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ABSTRACT

ROLES OF PALMITIC ACID ON THE KINASE PROTEINS

By

Hyunju Cho

The Endoplasmic Reticulum (ER) is a cellular compartment responsible for protein
folding, lipid synthesis, and calcium storage. Physiological conditions such as elevated levels of
free fatty acids (FFASs) and glucose, oxidative stress, and inflammatory cytokines are known to
perturb ER homeostasis, leading to the accumulation of unfolded/misfolded proteins in the ER
lumen. Especially, palmitic acid, a saturated FFA, is recognized to induce ER stress, in particular,
with respect to two kinases proteins, PKR (cytosolic kinase) and IRE1a (Type-1 transmembrane
ER kinase), and to contribute to many diseases, e.g. cancer, diabetes, neurodegenerative and
inflammatory diseases. However, the molecular mechanisms by which palmitate regulates the
activities of the PKR and IREla proteins, the latter is a transmembrane (TM) protein, are not
known. With the assistance of computational analysis, the biological and biochemical
experiments showed that palmitic acid directly interacts with the kinase domains of both PKR
and IREla. Palmitic acid bound to the aC-helix, an important structural feature for correct
alignment of the catalytic residues, to regulate the enzymatic activity of these proteins.
Furthermore, for a better understanding of the roles of palmitic acid on the IREla protein, the
functional and structural roles of the TM domain were investigated. Mutational studies showed
that Tryptophan (IRE1a-W457) serves as a driving force for the TM dimerization process and

both the aromatic interaction and hydrogen bond formed by Trp457 are crucial for stabilizing the



oligomerization of the TM domain, and possibly contributing to the palmitate-induced activity.
Therefore, the current study could shed light into the molecular mechanisms by which palmitic

acid mediates ER-stress induced diseases and further could lead to novel drug therapies.
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CHAPTER 1. INTRODUCTION

1.1. Free fatty acids (FFAs) and diseases

Free fatty acids (FFAS) are generated by three major sources, diet, endogenous synthesis,
and release from adipose tissues. Upon entering the liver, FFAs can be metabolized by B-
oxidation in the mitochondria, esterified/stored as triglycerides (TG) in lipid droplets or used for
lipid synthesis for components of the cellular membrane [1]. Elevated influx of FFAS is
associated with several diseases, such as non-alcoholic fatty liver diseases (NAFLD), diabetes,
cancers, and cardiovascular diseases [2-7].

Of the diseases associated with elevated levels of FFAs, NAFLD is one of the best
characterized and the most common form of liver disease, with ~ 30 % of the adult population in
the United States having NAFLD [2, 3]. NAFLD refers to a spectrum of conditions, ranging
from simple steatosis to nonalcoholic steatohepatitis (NASH) to cirrhosis to hepatocellular
carcinoma. It is estimated that 10% of the patients with simple steatosis progresses to NASH [4].
According to traditional models, the progression from simple steatosis to NASH follows a "two-
hit hypothesis”. This theory suggests the "first hit" involves lipid accumulation in the hepatocytes,
with a second hit coming from proinflamatory cytokines, mitochondrial dysfunction, or
endoplasmic reticulum (ER) stress, to lead to the progression to NASH [8]. However, there is
emerging evidence that excess amounts of nonesterified saturated FFAs that fail to convert to TG
in liver cells directly enhance the risk of hepatocellular lipoapoptosis, a pathogenic feature
observed in NASH [9]. The levels of saturated FFAs in the plasma of NASH vs. control

individuals were found to be 0.316 mM and 0.200 mM, respectively [10]. Of the saturated FFAs,



palmitic acid is the most common saturated fatty acid (~50%) in the plasma serum and was
found increased from 0.097mM to 0.155mM in NASH patients [10]. In addition, elevated levels
of saturated FFAs are associated with other diseases, including diabetes and cardiovascular
diseases. They impair insulin signaling pathways, promote expression of cytokines and induce
lipotoxicity [4-7]. Thus it is thought that these diseases (NAFLD, diabetes, and cardiovascular
diseases) are inter-connected as a consequence of the FFA-induced toxicity, however the
mechanisms involved in the FFA-induced toxicity remain unresolved. Several recent studies
suggest that hepatic lipoapoptosis arises predominantly from FFA-induced lipotoxic stress of

intracellular organelles, in particular the endoplasmic reticulum (ER) and mitochondria [11, 12].

1.2. The ER stress and the Unfolded Protein Response (UPR)

The ER is one of the largest organelles in the cells, and is responsible for protein folding,
lipid synthesis, and calcium storage. The protein folding process specially requires oxidizing

enzymes, chaperones, and glycosylation enzymes that are localized in the ER lumen with its high
2+ . L .
Ca levels (~5 mM) [13]. However, cellular perturbations such as alterations in calcium storage

in the ER lumen or an imbalance in the luminal-oxidizing environment can lead to the
accumulation of misfolded or unfolded proteins in the ER lumen, i.e. “ER stress”.

In mammals, cellular adaptation to ER stress is achieved by the activation of the unfolded
protein response (UPR), an integrated signal transduction pathway mediated by three ER stress
sensor proteins, IRELla (Inositol-requiring enzyme 1a), PERK (protein kinase R (PKR)-like ER
kinase), and ATF6a (activating transcription factor 6a) [14]. UPR signaling pathways coordinate

the cellular response by down-regulating protein translation, enhancing the expression of ER



chaperone proteins that promote protein refolding, and activating proteases involved in the
degradation of misfolded proteins. When these adaptive processes are sufficient to attenuate the
ER stress, the cells can re-establish ER homeostasis. However, certain pathophysiological
conditions, i.e., hypoxia, elevated levels of FFAs, oxidative stress, glucose levels, and
inflammatory cytokines, are known to induce chronic and prolonged ER stress whereby the UPR
switches to a pro-apoptotic mode. This occurs with many ER stress-associated diseases such as

cancer, diabetes, neurodegenerative and inflammatory diseases [15, 16].

1.3. The UPR sensor proteins

Among the sensor proteins, IREla is expressed in most tissues and possesses the most
conserved signaling pathway of the UPR proteins [17]. IRE1a consists of an N-terminal luminal
domain as an ER stress sensor and a C-terminal cytosolic domain carrying protein Ser/Thr kinase
and endoribonuclease activities. Under ER stress, the luminal domain of IRE1a triggers the self-
association of the IREla protein [18]. The subsequent face-to-face dimerization of the kinase
domain facilitates trans-autophosphorylation, subsequently activating the RNase domain [19].
The active form of IREla catalyzes the unconventional processing of the mRNA encoding the
transcriptional factor X-Box binding protein-1 (XBP1), by splicing a 26-nucleotide intron from
the XBP1 mRNA [20]. The spliced XBP1, as a transcription factor, controls the upregulation of
UPR-target genes involved in enhancing ER protein-folding capacity and degrading unfolded or
misfolded ER proteins [20, 21]. On the other hand, the active IREla can also induce apoptosis

by interacting with tumor necrosis factor-receptor-associated factor 2 (TRAF2), leading to



activation of c-JUN N-terminal kinase (JNK) through the apoptosis signal-regulating kinase 1
(ASK1) [22].

The luminal domain of PERK is known to have similar structural and functional features
to the luminal domain of IREla [23]. Like the IREla protein, ER stress promotes the
dimerization of the luminal domain of the PERK protein. Along with other kinase proteins (PKR
(double-stranded RNA-activated protein kinase), GCN2 (general control nonrepressed 2), HRI
(heme-regulated inhibitor)), PERK belongs to the elF2a (Eukaryotic translation initiation factor
2a) kinase subfamily, containing a Ser/Thr kinase domain in the cytosol. Upon dimerization of
the luminal domain, the cytosolic kinase domain undergoes trans-autophosphorylation. The
active PERK phosphorylates elF2a at Ser 51 and the phosphorylated elF2a impedes global
translation initiation to decrease the protein load in the ER [24]. However, activated elF2a
paradoxically favors an increase in the translation of the activating transcription factor-4 (ATF4)
that activates downstream UPR target genes, including GADD34 (growth arrest and DNA
damage inducible 34) and CHOP (C/EBP-homologous protein; also known as GADD153) [25-
27]. GADD34 is involved in the dephosphorylation of elF2a, providing a negative feed-back
loop to reverse the translational attenuation mediated by PERK [28]. However under prolonged
ER-stress, ATF4 activates CHOP, which in turn inhibits the expression of anti-apoptotic Bcl-2
(B cell lymphoma 2) protein [29, 30]. Concomitantly, CHOP forms a heteromeric complex with
the phosphorylated c-Jun to bind the PUMA (p53-upregulated modulator of apoptosis) promoter
which contributes to the upregulation of pro-apoptotic proteins [31].

While IREla and PERK are a type I transmembrane protein carrying both a single a-
helical transmembrane domain and a cytosolic kinase domain, ATF6a is a type Il transmembrane

transcription factor containing several a-helical transmembrane domains and a DNA-binding



domain with a basic leucin zipper motif [32]. Upon ER stress, ATF6a localizes into the Golgi
apparatus and is cleaved by serine protease site-1 (S1P) and metalloprotease site-2 (S2P),
subsequently releasing the active form of the transcription factor (pATF6a (N)) [33]. pATF6a (N)
plays a major role in chaperone induction and can also transcriptionally induce XBP1s to

synergistically contribute to the downstream pathways of IREla [34].

1.4. Palmitate-induced UPR signaling pathways

Saturated long chain-FFAs, especially palmitic acid, have been implicated in ER stress-
induced apoptosis in several types of cells [35, 36]. Most studies on the effect of palmitate have
focused on the regulation of the downstream molecules, JNK and CHOP, of the major signaling
pathway axes (IREla-JNK and PERK-elF2a-ATF4-CHOP) involved in ER stress-induced
apoptosis (See detail signaling pathways in Figure 1). In human hepatocarcinoma cell lines, such
as HepG2 and Huh-7 cells, palmitate upregulates the phosphorylation of JINK which promotes
lipoapoptosis by inducing the pro-apoptotic effector PUMA [37-39]. Similary, palmitate is
known to induce ER stress by upregulating CHOP expression in human hepatocarcinoma cell
lines [31, 39]. Our group and others have helped to elucidated the pamitated-mediated PERK-
elF2a-ATF4-CHOP signaling pathway in HepG2 cells [40, 41]. Palmitate also induces ER stress
in pancreatic B-cell to cause B-cell dysfunction and death, a central pathogenesis of type 2
diabetes, by mediating both IRElo-JNK and PERK-elF2a-ATF4-CHOP pathways [42]. In
addition to the liver and pancreatic cells, palmitate participates in ER stress-mediated apoptosis
in cardiomyocytes, neurons, mesenchymal stem cells and endothelial cells [43-45], consequently

contributing to the development of ER stress-associated diseases.
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Figure 1. The signaling network of palmitate-induced apoptosis mediated by ER stress. The
structure of palmitic acid is shown in balls and sticks. Major signaling components of IREla,

PERK, PKR were shown in boxes. “For interpretation of the references to color in this and all

other figures, the reader is referred to the electronic version of this dissertation.”




Along with PERK (elF20k3), PKR (elF2ak2) was also shown to be involved in ER
stress-induced apoptosis by pharmacological ER inducers, thapsigargine and tunicamycin [46-
48]. Our recent study showed that palmitate initiates the PKR-elF2a-ATF4 pathway through
PACT (PKR activating Protein)-PKR activation at an earlier time (3 hr) and PERK later helps to
maintain the elF2a phosphorylation [40]. In addition to this early response mediated by palmitate
to inhibit global translation, long term exposure of HepG2 cells to palmitate reduces PKR
phosphorylation and Bcl-2 protein levels, which in turn induce cellular apoptosis [49]. Thus the
apoptosis induced by palmitate is mediated through three major kinase proteins, IREla, PERK,

and PKR. These major signaling pathways are summarized in Figure 1.

1.5. Molecular mechanisms of the ER stress mediated by palmitate

Although increasing number of studies implicates an involvement of palmitate in ER
stress, the molecular mechanisms by which palmitate activates the UPR signaling pathways (the
IREla and PERK/PKR pathways) are unclear. One hypothesis is that palmitate increases

calcium depletion in the ER, which regulates the functions of protein chaperones [50, 51].

. e : 2
However, other studies suggested that the effects of palmitic acid on the luminal Ca ¥ do not

always correlate well with ER stress [52, 53], indicating that multiple mechanisms could be
involved in the palmitic acid-induced ER stress. Another potential mechanism by which
palmitate mediates ER stress is by reducing ER-to-Golgi protein trafficking [54]. However, these
previous studies do not explain how palmitic acid regulates IRE1a. and PERK/PKR activities.
Interestingly, a recent study showed that IRE1a and PERK lacking their luminal unfolded

protein-stress sensing domain retained the ability to induce the palmitate-mediated ER stress [55].



In other words, the direct modulation of IREla and PERK activities by palmitate is more likely
independent of the luminal stress-induced activation. Nonetheless, it is still unclear whether the

activation of these proteins by palmitate involves the transmembrane or the cytosolic domains.

1.6. Palmitate-binding proteins

Palmitate, the most common long-chain saturated fatty acid, has 16 carbon atoms (Figure 1).
Due to its high hydrophobicity, palmitate is present at very low concentrations in the hydrophilic,
cytosolic enviroment. In order to fulfill required cellular functions, palmitate overcomes its low
solubility by interacting with proteins (Table 1). The most extensively studied palmitate-binding
protein is serum albumin, which helps to transport FFAs to cells. Human serum albumin (HSA)
contains three homologous a-helical domains and has seven palmitate-binding sites that share
similar binding features: 1) A carboxyl group on palmitate that forms hydrogen bonds with basic
amino acid side chains of HSA. 2) The carbon chain on palmitate fits readily into a hydrophobic
cavity between the helices of HSA [56]. In contrast to serum albumin, fatty acid-binding proteins
(FABPs) are mostly B-sheets and have very little helical structure. However, the binding modes
of palmitate to FABPs are similar to HSA; namely, FABPs also contain one or two conserved
basic amino acids, which interact with the carboxyl group of palmitate, as well as a hydrophobic
binding pocket [57]. FABPs, as FFA carrier proteins, are involved in the transport of FFAs to
specific compartments in the cells, to the ER for signaling, trafficking and membrane synthesis,
to the mitochondria or peroxisome for oxidation, to the enzymes in the cytosol to modulate their

activities [58]. Although HSA and FABPs have similar binding modes, palmitate’s binding

affinity for HSA is 5-10 nM, while for FABPs the kp ranges from 50 to 500 nM [59-61].



Table 1. Palmitic acid binding proteins and their functions

Protein Function
Serum albumin protein Transport
Fatty acid binding proteins (FABPs) Transport
Myelin P2 protein Transport (potential)
Regulation of transcription
Hepatic nuclear factor 4 (HNF4) factors
Peroxisome proliferator-activated receptors Regulation of transcription
(PPARS) factors

Cytochrome P450

Enzyme reaction

a-dioxygenases (a-DOX)

Enzyme reaction

Phospholipase A

Enzyme reaction




In addition to serum albumin and FABPs, human myelin P2 protein is known to have a similar
structure to the FABPSs, suggesting potenially that palmitate could bind to human myelin P2
protein which might be involved in the transport of fatty acids to neuronal cells during
development [62].

In addition, palmitate interacts with nuclear receptor proteins, hepatic nuclear factor 4
(HNF4) and peroxisome proliferator-activated receptors (PPARS), which regulate the
transcription of a variety of genes involved in fatty acid oxidation and cell differentiation [61,
62]. HNF4 interacts with palmitate to form a hydrogen bond with an arginine in its hydrophobic
cavity, which changes its conformation upon binding with palmitate to function as a
constitutively active transcription factor. Furthuremore, palmitate serves as a ligand/substrate for
diverse enzymatic reactions by interacting with enzymes, i.e., cytochrome P450, a-dioxygenases
(a-DOX), and phospholipase A [63-65]. The carboxyl group on palmitate interacts with the Arg
residue within the active sites of both cytochrome P450 and a-DOX, heme-containing enzymes
that oxygenate a variety of fatty acids [63, 64]. In addition, palmitate locates in the active site
(hydrophobic channel) of phopholipase A, inhibiting its enzyme activity and eventually
ameliorating inflammation [65]. Due to the structural simplicity of palmitate, its ability to bind to
various types of proteins is enhanced in the presence of a hydrophobic pocket that contains
amino acids that can stabilize the carboxyl group of palmitate. This raises the question of
whether palmitate could interact with kinases, involved in ER stress-induced apoptosis, to
modulate their enzymatic activities.

Interestingly, several lipid binding domains have been identified on kinase proteins over
the years. The first lipid binding domain was identified on a kinase protein, PKC (Protein Kinase

C), which requires the amino phospholipid phosphatidylserine for optimal kinase activity [66].

10



Similarly, PKB (Protein Kinase B)/Akt, another kinase protein, has a pleckstrin homology (PH)
lipid binding domain which interacts with lipids, i.e., phosphatidylinositol 3,4,5-trisphosphate.
Thus lipids are known to regulate, either directly or indirectly, the activities of many proteins,
including kinases involved in signal transduction [67]. Diskin R. et al. found a novel lipid
binding site on the kinase C-terminal domain of p38a MAP kinase and showed that the binding
site is able to accommodate a lipid (n-oxtyl-B-gluocopyranoside) as well as fatty acids (15(s)-
hydroxyeicosatetraenoic acid and arachidonic acid). This is notable given that the structures of
lipids and fatty acids are quite different; nevertheless they both can bind to the same site on the
MAP kinase, suggesting that there may be other untested lipids or fatty acids that could also bind
to this site [68]. Based on these evidences in the literature, we hypothesize that palmitate binds to
kinase proteins to modulate their activities, and thereby suggesting potentially novel lipid-fatty

acid binding sites.

1.7. Specific aims of the current study

Although palmitate is a strong inducer of ER stress-mediated apoptosis, the molecular
mechanism by which palmitate activates UPR signaling is not well studied. As previously
introduced, several lipids and fatty acids directly interacte with kinases to control the their
enzymatic activities. Thus, here we hyphothesize that palmitate binds to kinase proteins
involved in ER-stress. We have selected two model kinases, PKR (as a cytosolic protein) and
IREla (as a transmembrane protein), due to their structural similarity in the back to back
conformation. The information we gain from these model kinases would provide a broader view

of how palmitate could directly regulate kinases. Therefore, the hypothesis will be tested with the

11



following three aims. (1) Investigate the effects of palmitate on PKR activity. (2) Elucidate
the role of the transmembrane (TM) domain in regulating the dimerization/oligomerization
of the IREla protein. Since the functional and structural information on the TM domain is
currently not available, this study would be a framework to further investigate how palmitate is
involved in regulating the dimerization/oligomerization of the IREla-TM domain. (3)

Investigate the effects of palmitate on IREla activity.

12



CHAPTER 2. LATEST DEVELOPMENTS OF EXPERIMENTAL METHODS TO

CHARACTERIZE PROTEIN-LIPID INTERACTIONS

Publications :

(1) Cho H, Wu M, Bilgin B, Walton SP, Chan C. Latest developments in experimental and
computational approaches to characterize protein-lipid interactions. Proteomics. (2012)
12(22):3273-85

(2) Cho H, Mukherjee S, Palasuberniam P, Pillow L, Bilgin B, Nezich C, Walton SP, Feig M,
Chan C. Molecular mechanism by which palmitate inhibits PKR autophosphorylation.

Biochemistry (2011) 50(6):1110-9.

Lipids are one of the most abundant classes of cellular metabolites and there are data that show
binding of proteins by lipids affects the functions of the proteins, nevertheless, the experimental
methods to measure protein-lipid interactions (PLI) are underdeveloped. This is due both to
technical difficulties in identifying each member of the diverse classes of cellular lipids and to
the relative dearth of screening techniques for detecting global PLI. Nevertheless, advances in
lipidomic research [69] have facilitated the recent development of novel approaches to
characterize PLI. In this chapter, we first describe the main experimental approaches, namely
solution-based and array-based approaches, for analyzing PLI. Second, more specifically, we
introduce the development of an experimental method to characterize the protein-palmitic acid

interactions and compare it with the current available methods.

13



2.1. Solution-based methods for studying protein-lipid interactions

Solution-based methods allow one to estimate the equilibrium binding and binding
kinetics for protein-lipid interactions (PLI) in complex solutions that mimic biological
environments. In this section, we discuss current experimental techniques to detect PLI in
solution. The basic principles and recent applications of the methods are introduced. In addition,
the merits and pitfalls of each method are compared (Table 2), providing a guide on which
approaches might be of use in the study of PLI under different contexts.

The liposome sedimentation assay is most frequently employed for measuring PLI in solution.
Similar to sedimentation velocity analytical ultracentrifugation used for studying protein-protein
interactions (PPI) [70], the sedimentation efficiency of the liposomes depends, in this case, on
their size. Typically, liposomes are mixed with a target protein and the lipid-protein complex is
separated from the unbound proteins through high-speed centrifugation (> 20,0009). The protein-
bound liposome (higher molecular size) is contained in the pellet while the unbound proteins
(lower molecular size) remain in the supernatant. Thus, the fraction containing the protein-
liposome complex can be separated from the unbound proteins. This method does not require the
attachment of labels, and each protein fraction can be readily quantified by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) and coomassie staining [71-73]. In some
studies, labels (e.g., GST (Glutathione S-transferase), MBP (Maltose binding protein),
radioactivity) are attached to the proteins to improve detection sensitivity [74-76]. Depending on
the detection methods, liposome sedimentation can be used for protein concentrations in the
range of 1 to 20 uM. Alone, this assay is qualitative, useful for determining whether a protein

interacts with the lipids of the liposome. However, it was recently combined with proteomics
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Table 2. Solution-based techniques to detect PLI

Methods

Advantages

Disadvantages

Liposome
sedimentation
assay

applicable for proteomics
analyses (in-vitro and in-
Vivo).

available as both label-free
and label-based methods.

difficult to quantify the
equilibrium constants.

Photoactivated
crosslinking assay

applicable for proteomics
analyses (in-vitro and in-
Vivo).

low sensitivity (provides low
yield of the cross-linked
lipid-binding proteins).

Isothermal titration
calorimetry (ITC)

provides thermodynamic
parameters.
is a label-free method.

low sensitivity (requires
higher protein
concentrations)

Electron spin
resonance (ESR)
spectroscopy

provides stoichiometry,
selectivity, and geometric
information of PLI.

can be applied on opaque
samples.

requires post-hoc molecular
modification that limits the
applicability of the approach
in biological membranes.

Fluorescence-
based assays

higher sensitivity.

problems with light
scattering and auto-
fluorescence.
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analysis, using nano-liquid chromatography-tandem MS (Nano-LC-MS/MS), to identify ~300
potential acidic phospholipid-binding proteins [77]. This novel combination provides a powerful
tool to identify the variety of proteins that bind to a particular lipid.

Combined with the sedimentation assay, photoactivatable groups incorporated into lipids
have been successfully used to study PLI [78, 79]. Upon UV activation, photoactivatable groups
such as benzophenones, aryl azides, 3-trifluorophenyl diazirines, and alkyl diazirines yield
highly reactive species that crosslink to form covalent bonds with proteins in contact with the
activated site. The covalently labeled-protein can be subsequently separated from unbound
proteins through high-speed centrifugation and then detected by SDS-PAGE or MS-based
proteomic analyses. Protein interactions with cholesterol, sphingolipids, and phosphatidylcholine
have been successfully identified using the photo-crosslinking approach and their applications of
photo-crosslinking with lipids have been extensively reviewed [80, 81]. In addition, recent
developments of click chemistry coupled with the use of photoactivatable groups have enabled
proteome-wide detection of PLI in the mitochondria, contributing to the realization of high
throughput PLI proteomics [81].

Isothermal titration calorimetry (ITC) is one of the popular label-free, solution-based
tools for detecting PLI. In this case, ITC measures the heat generated (exothermic) or absorbed
(endothermic) during formation of protein-lipid complexes [82]. From ITC data, thermodynamic
parameters of the interaction (i.e., binding enthalpy, Gibbs free energy, dissociation constant)
can be determined. Although this method requires relatively higher protein concentrations than
the sedimentation assay, ranging from tens of micromolar to several millimolar, it is increasingly

being applied in conjunction with structure-based techniques, such as NMR (nuclear magnetic
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resonance), FTIR (Fourier transform infrared), and CD (circular dichroism) [83-86], to provide
structural details of the PLI coupled with thermodynamic information.

Another widely used and label-based biophysical methodology for PLI is ESR (electronic
spin resonance) spectroscopy, which discriminates between immobilized lipids (near the protein
interface) and free lipids in solution [87]. By attaching the spin-label nitroxyl ring to the lipid
hydrocarbon chain, ESR is able to determine both the stoichiometry of the PLI and the selectivity
of the protein for different lipid species [88]. Spin—spin interactions can also be observed
between different lipid species or between lipids and spin-labeled proteins. In addition, by
changing the location of the spin-label on the lipids, ESR can provide geometrical information
on the PLI, i.e., the depth to which the membrane protein penetrates the lipid bilayer [89, 90].

Fluorescence-based methods, such as FRET (fluorescence resonance energy transfer) and
fluorescence anisotropy (see reference [91] for a detail review of the theory), can also be applied
to the characterization of PLI. Each of these methods is based on the sensitivity of fluorophores
to their local environment. For FRET, once a protein containing a donor fluorophore and a lipid
labeled with an acceptor fluorophore are in close proximity (typically 10-100 A), acceptor
fluorescence signals will increase [92-94]. In cases where sensitivity is not an issue, the use of
tryptophan, with intrinsic fluorescence, as a donor bypasses the need for post-hoc labeling of the
protein. Several paired acceptors for the tryptophan donor (e.g., dansyl [95], pyrene [96], and
NBD (nitrobenzoxadiazole) [97]) have been employed to characterize PLI. Unfortunately, light
scattering and autofluorescence can be challenges when using conventional FRET. Therefore,
time-resolved FRET (TR-FRET) can overcome this issue by employing europium, which has a

long fluorescence lifetime, in the range of milliseconds [98, 99]. TR-FRET has been applied
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successfully, due to its high signal-to-noise ratio [100], in 96-well plates for screening purposes
[98].

In contrast to FRET, fluorescence anisotropy is determined by measuring the emission
intensities parallel and perpendicular to the excitation plane. When a small molecule interacts
with a larger one, the hydrodynamic volume of the complex increases, resulting in higher
fluorescence anisotropy values. The fluorophore can be labeled either on the protein [101, 102]
or lipid [103, 104]. Intrinsic tryptophan fluorescence has also been used in anisotropy
measurements for quantifying the binding affinity of a PLI [105]. In addition to FRET and
fluorescence anisotropy, other fluorescence-based methods employed to quantify the interactions
between proteins and lipids include two-photon microscopy [106], fluorescence correlation
spectroscopy [107], and flow cytometry [108]. As with the sedimentation assay and ITC,
fluorescence-based methods have also been combined with structural-based methods for

improved characterization of the protein-lipid complexes.

2.2. Array-based methods for analysis of protein-lipid interactions

2.2.1. Immobilization techniques
High-throughput screening of PLI have been performed using both protein [109] and lipid [110]
microarrays. Here, we will focus on the application of lipid microarrays to probe PLI, with
particular emphasis on the most recent developments in this technology. Lipid microarrays
typically require the lipid molecules to be immobilized onto a planar surface. Several types of
lipid systems can be immobilized onto surfaces (Figure 2.1), including single lipids, liposomes,

and supported lipid bilayers. In addition to these lipid systems, nanodiscs consisting of a
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Figure 2.1. Immobilization techniques. (A) Protein lipid overlay assay. Lipids can be non-
covalently spotted on hydrophobic surfaces such as nitrocellulose membrane. (B) Supported lipid
bilayer. The lipid bilayers can be generated from lipid vesicle fusion on silica surface supported
by gold. (C) Tethered-supported lipid bilayer. Planar lipid bilayers and liposomes and nanodiscs
containing biotinylated lipids can be anchored onto streptavidin-coated surface.
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discoidal lipid bilayer enclosed within an amphipathic protein belt were recently used to
immobilize lipid bilayers on sensor chips for PLI studies [111]. Although the nanodisc approach
requires additional steps to incorporate the lipids within the supporting protein, they provide a
more soluble, uniform, and stable environment than the single lipid, liposome, and supported
lipid bilayer approaches.

Techniques for immobilizing liposomes and supported lipid bilayers have been recently
reviewed in [112, 113]. The most common and conventional method used for PLI studies is to
spot the lipids on nitrocellulose membranes (Figure 2.1A), which has been employed in protein-
lipid overlay assays [114, 115]. This method is the simplest one in that it does not require any
chemical modification of the lipids or fabrication steps on the surfaces. Immobilization

techniques are well developed, and have been adapted into commercial products for screening.

These immobilization methods are incorporated in commercial lipid arrays, such as PIP StripsTM,

PIP MicroStripsTM, SphingoStripsT'\/I and PIP ArrayTM. In addition, these membrane surfaces are

typically fragile, making them infeasible for high-throughput screening systems for detecting PLI.
However, recent studies used the nitrocellulose or PVVDF (polyvinylidene difluoride) membranes
attached onto glass slides for automated spotting systems [116, 117]. To obtain more uniform
lipid bilayer structures, supported lipid bilayers can be generated from lipid vesicle fused onto
hydrated surfaces made of silica or polydimethylsiloxane (PDMS) (Figure 2.1B). By applying a
thin silicate layer to the gold substrate, without any surface chemistry modifications, the lipid
vesicles fused onto the silicate surface to produce a single lipid bilayer [118, 119]. In addition,
PDMS is an ideal alternative for hydrophilic surfaces to generate supported lipid bilayers [120].
However, it is known that the planar supported lipid bilayers have stability issues, by causing

vesicle deformation which induces stress into the lipid bilayer [113]. There are two ways to
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improve the stability of the supported lipid bilayers. One approach is to introduce poly(ethylene
glycol) (PEG)-derivative-lipids (PEG-brush configuration), which helps to retain a functional
air-stable bilayer membrane [121, 122]. Alternatively, to achieve gentler immobilization, the
irreversible interaction between biotin-streptavidin can be capitalized to generate tethered-
supported lipid bilayers [123] (Figure 2.1C). In addition, liposomes and nanodiscs also have been

immobilized using biotin-streptavidin interactions in the tethered lipid systems [111, 124].

2.2.2. Detection techniques

While techniques for immobilization have been extensively studied, methods to detect
PLI are not well developed. Similar to protein microarray [125, 126], detection techniques
employed in lipid microarray analyses can be categorized into two classes: label-based and label-
free methods (Figure 2.2). Label-based detection methods require labeling of the target proteins
with fluorescent dyes, epitope tags, radioisotopes, or signal-generating enzymes (e.g.,
horseradish peroxidase (HRP)). Label-free methods (e.g., surface plasmon resonance (SPR), MS,
atomic force microscopy (AFM), and interferometry) measure the inherent physical properties of
the target proteins such as mass or dielectric properties. Label-based methods are more widely
used, because the associated instruments are readily available. However, they are more laborious,
requiring the attachment of tags on the proteins which could interfere with protein function.
Although label-free techniques avoid these issues, they are typically less sensitive than the label-
based approaches. However, the sensitivity of label-free techniques (especially SPR) has

dramatically increased in recent years using approaches that can amplify the signals.

2.2.2.1. Label-based techniques
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Figure 2.2. Detection techniques for lipid microarray systems.
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(Figure 2.2 cont’d) detection uses either fluorophore-tagged proteins or fluorophore-tagged
antibodies against target proteins to detect protein-lipid interactions. (B) Chemiluminescence
generates signals from HRP-conjugated antibody targeted for lipid-bound proteins. (C) SPR
measures changes in the refractive index near a sensor surface. The interaction between the
surface immobilized lipid bilayer and the proteins results in a change in the refractive index. (D)
TOF-MS method uses laser energy to generate ions, displaying the mass-to-charge values and
signal intensities of the proteins that interact with the lipids. (E) AFM equipped with a gold-
coated cantilever sensor measures changes in the forces when the proteins interact with the lipids.

23



As with the solution phase analyses discussed above, fluorescent labels are commonly
applied in label-based methods (Figure 2.2A). Fluorophore-tagged proteins can be detected on
lipid-coated surfaces using fluorescence microscopy. Often, these studies are piloted using the
model Cholera toxin protein, which binds to GM1 gangliosides and is clinically relevant. In such
studies, GML1 lipids are incorporated into phospholipid bilayers immobilized onto a surface, and
the Cholera toxin protein is labeled with either FITC [122, 123] or Alexa dyes [127-129]. It was
demonstrated that the tethered supported bilayer system has relatively high sensitivity and can
detect protein at nanomolar concentrations [123]. In addition, total internal reflection
fluorescence microscopy (TIRFM), one of the preferred techniques used to observe single
molecules attached to planar surfaces, has been employed to measure the Cholera toxin-GM1
interaction [127]. In TIRFM, since only the membrane-bound proteins can be excited by the
evanescent wave of an internally reflected laser beam, the binding kinetics between the proteins
and lipids can be quantified. Thus, TIRFM was able to detect the binding of GM1 in planar
supported bilayers to Alexa 595 labeled-Cholera toxin protein at concentrations as low as 100
pM [127]. The fluorescence method has also been coupled with antibodies to detect PLI through
an ELISA-like approach [120, 130]. Thus the fluorescence-based immunodetection method
provides a fast, simple, and sensitive detect for high-throughput screening of PLI.

Chemiluminescence detection also can be used with label-based detection methods
(Figure 2.2B). Protein-lipid overlay assay has adapted the chemiluminescence detection method
for semi-quantitative measurements of PLI. Typically, nitrocellulose membranes immobilized
with lipids are incubated with a protein possessing an epitope tag [115, 117, 131]. The lipid-
bound protein is then detected by immonoblotting with an HRP-conjugated antibody against the

epitope tag. The protein lipid overlay assay has been successfully applied to screen PLI in yeast

24



[117]. In addition, chemiluminescence has been used as a readout for a microplate-based
approach to characterize PLI [130, 132]. Chemiluminescence methods typically have a detection

limit in the range of 1 nM protein, roughly 10-fold lower than fluorescence-based methods.

2.2.2.2. Label-free techniques

SPR is an optical technique that measures changes in refractive index at a metal-coated
surface, and is a powerful analytical method for studying biomolecular interactions. SPR allows
for rapid, label-free characterization of PLI, with direct measurement (Figure 2.2C) and
sensitivities of ~3 nM protein having been achieved [133]. Using an amplification approach

involving functionalized gold nanoparticles in combination with an in situ atom transfer radical

polymerization reaction, the detection limit was lowered to 160 aM (1.6><10_16 M) [134],

achieving a higher sensitivity than previously reported detection methods. A recent study
integrated SPR with neutron reflectivity and electrical impedance spectroscopy to investigate
different aspects of a PLI, providing information about the lipid composition as well as the
structural properties of B-lactoglobulin regulated by the PLI [135].

Single sample detection of PLI by SPR was successfully measured over a decade ago
[136]. Recent publications have focused on using SPR as a screening tool for real-time analyses
of multiple samples [111, 118, 133-135, 137, 138]. Further, SPRi (SPR imaging), an advanced
format of SPR in which an image of the light reflected from the SPR substrate can be obtained,
allows visualization of a whole array in real-time. SPRi was used to detect PLI, using both
microfluidic and etched glass array formats [119, 121, 139, 140]. Current efforts are focused on
achieving sensitivities with SPRi for parallel measurements that match those of fluorescence-

based approaches.
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MS technology has recently become one of the most popular methods to detect PLI in
parallel, due to its capacity to identify the variety of lipids present in biological samples [141].
Many studies have focused on the identification of phosphoinositide (PI)-protein interactions
using the lipid affinity capture method combined with MS [142]. In this approach, either proteins
or lipids are immobilized on the affinity matrices. The immobilized molecules then capture their
binding partners from cell extracts. The interactions are then detected by LC-MS/MS. Thus far,
MS has rarely been applied on lipid microarray to detect PLI. Two types of time of flight MS
(TOF-MS), which display mass-to-charge values and signal intensities of individual proteins,
have been adapted to measure PLI [129, 143] (Figure 2.2D). MALDI-TOF (matrix-assisted laser
desorption/ionization time of flight MS) and SELDI-TOF (surface enhanced laser
desorption/ionisation-time of flight MS) have been applied to single PLI [129] and array-based
measurements [143], respectively. Both MS applications were able to identify oligomeric lipid-
binding proteins [129, 143].

Other techniques such as AFM, and interferometry are less frequently used to detect PLI.
AFM has been used to probe PLI (AFM probing) or generate surface images (AFM imaging) of
protein-lipid complexes [143, 144] (Figure 2.2E). The interaction force between phospholipids
immobilized on a sensor chip and proteins conjugated on a gold coated cantilever was measured
using AFM probing to show that lipids can interact with the C2A domain of synaptotagmin |
[144]. AFM imaging showed that the a-synuclein protein penetrated a lipid monolayer and that
the dimer form of the protein had higher affinity for the lipid bilayer relative to the monomer
[143]. In addition, backscattering interferometry (BSI) was used to measure changes in refractive
index on microfluidic chips that result from intermolecular associations, which provides the

binding affinity between the proteins and lipids [145].
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2.3. Development of the experimental methods for analysis of protein-palmitic acid

interactions

Although saturated fatty acids are classified under lipids, due to their structural simplicity
(a carboxyl group and a hydrocarbon chain), chemical modifications on the fatty acids for the
label-based detection methods described in section 2.2.2 could be limited. Thus, two commonly
available methods are the lipidex assay and the ADIFAB (an acrylodan labeled intestinal fatty
acid binding protein) assay. The lipidex assay uses “Lipidex 1000”, a 10% substituted
hydroxyalkoxypropyl derivative of Sephadex G-25 (one type of cross-linked dextran gels),
which has affinity for hydrophobic materials in a temperature dependent manner [146]. This
assay requires radioactive labeled FFAs for the purpose of detection. The proteins and fatty acids
are mixed at room temperature and then the FFA-bound proteins are attached onto the lipidex
column while the unbound proteins are washed away at 4 °C due to the temperature-dependent
physical property of Lipidex 100. Since this assay requires extensive washing to remove the
unbound proteins and also the binding reaction is performed at 4 °C, the binding equilibrium in
solution could be different from the one obtained from the lipidex assay. The ADIFAB assay
uses a fluorescently labeled fatty acid binding protein (ADIFAB) that enables one to indirectly
measure the fatty acid binding affinity in solution [59]. Fatty acids and proteins are mixed in
solution and then ADIFAB is added in the mixture to detect the amount of FFAs. The affinity of
the fatty acids for the target protein can be calculated by subtracting the ADIFAB bound FFAS
from the total FFAs. Since co-incubation of ADIFAB and proteins could have the nonspecific
interactions between two proteins, the ADIFAB assay would not reflect the real binding affinity

of the fatty acids.
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More recently, a fluorescently labeled palmitate molecule, Bodipy-PA (Bodipy-C16)
(Figure 2.3), has been used for quantifying palmitate binding affinity to FABP proteins [147]. At
high concentration (500 nM), Bodipy-PA molecules self-associate and quench the green
fluorescence. Once the FABP protein is mixed with Bodipy-PA, the fluorescence is recovered,
enabling calculation of the palmitate binding affinity to the protein. Free fatty acids (FFAS) in the
plasma are transported by plasma proteins, i.e. albumin, leaving approximately 10 nmol/L of
FFA unbound [148]. Thus, this fluorescence intensity-based assay does not reflect the
physiological levels of unbound FFA (10 nM). Here we developed a fluorescence polarization
(FP)-based palmitate interaction assay using 10 nM of Bodipy-PA. We first measured the FP
values of Bodipy-PA, in the absence of any protein. Figure 2.4 shows there is no significant
increase in the FP values. Next we assessed whether the FP-based assay is able to determine the
binding constant of bovine serum albumin (BSA), which served as a positive control protein. As
shown in Figure 2.5, the FP values of Bodipy-PA increased gradually with increasing
concentrations of BSA and eventually approached a plateau. In contrast, lysozyme did not show
any significant increase, suggesting that the assay is specific to palmitic acid-binding proteins.

The binding constant (Kp) of BSA was determined using nonlinear regression analysis. The Kp

value (29.21+1.85 nM) observed is similar to the value (22 nM) reported by Burczynski’s group
[149]. Thus, the FP-based palmitate interaction assay is well suited for quantifying the
interaction between Bodipy-PA and palmitic acid-binding proteins. Since the fluorescence
intensity influences the calculation of the FP values, we further tested whether the florescence
intensity values of Bodipy-PA change upon adding BSA proteins. As shown in Figure 2.6A,
there is no significant increase in the fluorescence intensity with 10 and 30 nM of Bodipy-PA

with increasing BSA protein, unlike 50 nM of Bodipy-PA, which induced a change in the
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Figure 2.3. The structure of Bodipy-PA (Bodipy-C16) (4,4-difluoro-5,7-dimethyl-4-bora-
3a,4a-diaza-s-indacene-3-hexadecanoic acid).

29



0.18

0.15

0.12

FP

0.09

0.06

0.03

000 1 1 1 1 1 1 1

Figure 2.4. Fluorescence polarization measurement of Bodipy-PA. 10 nM of Bodipy-PA
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid) was added to
PBS buffer without any protein. After 5 min of incubation, the fluorescence polarization was
measured at an excitation wavelength of 488 nm and an emission wavelength of 520 nm with a

spectrofluorometer.
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Figure 2.5. Fluorescence polarization measurement of the Bodipy-PA and BSA interaction.
10 nM of Bodipy-PA was added to PBS buffer with increasing concentrations of Lysozyme
(open circles) or BSA (closed circles). After 5 min of incubation, the fluorescence polarization
was measured at an excitation wavelength of 488 nm and an emission wavelength of 520 nm
using a spectrofluorometer. The solid lines represent fitting of the data to the quadratic binding

equation [150].
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Figure 2.6. Optimization of FP-based Bodipy-PA binding assay. (A) 10, 30, and 50 nM of
Bodipy-PA was added to PBS buffer with increasing concentrations of BSA protein. After 5 min
of incubation, the fluorescence intensity was measured at an excitation wavelength of 488 nm
and an emission wavelength of 520 nm using a spectrofluorometer. (B) Kp values were
estimated by fitting the FP data using the Kaleida-Graph software. 50 nM is statistically different
from 10 nM Bodipy-PA, * (p<0.001). There is no significant difference between 10 nM and 30
nM, indicated by NS.
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fluorescence intensity with increasing BSA concentration. Further, we estimated the Kp values

for 10, 30, 50 nM Bodipy-PA. As expected, there was no significant difference between 10 and
30 nM Bodipy-PA (p-value < 0.001), but the Kp value for 50 nM Bodipy-PA and BSA increased

significantly (Figure 2.6B). These experiments suggest that at 10 nM Bodipy-PA, the Bodipy-PA
likely exists as monomers in PBS (phosphate buffered saline) solution. In contrast, at 50 nM
Bodipy-PA, the Bodipy-PA may begin to form a layered structure, thereby increasing the
fluorescence intensity when the Bodipy-PA molecule disassociates from the layer to bind to the
BSA protein. Thus at the physiological concentration of free palmitate (10 nM), the FP-based
binding assay provides a reliable method for detecting palmitate binding in solution, without the
washing steps or other helper molecules. We expect that the developed assay would facilitate

screening of potential palmitic acid binding proteins using high-throughput techniques.
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CHAPTER 3. MOLECULAR MECHANISM BY WHICH PALMITATE INHIBITS PKR
AUTOPHOSPHORYLATION.

Publications :

(1) Cho H, Mukherjee S, Palasuberniam P, Pillow L, Bilgin B, Nezich C, Walton SP, Feig M,
Chan C. Molecular mechanism by which palmitate inhibits PKR autophosphorylation.
Biochemistry (2011) 50(6):1110-9.

(2) Fang L, Cho H, Chan C, Feig M. Palmitate Binding on the aC-helix Regulates PKR

Autophosphorylation. (2013) (in review).

3.1. Abstract

PKR (double-stranded RNA-activated protein kinase) is an important component of the
innate immunity, antiviral, and apoptotic pathways. Our group previously found that palmitate, a
saturated fatty acid, is involved in apoptosis by reducing the autophosphorylation of PKR at the
Thr451 residue; however, the molecular mechanism by which palmitate reduces PKR
autophosphorylation is not known. Thus, we investigated how palmitate affects the
phosphorylation of the PKR protein at the molecular and biophysical levels. Biochemical and
computational studies show that palmitate binds to PKR, near the ATP-binding site and aC-
Helix, thereby inhibiting its autophosphorylation at Thr451 and Thr446. Mutation studies
suggest that either the ATP-binding site (Lys296 and Asp432) or the aC-Helix (R307) on the
PKR protein are important for palmitate binding. We further confirmed that palmitate also
interacts with other kinases, due to the conserved ATP-binding site. A better understanding of

how palmitate interacts with the PKR protein, as well as other kinases, could shed light onto
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possible mechanisms by which palmitate mediates kinase signaling pathways that could have

implications on the efficacy of current drug therapies that target kinases.

3.2. Introduction

The double-stranded (ds) RNA-activated protein kinase (PKR) is a ubiquitously
expressed serine/threonine kinase that is up-regulated upon interferon (IFN) production during
mammalian innate immune response [151]. The enzyme is normally in its latent form, and is
activated upon binding of double-stranded RNA (dsRNA), triggering dimerization and
autophosphorylation [152]. Activated PKR can phosphorylate the a-subunit of eukaryotic
translation initiation factor (e[F2a) at Ser 51, thereby decreasing the initiation of viral translation
by inhibiting the guanidine nucleotide exchange activity of the elF1 heterotrimeric complex
[153]. PKR can also phosphorylate the regulatory subunit B56a on protein phosphatase 2A
(PP2A) and thereby enhance the enzymatic activity of the PP2A-B56a trimeric complex, which
can lead to dephosphorylation of elF-4E and translational arrest [154]. In addition, PKR is
broadly involved in diverse cellular processes, such as cellular differentiation, apoptosis, cell
growth, and oncogenic transformation [155].

PKR is a 551-amino acid enzyme consisting of a N-terminal double-stranded RNA
binding domain (dsRBD) and a C-terminal kinase domain connected by an 80 residue
unstructured linker. The dsRBD contains two conserved dsRBD motifs responsible for dsSRNA
recognition. The NMR structure of the dsRBD revealed two motifs that adopt the canonical

afppa fold linked by a ~20 amino acid sequence or linker, however dsSRBM1 (double-stranded
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RNA-binding motif 1) has higher RNA binding activity than dsRBM2 [156, 157]. The X-ray
crystal structure of the kinase domain of PKR complexed with elF2a was previously resolved
[158]. The kinase domain adopts a bilobal structure typical of protein kinases, with a smaller N
lobe and a larger C lobe. The N lobe is involved in the back-to-back dimerization of the PKR
kinase domain and the C lobe is responsible for substrate recognition. ATP binds the cleft
between the two lobes and the binding mode required to mediate phosphoryl transfer is highly
conserved across kinases [159, 160]. The two phosphorylation sites in the activation loop of the
C lobe (Thr446 and Thr451) are critical for full catalytic activation of PKR as well as substrate
binding [152, 158, 161].

In the kinase domain of the PKR protein, there are several regions that play important

roles in the binding and hydrolysis of ATP (See Figure 3.1). One of them is the Mg2+ binding

loop that contains the conserved motif DFG, the aspartic acid residue (Asp432) being important

in binding and stabilizing the ATP-Mg2+ complex. The catalytic loop containing conserved

residues, such as Asp414 and Asn419, is involved in the catalytic reaction of the nucleotide y-
phosphate. The activation loop contains the threonine residues (Thr446, Thr451) that undergo
phosphorylation during activation of the kinase domain. Finally, Lys296 interacting with the aC
helix orients the o and B phosphates of the ATP and the aC helix present in the N-lobe acts as an
important conformational switch, changing its orientation along with the activation loop, during

the inactivation-activation cycle [162]. It is observed that the nucleotide binding cavity is

sandwiched between the B-sheet bundle of the N-lobe, the Mg2+ binding loop, the catalytic loop

and the aC helix, while the mouth of the cavity is lined by parts of the activation loop.

A large body of biochemical and biological evidence revealed that PKR has both pro- and
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Figure 3.1. Binding mode of AMP-PNP with PKR. Kinase domain of PKR is shown in gray,
catalytic loop in cyan, activation loop in green, and aC helix in red. Important residues in the
nucleotide binding cavity are shown in sticks, and the bound ATP analogue adenylyl
imidodiphosphate (AMP-PNP) is colored in orange for the carbon atoms. The figure was
generated using the following structures: PKR:AMP-PNP:eIF2a (PDB ID 2A19).
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anti-apoptotic roles. The first evidence of a pro-apoptotic role of PKR was performed in PKR-
overexpressed HeLa cells using a recombinant vector [163]. It was further demonstrated that
PKR, triggered by viruses, induces apoptosis [164-166]. In the absence of viral infection, PKR
has been generally recognized as a pro-apototic factor that phosphorylates elF2a, resulting in the
inhibition of protein synthesis. Transcription factors, such as nuclear factor kappa-B (NF-xB),
activating transcription factor 3 (ATF-3), and p53 also have been implicated in mediating PKR-
induced apoptosis [167]. In contrast, other studies have shown that PKR plays anti-apoptotic
roles in regulating tumor development and tumor-cell apoptosis [168-171]. A recent study
suggests that PKR may act as a tumor suppressor, preventing apoptosis mediated by the
transcription factor NF-«xB [171]. Results from our lab support an anti-apoptotic role of PKR in
human hepatocellular carcinoma cells (HepG2), by regulating the protein expression and
phosphorylation levels of Bcl-2 (B-cell leukemia/lymphoma 2) [172, 173]. We found the
autophosphorylation of PKR is attenuated by a saturated free fatty acid (FFA), palmitate.
However, the molecular mechanism by which palmitate inhibits PKR autophosphorylation is not
known.

Palmitate has low aqueous solubility and is present at very low concentrations in the
hydrophilic, intracellular environment. In order to fulfill required cellular functions, palmitate
overcomes its low solubility by interacting with proteins. As described in the introduction
(Chapter 1.5), several proteins are known to interact with palmitate and some of kinase proteins
have lipid binding domains which could regulate the protein kinase activities. This raises the
question of whether a hydrophobic pocket exists within the PKR protein to which palmitate may

bind to modulate its kinase activity.
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Here we report a novel molecular mechanism by which palmitate modulates PKR activity,
and thereby possibly regulates cellular functions. Using fluorescence techniques, we investigated
the binding affinity between palmitate and the PKR protein. With the assistance of the
computational simulation methods, biochemical and biophysical experiments were performed to
further demonstrate that palmitate binds to the kinase domain of PKR, and reduces the
autophosphorylation of PKR. Finally, we evaluated the ability of palmitate to interact with
several kinases. The implications of this work, i.e. the role of palmitate on PKR signaling, and

broadly on other kinases, are discussed.

3.3. Materials and Methods

3.3.1. Materials

4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid (BODIPY
-FL C16), herein denoted as Bodipy-C16 or Bodipy-PA, 4,4-Difluoro-5-(2-Thienyl)-4-Bora-
3a,4a-Diaza-s-Indacene-3-Dodecanoic  Acid (Bodipy-C12), and 4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-propionic acid (Bodipy-C3) were obtained from Invitrogen. y-
33P-ATP was purchased from Perkin Elmer. Anti-PKR, anti-PKR-pThr451, and anti-PKR-
pThr446 were purchased from Abcam, Sigma-Aldrich, and Novus Biologicals, respectively.
Recombinant kinase proteins, Aktl (Protein kinase B 1), MAP kinase-activated protein kinase 3

(MAPKAPK3), and Cyclin-dependent kinase 4 (CDK4), were obtained from GenWay Biotech,

Inc. All other reagents used were reagent grade.
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3.3.2. Protein expression and purification of PKR protein constructions

DNA recombinant plasmids, pET28a-pWT [174] and pET11a-WT [175] containing the
full length of human PKR wild-type protein were kindly provided by Dr. Philip C. Bevilacqua’s
and Dr. James L. Cole’s groups, respectively. As previously reported, wild-type PKR expressed
in E. coli is phosphorylated, thus unphosphorylated protein was obtained by coexpressing PKR
with phosphatases [176, 177]: Phosphorylated PKR and unphosphorylated PKR are herein
denoted as PKR-pWT and PKR-WT, respectively.

The plasmids were transformed into E. coli BL21(DE3) pLysS (Invitrogen) or Rosetta’ "
2(DE3) pLysS cells (Novagen). Cells were grown in LB media at 37 °C until the OD at 600 nm
reaches 0.6 and then protein expression was induced with 1 mM IPTG for three hours at 30 °C.
The cells were collected by centrifugation at 4,000 rpm for 10 min and re-suspended in
sonication buffer (50 mM HEPES, 500 mM NaCl, 5 % glycerol (pH 7.0), and 7 mM B-—
mercaptoethanol) containing protease inhibitor cocktail and phenylmethanesulfonyl fluoride
(PMSF). For PKR-WT protein, the sonication buffer without NaCl was used to re-suspend the
cells. The suspension solution was lysed with 100 mM lysozyme and sonicated. The lysate was

centrifuged at 12,000 rpm for 25 min and the supernatant was filtered by Millex-HV filter

(Millipore). Two affinity chromatography techniques using HiTrapT'VI Chelating HP and
HiTrapT'vI Heparin HP columns were separately employed for purification of PKR proteins (GE
Healthcare). The supernatant was loaded onto the columns and the PKR proteins were eluted
with an imidazole gradient or a NaCl gradient using AKTA™ FpLC system (GE Healthcare).
High salt contents in the fractions were removed using HiTrapTNI Desalting column (GE

Healthcare) and if necessary, size exclusion chromatography were performed using a Superdex
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75 column (GE Healthcare) to improve purity. All purified PKR proteins were confirmed by

SDS-PAGE and Western blotting analysis.

3.3.3. Bodipy-Palmitic acid binding assay

10 nM of Bodipy-C16 was mixed with PKR proteins in PBS buffer (pH 7.4) at room
temperature. After 5 min of incubation, fluorescence polarization measurements were performed
at 488nm/520nm using FluoroMax-4 (Horiba). The Kp values were determined by fitting the

data to the one-site quadratic binding equation using the Kaleida-Graph software;

1(Fpmax_FP0)
FP = FP, — PKR B — PA K

— J([PKR], + [B — PA]y + Kp)? — 4[PKR], X [B — PA],}

Where FP is the fluorescence polarization value when the complex between [PKR] and

[B-PA] (Bodipy-C16) is formed, FPpax is the fluorescence polarization value when the B-PA
completely binds to the PKR, FPq is the fluorescence polarization value when the PKR is free,

and [B-PA]g and [PKR]g are the initial concentrations of Bodipy-C16 and PKR, respectively.

3.3.4. Competition assay and I1Cgq calculations

In the absence and presence of Bodipy-C16, the PKR proteins were incubated with

phosphorylation buffer (20 mM HEPES (pH 7.5), 20 mM KCI, 2 mM MgCl», 0.04 mM EDTA,

and 0.4 mM B-mercaptoethanol) for 20 min. The kinase reaction was performed by adding 100
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MM ATP at room temperature for 30 min. The autophosphorylation reaction was stopped by
heating to 95 °C for 5 min. The samples were loaded onto 9% Tris/Glycine SDS-PAGE gel and
the phosphorylation level of T446 was quantified by Western blotting analysis. The

phosphorylation level was normalized to the sample without Bodipy-C16. The concentration of

Bodipy-C16 required for 50% inhibition (IC5g) was estimated using a sigmoidal dose-response

model and the regression was performed by KaleidaGraph software:

Y =V n (Ymax B Ymin)
T oomin T 4 10{(X—logICso)x(HillCoef ficient)}

where X and Y denote log (Bodipy-C16 concentration) and the phosphorylated T446

level is quantified from Western blotting analyses, respectively. Y minand Y max are the levels of

phosphorylated T446 when the concentration of Bodipy-PA is zero and when the concentration

of Bodipy-PA is infinite, respectively.

3.3.5. Palmitate treatment on HepG2 Cell and western blotting analysis

Human hepatocellular carcinoma cells were cultured in Dulbecco’s modified eagle
medium (DMEM) with 10% fetal bovine serum and penicillin-streptomycin (penicillin: 10 000
U/ml, streptomycin: 10 000 pg/ml). All detailed processes were described in the reference [173].
Palmitate (0.7 mM) were complexed to 2 % BSA (fatty acid free) dissolved in the DMEM
medium. Palmitate treatment were performed for 24 hr and 2% BSA was used as a negative
control. The HepG2 cells were washed twice with cold PBS and treated with CelLytic M cell
lysis buffer (Sigma-Aldrich) supplemented with protease inhibitor cocktail (Sigma-Aldrich) for

10 min on ice. The cell lysate was clarified by centrifugation at 13000 rpm for 10 min, and the
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supernatant was collected. Total protein levels were quantified by Bradford assay (Bio-Rad). 40
ug of total protein was loaded to 9 % SDS-PAGE gel, transferred to nitrocellulosemembranes,
and probed with primary (anti-pThr446) and secondary antibodies. The image was analyzed

using the Molecular Imager ChemiDoc XRS System from Bio-Rad.

3.3.6. Statistical Analysis
All experiments were independently performed at least three times, and representative
results are shown. The statistical analysis was performed using a Student t-test on the SigmaPlot

software.

3.4. Results

3.4.1. Palmitic acid binds to PKR proteins

We first used the FP-based assay to evaluate whether Bodipy-C16 interacts with the PKR
proteins. Two recombinant PKR wild-type proteins, unphosphorylated PKR (PKR-WT) and
phosphorylated PKR (PKR-pWT), were prepared for this assay. Prior to the binding assay, the
phosphorylation status was assessed by immunoblot analysis against anti-PKR-pThr451 and anti-
PKR-pThr446. PKR-pWT but not PKR-WT showed a phosphorylation fraction on the
immunoblot (data not shown). The Bodipy-C16 binding assay was performed at 10 nM Bodipy-
C16 with increasing concentrations of the PKR proteins. As shown in Figure 3.2A, the FP values
for both PKR-WT and PKR-pWT proteins increased significantly. Assuming a 1:1 binding
stoichiometry, PKR-WT and PKR-pWT have KD values of 23.22 + 1.28 and 24.90 £ 1.00 nM,

respectively, suggesting that both have similar binding affinities to Bodipy-C16.
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Figure 3.2. Binding affinity of Bodipy-C16 to PKR wild-type proteins.
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Figure 3.2 (cont’d)
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(A) 10 nM of Bodipy-C16 was added to PBS buffer with increasing concentrations of PKR-WT
(circles) or PKR-pWT (squares). After 5 min of incubation, the fluorescence polarization was
measured at 488/520 nm using a spectrofluorometer. The solid lines represent fitting of the data

to the quadratic binding equation described in Materials and Methods. Each error bar represents
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(Figure 3.2 cont’d) the mean of triplicates + SD. (B) Structure comparison of Bodipy-C3,
Bodipy-C12 and Bodipy-C16. (C) Binding affinity of 10 nM Bodipy-C3 (circles), Bodipy-C12
(squares), and Bodipy-C16 (triangles) with increasing concentrations of PKR-pWT in PBS
buffer. After 5 min of incubation, the fluorescence polarization was measured at 488/520 nm
with a spectrofluorometer. Representative data points shown are of average of three
measurements and the error bars indicate the standard deviations. All data points of Bodipy-C16
were significantly different from both Bodipy-C3 and Bodipy-C12 (p<0.001). (D) Competition
binding assay of fatty acids and lipid. At a constant concentration of PKR-pWT (20 nM), 5 nM
of Bodipy-C16 was added to Tris buffer (20 mM Tris (pH 8.0), 100 mM NacCl) in the presence of
100 or 300 nM of palmitic acid (PA), oleic acid (OA), and palmitoyl CoA (PA-CoA). After 15
min of incubation, the fluorescence polarization was measured at an excitation wavelength of
488 nm and an emission wavelength of 520 nm with a spectrofluorometer. The percentage of
binding is calculated based on the following equation: % Binding = (FP-FPnegative
control)/(FPpositive control-FPnegative control)*100. * (p<0.05) and ** (p<0.001) indicate
statistically different to PA.
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We further addressed whether palmitic acid is a specific ligand to the PKR protein. In
addition to Bodipy-C16, two more Bodipy-labeled saturated fatty acids, Bodipy-propanoic acid
(Bodipy-C3) and Bodipy-lauric acid (Bodipy-C12), were evaluated for their binding affinity to
PKR. Their structures are compared with Bodipy-C16 in Figure 3.2B. The structural difference is
in the length of the methylene chain. As shown in Figure 3.2C, no significant change in FP
values is observed for Bodipy-C3 (up to 200 nM) and Bodipy-C12 (up to 80 nM) with PKR-
pWT, and the FP values for both Bodipy-C3 and Bodipy-C12 are markedly different from
Bodipy-C16. These results suggest that the PKR protein has a higher binding specificity to the
long-chain saturated fatty acid, palmitic acid (C16). Additionally, using a competition assay with
Bodipy-C16, we tested whether other long-chain unsaturated fatty acids or lipids are able to bind
to the PKR protein. Palmitic acid (100 and 300 nM) (a saturated fatty acid), oleic acid (an
unsaturated fatty acid), and pamitoyl-CoA (a lipid) were competed with 5 nM Bodipy-C16. We
found that palmitic acid more readily displaced the Bodipy-C16 from PKR-pWT than either
oleic acid or pamitoyl-CoA (Figure 3.2D), supporting that the PKR protein more likely interacts

with a long-chain saturated fatty acid, palmitic acid.

3.4.2. Bodipy-C16 Binds to Other Kinases, Likely Due to the Conservation of the
ATP-Binding Site

The results of the docking experiments (Dr. Feig’s group at Michigan State University)
indicate that palmitate positions near the ATP-binding site of the three other kinases, Aktl,
CDK4, and MAPKAPKS, are similar to the PKR protein. Therefore, we also evaluated whether
Bodipy-C16 can bind to these three kinases using the FP-based palmitate interaction assay. As

shown in Figure 3.3, at 40 and 80 nM kinases, the FP values of all four kinases were
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Figure 3.3. Bodipy-C16 binding to kinases. 10 nM of Bodipy-C16 was added to PBS buffer in
the absence of kinase and in the presence of 40 nM and 80 nM of kinases, PKR-pWT, Aktl,
MAPKAPK3, and CDK4. Lysozyme was used as a negative control under the same condition.
After 5 min of incubation, the fluorescence polarization was measured at 488/520 nm using a
spectrofluorometer. Representative data point shown is for the average of three measurements

and the error bars indicate the standard deviations.
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significantly different from the control protein (lysozyme). These results suggest palmitate binds

to these kinases, likely near the conserved ATP-binding site (Figure 3.3).

3.4.3. Bodipy-C16 binds to residues surrounding the ATP-binding site and alphaC-
helix, thereby preventing the autophosphorylation of PKR WT protein

The computational docking experiments suggest that the most favorable palmitate
binding residues on the ATP-binding site are Lys296 and Asp432 (See the Figure 3.4). Both
residues are important for stabilizing the interactions with the nucleotide and magnesium ions.
To examine whether Bodipy-C16 can be located in the ATP-binding site, we performed Alanine
mutation on Lys296 and Asp432 on the PKR protein and performed the Bodipy-C16 binding
assay. At protein concentrations of 40 and 80 nM, the binding affinities of the mutant K296A
and D432A proteins decreased significantly as compare to the wild-type proteins (Figure 3.5A).
However, since the mutant proteins are not able to completely block the Bodipy-C16 binding, it
suggests that the palmitic acid may not binding exactly at these residues, but near it to interfere
with ATP binding to PKR.

We further investigated whether inhibiting ATP binding by palmitate blocks the
autophosphorylation reaction. Previously it was demonstrated that PKR-WT protein can be
autophosphorylated in the absence of double-stranded RNA and ATP is sufficient for its
autophosphorylation [175]. We performed another competition assay with Bodipy-C3 (negative
control) or Bodipy-C16, at constant ATP and PKR-WT concentrations. With increasing Bodipy-
C16 concentration, the phosphorylation of Thr451 and Thr446, the two major
autophosphorylation sites on PKR, decreased significantly, whereas Bodipy-C3 had no impact

on the autophosphorylation of PKR (Figure 3.5B). Upon binding of palmitate to PKR the
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R287

Figure 3.4. PKR mutant sites. Kinase domain of PKR is showed in gray and aC helix in cyan.
Important residues (K296, D432, E308) in the nucleotide binding cavity are shown in sticks and

bound the ATP analog adenylyl imidodiphosphate (AMP-PNP) and two Mg2+ ions (green balls).

The figure was generated using the following structures: PKR:AMP-PNP:elF2a (PDB id =
2A19).
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Figure 3.5. Inhibitory effects of PA on PKR phosphorylation. (A) Fluorescence polarization
measurement of PKR mutants. 10 nM of Bodipy-PA was added to 40 and 80 nM of wild-type
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(Figure 3.5 cont’d) PKR proteins (phosphorylated and unphosphorylated) and PKR mutants in
PBS buffer. After 5 min of incubation, the fluorescence polarization was measured at an
excitation wavelength of 488 nm and an emission wavelength of 520 nm using a
spectrofluorometer. * (p<0.05) and ** (p<0.001) indicate statistically different to wild-type
proteins. (B) Competition assay with Western blot analysis. 2 uM of PKR-WT was incubated
with Bodipy-C3 or Bodipy-C16 at the indicated concentrations in phosphorylation buffer (10

mM HEPES (pH 7.5), 50 mM KCI, 5 mM MgCl,, 0.1 mM EDTA, and 1mM DTT) for 20 min.

Autophosphorylation of WT PKR was performed by adding 100 uM of ATP at room
temperature for 30 min. To stop the autophosphorylation reaction, 5X SDS-PAGE sample buffer
was added to the reactions, followed by heating at 95 °C for 5 min. The reactions were loaded
onto 10 % Tris/glycine SDS-polyacrylamide gel and detected for PKR phosphorylation at
Thr451 and Thr446 by Western blot analysis. (C) Effect of palmitate on the phosphorylated
Thr446. HepG2 cells were cultured in regular medium until reaching 90% confluency and then
exposed to 400 and 700 uM palmitate for 24 hr. 2% BSA was used as a negative control. After
treatment, the cells were harvested and western blot analysis was performed to detect the level of

phosphorylated PKR.
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autophosphorylation is down-regulated, suggesting that palmitate could act as an ATP-binding
site-directed inhibitor. These in vitro results are consistent with our computational docking
results as well as our earlier results that showed palmitate decreases the cellular level of pThr451
[173]. Previously we did not evaluate the effect of palmitate on pThr446 in HepG2 cells. Thus
we treated HepG2 cells with BSA or BSA complexed to palmitate at varying concentrations (400
and 700 uM) and found palmitate significantly decreased the level of pThr446 (Figure 3.5C).

To further evaluate whether Bodipy-C16 can be displaced by ATP, we performed two
types of competition assays. Since the ATP binding affinity (34 uM) to PKR is much weaker
[178] than Bodipy-C16 (28 nM) and high concentrations of ATP interfered with the FP-based
palmitate interaction assay (data not shown), we adapted an intensity-based palmitate binding
assay from a previous study that investigated the binding affinity of palmitate to FABPs [147].
The fluorescence intensity method required a much higher Bodipy-PA concentration (500 nM)
and the fluorescence intensity increases upon binding of Bodipy-C16 to the FABPs. We found
the fluorescence intensity-based palmitate binding assay can be used to evaluate the binding
affinity of palmitate to the PKR proteins (Figure 3.6). For our studies, we used 600 nM as the
PKR concentration for the competition assay, where PKR is unable to significantly
autophosphorylate in the absence of dsRNA [175]. In the range of the ATP concentrations
evaluated, the fluorescence intensity decreased significantly as the ATP concentration increased,
suggesting that Bodipy-PA binds competitively to the PKR wild-type proteins to inhibit ATP
binding (Figure 3.7A). To confirm that the Bodipy group was not altering the binding or
competition, we evaluated whether radiolabeled ATP (hot ATP) bound to PKR could be
displaced by unlabeled palmitate. In the absence or presence of palmitate, hot ATP was
incubated with PKR-pWT. The mixture was loaded onto a ZipTip-C4 column to separate

unbound ATP from the ATP-PKR complex (bound ATP). In the absence of palmitate, 16.61% of
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Figure 3.6. Fluorescence intensity measurement for the binding of Bodipy-PA and PKR
proteins. 500 nM of Bodipy-PA was added to PBS buffer with increasing concentrations of
PKR-WT (open circles) or PKR-pWT (closed circles). After 20 min of incubation, the
fluorescence intensity was measured at an excitation wavelength of 488 nm and an emission
wavelength of 520 nm with a microplate spectrofluorometer. The experiments were performed in
duplicates, at least three independent times. Representative data points are shown.
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Figure 3.7. ATP competition assays. (A) ATP competition binding assay with Bodipy-PA. In
the absence of PKR proteins (open circles) or in the presence of PKR-WT (closed squares) or
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(Figure 3.7 cont’d) PKR-pWT (closed circles) proteins, increasing concentrations of ATP were
incubated in PBS buffer containing 5 mM MgCl, and 0.1 mM EDTA for 10 min. 500 nM

Bodipy-PA and 600 nM PKR proteins were added to the samples and incubated for 20 min. The
fluorescence intensity was measured at an excitation wavelength of 488 nm and an emission
wavelength of 520 nm using a microplate spectrofluorometer. Each data point represents the

average of two measurements and the error bars show the differences between two

measurements. (B) ATP competition binding assay with y-33P-ATP. In the absence and presence
of sodium palmitate, 0.33 nM of y-33P-ATP was added to 1 uM PKR-pWT in the ATP-binding

buffer, 20 mM HEPES (pH 7.5) containing 5 mM KCI, 0.5 mM MgCly, 0.01 mM EDTA, and

0.1 mM B-mercaptoethanol. After 30 min incubation, the samples were loaded into ZipTipC4

(Millipore) and pipetted 20 times with unbound sample collected for further analysis. 10 %

acetonitrile was loaded to remove the unbound y-33P-ATP and the wash fractions were collected.

The bound 7-33P-ATP to PKR was eluted with 100 % acetonitrile. All sample fractions were

analyzed using a scintillation counter (Perkin Elmer). As a negative control, only hot ATP was

loaded and the same process was repeated. * indicates p< 0.01 as compared to 0 pM PA.
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the hot ATP was bound to the PKR-pWT protein. With increasing palmitate concentration, ATP
was dose-dependently displaced from binding to PKR. These results demonstrate that palmitate
and ATP bind competitively to PKR. It should be noted that, in the absence of PKR, ATP did not
bind to the column either in the presence or absence of palmitate (Figure 3.7B), demonstrating
that ATP and palmitate do not bind to each other at these concentrations. This is further
confirmation that ATP and PA competes for the kinase domain on PKR.

Our collaborator (Dr. Feig’s group) further performed the molecular dynamics (MD)
simulations (more extensive simulation than the molecular docking simulations) and identified
five potential palmitic acid-binding residues (Arg287, Arg307, Arg381, Arg445, Arg453; see the
Figure 3.4) on the PKR-WT (unphosphorylated) protein. To experimentally confirm the
computational results and further test the autophosphorylation of the PKR protein, we performed
Alanine mutations on the PKR-WT DNA plasmid. All five residues of the PKR protein were
separately mutated to Alanine using site-directed mutagenesis and the mutant PKR proteins were
expressed in E.coli cells, followed by affinity chromatography. To test the impact of the alanine
mutations on palmitic acid-binding affinity, we used a fluorescence polarization (FP)-based
assay. At constant concentrations of Bodipy-PA and PKR proteins, the binding affinity was
compared to that of the PKR-WT protein. As shown in Figure 3.8, only R307A mutant protein
significantly decreased the palmitic acid binding affinity, suggesting that palmitic acid interacts
with the R307 residue located on the aC-helix.

To further assess whether the R307A mutation alters the kinase activity of the PKR
protein in the presence of Bodipy-PA, we performed an in-vitro competition assay. The binding
of Bodipy-PA results in a dose-dependent decrease on the autophosphorylation of both the WT

and R307 mutant proteins (Figure 3.9A). However, as shown in Figure 3.9B, a reduction in
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Figure 3.8. Bodipy-PA binding to PKR-WT and mutant proteins. 10 nM of Bodipy-PA was
mixed with 50 nM of the PKR proteins in PBS buffer (pH 7.4) at room temperature. After 10
min of incubation, fluorescence polarization measurements were performed at 488 nm/515 nm
using a spectrofluorometer. Each error bar represents the mean of triplicates + SD. The *

indicates statistically different results compared to the WT protein (p<0.05).
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Figure 3.9. Inhibitory effects of Bodipy-PA on PKR-WT and PKR-R307A
autophosphorylation. (A): In-vitro competition assay with Western blot analysis. In the
presence of 100 uM ATP and 1 uM PKR proteins, Bodipy-PA at the indicated concentrations
was added to the phosphorylation buffer. After the kinase reaction, the phosphorylated fractions
were visualized by Western blot analysis using anti-pT446. (B): Quantification of the
phosphorylated T446. From Figure 6A, the phosphorylation levels of PKR-WT and PKR-R307A
were quantified and normalized against the levels in the negative control (without Bodipy-PA)
for each protein. Data shown are the means and standard deviations from three independent
experiments. * indicates statistically significant different values for the mutant vs. WT protein at

the same condition (p<0.05).
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kinase inhibition by Bodipy-PA is observed with the R307A mutation as compared with the WT,

with a significant increase in the half-maximum inhibitory concentration (WT (IC5q = 48.29 +

8.57 puM, Hill coefficient = 2.47); R307A (ICsg = 80.34 + 5.63 puM, Hill coefficient = 2.70)).

Thus, the experimental results strongly suggest that palmitic acid binding at or near R307 is

capable of inhibiting the autophosphorylation of the PKR protein.

3.5. Discussion and Conclusions

PKR is a major signaling enzyme that plays diverse roles in cellular functions. It is well
established that PKR is activated by viral double-stranded RNA (dsRNA) and the activation of
PKR regulates its dimerization and autophosphorylation [167]. Furthermore, PKR is involved in
signal transduction pathways such as the MAPK and NF-kB pathways [167, 179]. Recently, our
group proposed that PKR can also regulate the Bcl-2-JNK pathway to mediate the apoptotic
response of palmitate. In this scenario, palmitate decreases the autophosphorylation level of PKR
at Thr451, which down-regulates the phosphorylation of Bcl-2 at Ser70 [173] and anti-apoptosis.
The latter is possible given that PKR does not have upstream Kkinases, thus upon
autophosphorylation it is able to modulate the activity of other proteins. In this study, we address
how palmitate may decrease the autophosphorylation level of PKR and suggest, based on
computational and experimental results, that palmitate interacts with the ATP-binding site of WT
PKR proteins to interfere with PKR autophosphorylation. This novel mechanism may provide an

explanation of how palmitate reduces the autophosphorylation of PKR in HepG2 cells.

In the latent state, PKR exists in a weak monomer-dimer equilibrium with a Kp of
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500 uM, but the dimerization of the PKR proteins increases significantly upon either HIV TAR-

RNA (HIV-1 trans-activation responsive region-RNA) binding (Kp ~75 uM) or phosphorylation

of PKR (Kp ~20 uM) [161, 175]. In addition, phosphorylated WT protein serves as a potent

activator of latent PKR, increasing the autophosphorylation reaction rate by 20-fold [161].
Although dimerization of PKR is very important for autophosphorylation, (0.5 uM is sufficient
to induce the autophosphorylation reaction [175]), this reaction rate increases significantly by its
product, phosphorylated PKR. Thus, phosphorylated PKR is clearly more potent in
autophosphorylating PKR. Interestingly, we found that the binding affinity of palmitate to the
phosphorylated PKR is similar to the unphosphorylated PKR. Their similar binding affinity helps
to block the autophosphorylation of both the unphosphorylated WT and the phosphorylated WT.
In addition, we demonstrated that palmitate binds to unphosphorylated PKR to inhibit acc