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Abstract

The intracellular enzyme platelet-activating factor acetylhydrolase type-11 (PAFAH-II) hydrolyzes
platelet-activating factor and oxidatively fragmented phospholipids. PAFAH-II in its resting state
is mainly cytoplasmic, and it responds to oxidative stress by becoming increasingly bound to
endoplasmic reticulum and Golgi membranes. Numerous studies have indicated that this enzyme
is essential for protecting cells from oxidative stress induced apoptosis. However, the regulatory
mechanism of the oxidative stress response by PAFAH-II has not been fully resolved. Here,
changes to the oligomeric state of human PAFAH-1I were investigated as a potential regulatory
mechanism toward enzyme trafficking. Native PAGE analysis in vitro and photon counting
histogram within live cells showed that PAFAH-II is both monomeric and dimeric. A Gly-2-Ala
site-directed mutation of PAFAH-II demonstrated that the N-terminal myristoyl group is required
for homodimerization. Additionally, the distribution of oligomeric PAFAH-I1 is distinct within the
cell; homodimers of PAFAH-11 were localized to the cytoplasm while monomers were associated
to the membranes of the endoplasmic reticulum and Golgi. We propose that the oligomeric state of
PAFAH-II drives functional protein trafficking. PAFAH-11 localization to the membrane is critical
for substrate acquisition and effective oxidative stress protection. It is hypothesized that the
balance between monomer and dimer serves as a regulatory mechanism of a PAFAH-II oxidative
stress response.
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1. Introduction

PAFAH-II is an intracellular enzyme expressed in a variety of cell types, including human
platelets, lymphocytes, neutrophils [1], skin [2], liver and kidney cells [3, 4]. PAFAH-IIl is a
widely conserved protein, found in organisms from S. pombe [5] and C. elegans to higher
invertebrates [6], such as mammals. As a member of the phospholipase A, (PLA)
superfamily, this enzyme hydrolytically cleaves the sn-2 position of a phospholipid,
resulting in a free fatty acid and lysophospholipid [7]. PAFAH-11, which is a Ca2*
independent serine hydrolase, was originally named for its ability to hydrolyze and
inactivate platelet-activating factor (PAF) [3, 6]. The substrate specificity of PAFAH-II also
includes phospholipids structurally resembling PAF, such as oxidatively fragmented
phospholipids [4, 8, 9] as depicted in Fig. 1.

PAFAH-II has been observed simultaneously distributed in the cytoplasm and localized to
intracellular membranes [3, 10, 11]. Upon the addition of oxidative stress, PAFAH-II
distribution becomes more heavily membrane associated [2, 11, 12]. Previous research in
our laboratory has shown that following oxidative stress, PAFAH-II is specifically localized
to the membranes of both the endoplasmic reticulum (ER) and Golgi apparatus [12].
Conversely, when anti-oxidants were added to stressed cells, the distribution of PAFAH-I1I
returned to a pre-stressed distribution with the majority of protein being cytosolic [11].

A number of studies have confirmed the importance of this enzyme in the prevention of
oxidative stress induced apoptosis [13-15]. It is believed to function by cleaving the
oxidatively fragmented portion of a damaged phospholipid, thereby starting the reparative
process [2-4, 6, 8, 11, 16-18]. Its substrate specificity for shortened chains at the sn-2
position prevents PAFAH-II from hydrolyzing intact phospholipids, making this enzyme an
essential component of homeostasis [4, 11]. By trafficking from the cytoplasm to the
membrane, PAFAH-II can be localized to the areas containing damaged phospholipids.

Previously we constructed a PAFAH-I1 homology model (Fig. 2) from the plasma PAFAH
crystal structure to further understand this enzyme’s structure [12] and interactions at the
membrane surface as predicted by the Orientations of Proteins in Membranes (OPM)
database computational approach [19, 20]. Specific PAFAH-II regions involved in
membrane binding were predicted and then tested using site directed mutagenesis and
localization experiments in live HEK293 cells [12]. The location of the active site above the
hydrophilic-hydrophobic interface is consistent with the known substrate specificity and
model of PAFAH-II targeting “whisker” acyl chains of an oxidized phospholipid [21]. The
whisker acyl chain of an oxidatively fragmented phospholipid is shown in Fig. 1 projecting
away from the hydrophobic portion and toward the aqueous phase. Furthermore, our
previous work demonstrated the role played by both the myristoyl group and the
hydrophobic patch of PAFAH-II in directing the enzyme to membrane surfaces [12].

The translocation of myristoylated proteins between the cytoplasm and membrane is
regulated by a number of different mechanisms. In general, these select proteins are
functionally influenced by the presence of a myristoyl group or by the oligomeric state of
the protein. The role of the myristoyl group in protein oligomerization can vary. In Visinin-
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like protein, the myristoyl group is not directly involved in this protein-protein interaction
[22]. For the protein Nef from HIV-1 the myristoyl group prevents formation of higher order
oligomers [23, 24]. While for some proteins, the myristoyl group is required to form
oligomers, as is the case for NAP-22 [25]. Previous studies had concluded that PAFAH-11
purified from bovine liver is monomeric [4]. The oligomeric state of this myristoylated
protein has not been studied further, especially for its behavior in a native-like environment.
Therefore it is possible that PAFAH-I1 exists in alternate oligomeric states and that its
localization and function may be regulated by changes in this oligomerization.

In the present study we have looked more closely at the oligomeric state of PAFAH-II in
vitro and in live human kidney cells. We followed PAFAH-II oligomerization in living cells
using fluorescent fluctuation spectroscopy (FFS), and specifically, we utilized the photon
counting histogram (PCH) method. PCH data is collected by monitoring the fluorescence
counts of molecules as they move in and out of a specified observation volume [26]. Data
for a specific amount of time is compiled as a histogram of photon counts and their
frequency. The resulting histogram predicts the probability of finding a number of photons
in the observation volume and is used to determine the molecular brightness and
concentration that is the result of the collected data [27]. From this statistical analysis, the
average counts per second per molecule (CPSM) is determined [26, 27]. Since this is a
comparison technique, enhanced green fluorescence protein (eGFP) controls were used to
determine the brightness of a monomer and an eGFP-eGFP dimer fusion species [28-30].

The molecular underpinnings of the oxidative stress response of PAFAH-11 were explored
here to gain a better understanding of the physiological role of this enzyme. The oligomeric
state of PAFAH-II was investigated by native PAGE and Western blot analysis using
PAFAH-I1 samples which were purified from mammalian cell culture. We then
characterized the oligomeric state of wild-type (WT) and mutant PAFAH-I11 in live cells and
at a low expression level using the FFS technique.

2. Materials and Methods

2.1 Cloning of His-tagged PAFAH-II-YFP, eGFP controls and PAFAH-II-eGFP constructs

To generate a His-tagged PAFAH-I1I construct, we modified our previous WT-PAFAH-II-
YFP-pCEP4 construct [12]. A silent point mutation was made to the endogenous BamHI site
in the PAFAH-11 DNA sequence, using Quick Change site directed mutagenesis kit
(Stratagene) and the following primers: 5/-
GCTGCAGGAGGAATGGATTCCTTTCCGTCG-3' and 5'-
CGACGGAAAGGAATCCATTCCTCCTGCAGC-3'. A His-tag was added to the C-
terminus of YFP, using a forward primer that conserved the existing Xhol restriction site and
a reverse primer that introduced a His-tag and BamH| site: 5/-
GGGGCCCCCCACCATCTGTCCAGCCTGCTCGCGAGATGGTGAGCAAGGGC-3 and 5'-
TTTTTTGGATCCCTAGTGGTGGTGGTGGTGGTGGTGGTGCTTGTACAGCTCGTC
CATGCCGAGAGTGATCCCGGCGGCC-3. WT-PAFAH-11-YFP-pCEP4, with mutated
endogenous BamHI site, and PCR amplified YFP with C-terminal His-tag, were digested
with Xhol and BamHI (Invitrogen) and ligated using T4 ligase (Invitrogen). To produce
unmyristoylated PAFAH-11-YFP-His, Gly-2 was mutated to Ala in the WT-PAFAH-I1-YFP-
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His-pCEP4 construct by site directed mutagenesis using the following primers: 5’-
GCTTGCCACCATGGCGGTCAACCAGTC-3 and 5'-
GACTGGTTGACCGCCATGGTGGCAAGC-3'.

To create fluorescent protein fusions, suitable for FFS experiments we used eGFP, which is
a fluorophore less prone to photobleaching. The construct pcDNA3-eGFP was purchased
from Addgene (Plasmid 13031) originally submitted by Dr. Doug Golenbock. An eGFP-
eGFP dimer control with a twelve amino acid linker (GHGTGSTGSGSS) between the two
fluorescent proteins was constructed as previously described [28]. This construct was made
using a forward primer that introduced a Hindl1I site, while 3 different reverse primers
sequentially introduced the twelve amino acid linker and an Xhol restriction site: 5’-
TTTTTTTTAAGCTTGCCACCATGGTGAGCAAGGGC-3" and (R1) 5'-
GCCATGACCCTTGTACAGCTCGTC-3, (R2) 5'-
GGTAGAACCAGTGCCATGACCCTTGTAC-3 and (R3) 5'-
TTTTTTTTCTCGAGCCGGACCCGGTAGAACCAGTGCCATG-3'. This PCR product
was cloned into a pCEP4 vector (Invitrogen) as described above. The second eGFP was
amplified using a forward primer that introduced an Xhol restriction site and a reverse
primer that introduced a double stop codon followed by a BamHI site: 5’-
TTTTTTTTCTCGAGCATGGTGAGCAAGGGC-3 and 5/-
TTTTTTTTGGATCCCTATTACTTGTACAGCTCGTCC-3'. The PCR amplified second
eGFP was cloned into pCEP4 containing the first eGFP with linker, as described above.
DNA sequencing results of this eGFP-eGFP construct confirmed a stop codon directly
before the second eGFP. PCR using the following primers was performed to insert an extra
nucleotide, thereby removing the stop codon and correcting the frame for proper expression
of the eGFP-eGFP dimer fusion. 5’
CGGGTCCGGCTCGAGCATGGTGAGCAAGGGCG-3’ and 5~
CGCCCTTGCTCACCATGCTCGAGCCGGACCCG-3.

The eGFP-eGFP-pCEP4 construct with the stop codon before the second eGFP, was used as
the monomer eGFP control construct. This single subunit control was expressed with the 12
amino acid linker at the C-terminus.

To engineer PAFAH-11 with an eGFP tag and no 12 amino acid linker, we utilized
mammalian expression constructs that were previously made [12]. PAFAH-I1 DNA was
excised from WT-PAFAH-11-YFP-pCEP4 using Hindlll and Xhol restriction enzymes and
cloned into eGFP-pCEP4. This construct contained a frame shift between PAFAH-11 and
eGFP, which was corrected by removing one nucleotide with the following primers: 5’-
GTCCAGCCTGCTCGAGATGGTGAGCAAGGGCG-3 and 5'-
CGCCCTTGCTCACCATCTCGAGCAGGCTGGAC-3. Unmyristoylated PAFAH-I1 with
an eGFP tag was constructed using site directed mutagenesis, as described above.

DNA sequences for all constructs were confirmed by Genewiz, Inc. DNA for mammalian
transfection was purified using Qiagen Maxi Prep Kit to achieve samples with high purity
and concentration.
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2.2 HEK?293 cell culture and transfection

HEK?293 cells were maintained and transiently transfected as described previously [12]. For
protein purification and native PAGE analysis, cells were transfected with 2.0 ug DNA and
10 L Lipofectomene2000 (Invitrogen), in a 2 mL Opti-MEM (Invitrogen)/25 cm? flask
(Corning). Proteins were expressed for 24 h. For PCH analysis, HEK293 cells were plated at
50% confluency on 18x18 mm? high performance cover glasses, D=0.17 mm (Zeiss). The
transfection media contained 0.01 pug of DNA and 15 pL Lipofectamine2000 (Invitrogen) in
3 mL Opti-MEM/10 cm petri dish (Fisher Scientific). Proteins were expressed for 40 h. To
prepare for imaging, Secure-Seal adhesive spacers (Invitrogen) were used to mount the
cover glasses on microscope slides.

2.3 Purification of recombinant PAFAH-II from HEK293 cells

PAFAH-I1-YFP-His-pCEP4 constructs expressed in HEK293 cells were partially purified by
the following method. Adherent cells were washed from the flasks with phosphate buffered
saline (PBS). PBS was removed by centrifugation at 1,900 g, and cells were resuspended in
0.5 mL commercial lysis buffer, MEM-PER (Pierce). Cell suspension was incubated at room
temperature for 15 min with rocking to complete lysis. The lysate was clarified by
centrifugation at 26,900 g for 15 min at 4 °C. The supernatant was collected, and imidazole
(Sigma-Aldrich) was added to a final concentration of 20 mM. This mixture was incubated
with gentle rocking with 250 uL bed volume of Ni-Sepharose resin (GE Healthcare) for 1 h
at 4 °C to bind PAFAH-11-YFP-His. Unbound impurities were removed by discarding the
supernatant and extensively washing the Ni-resin with wash buffer (20 mM Tris-base, pH
8.0, 150 mM NacCl, 10% glycerol and 20 mM imidazole). Bound PAFAH-II-YFP-His was
eluted at room temperature by incubation with wash buffer containing 250 mM imidazole
for 10 min. Purified PAFAH-I1 samples were stored at =20 °C.

2.4 Native PAGE and Western blot analysis

To characterize the native state of the PAFAH-II protein purified from HEK293 cells, we
resolved protein sample on a 4-12% Tris-glycine native PAGE gel (Invitrogen). Equal
amounts of purified protein were loaded, as judged by SDS-PAGE followed by Western blot
analysis (Fig. 3B). The protein bands were transferred to a HyBond ECL nitrocellulose
membrane (GE Healthcare) in transfer buffer (25 mM Tris, pH 8.3, 192 mM glycine and
20% v/v methanol) at 4 °C overnight at 60 mA. The following steps were carried out at room
temperature with gentle shaking. The nitrocellulose membrane was washed in Tris buffered
saline with Tween 20 (TBS-T) [20 mM Tris-HCI, pH 7.6, 140 mM NaCl and 0.1% Tween
20 (Sigma-Aldrich)] and blocked in 5% nonfat dry milk in TBS-T for 1 h. The membrane
was washed with TBS-T and incubated with GFP-antibody (Abcam, suitable for detecting
YFP) 1:2,000 dilution in TBS-T for 1 h. The membrane was washed with TBS-T and
incubated with an anti-chicken horseradish peroxidase-bound secondary antibody (Cell
Signaling Technology) at a 1:2,000 dilution in TBS-T for 30 min. Finally, the membrane
was washed in TBS-T and treated with enhanced chemiluminescence Western blotting
substrate (Pierce) for 5 min. Protein bands were imaged with a luminescence filter on a
Fluorchem Q using the auto-expose option.
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2.5 Photon counting histogram data collection and analysis

To measure the oligomeric state of PAFAH-II in live cells, an FFS technique called PCH
was used. PCH data collection was carried out on a Zeiss LSM780 confocal microscope
using a 40x c-Apochromat (NA = 1.2) water immersion objective. The 488 nm laser was set
to 0.2% power, eGFP emission was detected on the BiGaAsP1 detector using a 500-550 nm
emission filter. Areas of the cytosol, membranes, and nucleus of healthy cells were
observed. We selected cells that displayed low expression levels of eGFP fluorophores and
eGFP-PAFAH-II fusions with a brightness between 150 and 300 CPSM. However, studies
by others have demonstrated that cells with varying expression levels still have consistent
molecular brightness [28]. Five observation volumes per cell were selected and the
fluorescent counts of each were measured for 7 s.

Fluorescent counts were organized as histograms of number of photon events per unit time
(50 s bin time). CPSM was calculated using the Zeiss software PCH algorithm for 3-
dimensional Gaussian focal volume [27, 31] and incorporating a first order correction [32].
First order correction was not used when measuring the auto fluorescence of untransfected
cells.

Monomer and dimer eGFP constructs were used as controls. The average molecular
brightness was assigned to each of the two eGFP controls as had been done by Chen et al.,
where the dimer was approximately double the brightness of the monomer [27].

3. Results

3.1 Western blot analysis demonstrates PAFAH-II dimerization

To examine the oligomeric state of human PAFAH-I1I, we purified His-tagged PAFAH-II
expressed from HEK293 cells by Ni-affinity chromatography. PAFAH-11 samples collected
by this method displayed 20% purity, as shown by SDS PAGE analysis. Purified proteins
were resolved by both native and SDS PAGE. For each gel, PAFAH-II protein bands were
detected by Western blot using GFP specific antibodies. Our native PAGE separation and
Western blot detection of WT-PAFAH-11-YFP-His fusion protein exhibited two protein
bands (Fig. 3). The bands were evenly spaced and demonstrated that WT-PAFAH-1I was
distributed as both a monomer and dimer. These in vitro results indicate that the WT form of
PAFAH-II isolated from mammalian cell culture exists as both a monomer and dimer.

To investigate the role of the myristoyl group in PAFAH-II oligomerization,
unmyristoylated G2A-PAFAH-11-YFP-His was also expressed and purified from HEK293
cells. Interestingly, native PAGE and subsequent Western blot analysis of this PAFAH-II
myristoyl mutant showed only a single protein band (Fig. 3) and suggested that this
construct was a monomer. While the G2A-PAFAH-I1-YFP-His band resolved as a single
band, this band was positioned between the monomer and dimer bands of the WT-PAFAH-
I1-YFP-His sample. The variance in gel migration is likely due to the absence of the
hydrophobic myristoyl group. This single band suggests that the G2A mutant is a monomer.
These results indicate that the myristoyl group is required for PAFAH-11 oligomer
formation.
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3.2 PCH of eGFP monomer and dimer controls

To investigate the oligomeric state of PAFAH-II in live cells, we used a FFS technique
called PCH. Prior to each measurement with PAFAH-1I constructs, eGFP controls were used
to determine the brightness of an eGFP monomer (eGFP-pCEP4) and eGFP dimer mimic
(eGFP-eGFP-pCEP4). The brightness of these controls is variable from lab to lab due to
laser power, efficiency of detection and expression of fluorophores [26]. Therefore, it was
essential to independently determine the molecular brightness of these controls in our lab
and during each experiment.

HEK?293 cells were transiently transfected with eGFP-pCEP4 or eGFP-eGFP-pCEP4, and
proteins were expressed for 40 h. Molecular brightness, in units of CPSM, was measured for
each construct from five observation volumes within the nucleus. The average brightness of
31 cells expressing the eGFP monomer was determined to be 6,300 CPSM while the average
brightness of 41 cells expressing the dimer was 8,600 CPSM (Fig. 4). The difference
between the monomer and dimer brightness is statistically significant. Although the dimer is
expected to be nearly twice as bright, measurements by others using this technique were
never exactly double [26, 28-30]. Disturbances in protein folding are likely part of the
decreased dimer brightness. Brightness of untransfected cells was 890 CPSM. Previous
studies have shown that this auto-fluorescence does not affect the brightness of eGFP
fluorophores [28].

3.3 PCH indicates specific cellular distribution of WT-PAFAH-II oligomers

We examined the oligomeric state of PAFAH-II in live cells using PCH. This technique was
also used to determine if a particular oligomeric state of PAFAH-I1 was localized to specific
areas of the cell. We accomplished this by separately analyzing the cytoplasm, nucleus, and
membrane regions, selecting healthy cells with low expression levels as determined by
whole cell imaging.

HEK293 cells expressing WT-PAFAH-11-eGFP-pCEP4 were analyzed in the same fashion
as the cells transfected with the eGFP control constructs (section 3.2). Our previously
published work indicated that addition of fluorescent proteins to the C-terminus of PAFAH-
Il did not alter PAFAH-1I localization or activity [12]. In a single cell, five observation
volumes were selected in the cytoplasm, nucleus, or membrane regions. The average
cytoplasmic brightness of 42 cells expressing WT-PAFAH-I1 was 8,300 CPSM (Fig. 5). The
WT cytoplasmic brightness value is comparable to that of the eGFP control dimer and is
statistically different from the eGFP monomer control. These results indicate that WT-
PAFAH-II exists as a dimer in the cytoplasm of the cell.

The average brightness of WT-PAFAH-I11 associated to cellular membranes in 22 different
cells was 7,800 CPSM and falls between the brightness of both the monomer and dimer
eGFP controls (Fig. 5). These results indicated that PAFAH-1I proximal to membrane
surfaces was a mixture of monomer and dimer species.

Twenty-seven cells analyzed for nuclear WT-PAFAH-II showed an average brightness of
6,300 CPSM, a similar value to the brightness of the eGFP monomer and significantly
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different from the eGFP dimer (Fig. 3). This data indicates that WT-PAFAH-I1I exists as a
monomer in the nucleus of the cell.

3.4 PCH indicates that G2A-PAFAH-II is a monomer in the cytoplasm

To confirm our in vitro results that showed the unmyristoylated PAFAH-11 was monomeric,
we analyzed G2A-PAFAH-I11 in live cells using the PCH technique. Molecular brightness
was determined in the cytoplasm, and measurements were not taken in the membranes, as
G2A does not localize to these areas [12]. In 21 cells, the average molecular brightness of
cytoplasmic G2A-PAFAH-11 was 5,900 CPSM. This value corresponds to the brightness of
the eGFP monomer and is significantly different from the brightness of the dimer control

(Fig. 6).

4. Discussion

Research has demonstrated the importance of PAFAH-II in oxidative stress survival, its
change in cellular location and membrane binding structures [12-15]. However, little
investigation has been done on the regulatory mechanism of this protein’s localization or
function. In our present work, we have shown that PAFAH-1I forms both monomers and
homodimers, and the oligomeric state is linked to its cellular trafficking. Our experiments
demonstrate that the myristoyl group is critical for dimerization of PAFAH-I1. We propose
that cellular localization of PAFAH-II is regulated by the oligomeric state of the protein and
the cellular distribution of this protein is critical for proper function as an oxidative stress
protector.

Previous research concluded that PAFAH-II purified from bovine liver is monomeric [4].
However, further investigations of in vivo processes of this protein were not completed. Our
native PAGE characterization shows that human WT-PAFAH-II, purified from HEK293
cells, resolves as two distinct bands, representing a bimodal population of both monomers
and dimers. The samples were analyzed by SDS PAGE and detected by Western, which
showed a single band for both WT and G2A constructs. When combined with the native
PAGE results, this further strengthens a conclusion that WT exists as a dimer, and G2A
exists solely as a monomer. To further understand our in vitro findings, we observed
PAFAH-II oligomer formation in live cells, using PCH. This technique allowed us to study
the oligomeric state of fluorescently tagged PAFAH-II at a low cellular concentration, which
are more closely matched to physiological enzyme abundance than can be obtained using
traditional in vitro methods.

We determined the molecular brightness of monomeric and homodimeric species of
PAFAH-II by comparison to the molecular brightness of eGFP monomer and dimer
controls. Our data indicate that WT-PAFAH-I1I is a homodimer in the cytoplasm, monomer
in the nucleus, and a mixture of monomer and dimer at a position proximal to the
membrane. It is important to point out that the PCH method poses a particular challenge at a
membrane surface. At best, a window of detection can be defined near a membrane surface,
yet the observation likely represents a distribution of membrane surface and the aqueous
portion adjacent to the membrane surface. Therefore, results that demonstrate an oligomeric
mixture are likely due to detecting both truly membrane and some residual cytoplasmic
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dimeric protein. The presence of both oligomeric species detected by PCH is consistent with
our native PAGE results.

Unlike previous results [12] that suggested WT-PAFAH-II did not localize into the nucleus
(Fig. 7), our PCH analysis showed that the WT enzyme is partially nuclear. We believe that
nuclear WT-PAFAH-II is only a small portion of the intracellular pool of the enzyme, likely
obscured by high cytoplasmic concentrations in prior imaging results (Fig. 7), which were
performed with a higher expression level of PAFAH-II [12]. PCH analysis shows that
PAFAH-II within the nucleus is solely monomeric. This data provides evidence that
homodimeric PAFAH-11 dissociates into monomers and these monomers do not remain
cytoplasmic. It is plausible that the monomers traffic primarily to the ER and Golgi
membranes. However a small population of monomeric PAFAH-I1 also localizes within the
nucleus.

Previous research has shown that a protein’s myristoyl group may have a role in protein
oligomerization [25]. To study the role of the myristoyl group on the N-terminus of
PAFAH-II, we constructed an unmyristoylated form of the enzyme by mutating Gly-2 to
Ala. Our native PAGE analysis shows that unmyristoylated PAFAH-II is completely
monomeric. PCH analysis of cytoplasmic, unmyristoylated PAFAH-II is consistent with our
native PAGE data and shows monomeric species in this cellular location.

We hypothesize that the hydrophobic residues, previously shown to be involved in PAFAH-
I1 membrane binding [12], are also involved in homodimer formation. Native PAGE
analysis of a triple hydrophobic patch mutation (L327S/1328S/F331S) showed that this
PAFAH-II construct failed to form a dimer (data not shown). Previous whole cell imaging of
the triple hydrophobic patch and G2A mutants were completely cytoplasmic and equally
localized to the nucleus [12]. Based on the similar native PAGE and nuclear localization
behavior of the G2A and hydrophobic patch mutant, it is probable that the triple
hydrophobic patch mutant is also monomeric in the cytoplasm of the cell.

The data shown here demonstrates that wild type PAFAH-11 forms monomers and
homodimers. Additionally, we see that the myristoyl group is required for this protein-
protein interaction within the cytoplasm. We have previously shown that the myristoyl
group and five hydrophobic residues are required for PAFAH-II membrane localization
[12]. Together, these finding suggest that both the myristoyl group and two hydrophobic
helices of PAFAH-II are required for monomeric membrane localization or for protein
dimerization found in the cytoplasm.

The cellular localization of PAFAH-II is correlated to changes in its oligomeric state.
Evidence of this was shown by the distinct localization of homodimers to the cytoplasm and
monomers to the membranes. It is likely that the cellular distribution of PAFAH-I11 is critical
for substrate sequestering and proper function as an oxidative stress protector. Therefore, we
believe that the regulation of PAFAH-II’s oligomerization state is a crucial part of its
oxidative stress response mechanism. This model for PAFAH-II regulation is akin to that of
other myristoylated proteins, namely NAP-22 [25]. Myristoylated NAP-22 forms a dimer;
the regulation of this enzyme appears to be hinged on competitive binding of the myristoyl
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group. The myristoyl group drives NAP-22 to form a homodimer or to bind to the
membrane where it functions [25].

We propose that PAFAH-II oxidative stress trafficking is mediated by changes in its
oligomeric state. In unstressed situations, PAFAH-1I remains cytosolic and exists as a dimer.
Fig. 8 shows a possible model where PAFAH-1I dimerizes in a head to tail orientation, and
the membrane binding regions of the two monomers serve as the protein-protein interface of
this homodimer. The hydrophobic residues from one protein conceal the hydrophobic
residues of the other protein, while the myristoyl groups bury into the opposing protein. The
PAFAH-II homodimer dissociates into a monomer when exposed to oxidative stress. It is
possible that a post-translational modification, such as cysteine nitrosylation, lysine
alkylation or tyrosine nitration, linked to oxidative stress facilitates the exposure of the
myristoyl group, as described recently for the myristoyl switch reported for cAMP
dependent protein kinase [33]. As a monomer, the hydrophobic patch of PAFAH-11
including its myristoyl group, previously hidden as a dimer, is now exposed and able to bind
to the membranes of the Golgi and ER. The association of PAFAH-1I to the membrane is
understood to be dynamic and thermodynamically balanced, as even a single residue
mutation in the hydrophobic patch was enough to prevent membrane binding [12]. Work is
underway to test this speculative model with experiments aimed at uncovering the molecular
details of the homodimer formation as well as the identification of post-translational
modifications tied to its regulation.

5. Conclusion

We have shown that PAFAH-II oligomerization is correlated to its localization. The
oligomeric forms of this enzyme are distinctly positioned within the cell, where dimeric
PAFAH-II is cytoplasmic and membrane associated PAFAH-I1 is monomeric. Additionally,
we see that the myristoyl group of PAFAH-II, required for membrane binding [12], is also
required for protein dimerization. We also predict that the five hydrophobic residues
observed to be critical for membrane binding [12], are also important for protein
dimerization. Finally, we propose that the oxidative stress post-translational response of
PAFAH-II, by which it becomes more membrane bound, is regulated via the oligomeric
state of the protein.
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eGFP enhanced green fluorescent protein
eGFP-pCEP4 enhanced green fluorescent protein monomer
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eGFP-eGFP-pCEP4 enhanced green fluorescent protein dimer mimic
ER endoplasmic reticulum
FFS fluorescent fluctuation spectroscopy
G2A glycine-2 to alanine mutant
OPM Orientations of Proteins in Membranes
PAGE polyacrylamide gel electrophoresis
PAF platelet-activating factor
PAFAH-II platelet-activating factor acetylhydrolase type |1
PCH photon counting histogram
PLA, phospholipase Ay
ROS reactive oxygen species
SDS sodium dodecyl sulfate
TBS-T Tris buffered saline with Tween 20
WT wild-type
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Fig. 1.
Model of a phospholipid monolayer depicts an unsaturated phospholipid on the left. The

unsaturated chain of this phospholipid can be oxidatively fragmented by a reactive oxygen
species (ROS), as shown on the right. Shown on the right is one of many possible “whisker”
products. The shortened and more polar chain depicted from this fragmentation is shown
pointing toward the aqueous phase, and the ester bond targeted for esterolysis by PAFAH-II
is indicated with an arrow.
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Fig. 2.
The PAFAH-II homology model is shown with the active site Ser, His, Asp catalytic triad in

green, hydrophobic patch residues (L76, L79, L327, 1328, and F331) in yellow, C-terminus
depicted with a red sphere and N-terminus (location of myristoyl group) depicted with a
blue sphere [12]. The plane of white spheres represents the hydrophilic-hydrophobic
interface of the enzyme’s predicted membrane binding interface [19].
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Fig. 3.
Western blot analysis of PAFAH-1I constructs resolved by native PAGE and SDS PAGE.

(A) Western blot analysis resolved by native PAGE: lane 1: WT-PAFAH-II-YFP-His, lane
2: G2A mutant-PAFAH-11-YFP-His, and blotted with GFP specific antibodies. WT-
PAFAH-II displays monomer and dimer bands, while the myristoyl mutant resolves as a
monomer. (B) Western blot analysis resolved by SDS PAGE: molecular weight marker lane
(kDa) on left, lane 1: WT-PAFAH-1I-YFP-His, lane 2: G2A-PAFAH-11-YFP-His, and
blotted with GFP specific antibodies. The wild type and G2A-PAFAH-II fusions with YFP
run at their expected molecular weight of 77 kDa.
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Fig. 4.
Molecular brightness of eGFP and eGFP-eGFP controls. Error bars show standard deviation,

and the asterisk shows statistically significant difference between monomer and dimer
brightness (Student’s t-test, p = 0.0057).
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Fig. 5.

M%Iecular brightness of eGFP controls and WT-PAFAH-I1-eGFP. Error bars show standard
deviation and the asterisks show statistically significant difference between brightness of
monomer eGFP and WT-PAFAH-11-eGFP in the cytoplasm (Student’s t test, p = 0.015). A
significant difference of brightness was also observed between the dimer eGFP-eGFP and
WT-PAFAH-I1-eGFP in the nucleus (Student’s t test, p= 0.0068).
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Fig. 6.
Molecular brightness of eGFP controls and G2A-PAFAH-11-eGFP. Error bars show standard

deviation and the asterisk shows a statistically significant difference between brightness of
dimer eGFP-eGFP and G2A-PAFAH-I1-eGFP in the cytoplasm (Student’s t test, p =
0.0034).
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G2A Triple
mutant mutant

Fig. 7.
Confocal microscopy images of HEK293 cells expressing PAFAH-11 WT, G2A and

hydrophobic patch mutant fusions with fluorescent protein. Representative images showing
WT-PAFAH-1I-YFP, G2A-PAFAH-1I-YFP, or Triple-mutant-PAFAH-11-CFP cellular
locations. WT-PAFAH-11-YFP was evenly distributed in the cytoplasm and cytoplasmic
membranes (shown by white arrows), while PAFAH-I11 levels were notably reduced inside
the nucleus. In contrast, the G2A myristoyl mutant and the hydrophobic patch triple mutant
(L327S/1328S/F331S) were evenly distributed in the cytoplasm and nucleus. This image was
adapted from a figure of our previous work [12].
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Fig. 8.

Pr%posed PAFAH-II trafficking model. A model of oxidative stress induced trafficking
consistent with our observation begins with WT PAFAH-I1I existing as a homodimer in an
unstressed state. The myristoyl group of one subunit packs into the hydrophobic pocket of
the dimer partner. Upon ROS oxidative stress, post-translational modification of PAFAH-II
disrupts the homodimer, thereby driving the PAFAH-II monomer to seek out a membrane
surface for myristoyl group and hydrophobic patch mediated membrane surface interaction.
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