP_001521727 [Ornithorhynchus anatinus] 414 KDLNKKVELELDGERVELPNLEGIIVLNIGYWG 446
XP_523803[Pan troglodytes] 421 KDLNKKVELELDGERVALPSLEGIIVLNIGYWG 453
XP_001234226 [Gallus gallus] 421 KDLNKKVELELDGERIELPNLEGIIVLNIGYWG 453
XP_002192399[Taeniopygia guttata] 407 KDLNKKVELELDGERIELPNLEGIIVLNIGYWG 439
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Figure 4.1. (a), Comparison of the enzyme activities for FLAG-DGKe WT and
mutants L438M, L4381, L438S, L438A, L438G, L4311, L431S and P439G. Enzyme
activity is expressed as a percentage of the activity of FLAG-DGKe WT protein with
SAG as a substrate. (b), Western blots showing the expression levels of DGKe WT and
mutants (anti-FLAG panel), and the expression levels of actin (anti-actin panel) in the
transfected cells. Enzyme activity was normalized for the amount of protein in the lysates.
The activity measured with mock-transfected cells was normalized for the amount of
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actin and subtracted from the values obtained using cells over-expressing one of the
DGKe constructs. The activity measured with mock-transfected cells was, on average, 5
10% of the activity measured with DGKe WT.

Affecting the substrate-binding site would be expected to lower the activity of the
enzyme against all substrates. However, if the binding site is specific for arachidonoyl
groups, then the loss of activity should be greater for an arachidonoyl-containing
substrate. In order to test this more critically, we performed a kinetic analysis and
calculated the Michaelis—Menten parameters for FLAG-DGKe WT and its single residue
mutants L4311 and L4381 using SAG and SLG as substrates (Table 4.4). The
arachidonoyl-containing substrate SAG, which is the major species of diacylglycerol in
the Pl-cycle, was compared with a structurally similar diacylglycerol not containing
arachidonic acid, SLG, as a critical test of the extent of arachidonoyl specificity. Other
more  structurally  different  diacylglycerols, such as dioleoylglycerol or

12,14

dipalmitoylglycerol, have very low activity with wild type DGKe " and have very weak

activity with mutant forms of this enzyme (data not shown). They therefore do not

provide a critical comparison to test relative acyl chain specificity.

Table 4.4. Summary of the kinetic parameters for FLAG-DGKe WT and its
L4381 and L4311 mutants. The results are presented as the mean +S.D. Kinetics
analysis clearly illustrates that both k¢, that represents the catalytic rate constant, as well
as kea/ K, that represents the pseudo first order rate constant at low substrate
concentrations, are affected by the mutations, particularly for the SAG substrate (see Fig.
4.6 for the graphic representation of Table 4.4).

113


http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283611003743#t0020
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283611003743#f0030
http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283611003743#f0030

PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

Kmy kcat: kcat/Kmy

mol% sec? sec’mol%™
FLAG-DGKeg WT
SAG 2.44+0.14 10.2+0.3 4.16 +0.14
SLG 70+14 46+0.6 0.66 +0.11
FLAG-DGKge L438I
SAG 1.88 +0.15 224+ 0.07 1.19 +0.05
SLG 29405 1.56 + 0.09 0.54 + 0.04
FLAG-DGKge L4311
SAG 2.4+06 21402 0.91+0.14
SLG 51+1.2 27+04 0.53 + 0.09

Almost all other mutants, L431S, L438S, L438A, L438G and P439G, had very
low activity (< 2% of WT), which did not allow us to perform the kinetic analysis. Our
results showed that k../Km was reduced for both L4311 and L438l mutations of DGKe.
However the reduction of k../Kmn was much greater for SAG as substrate (4-fold decrease)
compared with SLG (18% decrease). The number of substrate molecules turned over per
enzyme molecule per second (kcs) was also reduced, particularly with the substrate SAG.
There was less effect on the affinity of the enzyme for these substrates as measured
by K.

To test if the L4311 and L4381 mutations of FLAG-DGKe affect the mode of

inhibition by PA, we compared the inhibition of FLAG-DGKe WT and mutant proteins

by SOPA and SAPA (Fig. 4.2). Our results showed that L4311 and L4381 mutations of

DGKe do not affect the extent of PA inhibition.
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Figure 4.2. Comparison of inhibition of DGKe by PA. DGK enzymatic activity
was measured with 15 mM Triton X-100, 0.1 mM [y-*?P]ATP and 2 mol % SAG (shown
as dark gray bars) or with the addition of either 2 mol % SOPA (light gray bars) or SAPA
(white bars). The numbers above the bars show the enzymatic activity of proteins in the
presence of PA as a percentage of the enzymatic activity in the absence of PA.

Arachidonate preference can be introduced into DGKa by mutation V656L

We found that only one other isoform of DGK, DGKa, has a motif with some
similarity to the LOX-like motif in DGKe, but with a V656 residue instead of Leu in
DGKe (Table 4.5). These motifs are found in the accessory domain of both DGKa and
DGKe. We found that DGKa does not have a preference for DAG with an arachidonate
moiety.™ Therefore, to test if the arachidonate specificity could be introduced into DGKo,
at least to some extent, we mutated the V656 residue in human DGKa to L to obtain a
protein with the same motif as that in DGKe (LxxxRxxLxxxxG) and compared the
Michaelis—Menten parameters for 3xHA-DGKa WT and the V656L mutant (Table 4.6).

Our results showed that there is no statistically significant difference inK, or in the
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overall efficiency, Vimax/Km, of DGKo WT and V6561 mutant, although it should be noted
that there is an intrinsically large error in the determination of Ky,. However, there is a
difference in the Vpax for these proteins. There was a significant 22% increase in Vyax for
SAG with the introduction of the mutation in contrast to a 16% decrease for SLG. When
taken as a ratio of Vimax for SAG to Vinax for SLG, there is a significant difference between

DGKo WT and the V656L mutant proteins (Fig. 4.3).

Table 4.5. A partial sequence alignment of mammalian DGKa.. The conserved
residues, similar to those in DGKe, are colored in red.

NP_963848 [Homo sapiens] 639 PDILKTCVPDLSDKRLEVVGLEGAIEMGQIYTK 671
NP_058091 [Mus musculus] 634 PDILKTCVPDMSDKRLEVVGIEGAIEMGQIYTR 666
NP_001071328 [Bos taurus] 638 PDILKTCVPDLSDKRLEVVGLEGAIEIGQIYTK 670
NP_542965 [Ruttus Norvegicus] 631 PDILKTCVPDMSDKRLEVVGIEGVIEMGQIYTR 663
XP_855720 [Canis familiaris] 477 PDILKTCVPDLTDKRLEVVGLEGAIEMGQIYTK 509
XP_001112067 [Macaca mulatta] 527 PDILKTCVPDLSDKRLEVVGLEGAIEMGQIYTK 559
NP_999197 [Sus scrofa] 638 PDILKTCVPDLSDKRLEVVGLEGAIEMGQIYTK 670
XP_001169813 [Pan troglodytes] 527 PDILKTCVPDLSDKRLEVVGLEGAIEMGQIYTK 559

Table 4.6. Summary of the kinetic parameters for 3xHA-DGKa WT and the
V656L mutant. Kinetic analysis shows that the V656L mutation of DGKa
increases Vmax O the enzyme for SAG and decreases it for SLG, thus introducing the
arachidonoyl preference (Fig. 4.3). Values of Vi« are relative values because the absolute
amount of enzyme in the cell preparations is not known. Vyax 0f 3XHA-DGKa V656L is
normalized to the amount of protein relative to WT. The results are presented as the
mean £ S.D.

Km; VmaX; Vmax/Kmu
mol% nmol PA min* mol%sec™
3XHA-DGKa WT
SAG 21+04 1.44 +0.09 0.70 £0.13
SLG 2.8+0.3 1.51+0.08 0.55 +0.07
3xHA-DGKa V656L
SAG 1.8+0.3 1.75+0.11 1.00+0.17
SLG 1.5+0.4 1.26 +£0.12 0.87 £0.25
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Figure 4.3. Comparison of SAG to SLG ratios for V.« parameters for 3xHA-
DGKo WT and V656L mutant proteins. The V656L mutation of DGKa increases the
arachidonoyl preference of the enzyme. xThe difference between the V. ratios of SAG
to SLG for DGKo WT and V656L mutant is statistically significant (P < 0.05).

Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) type I exhibits preference
for arachidonoyl-P1(4)P

We found that PIP5K type I, but not type Il, has the motif LXXXXRXXLXXXXG.
There are three active isoforms of PIPSK type I, a, f and vy, that are encoded by distinct
genes. All three isoforms of type | PIP5K have the same L-Xz-4)-R-X)-L-X4)-G motif as
DGKe. In this work, we used human PIP5K Ia, which has been suggested to fulfill a
“housekeeping” function.’® To test if PIPS5K type | forms have specificity towards an
arachidonate-containing substrate, we compared the activity of human PIP5K type la
with SA-PI(4)P versus DP-PI(4)P as substrates. Few molecular forms of the substrate
PI(4)P have been synthesized and these two were chosen because of their availability.
Our results showed that PIP5K type la phosphorylates SA-PI(4)P about eight times faster

than DP-PI(4)P (Fig. 4.4). This is the first demonstration that this enzyme exhibits
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substrate acyl chain preference, although by itself it is not a critical test of arachidonoyl

specificity.
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Figure 4.4. Comparison of the enzyme activity of c-myc-PIP5K Ia with SA-
PI(4)P and DP-PI(4)P as a substrate. Brain PI(4)P (Avanti Polar Lipids) was used as a
source of SA-PI(4)P. Only SA-PI(4)P and DP-PI(4)P were compared, because other
PI(4)P material is not commercially available. The negative control (EV) was done with
SA-PI(4)P as a substrate with the addition of beads immunoprecipitated from mock-
transfected COS-7 cells.

To test the role of the identified motif in the activity of PIP5K type la, we made
L2021 and L210l mutations in this region of the protein and used a kinetic analysis to
compare these mutant proteins with the WT PIP5K type lo. We found that both L2021
and L2101 mutations decrease the substrate affinity and the enzyme efficiency of PIP5K

type la for arachidonate-containing P1(4)P (Table 4.7).

Table 4.7. Summary of the kinetic parameters for c-myc-PIP5K Ia WT and
mutants L2021 and L210l. The results show that mutations L2021 and L2101 of PIP5K
Ia significantly decrease the substrate affinity of the enzyme (12-fold increase in Ky, for
L2021 and twofold for L2101). Consequently, the mutations also affect the enzyme
efficiency (~ 6-fold decrease in Vma/Kny for L2021 and twofold for L2101). Values
of Vimax are relative values because the absolute amount of enzyme in the cell preparations
is not known. Vpmax for PIPSK mutants I L2021 and L2101 is normalized for the amount
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of protein relatively to WT. Kinetic parameters were calculated using the effective
concentration of PI4P at the surface of the micelle. The effective surface concentration of
PI(4)P was determined by multiplying the mol fraction of PI(4)P at the surface of the
micelle by the total concentration of PI(4)P to be comparable to published work.*® The
results are presented as the mean + S.D.

Vmax/Km,
Km, uM Vmax, NMol/min 1/uM/min
PIPSK Ia WT
0.3+0.1 0.125 + 0.008 0.35+0.10
PIPSK lo L2021
3.6+0.7 0.200 + 0.027 0.06 £ 0.01
PIPSK la L2101
0.7+£0.2 0.097 £ 0.012 0.14 +0.05

We determined the activation of PIPSK Ia with different PAs for both SA-PI(4)P
(Fig. 4.5A) and DP-PI(4)P substrates (Fig. 4.5B). Our results using SA-PI(4)P as
substrate showed that PIP5K is activated most by polyunsaturated PAs with the same
fatty acid at the sn-1 and sn-2 positions (di-PUFA-PA), such as DAPA, DLPA and
DDPA. For the DP-PI(4)P substrate, PIP5K Ia activation was increased 12-fold by DAPA
(Fig. 4.5B), showing that PIP5K can exhibit a very specific arachidonate preference for

PA activation when DP-PI(4)P is used as substrate.
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Figure 4.5. Activation of PIP5K by PA with (a) SA-PI(4)P and (b) DP-PI(4)P as
substrate. Brain PI(4)P (Avanti Polar Lipids) was used as a source of SA-PI1(4)P. PIP5K
enzymatic activity was measured with 20 uM PI1(4)P and 50 uM PA.

DISCUSSION

Acyl chain specificity of DGKe

Earlier, we showed that the inhibition and substrate specificity of DGKe are both
determined by selectivity for a combination of the sn-1 and sn-2 acyl chains of PA or
DAG, respectively, preferring the most prevalent acyl chain composition of lipids

involved specifically in the PI cycle, 1-stearoyl-2-arachidonoyl.*? The inhibition of DGKe

by PA is competitive; the active site of DGKe recognizes the lipid headgroup and a

120


http://www.sciencedirect.com.libaccess.lib.mcmaster.ca/science/article/pii/S0022283611003743#bb0060

PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

combination of the two acyl chains in PA or DAG. Taken together, these findings suggest
that the substrate-binding pocket of DGKe should have a specific size and length that are
best suited for SAG. This isoform of DGK also contains the motif L-Xz.4-R-X(2)-L-Xs)-
G and mutations of several residues in this motif result in a marked loss of activity in
DGKe (Fig. 4.1). It should be pointed out that this marked sensitivity of the enzymatic
activity of DGKe to these single residue substitutions contrasts sharply with the very
small changes in the kinetics of this enzyme that were observed when 58 residues were
removed from the amino terminus of the enzyme.™ In general, the less bulky the amino
acid side chain in the mutated forms of the LOX-like motif, the lower the enzymatic
activity.

The greater loss of activity by introducing mutations with less bulky amino acid
side chains can be explained by the location of residues L438 and L431 at the bottom of
the substrate-binding pocket, in analogy with the LOX enzyme, although the shape of this
binding site might be different in DGKe.'® In the case of DGKze, the mutation of L438 or
L431 to another amino acid with a smaller side chain would increase the volume of the
substrate-binding pocket. The less fixed position of the substrate would then decrease the
interaction between the hydroxyl group of the substrate and the phosphate group of the
ATP that is bound to the ATP-binding site of the catalytic domain, which is outside the
acyl chain-binding pocket. This would slow the rate of catalysis and the effect would
depend on the size of the side chain of the mutated amino acid.

We compared the mode of inhibition of FLAG- DGKe WT and mutants L438I

and L4311 by PA (Fig. 4.2). These mutations greatly affect k../Kn, (~ 4-fold decrease) for
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SAG, but not for SLG (Fig. 4.6). In contrast with this large decrease in the rate of
phosphorylation of arachidonoyl substrates by mutations of the LOX-like motif, relatively
little change in acyl chain specificity of PA inhibition is exhibited in these mutant forms
of DGKe compared with the WT protein (Fig. 4.2). This can be explained by the fact that
PA competes with the substrate for the substrate-binding site, but the hydroxyl group is
already phosphorylated in PA and, therefore, the distance of PA from the ATP-binding

site would not affect the extent of inhibition.
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Figure 4.6. Graphic presentation of the kinetic parameters for FLAG- DGKe WT
and its L4381 and L4311 mutants. The results are presented as the mean + S.D. (a), The
results show that k../Kn, is greatly affected (~ 4-fold decrease) by L4381 and L431I
mutations of DGKe for SAG, but not SLG substrate. (b), Comparison of K, parameters
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shows that L4381 and L4311 mutations of DGKe slightly affect the substrate affinity of
the enzyme, decreasing the preference for SAG over SLG. (c), An example of kinetic data
of three independent experiments (Expl, Exp2 and Exp3) is shown for FLAG- DGKe WT
with SAG as a substrate. Every experiment was done in triplicate. A nonlinear regression
curve fitting Expl data is shown in red.

Furthermore, DGK shares the catalytic domain with other lipid kinases, such as
sphingosine kinase and ceramide kinase, but at the same time it is highly specific for
DAG as substrate and does not catalyze the phosphorylation of sphingosine or
ceramide.'”® This suggests that the accessory domain is responsible for substrate
recognition.”® The LOX-like motif, which we identified in DGKe, is located in the
accessory domain of DGKe, further suggesting that it is involved in the substrate
recognition and binding.

Acyl chain specificity of DGKa

Notably, DGKe is the only DGK isoform that has an identified LOX-like motif,
and it is the only isoform that has specificity for substrates with an arachidonate moiety.
One other isoform, DGKa, has a region with some similarity to that in DGKe, but with
V656 instead of Leu in DGKe, and with the first Leu (Leu649) not being conserved
among mammalian species (Table 4.5).

We found that the V656L mutation of DGKa. that introduces a LOX-like motif
into this isoform results in SAG having a higher V. than that for SLG (Fig. 4.3).
Therefore, this mutation increases the substrate preference of DGKoa towards
arachidonoyl substrates, making its substrate preference more similar to that of the DGKe

isoform. This supports our findings that the essential residues in the LOX-like motif play
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an important role in arachidonate-containing substrate specificity and recognition. The
V656L mutant of DGKa is not as specific as DGKe for arachidonoyl groups but perhaps
one should not expect a property newly introduced into a protein by a single residue
substitution to result in optimized function.

It is interesting that DGKa also acts preferentially on substrates containing an
arachidonoyl group when this group is incorporated in alkylacylglycerols.® Although
diacylglycerols are better substrates for DGKa than the alkylacylglycerols, no specificity
is exhibited for arachidonoyl-containing diacylglycerols. This data might be explained by
our observation that DGKa has a region similar to the LOX-like motif in DGKe but,
because it is not completely identical, DGKo does not exhibit specificity for
arachidonoyl-containing DAG, unless this region is mutated so that the conserved
residues are identical with those of DGKge, as shown in this study.

Acyl chain specificity of PIPSK la

We identified the motif L-Xz.4-R-X(2)-L-X(s)-G in PIP5K type I, which converts
PI(4)P to PI(4,5P,, and we confirmed that this enzyme exhibits preference for
arachidonoyl-P1(4)P, and that the mutations in the identified region decrease the catalytic
efficiency and substrate affinity for this enzyme (Table 4.7). Moreover, we determined
the activation of PIPSK Ia with different PAs for both SA-PI(4)P and DP-PI(4)P
substrates (Fig. 4.5). For DP-PI(4)P as substrate, the best activator of PIP5K Ia is DAPA
(Fig. 4.5B), showing that PIP5K exhibits arachidonate preference for the substrate and for
its activator PA. The relationship between the arachidonoyl requirement for the substrate

of PIP5K Ia and the acyl chain requirements for PA as an activator is not known.
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However, the role of PA for PIP5K as an activator clearly has to be different from the
competitive inhibition that PA exhibits with DGKe."* An earlier study identified
dilinoleoyl-PA as a potent activator of the phosphorylation of SA-PI(4)P by this
enzyme.?’ Our results extend these findings and demonstrate that PIPSK stimulation by
PA is sensitive to acyl chain composition and it depends on the substrate as well. We
show that the PI cycle intermediate SAPA is not the best activator for the phosphorylation
of SA-PI(4)P; instead, it is di-PUFA-PA. The levels of di-PUFA-PA would be low in
most tissues, but high in brain, where it would stimulate PI-cycling.

Conclusions

Enzymes and other proteins that interact with lipid exhibit specificity for certain
lipid structures. In some cases, this is primarily a consequence of interacting with a lipid
headgroup. An example is the PH domain that interacts with phosphatidylinositol
phosphates with little specificity for the acyl chain. However, other proteins and enzymes
can be specific for the nature of the acyl chain, which can have important physiological
consequences, such as the segregation of arachidonoyl groups for signal transduction and

perhaps other functions.

There is current interest in the molecular basis of PUFA specificity. A recent
proposal, based on the crystallographic structure of a coral lipoxygenase, has identified a
pattern of amino acid residues that are important for recognizing arachidonic acid.*® In
this study, we demonstrate that a similar amino acid pattern, L-X-4)-R-X(2)-L-X4)-G, is
found in two other proteins that exhibit relative specificity for PUFA groups. While this

motif does not predict a specific conformation of a PUFA-binding site and this motif is
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found in other proteins that do not interact with PUFA groups, it has allowed us to
identify the region in DGKe that is involved in its unique arachidonoyl specificity among
the 10 isoforms of mammalian DGK. We present further evidence supporting this
hypothesis by demonstrating that the arachidonoy! specificity of DGKa can be increased
by a site-specific mutation that results in the introduction of this proposed motif. In
addition, we show that the enzyme PIP5K Ia that also contains this motif exhibits
specificity for PUFA moieties in both the substrate and in PA activators. Among the
enzymes lipoxygenases, DGK and PIP5K there are gross differences in the structure of
the substrate and in the nature of the reaction that is catalyzed. One would therefore not
expect a priori the amino acid pattern or the extent of acyl chain specificity to be identical
in all three cases. One of the differences is that in lipoxygenases the first residue of this
motif is | rather than L. Nevertheless, we demonstrate that there is a strong relationship
between the amino acid pattern that we have identified and the property of PUFA
specificity in two enzymes, DGKe and PIP5K Ia. It is possible that a similar amino acid
pattern can play a role in the substrate specificity and recognition of other enzymes with
specificity towards PUFA-containing substrates, but further studies are needed to address
this issue.

Amino acid patterns forming structures that recognize particular features of
substrates or ligands have been discovered in a number of proteins. There is also the so-
called CRAC motif that has been proposed to be responsible for cholesterol
recognition.?>?? This amino acid pattern is also quite flexible in definition, it does not

define a specific structure and the molecular basis of its relationship to cholesterol
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binding is not known. Nevertheless, there are an increasing number of examples of this
motif being responsible for cholesterol interactions in proteins.”**’ Other examples
include a phosphorylation site for Aurora B kinase, the mitosis-specific serine/threonine
protein kinase, (R/K)1-3-X-(S/T) or (R/K)-(R/K)-X0-2-(S/T) where X is any amino
acid;*®?° the Phox homology domain for binding PI, (R/K)(R/K)(Y/F)xxFxxLxxxL or
R(R/K)xxLxx(Y/F);® the lysosomal targeting sequences, Tyr-X-X-Hyd and LL (where
Hyd is any hydrophobic amino acid)." In all of these cases, as in the motif described in
this work, the motif is part of a structurally specific interaction site. However, the
structure of this site is not determined solely by the motif with its large degree of
variation and limited number of constraints. Nevertheless, identification of such motifs
has been found to be a valuable tool in cell biology. Thus, this work extends this concept
to PUFA recognition in two studied enzymes. This is of particular importance because of
the roles of arachidonic acid in prostanoid metabolism and as an sn-2 acyl chain of lipids
in the Pl-cycle.

MATERIALS AND METHODS

DGKze constructs

The FLAG epitope-tagged DGKe, 3xHA-DGKa and c-Myc-PIPSK type Ia
expression vectors all correspond to human forms of the respective enzymes and were
prepared as described.**** The mutants of FLAG- DGKe, 3xHA-DGKo and c-Myc-
PIP5K type Ia were designed using the QuikChange Lightning Kit (Stratagene, La Jolla,
CA) according to the manufacturer's instructions. The presence of the desired mutations

was verified by sequencing analysis.
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Cell culture

COS-7 cells were maintained at 37 °C in an atmosphere of 5% CO; in Dulbecco's
modified Eagle's medium (DMEM, GIBCO/Invitrogen) containing 10% (v/v) fetal bovine
serum (GIBCO/Invitrogen). The cells were grown to about 70%—-80% confluency and
transiently transfected with the expression vectors using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's instructions. The cells were harvested at 48 h after
transfection by scraping them into PBS containing 1:100 (v/v) Protease Inhibitor Cocktail
for use with mammalian cells and tissues (Sigma-Aldrich). The cells were pelleted at
5000g at 4 °C and stored at — 90 °C.

Immunoblot analysis

Amounts of protein in the lysates of transfected COS-7 cells were quantified by
immunoblotting. Protein samples for immunoblot analysis were prepared by incubation
with 2% (w/v) SDS buffer at 95 °C for 5 min. The resultant proteins were separated by
Tris—glycine SDS-PAGE (7.5% (w/v) polyacrylamide gel) and electroblotted onto an
Immobilon-P polyvinylidenedifluoride membrane (Millipore), which was then incubated
with a 1:2000 (v/v) dilution of mouse anti-FLAGM2 (Sigma), 0.5 pg/ml mouse THE™
anti-HA tag 1gG1 (GenScript, A01244), 1:800 (v/v) dilution of mouse anti-c-Myc (Santa
Cruz, sc-40), or 1:800 (v/v) dilution of goat anti-actin (Santa Cruz, sc-1616) as the
primary antibody and a 1:2000 (v/v) dilution of horseradish peroxidase-conjugated goat
anti-mouse (Santa Cruz, sc-2005) or donkey anti-goat antibody (Santa Cruz, sc-2020) as
the secondary antibody. The antibody complexes were visualized using Western

Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences) and X-Omat LS
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film (Eastman Kodak Co.) according to the manufacturer's instructions. A 3xFLAG®-
tagged bacterial alkaline phosphatase (3XFLAG-BAP) (Sigma-Aldrich) with a molecular
mass of 49.9 kDa was used for DGKe and its mutants as a standard in different lanes of

the same blots.

Enzyme preparations for enzymatic activity assay

Before the assay, pellets of COS-7 cells over-expressing human 3XxFLAG- DGKe
WT, 3xHA-DGKa WT or mutants were suspended in ice-cold cell lysis buffer (1% (v/v)
(octylphenoxy)polyethoxyethanol (Nonidet P-40), 20 mM Tris—HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM
activated sodium orthovanadate and 1:100 (v/v) diluted Protease Inhibitor Cocktail for
use with mammalian cells and tissue (Sigma-Aldrich)), left to lyze for 10 min on ice,
sonicated for 5 min and then centrifuged at 100,000g for 30 min at 4 °C. The supernatants
were used in the assay of DGK activity. For the PIP5K enzyme, cell pellets of COS-7
cells over-expressing human c-Myc-PIP5K type Ia were suspended in ice-cold cell lysis
buffer (2% (v/v) (octylphenoxy)polyethoxyethanol (Nonidet P-40), 20 mM Tris—HCI pH
7.5, 150 mM NaCl, 5mM EDTA, 1 mM NazVO4 10 pug/ml aprotinin, 10 pg/ml
leupeptin, 1 mM PMSF, 5 mM NaF, 100 ug/ml soybean trypsin inhibitor and 1:100 (v/v)
diluted Protease Inhibitor Cocktail for use with mammalian cells and tissue (Sigma-
Aldrich)), left to lyze for 10 min on ice, sonicated for 10 min and then incubated with
agarose beads conjugated with anti-c-Myc antibodies (Santa Cruz, sc-40 AC) at 4 °C
overnight. The beads were then centrifuged and washed sequentially with: IP kinase

buffer (25 mM Tris, pH 7.5, 100 mM NacCl, 0.1% (v/v) Triton X-100); PBS pH 6.0, 0.5%
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Triton X-100; 25 mM Tris, pH 8, 100 mM NacCl, 0.1% Triton X-100; 25 mM Tris, pH
7.5, 500 mM NaCl, 0.1% Triton X-100; and, finally, IP kinase buffer.’ After the final
wash the beads were centrifuged briefly and then suspended in assay buffer (200 mM
Tris—HCI (pH 7.5), 400 mM NaCl, 20 mM MgCl,, 4 mM EGTA, 1 mM dithiothreitol).

Quantification of phosphatidic acid and P1(4)P

The concentration of all PA and PI(4)P stocks used in this study was determined
with an assay for inorganic phosphate as described.® Briefly, 30 ul of 10% (w/v)
Mg(NO3), in 95% (v/v) ethanol was added to PA (up to 80 nmol) in an acid-washed
Pyrex tube, which was flamed until the organic phosphate was completely ashed. After
that, 350 pl of 0.5 M HCI was added, the mixture was heated at 100 °C for 15 min, 750 pl
of a 1:6 (v/v) mixture of 10% (w/v) L-ascorbic acid and 0.42% (w/v) ammonium
molybdate tetrahydrate in 0.5 M H,SO, was added, the mixture was incubated at 60 °C
for 10 min then allowed to cool to room temperature when the absorbance at 820 nm was
measured.

Detergent-phospholipid-mixed micelle-based DGK enzymatic activity assay

DGK was assayed for enzymatic activity using a detergent-phospholipid-mixed
micelle-based protocol described by Walsh et al.’that was used earlier in our
laboratory.*® Lipid films composed of the substrate (DAG) along with any phospholipid
component required in the assay (PA and/or 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) (for DGKe) and/or 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS) (for

DGKa)) were made at a constant total lipid concentration of 5.75 mM. Mixed micelles

were formed by hydrating these lipid films with 50 ul of 4x assay buffer containing
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60 mM Triton X-100 and subsequently vortex mixing the hydrated lipid film for 2 min.
Lysates from COS-7 cells expressing DGK were added to the mixed micelles along with
double-distilled water to a final volume of 180 ul. The reaction was initiated by adding
20 pl of 1 mM [y-**P]ATP (50 pCi/ml) (PerkinElmer Life Sciences), incubated for 10 min
at 25 °C, and terminated by addition of 2 ml of stop solution (1:1 (v/v) CHCI3/CH3;0H,
0.25 mg/ml dihexadecyl phosphate). The organic layer was washed three times, each with
2 ml of wash solution (7:1 (v/v) H,O/CH30H, 1% (v/v) HCIOy4, 0.1% (v/v) H3PO4). A
sample of the organic layer was used to quantify the incorporation of 3P into PA using
Cerenkov counting. All enzymatic activity data presented in this study were obtained
from initial rate experiments, because the formation of the product PA was linear over the
10 min reaction period. Negative controls were run with the addition of lysates from
mock-transfected COS-7 cells and were confirmed to have activity levels significantly
below that of lysates from cells over-expressing DGK. The activity of DGK enzymes
could be detected only if exogenous lipid substrate was added, further indicating that
endogenous lipids do not provide a sufficient concentration of substrate for the
phosphorylation to be detected. In addition, the DGK activity of cells transfected with

DGKe is specific for SAG, whereas cells expressing DGKa can phosphorylate SAG and

SLG equally well. This finding is in accord with the known substrate specificities of these
isoforms and is additional evidence that we are measuring the properties of the over-
expressed enzyme. The activity measured with mock-transfected cells was subtracted
from the values obtained using cells over-expressing one of the DGKe or DGKa

constructs. The assays were performed in triplicate and are presented as the mean + S.D.
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Each experiment was independently repeated at least twice. The day-to-day variations
using the same enzyme preparation and the same lipids were not much greater than those
for an individual experiment. The concentrations of the individual lipid components of
the mixed micelles are listed as their mol percentage of the detergent—phospholipid mixed
micelle, because DGKs are interfacial enzymes and, therefore, the concentrations of the
individual lipid components at the surface of the mixed micelle are important in affecting
DGK enzymatic activity rather than the bulk concentrations of the lipid components.

We confirmed that the measured activity of DGK was not affected substantially
by product degradation as a result of the hydrolysis of PA by endogenous PA
phosphatases (PAP), or as a result of the upregulation by endogenous protein kinase C
(PKC) and phospholipases D (PLD). Our results showed that the DGKe activity measured
in the absence and in the presence of either propranolol (PAP*® and PKC*" inhibitor;
Sigma- Aldrich), bromoenol lactone (BEL, PAP inhibitor;® Sigma-Aldrich) (Fig. 4.7a),
or PLD inhibitors (Fig. 4.7b; equimolar mix of VU0359595,% VU0155056* and

VU0285655-1*" inhibitors; Avanti Polar Lipids) are not significantly different.
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Figure 4.7. Comparison of the FLAG-DGKe enzyme activity in the
absence and in the presence of PA phosphatase (PAP) inhibitors, protein kinase C
(PKC) and phospholipase D (PLD) inhibitors. a, Propranolol (PAP and PKC
inhibitor) and bromoenol lactone (BEL, PAP inhibitor) do not affect the measured
DGKe activity. b, PLD inhibitors (Avanti Polar Lipids, equimolar mix of
VU0359595, VU0155056 and VU0285655-1 inhibitors) at concentrations of 6 uM
or 120 uM do not significantly affect the measured DGKe activity. The negative
control (EV) was done with the lysates from COS-7 cells transfected with empty
vector (p3XFLAG-CMV-7.1, Sigma-Aldrich).

Detergent—phospholipid mixed micelle-based PIP5K enzymatic activity assay

PIP5 kinase activity assay was done essentially as described but with the
following modifications.*? Reactions were performed in a 100 pl reaction volume in a
standard buffer; 50 mM Tris—HCI (pH 7.5), 10 mM MgCl,, 100 mM NaCl, 1 mM EGTA,
0.1% Triton X-100, 50 uM [y-**P]JATP (2 uCi/reaction). The reaction was stopped after
10 min by the simultaneous addition of 500 ul of 1M HCI and 2ml of 1:1 (v/v)
chloroform/methanol. The assay was washed twice with 1 ml of methanol, 1 M HCI. A
sample of the organic layer was used to quantify the incorporation of 3P into
P1(4,5)P, using Cerenkov counting. Negative controls were run with the addition of beads
immunoprecipitated from mock-transfected COS-7 cells and were confirmed to have
activity levels significantly below that of immunoprecipitates from cells over-expressing
PIP5K. Kinetic parameters were calculated using the effective concentration of PI4P at
the surface of the micelle. To be consistent with previously data on this enzyme presented
earlier,*? the effective surface concentration of P1(4)P was calculated by multiplying the
mol fraction of PI1(4)P at the surface of the micelle by the total concentration of PI(4)P.

Kinetic analysis of the micelle-based assay of DGK and PIP5K activity
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The Michaelis—Menten constants V. and K, were evaluated by a nonlinear
regression analysis (initial velocity (vo) versus substrate concentration ([S])), as well as by
Hanes plots ([S]/voversus [S]). The content of DGK and PIP5K was determined using
immunoblot analysis as described above. Microcal Origin software was used to
determine Kcat, Vimax and K.
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CHAPTER FIVE
SUBSTRATE SPECIFICITY OF DIACYLGLYCEROL KINASE-EPSILON AND THE

PHOSPHATIDYLINOSITOL CYCLE
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CHAPTER FIVE PREFACE

The work presented in this chapter was published previously in FEBS Letters,
volume 585(24), pages 4025-4028, in 2011.

Reprinted with permission from “Shulga Y.V., Topham M.K., Epand R.M. (2011)
Substrate specificity of diacylglycerol kinase-epsilon and the phosphatidylinositol cycle.
FEBS Lett. 585(24):4025-8.” Copyright (2011) Elsevier.

Shulga Y.V. conducted all the experiments described in this chapter.

Research objective: to study in more details the specificity of DGKe for sn-1 and
sn-2 acyl chains of diacylglycerol.

Research highlights:

> Several different acyl chains can occupy the sn-1 position of good DAG
substrates.

> 18:2 and 20:4 are only chains possible at sn-2 of good DAG substrates.

> The best substrate is the Pl-cycle intermediate 18:0/20:4-DAG.
»> 20:4/20:4-DAG surprisingly has equivalent activity to 18:0/20:4-DAG.
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ABSTRACT

We show that diacylglycerol kinase-e (DGKe) has less preference for the acyl
chain at the sn-1 position of diacylglycerol (DAG) than the one at the sn-2 position.
Although DGKe discriminates between 1-stearoyl-2-arachidonoyl-DAG and 1-palmitoyl-

2-arachidonoyl-DAG, it has similar substrate preference for 1-stearoyl-2-arachidonoyl-

DAG and 1,2-diarachidonoyl-DAG. We suggest that in addition to binding to the enzyme,
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the acyl chain at the sn-1 position may contribute to the depth of insertion of the DAG
into the membrane. Thus, the DAG intermediate of the Pl-cycle, 1-stearoyl-2-
arachidonoyl-DAG, is not unique in being a good substrate for DGKe, the DGK isoform
involved in Pl-cycling.

Keywords:

Diacylglycerol ~ kinase,  diacylglycerol,  polyunsaturated acyl chain,
phosphatidylinositol cycling, acyl chain specificity

INTRODUCTION

Diacylglycerol kinases (DGKSs) phosphorylate diacylglycerol (DAG), a second
messenger involved in cell signalling, to produce phosphatidic acid (PA), which has
signalling roles as well [1]. It is now widely accepted that conversion of DAG to PA by
DGK:s is the major pathway to remove the potent signaling molecule DAG.

It appears that the physiologically relevant DAGs are those containing a
polyunsaturated acyl chain in the sn-2 position. DGKe is the only DGK isoform that
shows substrate specificity in vitro for DAG with an arachidonoyl acyl chain at the sn-2
position [2,3]. Phosphorylation of 1-stearoyl-2-arachidonoyl-DAG (18:0/20:4-DAG),
catalyzed by DGK, is the first step in the resynthesis of phosphatidylinositol (P1). It was
shown that among all the isoforms of DGK, DGKe appears to be the most important for
catalyzing this step in the PI cycle, since deletion of this enzyme significantly decreases
the amounts of both Pl and PA in the plasma membrane of the cells [4]. 1-stearoyl-2-
arachidonoyl-DAG is formed as a result of phosphatidylinositol-4,5-bisphosphate-specific

phospholipase C catalyzed hydrolysis of phosphatidylinositol-4,5-bisphosphate that itself
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is highly enriched in arachidonic acid at the same position. Thus, DGKe may be
responsible for down-regulating the DAG signalling resulting from phosphatidylinositol
cycling.

The product of the reaction catalyzed by DGK, PA, is also involved in the
regulation of a wide variety of cellular events, including cell survival, cytoskeletal
rearrangement and proliferation [5]. It is believed that each PA species can differentially
activate proteins depending on the saturation and length of the acyl chains [6]. It was
shown that the PA produced by different DGKSs can fulfill different roles in the cell. Thus,
PA produced by DGKe is enriched in polyunsaturated fatty acids, particularly
arachidonate, and it is involved in the Pl cycle. PA produced by DGKa is necessary to
progress to S phase of the cell cycle in stimulated T lymphocytes [7] and PA produced by
DGK( is involved in the initialization of the cascade to cause actin rearrangements [8].
Therefore, DGK substrate specificity is crucial for the regulation of many cellular
processes. In the present work we studied the substrate specificity of DGKe and for the
first time showed that the DAG intermediate of the PI cycle, 1-stearoyl-2-arachidonoyl-
DAG (18:0/20:4-DAG), is not the only preferred substrate for DGKe, but that this

enzyme exhibits similar preference towards 1,2-diarachidonoyl-DAG (20:4/20:4-DAG).

MATERIALS AND METHODS

Preparation of Sf21 cells overexpressing DGKe and DGK{
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Baculovirus-infected Sf21 cells overexpressing either human DGKe with a C-
terminal hexahistidine (DGKe-His6) or DGK{ with a C-terminal FLAG epitope (DGKC-
FLAG) were prepared as previously described [9].

Enzyme Preparations for Enzymatic Activity Assay

Prior to assay, baculovirus-infected Sf21 cells overexpressing either human
DGKe-His6 or DGKC-FLAG were resuspended in ice-cold cell lysis buffer (1% (v/v)
(octylphenoxy)polyethoxyethanol (Nonidet P-40), 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM
activated sodium orthovanadate, and 1:100 protease inhibitor cocktail for use with
mammalian cells and tissue (Sigma-Aldrich)), allowed to lyse for 10 minutes on ice,
sonicated for 5 minutes and then centrifuged at 100,000 g, 30 min at 4 °C. The
supernatants were used in the assay of DGK activity.

Quantification of Phosphatidic Acid

The concentration of all PA stocks used in this study was determined
experimentally based on their phosphate content, as described previously [10].

Detergent-Phospholipid-Mixed Micelle-based DGK Enzymatic Activity Assay

DGK was assayed for enzymatic activity using a detergent-phospholipid-mixed
micelle-based protocol described by Walsh et al. [2] as previously employed in our
laboratory [11]. Lipid films composed of the substrate (DAG) and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, for DGKeg) or 1,2-dioleoyl-sn-glycero-3-[phospho-L-
serine] (DOPS, for DGKJ{)) were prepared. Enzymatic activity was measured with 15 mM

Triton X-100, 0.1 mM [y-**P]-ATP, 1.52 mol % DAG and 22.5 mol % DOPC or 22.5
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mol% DOPS. The assays were performed in triplicate and the results are presented as the
mean + S.D.

Kinetic Analysis of the Micelle-Based Assay of DGK Activity

The Michaelis-Menten constants, Vmax and Kn, were evaluated by a nonlinear
regression analysis (initial velocity (Vo) versus substrate concentration ([S])), as well as
by using Hanes plots ([S]/vo versus [S]). Origin (version 7.5) software was used to
determine Vmax and K, parameters. Inhibition by PA was observed to be competitive, in
agreement with previous observations [12]. K; constants were evaluated by a nonlinear
regression analysis for a competitive type of enzyme inhibition, using the GraphPad

Prism software program (version 5.00).

RESULTS AND DISCUSSION

It has been recognized earlier that DGKe exhibits specificity for arachidonoyl-
containing forms of DAG [13]. It has more recently been established that this isoform of
DGK has a particularly important role in catalyzing one of the steps of the Pl-cycle
[3,14]. This finding correlated well with the known arachidonoyl specificity, since the
predominant acyl chain in the sn-2 position of lipid intermediates of the Pl-cycle is
arachidonic acid. It is also established that these Pl-cycle lipid intermediates contain
predominantly stearoyl chains at the sn-1 position. We have shown that among saturated
acyl chains, the stearoyl (18:0) chain is the most favoured for substrates of DGKe [12].
Furthermore, there is a decrease in 18:0 chains in Pls species in mouse embryo fibroblasts

that have been knocked out for DGKe [12]. Thus the best substrate that we found for
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DGKe was 18:0/20:4-DAG, the form of DAG that is a precursor for the synthesis of Pls.
The result of the present study, that 20:4/20:4-DAG has a similar activity to 18:0/20:4-
DAG (Fig. 5.1, Table 5.1) was surprising. We therefore studied in more detail the acyl

chain requirements for the substrates of DGKe.
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Figure 5.1. Comparison of the enzyme activities for DGKe with 18:0/20:4-DAG,
20:4/20:4-DAG, 18:0/18:2-DAG and 18:2/18:2-DAG as substrates. Negative control
(EV) is performed with the lysates from mock baculovirus-infected Sf21 cells.

Table 5.1. Summary of the kinetic parameters for DGKe with 18:0/20:4-DAG,
20:4/20:4-DAG and 18:2/18:2-DAG as substrates. Results are presented as the mean +
S.D. Values of V.« are relative values since the absolute amount of enzyme in the cell
preparations is not known.

Substrate ("o e
18:0/20:4 DAG 2.0+0.7 1.7+ 0.3 0.8+0.3
20:4/20:4 DAG 2.0+0.7 1.6+0.2 0.8+0.3
18:2/18:2 DAG 3.5+04 0.89 +£0.06 0.26 £0.03
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Maintaining 18:0 as the sn-1 acyl chain, we confirmed that a linoleoyl chain
(18:2) at the sn-2 position is also a substrate for DGKe, but one that is poorer than
18:0/20:4-DAG (Fig. 5.1). Although 18:0 at sn-1 of DAG makes a better DGKe substrate
than 16:0, the difference is not very great [12]. However, 16:0/16:0-DAG is a poor
substrate for DGK [15,16]. We showed that 16:0/18:1-DAG and 18:1/18:1-DAG are also
poor substrates (Fig. 5.2). DGKe is very abundant in the brain and retina, suggesting an
important physiological role of this enzyme in CNS and visual function. At the same
time, docosahexaenoic acid (DHA, 22:6-fatty acid) is the most abundant omega-3 fatty
acid in the brain and retina, comprising 40% of the polyunsaturated fatty acids in the
brain and 60% in the retina. Despite these facts, 18:0/22:6-DAG is not a substrate for
DGKe (Fig. 5.3A). This is in contrast with the behaviour of another DGK isoform,
DGKUC, that does not discriminate among DAGs with different acyl chains (Fig. 5.3B).
Thus, for DGKe there is a very high specificity for the acyl chain at the sn-2 position with
only two acyl groups, arachidonoyl or linoleoyl, showing any substantial activity.
Interestingly, these two acyl chains are also the only two that are recognized by
lipoxygenases. Generally mammalian lipoxygenases are more specific for arachidonic
acid, while the homologous enzymes from plants have greater specificity for linoleic acid.
Recognition of polyunsaturated acyl chains by both DGKe and by lipoxygenases is due in

part to a common amino acid motif in a segment of both proteins [17].

146



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

[ 1DGKe
0201 B EV
£
g 0.16-
£
S 0.12
=
0.08 -
0.04 -
0.00 — ’—_ ’_I___

18:0/20:4 18:1/18:1 16:0/18:1

Figure 5.2. A. Comparison of the enzyme activities for DGKe with 18:0/20:4-
DAG, 18:1/18:1-DAG and 16:0/18:1-DAG as substrates. Negative control (EV) is
performed with the lysates from mock baculovirus-infected Sf21 cells.
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Figure 5.3. A. Comparison of the enzyme activities for DGKe with 18:0/20:4-
DAG and 18:0/22:6-DAG as substrates. Negative control (EV) is performed with the
lysates from mock baculovirus-infected Sf21 cells. B. Comparison of the enzyme
activities for DGK({ with 18:0/20:4-DAG, 18:1/18:1-DAG, 18:0/22:6-DAG and
20:4/20:4-DAG as substrates. Negative control (EV) is performed with the lysates from
mock baculovirus-infected Sf21 cells.

The requirements for the acyl chain of DAG at the sn-1 position are much more

flexible as shown by the finding that 20:4/20:4-DAG has similar activity to 18:0/20:4-
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DAG (Fig. 5.1, Table 5.1). Although, with 20:4 in the sn-2 position, 18:0 was the best
acyl chain for sn-1 among saturated acyl chains and had a higher affinity with DGKe than
either 16:0/20:4-DAG or 20:0/20:4-DAG [12], the 18:0 acyl chain at sn-1 can be replaced
by 20:4 with almost complete retention of activity. Furthermore, 18:2/18:2-DAG has a
higher activity than even 18:0/18:2-DAG (Fig. 5.1). 18:2/18:2-DAG is also the precursor
for PA with this acyl chain composition. 18:2/18:2-PA is a potent inhibitor of insulin
receptor signalling [18].

Studies of the crystal structure of different fatty acids bound to autotaxin has
shown that acyl chains containing unsaturation turn sharply at the unsaturated bonds,
allowing longer lipid tails to be accommodated in a hydrophobic pocket [19]. A similar
phenomenon can explain the finding that longer acyl chains can be incorporated into the
sn-1 position of DAG and still be a good substrate for DGKe, provided that the longer
chains have unsaturation.

Another factor that may affect the efficiency of phosphorylation of different
species of DAG is the extent to which the substrate penetrates into the membrane. It is
suggestive that this may be a factor, although at the present time the evidence is
incomplete and indirect. There is however evidence from neutron diffraction studies
showing that the position of tocopherol in a lipid environment is very similar for
tocopherol embedded into 20:4/20:4-PC as it is when embedded in 16:0/20:4-PC and
different from results with other forms of PC not containing polyunsaturated acyl chains
[20]. Thus, replacement of 16:0 in the sn-1 position with a 20:4 chain does not alter the

depth of burial of tocopherol and thus this change of acyl group would also not likely
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effect the depth of burial of DAG, despite the large difference in structure and properties
of these acyl groups. The similar location of 18:0/20:4-DAG and 20:4/20:4-DAG in the
membrane can contribute to their similar location with respect to the enzyme active site,
resulting in similar activities.

Previously we showed that 18:0/20:4-PA is the best inhibitor of DGKe [12]. We
tested if DGKe inhibition by this PA depends on the acyl chains of the substrate. Our
results showed that 18:0/20:4-PA is still the most potent inhibitor of DGKe with three
different substrates 18:0/20:4-DAG, 20:4/20:4-DAG and 18:1/18:1-DAG (Fig. 5.4).
Further, we determined the inhibition constants K; for 20:4/20:4-PA as an inhibitor of
DGKe activity with 18:0/20:4-DAG and 20:4/20:4-DAG as substrates (Table 5.2).
Comparison of K;suggests that 20:4/20:4-PA binds and inhibits DGKe activity somewhat
to a greater extend with 20:4/20:4-DAG as a substrate than 18:0/20:4-DAG. PA is a
competitive inhibitor of DAG phosphorylation [12]. Thus, the potency of inhibition of
different species of PA depends on how well that PA binds to the active site of DGKe. In
contrast, to be a good substrate, the DAG must not only bind to the active site, but must
also be at an optimal location with regard to the catalytic groups of the enzyme to
undergo efficient catalysis. We suggest that 20:4/20:4-DAG is at the optimal location for
catalysis because its depth of insertion into the membrane is optimal and therefore it is a
good substrate, even though it does not bind optimally to the enzyme. Furthermore, with
20:4/20:4-PA, inhibition is slightly stronger because of lower binding of the substrate to

the enzyme.
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Figure 5.4. Comparison of inhibition of DGKe by PAs in presence of different
substrates. DGKe enzymatic activity was measured with 15 mM Triton X-100, 0.1 mM
[y-**P]-ATP, 30 mol % DOPC, and 1.34 mol % either 18:0/20:4-DAG, 20:4/20:4-DAG
and 18:1/18:1-DAG (shown as black bars) or with the addition of either 0.67 mol %
18:0/20:4-PA (grey bars), 20:4/20:4-PA (light grey bars) or 18:1/18:1-PA (white bars).

Table 5.2. Summary of the inhibition constants K; for DGKe with 18:0/20:4-DAG
and 20:4/20:4-DAG as substrates and 20:4/20:4-PA as inhibitor. Results are presented as
the mean + S.D.

Substrate Kj, mol%
18:0/20:4-DAG 44+1.0
20:4/20:4-DAG 2.6+03

In summary, our results demonstrate that 18:0/20:4-DAG is not unique in being a
good substrate for DGKe and that there is a qualitative difference between the nature and

extent of acyl chain specificity of DGKe for the sn-1 and sn-2 positions of the substrate.
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CHAPTER SIX
PHOSPHATIDYLINOSITOL-4-PHOSPHATE 5-KINASE ISOFORMS EXHIBIT
ACYL CHAIN SELECTIVITY FOR BOTH SUBSTRATE AND PHOSPHATIDIC

ACID

153



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

CHAPTER SIX PREFACE
Chapter 6 encompasses the manuscript prepared for a submission.

Shulga Y.V. conducted all the experiments described in this chapter.

Research objective: to study the specificity of phosphatidylinositol-4-phosphate
5-kinase isoforms for the acyl chains of the substrates and activator phosphatidic acid.
Research highlights:

> Background: Do isoforms of phosphatidylinositol-4-phosphate 5-kinase
select specific lipid substrates and activators?

> Results: There are different extents of acyl chain selectivity of these
enzymes, but their preference for the acyl chains of the substrate does not correspond
with that of phosphatidic acid.

> Conclusion: The gamma isoform is the most selective for interacting with
lipids with different acyl chains.

> Significance: Selectivity of phosphatidylinositol-4-phosphate 5-kinases
type | for the acyl chains of the substrate and activator could be part of a tightly regulated
mechanism producing physiologically active unsaturated Ptdins(4,5)P, species in the cell.
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Abbreviations used:

DGK, diacylglycerol  kinase;  Ptdlns, phosphatidylinositol;  PtdIns4P,
phosphatidylinositol-4-phosphate;  PIP5K,  PtdIns4P  5-kinase;  PtdIns(4,5)P,
phosphatidylinositol-(4,5)-bisphosphate; PLD, phospholipase D. For the abbreviation of
the variety of lipids with specific acyl chains used in this work, see Table 1.

SUMMARY

Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P), mostly produced in the cell
by phosphatidylinositol-4-phosphate 5-kinases (PIP5K), plays a crucial role in numerous
signaling events. Here we demonstrate that in vitro all three isoforms of PIP5K, a, B and
v, discriminate among substrates with different acyl chains for both the substrates
phosphatidylinositol-4-phosphate (PtdIns4P) and phosphatidylinositol (PtdIns), although
to a different extent, with isoform y being the most sensitive. Fully saturated dipalmitoyl-
PtdinsdP was a poor substrate for all three isoforms but both the 1-stearoyl-2-
arachidonoyl and the 1-stearoyl-2-oleoyl forms of PtdIns4P were good substrates. Vmax
was greater for the 1-stearoyl-2-arachidonoyl form compared with the 1-stearoyl-2-oleoyl
form, although for PIPSK the difference was small. For the a and y isoforms, Ky, was
much lower for 1-stearoyl-2-oleoyl Ptdins4P, making this lipid the better substrate of the
two under most conditions. Activation of PIP5K by PA is also acyl chain dependent.
Species of PA with two unsaturated acyl chains are much better activators of PIP5K than
those containing one saturated and one unsaturated acyl chain. PtdIns is a poor substrate
for PIP5K but it also shows acyl chain selectivity. Curiously, there is no acyl chain
discrimination among species of phosphatidic acid in the activation of the

phosphorylation of PtdIns. Together, our findings indicate that PIP5K isoforms a, p and y
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act selectively on substrates and activators with different acyl chains. This could be a
tightly regulated mechanism of producing physiologically active unsaturated

PtdIns(4,5)P, species in the cell.

INTRODUCTION

The phosphatidylinositol phosphate kinases have a multitude of important roles in
cell signaling (1-3). This family of enzymes is responsible for the regulation of
cytoskeleton dynamics, vesicular trafficking, cell migration, as well as transcription
control at the nucleus. The headgroup specificity of these enzymes has been extensively
investigated with regard to number and position of phosphate groups required on the
substrate as well as the position on the inositol that is phosphorylated by each of these
enzymes. However, there has been very little investigation regarding the role of the acyl
chains in the substrate specificity of these enzymes. In some studies natural forms of the
substrates were used, while in other studies dipalmitoylated lipids were used because of
their greater stability and commercial availability. However, we recently showed that the
dipalmitoylated form of phosphatidylinositol-4-phosphate (PtdIns4P) was a much poorer
substrate for phosphatidylinositol-4-phosphate 5-kinase (PIP5K) than natural form of
PtdIns4P (4).

In the current study we focused on type I isoforms of PIP5K (PIP5K) that catalyze
the phosphorylation of PtdIns4dP to form the important secondary messenger,
phosphatidylinositol-(4,5)-bisphosphate (Ptdins(4,5)P2) (5). There are three isoforms of

PIP5K given the designations a, B and y. Each PIP5K isoform produces multiple splicing
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variants (6-9). Although all three isoforms have a high degree of homology and all
catalyze the same reaction, each appears to have some unique properties. PIPSKa
promotes the depolymerization of neuronal microtubules (10). The o isoform suppresses
phagocytosis and accumulates transiently on forming phagosomes (11). This isoform also
appears in PDGF-induced membrane ruffles in platelets (12). PIP5Ka also interacts
directly with diacylglycerol kinase  that promotes the formation of PtdIns(4,5)P,, likely
through the activation of PIP5K by phosphatidic acid (PA), the product of the reaction
catalyzed by diacylglycerol kinase (DGK() (13, 14). The B isoform of PIP5K is activated
by both Ser/Thr and by Tyr phosphorylation that is promoted by oxidative stress (15).
This isoform controls neutrophil polarity and directional movement (16, 17). The y
isoform of PIP5K affects cell to cell contacts and its activity correlates with a poor
prognosis for breast cancer (18). This isoform also regulates distinct stages of Ca*
signaling in mast cells (19). PIP5Ky is also the most important isoform for producing
PtdIns(4,5)P; in the brain (20, 21).

Enzymatic activity of all three PIP5Ks was shown to be activated by phosphatidic
acid (PA) (22), produced either through phospholipase D (PLD) or several isoforms of
diacylglycerol kinase (DGK) (8, 23). There has been only limited assessment of the role
of the acyl chains of PA in this activation. Activation by PA of the enzyme that
synthesizes PtdIns(4,5)P, as part of the PtdIns cycle, PIP5K, is particularly interesting
since both PA and PtdIns(4,5)P, are lipid intermediates in the Ptdins-cycle and as

intermediates in this cycle they are highly enriched in stearoyl and arachidonoyl acyl
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chains. There is thus potential for a forward feedback activation of the PtdIns-cycle by

PA activating PIP5K.

EXPERIMENTAL PROCEDURES

Materials — SO-Ptdins4dP and SA-, SO-, SL- and DL-Ptdins were custom

synthesized by Avanti Polar Lipids. As source of SA-PtdIns4P, brain PtdIins4P (Avanti

Polar Lipids) was used. DP-PtdIns4P was purchased from Echelon Biosciences Inc. All

PAs were purchased from Avanti Polar Lipids. The abbreviations, full names and

alternative notations of all lipids used in this study are listed in Table 6.1.

Table 6.1. Lipids used and/or referred to in this study

Alternative
Abbreviation  Full name notation
(sn-1/sn-2)
PA
AAPA 1-Arachidoyl-2-arachidonoyl phosphatidic acid ~ 20:0/20:4 PA
DAPA 1,2-Diarachidonoyl phosphatidic acid 20:4/20:4 PA
DLPA 1,2-Dilinoleoyl phosphatidic acid 18:2/18:2 PA
DOPA 1,2-Dioleoyl phosphatidic acid 18:1/18:1 PA
SAPA 1-Stearoyl-2-arachidonoyl phosphatidic acid 18:0/20:4 PA
SOPA 1-Stearoyl-2-oleoyl phosphatidic acid 18:0/18:1 PA
PtdIns
DL- PtdIns 1,2-Dilinoleoyl phosphatidylinositol 18:2/18:2 PtdIns
SA- PtdIns 1-Stearoyl-2-arachidonoyl phosphatidylinositol ~ 18:0/20:4 PtdIns
SL- PtdIns 1-Stearoyl-2- linoleoyl phosphatidylinositol 18:0/18:2 PtdIns
SO- PtdIns 1-Stearoyl-2-oleoyl phosphatidylinositol 18:0/18:1 PtdIns
PtdIns4P
DP- PtdIns4P 1,2-Dipalmitoyl phosphatidylinositol-4- 16:0/16:0 PtdIns4P
SA- PtdIns4P phosphate 18:0/20:4 PtdIns4P
1-Stearoyl-2-arachidonoyl phosphatidylinositol-
SO- PtdIns4P  4-phosphate 18:0/18:1 PtdIns4P

1-Stearoyl-2-oleoyl phosphatidylinositol-4-
phosphate
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PIP5K constructs — HA-PIP5K isoforms o and y expression vectors were prepared
as previously described. HA-PIP5K isoform B expression vector was a kind gift of Drs.
Santos Manes and Rosa Ana Lacalle of the Centro Nacional de Biotecnologia, Madrid,
Spain. c-Myc-PIP5Ka expression vector was prepared as previously described (13). HA-
PIP5Ka and c-Myc-PIP5SKa correspond to the human form of the respective enzyme,
splicing variant 2; HA-PIP5Kf — to the mouse form (96% protein homology with human
PIP5Kp); HA-PIP5Ky — to the human form, splicing variant 1 (640aa). The mutants of c-
Myc-PIP5Ka were designed using the QuikChange Lightning Kit (Stratagene, La Jolla,
CA) according to the instructions of the manufacturer. The presence of the desired
mutations was verified by sequencing analysis.

Cell culture — COS-7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO/Invitrogen) containing 10% fetal bovine serum
(GIBCO/Invitrogen) at 37 °C in an atmosphere of 5% CO,. The cells were grown to
about 80% confluency and transiently transfected with the expression vectors using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The cells
were harvested 48 hours after transfection by scraping them into 1X PBS containing
1:100 protease inhibitor cocktail for use with mammalian cells and tissue (Sigma-
Aldrich). The cells were pelleted at 50009 at 4 °C and kept at -90 °C until further use.

Enzyme Preparations for Enzymatic Activity Assay — Cell pellets of COS-7 cells
overexpressing one of the PIPSK proteins were resuspended in ice-cold cell lysis buffer

(2% (v/v) (octylphenoxy)polyethoxyethanol (Nonidet P-40), 20 mM Tris/HCI pH 7.5,
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150 mM NaCl, 5 mM EDTA, 1 mM NazVOa, 10 ng/mL aprotinin and leupeptin, 1 mM
PMSF, 5 mM NaF, 100 pg/mL soybean trypsin inhibitor, and 1:100 protease inhibitor
cocktail for use with mammalian cells and tissue (Sigma-Aldrich)), allowed to lyse for 10
minutes on ice, sonicated for 10 minutes and then incubated with agarose beads
conjugated with anti-HA (Santa Cruz, sc-7392 AC) or anti-c-Myc antibodies (Santa Cruz,
sc-40 AC) at 4 °C overnight. After that the beads were centrifuged and washed 1 time
with IP kinase buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Triton X-100); 1 time
with PBS pH 6.0, 0.5% Triton X-100; 1 time with 25 mM Tris, pH 8, 100 mM NacCl,
0.1% Triton X-100; 1 time with 25 mM Tris, pH 7.5, 500 mM NacCl, 0.1% Triton X-100;
and 1 time with IP kinase buffer (24). After the final wash the beads were briefly
centrifuged and resuspended in 1x assay buffer. Purity of the PIPSK immunoprecipitate
was confirmed by Coomassie Blue staining of the gel.

Immunoblot Analysis — Amounts of protein in the immunoprecipitates from
transfected COS-7 cells were determined by immunoblotting as described previously (4).
The membranes were incubated with either a 0.5 pg/ml concentration of mouse THE™
anti-HA tag 1gG1 (GenScript, A01244) or 1:800 dilution of mouse anti-c-Myc (Santa
Cruz, sc-40) as the primary antibody and a 1:2000 dilution of horseradish peroxidase-
conjugated goat anti-mouse (Santa Cruz, sc-2005) as the secondary antibody.

Quantification of phospholipids PA, PtdIns4P and PtdIns — The concentrations of
all PA, PtdIns4P and Ptdins stocks used in this study were determined experimentally
based on an assay for inorganic phosphate as described previously (4, 25).

Detergent-Phospholipid-Mixed Micelle-based PIP5K Enzymatic Activity Assay —
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PIP5 kinase activity assay was performed as described by Parker et al. (26) with the
following modifications. Mixed micelles were formed by hydrating the lipid films,
composed of the substrate (Ptdins4P or Ptdins) with or without addition of PA (see Table
1 for the list of lipids used and their abbreviations), with 2x assay buffer and subsequently
vortexing the hydrated lipid film for 2 min. Reactions were performed in a 100 uL
reaction volume in an assay buffer containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
100 mM NaCl, 1 mM EGTA, 0.1% Triton X-100 and 50 uM [y-**P]JATP (2uCi/reaction).
The reaction was stopped after 10 min by the addition of 500 pL of 1 N HCI and 2 mL of
chloroform:methanol (1:1) simultaneously. The assay was washed twice with 1 mL of
methanol:IN HCI (1:1). An aliquot of the organic layer was used to quantify the
incorporation of 3P into the lipid product using Cerenkov counting. Negative controls
were run with the addition of beads immunoprecipitated from mock-transfected COS-7
cells and were confirmed to have activity levels significantly below immunoprecipitates
from cells overexpressing PIP5K. Results are presented as the mean + S.D. It was
implicated previously that substrate binding by PIP5Ks follows the surface dilution
kinetic model described by Hendrickson and Dennis (24). Therefore, in this study the
substrate and PA concentrations are presented as the effective concentration of the
substrate or PA at the surface of the micelle. The effective surface concentration of the
substrate (Ces) was calculated by multiplying the mole fraction of the substrate at the
surface of the micelle by the total concentration of the substrate (24).

Kinetic Analysis of the Micelle-Based Assay of PIP5K Activity — Kinetic parameters

were calculated using the effective concentration of the substrate at the surface of the
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micelle following the formula from Jarquin-Pardo et al. (24). Using this treatment the
data fit Michaelis-Menten kinetics. The Michaelis-Menten constants, Vmax and Ky, were
evaluated by a nonlinear regression analysis (initial velocity (vo) versus substrate

concentration ([S])) using GraphPad Prism software program (version 5.00).

RESULTS

PIP5Ks are sensitive for the acyl chain composition of substrate PtdIns4P — To
determine if PIP5K isoforms discriminate between PtdIns4P with different acyl chain
compositions, we compared the activity of PIP5K isoforms a, B and y with three different
substrates — SA-PtdIns4P, SO-PtdIns4P and DP-PtdIns4P (see Table 6.1 for lipid
abbreviations). Our results showed that all isoforms exhibit a significant preference for
the two substrates containing an unsaturated acyl chain (SA- and SO-PtdIns4P) compared
to the substrate with only saturated acyl chains (DP-PtdIns4P) (Fig. 6.1A-C). At low
substrate concentrations (Ce = 0.23 uM) PIP5Ks have preference for SO-PtdIns4P over
SA-PtdIns4P, with PIP5Ky isoform showing the largest difference between these two
substrates (Fig. 6.1A-C). Nevertheless, at higher substrate concentrations (Cess > 2 uM for
PIP5Ka and B, Cess > 4 uM for PIP5Ky) the enzyme activity is higher for SA-PtdIns4P

than for SO-PtdIns4P (Fig. 6.1D-F).
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Figure 6.1. HA-PIP5K isoforms a, B and y show sensitivity for the acyl chain
composition of PtdIns4P substrate. A-C. Comparison of PIP5K activities with SA-, SO-
and DP-PtdIns4P at low substrate concentrations (total substrate concentration = 20 puM,
equal to Cerr = 0.23 uM). The effective surface concentration (Ces) of the substrate was
calculated by multiplying the mole fraction of the substrate at the surface of the micelle
by the total concentration of the substrate (24). D-E. Comparison of PIP5K activities with
SA-, SO- and DP-PtdIns4P over the wide range of substrate concentrations (Cer from
0.015 to 7.91 uM).
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If certain isoforms of PIP5K preferentially phosphorylated SA-PtdIns4P, it would
indicate that this isoform is involved in the PtdIns cycle, contributing to the enrichment of
phosphatidylinositols with the 1-stearoyl-2-arachidonoyl species. Kinetic analysis
determined that PIP5K isoforms o and y have a significantly lower Ky, for SO-PtdIns4P,
than for SA-PtdIns4P, whereas PIPSKp has similar K, for both substrates (Table 6.2).
The Vmax parameter is higher for SA-PtdIns4P for all isoforms of PIP5K, although
PIP5SKp shows only a marginal difference (Table 6.2). As a result, the Vax /Ky, value is
the same, within error, for the three isoforms. Vax /Ky parameter also corresponds to the

rate constant at low substrate concentration.

Table 6.2. Summary of the kinetic parameters for HA-PIP5K isoforms a., B and y.
Kinetic parameters are calculated using the effective concentration of Ptdins4P at the
surface of the micelle. The effective surface concentration of PtdIns4P was determined by
multiplying the mole fraction of PtdIns4P at the surface of the micelle by the total
concentration of PtdIns4P. Values of Vnay are relative values since the absolute amount
of enzyme in the cell preparations is not known. Results are presented as the mean + S.D.

Isoform Substrate Km, V max, Vimax/ Km,
uM pmol min™ pM min™

HA-PIPSK a SA-Ptdins4P 16 +5 25+5 1.5+0.6
SO-PtdIns4P 2.8+0.9 6.3+0.7 2.2+0.7

HA-PIPSK p  SA-PtdIns4P 49+14 34+5 6.9+22
SO-PtdIns4P 37+1.1 24 +3 6.6 +2.2

HA-PIPSK y SA-PtdIins4P 15+4 44 + 10 3.0t1.2
SO-PtdIns4P 1.6+0.6 12+1 75+3.1

Together these findings indicate that all isoforms of PIP5Ks (with isoform f3 to a

smaller extent) distinguish among different acyl chains of PtdIns4P. The acyl chain
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selectivity of the PIP5Ks is large when there is a large difference in acyl chain structure,
such as DP- vs. SA- or SO-PtdIns4P species.

PIP5K activation by PA depends on the acyl chain composition of both substrate
and activator — Previously we showed that PIP5K isoform a is sensitive to the acyl chain
composition of phosphatidic acid, and that the extent of PA activation is different for SA-
PtdIns4P and DP-PtdIns4P (4). To determine if all isoforms of PIP5K exhibit similar acyl
chain preference for PA, we compared the activation of PIP5K isoforms a, B and y by
different species of PA (Fig. 6.2). Because acyl chain length and saturation of SA-
Ptdins4P and DP-PtdIns4P differs significantly, we also tested SO-PtdIns4P as a
substrate, as it has the same sn-1 acyl chain as SA-PtdIns4P (18:0), but a different sn-2
acyl chain.

Our results showed that all three isoforms of PIP5K have similar profiles of PA
activation, but differ in the extent of activation, with isoform a being activated the most
and isoform [ activated the least with all three tested substrates (Fig. 6.2). When DP-
PtdIns4P is used as a substrate, DAPA is undoubtedly the best activator of all PIP5Ks
(Fig. 6.2G-I). Further, the extent of DAPA activation is much higher than when other
substrates are used (28-, 12- and 24-fold for PIP5K isoforms a, B and y respectively when
DP-PtdIns4P is used as a substrate). When SA-PtdIns4P is used as a substrate, DLPA has
a tendency to be a better activator, especially for PIP5Ka (Fig. 6.2A-C). For SO-
PtdIns4P, the profile of PA activation is somewhat similar to that of SA-PtdIns4P, but

there is no significant preference for DLPA over other PAs with two unsaturated acyl
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chains (Fig. 6.2D-F). Surprisingly, the only tested species of PA that does not activate all

PIP5Ks is SOPA, and in most cases SAPA is the next least potent activator (Fig. 6.2).
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Figure 6.2. Activation of HA-PIP5K isoforms a, B and y by different PAs with A-

C) SA-Ptdins4P, D-F) SO-PtdIns4dP and G-l) DP-PtdIns4P as substrates. PIP5K

enzymatic activity was measured with 10 uM (equal to Cesr = 0.06 uM) PtdIns4P and 50
UM (equal to Cess = 1.42 uM) PA.

Thus, PIP5K isoforms a, B and y differ in the degree of PA activation, but all of

them clearly discriminate between the acyl chains of both the substrate and the activator.

The presence of a saturated acyl chain at the sn-1 position of PA considerably lowers the
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extent of activation. PIP5Ks have been implicated in a variety of distinct cellular
processes, suggesting that different PIP5K isoform may regulate endocytosis of different
types of cargo (27). Therefore, variations in the acyl chain sensitivity and degree of PA
activation could be a way of commitment of different isoforms to the distinct cellular
pathways.

PIP5Ks are sensitive for the acyl chain composition of substrate Ptdins — We next
examined whether PIP5Ks are sensitive for the acyl chain composition of other
substrates, such as phosphatidylinositol (PtdIns). First, we compared the activity of
PIPSK with PtdIns4P and PtdIns as substrates. Our data confirm that in vitro PIP5Ks
phosphorylate PtdIns4P at much higher rate than PtdIns (Fig. 6.3) (28). For PIP5SKa with
SA-PtdIns as a substrate we determined the K, parameter to be significantly higher (5-
times) than for SA-PtdIns4P (K, (SA-PtdIns) = 127 + 36 uM), and respectively Vax t0
be much lower (Vmax (SA-PtdIns) = 0.14 £ 0.01 pmol/min versus Vmax (SA-PtdIns4P) =

25 £+ 5 pmol/min).
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Figure 6.3. PIP5Ka has a strong preference for PtdIins4P as a substrate over
PtdIns. PIP5K enzymatic activity was measured with either 20 uM SA- PtdIns4P, 20 uM
SA-PtdIns (equal to Cer = 0.23 uM) or 800 uM (equal to Cesr = 256 uM) SA-PtdIns.
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Figure 6.4. HA-PIP5K isoforms a, B and y show sensitivity for the acyl chain
composition of PtdIns substrate. PIP5SK enzymatic activity was measured with 700 uM
(equal to Cess =204 uM) PtdlIns.
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To test acyl chain preference of PIP5Ks for Ptdins, we compared their enzyme
activities with four different PtdIns species — SA-, SO-, SL- and DL-PtdIns (see Table 6.1
for lipid abbreviations). The results show that all isoforms of PIP5Ks exhibit preference
for SO- and SL-PtdIns, with isoform y showing the strongest discrimination toward SO-
Ptdins (Fig. 6.4). These data are in a good agreement with the acyl chain preference of
PIP5K isoforms for PtdIns4Ps at low substrate concentrations (Fig. 6.1A-C), where
PIP5K isoform y also shows the strongest preference for SO- over SA-PtdIns4P.

Next we examined whether PIP5Ks exhibit acyl chain preference for activator PA
when different species of PtdIns are used as substrates. We used PIP5K isoform vy for
these experiments, as it has the greatest acyl chain sensitivity for the tested substrates.
Interestingly, our data show that there is no significant difference between the degrees of
activation by four tested PA species with PtdIns as a substrate (Fig. 6.5). Further, PIP5SKy
is less activated by PAs when the more preferred substrate (SO-PtdIns) is used. It is also
surprising that SOPA activates this enzyme when PtdIns is used as a substrate, in contrast

to PtdIns4P (Fig. 6.2).
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Figure 6.5. HA-PIPSKy does not discriminate between different acyl chains of
PA when either A) SA- PtdIns, B) SO- PtdIns, C) SL- PtdIns, or D) DL- PtdIns used as a
substrate. PIP5SK enzymatic activity was measured with 600 uM (equal to Cegs = 150 uM)
PtdIns and 100 pM (equal to Cerr = 4.1 uM) PA.

Thus, PIP5Ks display similar preference for the acyl chain composition of a
substrate when either Ptdins or PtdIns4P is used. Nevertheless, there is a remarkable
difference in that PIP5K does not show any acyl chain preference for its activator PA
when PtdIns used as a substrate.

Mutants L2021 and L2101 of PIP5Ka increase the extent of enzyme activation by PA

— Previously we demonstrated that both L2021 and L2101 mutations of PIP5Ka decrease
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the substrate affinity and the enzyme efficiency for SA-PtdIns4P (4). Based on the
structure of PIP4KIIP and protein homology of PIP4K and PIPSK (29, 30), residues L202
and L210 of PIP5K are located within the conserved kinase catalytic core and in the
putative ATP binding site. To test if the mutations of these residues also affect PA
activation of PIP5K, we compared the activation by PA of PIP5Ka WT, L202I and L210l
with three substrates, SA-PtdIins4P, SO-PtdIns4P and DP-PtdIns4P. Both studied
mutations of PIP5Ka significantly increase the extent of enzyme activation by DAPA
with all three tested substrates (Fig. 6.6). However, these mutations do not change the
effect of SOPA which does not activate PIP5Ks with PtdIns4P as a substrate. SAPA, one
of the weakest PA activators with PtdIns4P as a substrate, shows only statistically
insignificant tendency toward increased activation for the L2021 and L210l mutants of
PIP5Ka (Fig. 6.6). Therefore, these findings indicate that residues L202 and L210 of

PIP5Ka are important for the activation of this enzyme by PA.
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Figure 6.6. Mutations L2021 and L210l of c-Myc-PIP5Ka increase enzyme
activation by DAPA. PIP5K enzymatic activity was measured with 10 uM (equal to Cesf =
0.06 uM) PtdIns4P and 50 uM (equal to Cess = 1.42 uM) PA.

DISCUSSION

PIP5K sensitivity for the acyl chains of substrate — The acyl chain composition of
various lipid classes differs widely (31). Phosphoinositol lipids are mainly
polyunsaturated, with 30-80% (depending on the cell type) of total phosphoinositides
being the 1-stearoyl-2-arachidonyl species (32-35). 1-stearoyl-2-oleoyl phosphoinositols
were shown to be common species as well, comprising about 11% of total
phosphoinositide species in fibroblasts (32). Several lipids serve as secondary
messengers, and the proteins that they interact with are greatly affected by their acyl
chain composition. For example, PtdIns(4,5)P, plays a critical role in endocytosis in
synapses, by recruiting several essential proteins to the synaptic membranes, including
dynamin and the clathrin adaptor proteins (36). At later stages of endocytosis, to decrease
the affinity of the clathrin adaptor proteins for the membrane of a synaptic vesicle,
PtdIns(4,5)P, is dephosphorylated by synaptojanin-1 (37). A previous in vitro study
showed that the catalytic domain of synaptojanin has a substrate preference for a natural
PtdIns(4,5)P, compared with DP- PtdIns(4,5)P, (38). Therefore, it seems possible that the
acyl chain preference of PIP5Ks may facilitate the production of PtdIns(4,5)P, species,
required for proper downstream cascade in endocytosis.

PA activation of PIP5Ks — Activation of PIP5K by PA has been shown to be an
important factor in the enzyme regulation (24, 39). Several studies demonstrated that PA

generated by phospholipase D (PLD), as well as DGKa (40) and DGK{ (13) activate

174



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

PIP5K in vivo, in contrast to PA produced by DGKe (40). Therefore, it has been proposed
that PA containing monounsaturated and di-unsaturated fatty acids activate PIP5K, as
these PA species are predominantly generated by PLD (41). DGKa and ( isoforms do not
exhibit pronounced acyl chain specificity in vitro, phosphorylating different
diacylglycerols to a similar extent (42, 43). Our findings indicate that not all
monounsaturated and di-unsaturated PAs act equally on PIP5KSs. In general, for both SA-
and SO-PtdIns4P substrates, there is a noticeable tendency for PAs with both acyl chains
being unsaturated to be better activators (DAPA, DOPA, DLPA). This seems to be an
important aspect of PIP5K acyl chain preference for PA, as DOPA (18:1/18:1) is a good
activator of PIP5K, while SOPA (18:0/18:1), having the same lengths of both acyl chains
and differing only by one double bond, does not activate the enzyme. Another example is
DAPA (20:4/20:4), which is a better activator than AAPA (20:0/20:4) and SAPA
(18:0/20:4).

For the physiologically more abundant substrate SA-PtdIins4P, DLPA (18:2/18:2)
shows the strongest activation among tested PA species (Fig. 6.2A-C). Surprisingly, when
DP-PtdIns4P is used as a substrate, DAPA becomes a very potent activator of all PIP5Ks.
Taken together, these findings provide evidence that allosteric activation of the catalytic
site of PIP5K by PA is acyl chain dependant.

PA is also a lipid intermediate of the Ptdins cycle. It is thus possible that different
species of PA can result in the feedback activation of the PtdIns cycle. Nevertheless, none
of the PIP5K isoforms result in very large feedback activation of the major species of PA

in the PtdIns cycle, i.e. SAPA. However, DAPA is a good activator with all three of the

175



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

substrates used and for all three of the isoforms of PIP5K (Fig. 6.2). In addition to SAPA,
DAPA can also be produced efficiently by DGKe (43), the isoform of DGK that is closely
associated with the PtdIns cycle (44). Thus, there can be a positive feedback activation of
the PtdIns cycle by DAPA. However, it should be also noted that PA produced by DGKe
in vivo, SAPA, does not activate PIP5K (40). SAPA will normally be the major product
of DGKe catalysis. If it did activate PIP5K it would result in progressively more rapid
Ptdins-cycling that could be detrimental to the cell. However, it is possible that in
particular organs and/or membrane domains or under particular nutritional or pathological
states, DAPA may become the major product of DGKe catalysis, leading to this feedback
activation of the PtdIns-cycle.

Interestingly, PIP5K does not exhibit sensitivity for the acyl chains of PA when
Ptdins is used as a substrate (Fig. 6.5). This may also have physiological relevance, as the
product of Ptdins conversion by PIP5K is PtdIins5P and not PtdIns(4,5)P,, which
activates PLD. PLD generates PA species that are shown to activate PIP5K, therefore
forming a positive feedback loop between these enzymes. In the case when PtdIns is used
as a substrate, the PtdIns cycle is not completed and PLD is not activated. This result also
implicates the interplay between the substrate and the activation of PIP5K.

Based on the acyl chain discrimination of PIP5Ks between four tested species of
Ptdins and three PtdIns4P substrates, the enzyme preference for the acyl chains of the
substrate does not correspond with that of PA. Thus, PIP5Ks have the lowest K, value for
SO-PtdIns4P (Table 6.2), and exhibit preference for SO-PtdIns among other PtdIns (Fig.

6.3), while SOPA does not activate the enzyme (Fig. 6.2). On the other hand, DLPA is
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one of the best activators when SA- or SO-PtdIns4P used as substrates, while DL-PtdIns
is not among the preferred substrates (Fig. 6.5). These findings indicate that PIP5K
binding sites for the substrate and PA have different conformations/ tertiary structures,
allowing interaction of lipids with different acyl chains.

A previous study (24) proposed that there are two binding sites for PtdIns4P in
murine PIPSKf (corresponding to human PIP5Ka), one of which inhibits the catalytic
activity of the other, although it is not clear if these binding sites are located within the
same enzyme or on two different subunits of a dimer. Furthermore, multiple PA binding
domains were identified in the C-terminal region of PIP5K (24). Therefore when
substrates with different acyl chains are compared, it is difficult to determine if
differences in the degree of activation by PAs with different acyl chains is caused by the
positive allosteric conformational changes in the catalytic site or negative regulation of
the second inhibitory substrate binding site, or possibly both.

Role of L202 and L210 residues in PIP5K activation by PA — Previously we showed
that L2021 and L2101 mutants of PIP5Ka affect the kinetic parameters of this enzyme for
SA-PtdIns4P (4). Here we demonstrate that these mutations also significantly elevate
PIP5Ka activation by DAPA, but not SOPA or SAPA (Fig. 6.6). PA binding sites were
shown to reside within C-terminal region of PIP5Ka (residues 239-546 for murine form
of enzyme). Moreover, this region also mediates interactions with the substrate through
the activation and catalytic loops (29, 45). Residues L202 and L210 are located outside
these domains, but within the conserved kinase catalytic core and proposed ATP binding

site. In addition, these residues form part of a segment that resembles the pattern of
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residues (4, 46) found essential for binding arachidonic acid to lipoxygenase (47).
Therefore, our results indicate that residues L202 and L210 of PIPSKa are important for
augmenting the activation of this enzyme by DAPA. This observation is consistent with
this segment of the protein being involved with the phosphorylation of polyunsaturated
substrates (not necessarily binding, most effect is on Vmax) (4).

Ptdins(4,5)P,, produced by PIP5Ks, has an essential role in numerous signaling
pathways, including actin cytoskeleton remodeling and endocytosis (48). PtdIns(4,5)P; is
the precursor for the second messengers diacylglycerol and inositol triphosphate, and also
acts directly to modify multiple effectors. The acyl chain composition of PtdIns(4,5)P,
will be determined in part by the specificity for substrate and activator of PIP5K. This
may be an important factor, determining the involvement of different Ptdins(4,5)P,

species in cellular events.
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CHAPTER SEVEN

DIACYLGLYCEROL KINASE EXPRESSION IN ADIPOCYTES
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Abbreviations: AGPAT2, sn-1-acylglycerol-3-phosphate acyltransferase 2; BAT,
brown adipose tissue; DAG, diacylglycerol; DGK, diacylglycerol kinase; GPATS,
glycerol-3-phosphate acyltransferase 3; IRS-1, insulin receptor substrate 1; LPtdOH,
lysophosphatidic acid; PKC, protein kinase C; PPARYy2, peroxisome proliferator-activated
receptor y2; Pref-1, pre-adipocyte factor-1; PtdOH, phosphatidic acid; Rps29, 40S

ribosomal protein S29; TBP, TATA-box binding protein; WAT, white adipose tissue.

ABSTRACT

Type 2 diabetes mellitus is a progressive metabolic disorder with the increase
rates characterized as an epidemic, and it is expected to afflict around 439 million people
worldwide by 2030. Type 2 diabetes is characterised by hyperglycaemia, altered lipid
metabolism and impaired insulin action in peripheral tissues. We identified a difference in
the mRNA expression levels of several diacylglycerol kinase (DGK) isoforms in
adipocytes isolated from KK/AY diabetic mice in comparison with control mice. We also
showed that seven isoforms of DGKs are expressed in 3T3-L1 cells, and that DGK
expression levels change significantly during differentiation of 3T3-L1 preadipocytes into
adipocytes. Particularly the delta and epsilon isoforms of DGK showed 8- and 4-fold
increase respectively. Therefore, we reveal previously unrecognized changes of DGKSs in

adipocyte differentiation, as well as a possible contribution to type 2 diabetes.
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INTRODUCTION

Diacylglycerol kinases (DGK) catalyze the phosphorylation of diacylglycerol
(DAG) to phosphatidic acid (PtdOH), thus terminating the DAG signal and producing the
PtdOH signal in the cell. Up to date, ten mammalian DGK isoforms have been identified
and shown to fulfill distinct roles in the cellular processes." DAG plays multiple roles as
a second messenger in cellular signaling, and also in lipid metabolism as a precursor of
phospholipids and triglycerides. An increase in intracellular DAG content is associated
with insulin resistance induced by glucose infusion in muscle and liver of rats.” These
elevated levels of intracellular DAG activate protein kinase C (PKC), which
phosphorylates the insulin receptor and insulin receptor substrate 1 (IRS-1), leading to
subsequent downregulation of glucose transport.®> These events in turn cause insulin
resistance, abnormal lipid accumulation and altered cellular signal transduction.* ®

DGK isoform & was identified to contribute to hyperglycemia-induced peripheral
insulin resistance, thus aggravating the severity of type 2 diabetes.® Here we demonstrated
that the mRNA expression of several other isoforms of DGK is altered in adipocytes
isolated from diabetic mice. Therefore, it is possible that not only DGK9, but other DGK
isoforms could be contributing to the insulin resistance in adipocytes.

Adipocytes are specialized in storing energy in the form of triacylglycerides
during periods of energy excess, and releasing this energy during periods of energy
deprivation. The key intermediates for triglyceride and phospholipid synthesis are the
enzymes glycerol-3-phosphate acyltransferase 3 (GPAT3), sn-1-acylglycerol-3-phosphate

acyltransferase 2 (AGPAT2) and lipin 1, catalysing the conversion of glycerol 3-

183



PhD thesis — Shulga Y.V.; McMaster University — Biochemistry & Biomedical Sciences

phosphate into lysophosphatidic acid (LPtdOH), LPtdOH into PtdOH, and PtdOH into
DAG, respectively. In the developing adipocyte, lipogenesis and adipogenic transcription
are tightly regulated. Thus, a loss of GPAT3 or AGPAT?2 expression inhibits adipogenic
gene expression at an early stage.” ® Lipin 1 can also activate PPARy during
adipogenesis® and regulate adipogenic transcription.*

DGKs are also involved in phospholipid synthesis by converting DAG to PtdOH.
According to expressed sequence tags (ESTs) database from the National Center for
Biotechnology Information, which approximates the levels of DGK mRNA in a given
tissue, DGKe is the only isoform identified in adipose tissue. Here we tested the mRNA
expression of DGK isoforms in adipocytes isolated from mouse white adipose tissue, as
well as in differentiating 3T3-L1 cells, and we showed that at least seven DGK isoforms
are expressed in adipocytes. Moreover, the expression profile of several DGK isoforms
changes significantly during adipocyte differentiation, indicating their possible

involvement in adipogenesis.

EXPERIMENTAL PROCEDURES

Differentiation of 3T3-L1 cells. 3T3-L1 pre-adipocytes were cultured in DMEM,
10% calf serum and 1% penicillin/streptomycin. For adipogenesis, 2 days after cells
reached 100% confluency (day 0) they were treated with 3T3-L1 Differentiation Medium
(Zen-bio). The medium was replaced with Adipocyte Maintaining Medium (Zen-bio) at
day 3 post differentiation. 3T3-L1 pre-adipocytes were only differentiated and used prior

to passage 10; greater than 90% of cells displayed the fully differentiated phenotype,
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characterized by lipid accumulation, by day 12 post differentiation. Lipid accumulation in
adipocytes was visualized by staining with Oil Red-O.**

Animals. KK-A’ mice (heterozygous for AY, background strain KK/Upj) and
normal wild-type non-agouti (a/a homozygous) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) at 8 weeks old. All mice used in the study were males,
housed in pathogen—free micro-isolators and maintained on a 12-hour light/12-hour dark
cycle with lights on at 7:00 A.M. Mice were given standard rodent chow and water ad
libitum. Experimental procedures on mice used in this study were approved by the
McMaster University Animal Ethics Committees. At 14 weeks old mice were fasted
overnight, and blood glucose concentration was assessed with a glucometer on whole
blood sampled from the tail vein. Mice were anesthetized by intraperitoneal injection with
ketamine (150 mg/kg) and xylazine (10 mg/kg), and tissues were rapidly collected and
stored in RNAlater® solution (Life Technologies) at -20°C until RNA isolation.

Adipocyte isolation from epididymal white adipose tissue depot. Epididymal fat
pads were minced and digested for 35 minutes at 37°C with type I collagenase (1 mg/ml;
Worthington) in Adipocyte Wash buffer (120 mM NaCl, 4 mM KH,PO,4, 1 mM MgSO,,
1 mM CacCl,, 10 mM NaHCO3, 500 nM adenosine, 30 mM HEPES, 1.5% BSA, pH 7.4).
The cell suspension was filtered through 250 um nylon mesh and centrifuged at 190 x g
for 10 minutes to separate floating adipocytes from the stromal-vascular fraction (SVF).
The top layer of adipocytes was collected and washed 5 times with Adipocyte Wash
buffer. After final wash, adipocytes were transferred to a T25 flask filled completely with

DMEM/F12. The flask was placed bottom side down and incubated 2 hours at 37°C, 5%
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CO,, to allow the non-adipocyte cells to sediment and attach to the bottom. After
incubation, all medium containing adipocytes was transferred to a new 50 ml tube and
centrifuged at 190 x g for 5 min. The supernatant beneath the adipocyte layer was
removed, and 0.75 mL of TRIzol LS Reagent (Invitrogen) was added per 0.25 mL of
adipocytes for the following RNA isolation. The SVF pellet was incubated with
Erythrocyte Lysis Buffer (154 mM NH,CIl, 10 mM KHCO3, 0.1 mM EDTA) for 5 min
and filtered through a 20 um mesh to remove endothelial cell clumps. The solution was
centrifuged at 500 x g for 5 min, and the resultant SVF pellet was resuspended in TRIzol
LS Reagent (Invitrogen) for the following RNA isolation. Adipogenesis markers and
markers for pre-adipocytes and macrophages were used to confirm the purity of isolated
adipocytes (Fig. 7.1).

Total RNA isolation. Total RNA was isolated from 3T3-L1 cells at day O, 7 and 12
post differentiation using TRIzol reagent with the PureLink™ RNA Mini Kit (Invitrogen)
according to the manufacturer’s manual. For RNA preparation from isolated adipocytes
and SVF, TRIzol LS Reagent (Invitrogen) was used. For RNA isolation from murine
tissues, the tissues were homogenized with 1 mm zirconia/silica beads in 1 ml of TRIzol
reagent using the Mini-Beadbeater-1 (Bio Spec Products). On—column PureLink™
DNase treatment (Invitrogen) was performed during RNA purification of all samples to
obtain DNA-free total RNA.

Real-time RT-PCR. Total RNA was reverse-transcribed using AccuScript PfuUltra
Il RT-PCR Kit (Agilent Technologies) and analyzed via real time PCR on the Rotorgene

6000 (Corbett Research) using TagMan Assay-on-Demand gene expression kits (Applied
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Biosystems) following the manufacturer's recommendations. gPCR was performed in a
20 ul reaction volume containing 0.5 U of AmpliTag Gold DNA polymerase (Applied
Biosystems, Foster City, CA, USA), 1xPCR Gold buffer, 2.5 mM MgCl,, 0.2 mM dNTP
mix, 10 pl of diluted cDNA, 450 nM of primers and 125 nM of TagMan MGB probes
(Applied Biosystems, Foster City, CA, USA). After an initial step for enzyme activation
at 95°C for 10 min, 50 cycles were performed consisting of 95°C for 10 sec and 58°C for
45 sec. Relative expression was calculated using the comparative critical threshold (C)

method*? 13

and was normalized to TATA-box binding protein.

In order to use the AAC; method for comparison of MRNA expression levels of
different targets, the efficiency of the amplification of these targets must be
approximately equal.® ** Therefore, we chose to use TagMan Gene Expression Assays,
because the amplification efficiencies of all TagMan Gene Expression Assays are
indicated to be equivalent to any other target assay.™ According to the manufacturer, the
design parameters have been tested extensively and the resulting assays have 100%
efficiency (+/-10%) when measured over a 6-log dilution range, in samples that are free
of PCR inhibitors.!® Therefore, it has been suggested that it is not necessary to measure
efficiency when using TagMan Gene Expression Assays. Nevertheless, we tested the

amplification efficiencies of five used TagMan Gene Expression Assays, and showed that

those assays have the efficiencies ranging from 0.91 to 1.12 (Fig. S7.1).
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RESULTS AND DISCUSSION

DGK mRNA expression profile during adipocyte differentiation of 3T3-L1 cells.
To determine if DGK mRNA expression changes during adipocyte differentiation, we
performed real-time RT-PCR on RNA samples isolated from 3T3-L1 cells at day 0, 7 and
12 post differentiation. The 3T3-L1 cell line is one of the most reliable and well-
characterized models for studying the adipocyte differentiation.'® In culture, differentiated
3T3-L1 cells exhibit most of the ultrastructural characteristics of adipocytes from animal
tissue,™” and when injected into mice, 3T3-L1 cells differentiate and form subcutaneous
fat pads that are indistinguishable from normal adipose tissue.'®

Differentiation of 3T3-L1 cells into adipocytes was confirmed by Oil Red O
staining of accumulated lipid droplets (Fig. 7.2, right panel), as well as by measuring the
expression levels of the adipogenesis markers, such as adiponectin and peroxisome

proliferator-activated receptor y2 (PPARy2) (Fig. 7.1, right panel).

mouse WAT 3T3-L1 cells
SVF Adip Day0 7 12
— - PPARY2 - — —
= gmg | - adiponectin - s o
- Pref-1 - -
e - F4/80 -
- - - - Rps29 - ——

Figure 7.1. Expression of markers in 3T3-L1 cells during adipocyte
differentiation (right panel) and in isolated adipocytes (Adip) and stromal-vascular
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fraction (SVF) from mouse epididymal white adipose tissue (WAT) depot (left panel).
Peroxisome proliferator-activated receptor y2 (PPARYy2) and adiponectin are used as
markers of adipogenesis. Pre-adipocyte factor-1 (pref-1) is used as a pre-adipocyte
marker, as it exerts negative control of adipogenesis.’® The mouse macrophage F4/80
receptor (F4/80) is used as a specific cell-surface marker for murine macrophages.?’ 40S
ribosomal protein S29 (Rps29), a house-keeping gene, is used as a reference gene.

Our results showed that seven DGK isoforms are expressed in 3T3-L1 cells — all

except DGKJ, v, and k, whose mRNA expression was below detectable levels (Fig. 7.2).

3T3-L1 cells

2] [ ]Day0

relative qu

Figure 7.2. mRNA expression of DGK isoforms in 3T3-L1 cells during
differentiation into adipocytes. White bars represent expression levels at day O post
differentiation, light grey bars — at day 7, and black bars — at day 12 post differentiation.
DGK expression is normalized for TBP and presented as the quantity relative to the
expression of DGK isoform a at day O post differentiation. Normalization for another
house-keeping gene Rps29 showed similar results. Results are presented as the mean + S.D.

Panel on the right shows the staining of 3T3-L1 cells with Oil Red O at days 0, 7 and 12
post differentiation.
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DGK3 exhibits the highest mRNA expression among other DGK isoforms in 3T3-

L1 pre-adipocytes, and its expression level increases dramatically during adipocyte

differentiation (8-fold increase at day 12 compared to day O post differentiation) (Fig. 7.2

and 7.3). Expression of two other DGK isoforms, DGKe and DGKn, also increases

during differentiation of 3T3-L1 cells, while the expression levels of DGKa and DGK1

decrease significantly (Fig. 7.3). DGK{ and DGK6 do not change during adipocyte

differentiation.
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Figure 7.3. mRNA expression of DGK isoforms A) a, B) 8, C) &, D) {, E) 0, F) 1,
G) 1in 3T3-L1 cells during adipocyte differentiation. Data are presented as a fold change
relative to the expression level of each DGK at day 0 post differentiation. Results are
presented as the mean + S.D. * - values are statistically different with p < 0.05.
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Lipid amount and composition in 3T3-L1 cells changes dramatically with
accumulation of lipid droplets within the cells and their transformation into adipocytes.
Therefore, it would be expected that the expression levels of many lipid metabolizing
enzymes, including DGKSs, increase during adipocyte differentiation. Nevertheless, our
results show that it is not the case for all isoforms of DGK, and that each DGK isoform
exhibits a unique behavior during differentiation of 3T3-L1 cells (Fig. 7.3). These data
support the idea that each DGK has isoform-specific functions and plays an individual
role in adipocyte differentiation. The DGK substrate, diacylglycerol, is a precursor for
triglycerides, and it also stimulates the formation of lipid droplets. Thus, in the absence of
activated DGK, more diacylglycerol can be converted to triglycerides and form lipid
droplets. Further study is required to investigate specific involvement of DGK isoforms in
this process. Adipocyte dysfunction contributes substantially to human metabolic
diseases, such as obesity; therefore it is of major importance to understand the mechanism
of adipogenesis.?

DGK mRNA expression in type 2 diabetes. To determine if DGK mRNA
expression is affected in type 2 diabetes, we compared DGK mRNA expression in
adipocytes isolated from epididymal WAT of KK/AY mice in comparison with control
mice. KK/AY mice (strain KK/Upj-A’/J, available from Jackson Laboratory, USA) serve
as a good model for type 2 diabetes and obesity and are used widely for screening
different classes of antidiabetic agents.??”> KK/AY mice develop severe obesity,

hyperglycaemia, hyperinsulinaemia, and glucose intolerance.?® 2’ Insulin sensitivity
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becomes impaired at 10 weeks and by 16 weeks of age these mice are completely insulin
resistant.”®

At 14 weeks old KK/AY mice showed increased body weight by 18% (Fig. 7.4A),
increased epididymal WAT depot weight by 100% and liver weight by 60% (Fig. 7.4C) in

comparison with control mice. Fasting glucose levels were elevated by 76% (Fig. 7.4B).
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Figure 7.4. Characterization of KK/AY mice in comparison with normal wild-type non-
agouti mice from the colony (Ctr). Comparison of A) mouse body weight, B) fasting
glucose levels, C) organ and tissue depot weights. Results are presented as the mean +
S.D. * - values are statistically different with p < 0.05.
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Adipocytes isolated from epididymal WAT of diabetic KK/AY mice at age of 14
weeks showed a significantly altered profile of DGK mRNA expression in comparison
with control mice (Fig. 7.5). Murine isolated adipocytes exhibit a profile of DGK mRNA
expression similar to differentiated 3T3-L1 cells, with DGKd being the most abundant
isoform. Nevertheless, in adipocytes from diabetic mice, DGKd mRNA expression is

considerably decreased (about 2-fold) (Fig. 7.5).
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Figure 7.5. mRNA expression of DGK isoforms in adipocytes isolated from
epididymal WAT of diabetic KK/AY mice (N=4) in comparison with control mice (N=3).
DGK expression is normalized for TBP and presented as the quantity relative to the
expression of DGK isoform o in control mice. Normalization for other house-keeping
genes (B-actin and Rps29) showed similar results. Results are presented as the mean + S.D. *
- values are statistically different with p < 0.05.

In contrast, several other isoforms, DGK v, ¢, { and 7, showed elevated mRNA

expression in adipocytes from diabetic mice in comparison with control mice. DGK
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isoforms 1 and k were below detectable level in adipocytes from control mice, but could
be detected in adipocytes from diabetic mice.

DGK mRNA expression in stromal-vascular fraction isolated from epididymal
WAT does not show any statistically significant difference between diabetic KK/AY mice
and control mice (data are not shown).

To assess if DGK mRNA expression is altered in other adipocyte depots in
diabetic mice, we compared DGK mRNA expression profiles in brown adipose tissue

(BAT) from KK/AY and control mice (Fig. 7.6).
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Figure 7.6. mRNA expression of DGK isoforms in brown adipose tissue (BAT)
of diabetic KK/AY mice (N=4) in comparison with control mice (N=3). DGK expression
is normalized for TBP and presented as the quantity relative to the expression of DGK
isoform a in control mice. Results are presented as the mean + S.D. * - values are statistically
different with p < 0.05.
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Our results showed that DGK{ expression level is slightly increased in BAT from
diabetic animals, while expression of all other DGK isoforms is not changed.

DGK mRNA expression profiles in murine tissues and organs. Further we tested
the mMRNA expression of DGKs in several other tissues, including liver, heart and
gastrocnemius muscle. Our data showed no statistically significant differences between
diabetic KK/AY mice and control mice in these tissues (data are not shown). Nevertheless,
these data demonstrated that DGK isoforms have different profiles in different tissues,
such as liver, heart, white adipose tissue (WAT), brown adipose tissue (BAT), and
gastrocnemius muscle (Fig. 7.7). Our results revealed that DGKJ is the most abundant
isoform in murine WAT, BAT and heart tissues, while in muscle DGKd and { have

comparable levels, and in liver tissue DGK{ and 0 are more prevalent.
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Figure 7.7. mRNA expression of DGK isoforms in A) brown adipose tissue (BAT), B)
white adipose tissue (WAT), C) gastrocnemius muscle, D) liver, and E) heart of normal
wild-type non-agouti mice. DGK expression is normalized for TBP and presented as the
quantity relative to the expression of DGK isoform a in control mice. Results are presented
as the mean + S.D.
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These findings demonstrate the diversity of DGK family and further suggest the
individual tissue- and isoform-specific functions for each DGK.

The involvement of DGK isoform o in type 2 diabetes was demonstrated
previously by Chibalin et al.® It was found that reduced DGKS protein expression in
haploinsufficient DGK& (DGK&+/-) mice contributes to the development of obesity and
peripheral insulin resistance. Further, in type 2 diabetic patients and diabetic rats, DGKJ
protein expression in skeletal muscle and total DGK activity was reduced and normalized
upon correction of hyperglycemia. Therefore, it was suggested that DGK& undergoes
downregulation caused by the altered metabolic environment. The decrease in whole-
body insulin-mediated glucose uptake in DGKg&+/- mice may be caused by accumulation
of DAG, which in turn elevates PKC activity and serine phosphorylation of IRS-1,
leading to peripheral insulin resistance.®

We found that the adipocytes of diabetic mice not only demonstrate decreased
mRNA expression of DGKJ, but also the elevated expression levels of several other DGK
isoforms, particularly {, € and n (Fig. 7.5). The increased expression of these DGKs do
not compensate for the loss of DGK$ function, since KK/AY mice show hyperglycemia,
mild obesity and other signs of diabetes. Therefore, the altered mMRNA expression of these
DGK isoforms is likely due to the impaired regulation of metabolism in diabetic animals.

DGK isoforms regulate the balance between their substrate DAG and product
PtdOH by terminating DAG signals and producing PtdOH signals."” * DAG was

implicated in the development of insulin resistance, since DAG levels were shown to be
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elevated in skeletal muscle from insulin-resistant rodents and humans.> * Therefore,
through regulation of DAG signal, DGK isoforms may play an important role in insulin
signaling.

Taken together, our findings indicate the importance of DGK function in

adipocyte differentiation and proper insulin signaling in these cells.
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Figure S7.1. Measured amplification efficiencies of TagMan Gene Expression
Assays for the following targets: A) DGKa, B) DGKy, C) DGKd, D) DGKe and E)
DGKC(. cDNA was reverse-transcribed from mouse whole brain total RNA and used as a
template in all reactions, since brain tissue are known to express all isoforms of DGK.
Reactions were run in duplicates. 5 series of dilutions were used ranging from 1/5 to
1/3125 of the original cDNA sample.
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CHAPTER EIGHT

CONCLUSIONS
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Conversion of diacylglycerol (DAG) to phosphatidic acid (PtdOH) catalyzed by
diacylglycerol kinases (DGKS) is a central point for several lipid biosynthetic pathways
and signaling pathways. The reaction catalyzed by DGK is the first step in the re-
synthesis of phosphatidylinositol (PtdIns), thus DGK contributes to the phospholipid
synthesis, as well as to the signaling pathway through polyphosphoinositides,
phosphorylated forms of Ptdins, such as Ptdins(4,5)P, and PtdIns(3,4,5)Ps.
Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) catalyzes the phosphorylation of
PtdIns4P to form PtdIns(4,5)P,, is another crucial player in the PtdIns-cycle.!

During my graduate studies, my primary focus was on the epsilon isoform of
DGK. I investigated several structural and functional aspects of this enzyme. Thus, we
have been able to elucidate the topology of the hydrophobic segment of FLAG-DGKe in
vivo, demonstrating that the N-terminal FLAG-tagged form of this enzyme is a deeply-
inserted monotopic protein (Chapter 2). Moreover, a single mutation P32A in the middle
of the hydrophobic segment causes the protein to acquire a transmembrane topology. Our
findings were later confirmed by a study performed using in vitro translation in the
presence of dog pancreas rough microsomes.? The results of these experiments confirm
that the FLAG-tagged DGKe N-terminal segment adopts a monotopic topology, while the
P32A mutant version spans the membrane. Interestingly, DGKe with a native-like N-
terminus was shown to attain a bitopic topology in vitro under the experimental
conditions used. Thus, it is possible that a highly charged epitope like the FLAG tag can

affect the topology of a protein.
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Unfortunately, at present the sequence determinants for the monotopic and bitopic
topologies are not studied well, and current bioinformatics tools distinguish poorly
between these two protein topologies. The influence of an epitope tag on protein topology
is also not addressed in many studies. Our findings serve as an example of such a study,
showing that an epitope tag can impact the protein topology. Further experiments in vivo
comparing different epitope tags would be beneficial for clarifying the topology of
DGKe.

The epsilon isoform of DGK is unique among other isoforms in having acyl chain
specificity for diacylglycerols with an arachidonate moiety. We studied several aspects of
DGKe substrate specificity, including its preference for acyl chains at the sn-1 position of
DAG (Chapter 5). Surprisingly, we found that in vitro DGKe can metabolize with a high
rate DAGs with sn-1 acyl chains other than 18:0, which was considered the preferred acyl
chain at the sn-1 position of DAG. Thus, 20:4/20:4-DAG is phosphorylated with a similar
rate and efficiency to 18:0/20:4-DAG. Nevertheless, in vivo the intermediates of PtdIns-
cycle are highly enriched in 18:0/20:4 species,®® and studies with cells from DGKe KO
mice showed significant reductions in 18:0/20:4-containing lipids for several
phospholipid classes involved in PtdIns cycling.” The overall abundance of the 18:0/20:4
species can be possibly contributing to the DGKe substrate preference in vivo by means
of local substrate availability and prevalence. However, it is possible that in particular
tissues and/or membrane domains or under particular nutritional or pathological states,
20:4/20:4-DAG may become the major substrate of DGKe catalysis, leading to different

downstream regulatory events.
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We also made significant progress in identifying the region of DGKze responsible
for its substrate specificity (Chapter 4). DGKe is the smallest mammalian DGK and lacks
any structural domains except the catalytic domain. Previously we made a deletion of first
58 residues from the N-terminus of DGKe and showed that it doesn’t affect the substrate
specificity of this enzyme.® We identified a motif located in the accessory domain of
DGKe, similar to the motif in lipoxygenases (LOX), and demonstrated its involvement in
DGKe substrate specificity.’ These findings lead us to the discovery that this motif is
common for several other enzymes, exhibiting specificity for the substrates containing
polyunsaturated fatty acids (PUFA), such as PIP5K and membrane-bound O-
acyltransferase 7. We confirmed that the mutations in the LOX-like motif of PIP5Ka
affect its kinetic parameters for the 18:0/20:4-substrate. While this motif does not predict
a specific conformation of a substrate-binding site, and it is found in other proteins that do
not interact with PUFA groups, the presence of this motif can be an important indication
for identifying the isoforms of the enzyme with specificity for the PUFA-containing
substrates. Identification of such motifs has been demonstrated to be a valuable tool in
biochemistry.

It has been suggested that cell localization is a major factor determining the
specific roles of the various DGK isoforms. Therefore, a substantial part of my graduate
studies was devoted to a determination of the cellular and organ distribution of DGKs,
particularly the epsilon isoform. Thus, we demonstrated that DGKe is present in both the
endoplasmic reticulum and plasma membrane (Chapter 2). In the plasma membrane,

DGKe does not co-localize with the lipid rafts (unpublished observations), indicating that
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DGKe-coupled signaling pathway should occur through other plasma membrane
compartments, probably through Ptdins(4,5)P, cluster domains. We demonstrated that
DGKe is important for proper functioning of PtdIns-cycle in the plasma membrane
(Chapter 3).

There are no published systematic studies assaying the relative expression levels
of the DGK family in different tissues. At present, one available way to compare the
levels of DGKSs in organs is to use expressed sequence tags database from the National
Center for Biotechnology Information. Unfortunately, these data only approximate the
levels of DGK mRNA and are not meant to be definitive. We measured DGK expression
levels in several murine tissues (Chapter 7), providing a valuable set of data, which can
be used for studying the tissue-specific functions of DGK isoforms.

We also expanded our knowledge of DGK expression in diabetic animals,
showing that the expression profiles of several DGK isoforms are altered in adipocytes
isolated from diabetic mice (Chapter 7). DGKJ has been already shown to play an
important role in hyperglycemia-induced insulin resistance.”® Further studies using KO
animals are necessary to elucidate the role of other DGK isoforms in type 2 diabetes.

We showed that DGK expression profiles change dramatically during adipocyte
differentiation (Chapter 7). Currently, the experiments with mouse embryonic fibroblasts
from DGKaoa, 6 and € KO and WT mice are being carried out in our laboratory to
determine if the deletion of one of these isoforms can affect adipocyte differentiation.
These data would significantly advance our knowledge of DGK involvement in adipocyte

differentiation.
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DGKs comprise a very diverse family of enzymes. Different isoforms of DGK
affect various metabolic and signaling pathways to different extents. These differences
rise due to isoform-specific subcellular localization and expression of DGKs in different
organs, thus determining the interaction with different lipid and protein partners that may
be part of other signaling or metabolic pathways. Structurally distinct regulatory domains
of DGK isoforms also contribute to different modes of enzyme activation. Interestingly,
in some cases, DGK isoforms exhibit opposite effects to each other.** The heterogeneity
of the DGK family is well illustrated by the differences in the phenotype of KO animals
for different DGK isoforms.

DGK isoforms have been proposed to be used as drug targets for a number of
diseases.**™ For example, thiazolidinedione compounds have been suggested as possible
new therapeutic agents for diabetic nephropathy that prevent glomerular dysfunction
through DGK activation and following inhibition of the DAG-PKC-extracellular signal-
regulated kinase pathway.'® In addition, a-tocopherol and ®-3 fatty acids were shown to
enhance DGK activity, preventing glomerular dysfunction in diabetic rats and improving
insulin sensitivity in skeletal muscle.*” *®

Additionally, DGK inhibitors have been implicated for a potential therapeutic use
in cancer chemotherapy.*® Unfortunately, no specific inhibitors for individual isoforms
have been designed so far, due to the large number of DGK isoforms and overlapping of
isoform functions.” Nevertheless, several DGK inhibitors have been tested as anti-cancer
agents. Thus, the type Il DGK inhibitor, R59022, suppresses tumor cell polarity and

inhibits cell locomotion in Walker carcinosarcoma cells by increasing intracellular DAG
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levels.”* Type | DGKs have been suggested as a suitable target for the development of
therapies of estrogen receptor negative breast cancer.? It was shown that stimulation by
hepatocyte growth factor induces the DGK activation in a human breast cancer cell line,
causing the migration and invasion of tumor cells. The inhibition of DGK activity with
the type | DGK inhibitor R59949 abolished the effects induced by hepatocyte growth
factor.

DGKe isoform has been demonstrated to play an important role in synaptic
function, and DGKe-PtdIns signaling was shown to modulate rapid kindling
epileptogenesis, suggesting this isoform as a novel therapeutic target for epilepsy.”®
DGKe also may be a novel drug target for prevention of cardiac hypertrophy and
progression to heart failure.? It was shown that this enzyme restores heart function and
improves survival under chronic pressure overload by controlling DAG concentration and
expression of transient receptor potential channel 6.

Phosphatidylinositol 4-phosphate 5-kinases (PIP5K) play crucial roles in a wide
variety of cellular functions by producing PtdIns(4,5)P,. Numerous studies demonstrated
that each PIP5K isoform is involved in distinct and specific cellular functions. Inhibiting
PIP5K activity has been suggested as a strategy for tumor therapy, since PtdIns(4,5)P—
PI3K and -PLC signaling pathways are upregulated in tumors, leading to increased cell
survival and stimulated cell migration.?® PIP5K activity is also required for Rho-mediated
neuronal retraction, which contributes to axonal growth inhibition.?*® Therefore, it has
been proposed that pharmacological inhibition of PIP5K might have a therapeutic

potential against injuries to the human central nervous system, such as spinal cord
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injuries. Another interesting example demonstrates that PIP5Ko deficiency improves
glucohomeostasis and decreases obesity in mice by altering insulin secretion,?” thus
indicating a possible role for PIP5SKa inhibition in the treatment of obesity and type 2
diabetes.

Thus, it is clear that both PIP5K and DGK enzymes have a strong potential for use
as drug targets, although their medical importance has not been completely assessed.
During my graduate studies | investigated several fundamental aspects of DGK and
PIP5K properties, such as protein topology, subcellular and organ distribution, substrate
specificity and involvement in Ptdins cycling. These findings can help further
understanding of the regulation of these two enzymes, as well as help to identify their
interacting partners. This knowledge in turn is likely to yield new targets for therapy in a

variety of clinical areas.
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