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ABSTRACT: PKR (double-stranded RNA-activated protein kinase) is an important component of the innate
immunity, antiviral, and apoptotic pathways. Recently, our group 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,
thereby inhibiting its autophosphorylation at Thr451 and Thr446. Mutation studies suggest that Lys296 and
Asp432 in the ATP-binding site 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
possible mechanisms by which palmitate mediates kinase signaling pathways that could have implications on
the efficacy of current drug therapies that target kinases.

The double-stranded (ds) RNA-activated protein kinase
(PKR)' is a ubiquitously expressed serine/threonine kinase that
is upregulated upon interferon (IFN) production during mam-
malian innate immune response (/). The enzyme is normally in its
latent form and is activated upon binding of double-stranded
RNA (dsRNA), triggering dimerization and autophosphoryla-
tion (2). Activated PKR can phosphorylate the a-subunit of
eukaryotic translation initiation factor (eIF2a) at Ser51, thereby
decreasing the initiation of viral translation by inhibiting the
guanidine nucleotide exchange activity of the elF1 heterotrimeric
complex (3). PKR can also phosphorylate the regulatory subunit
B560. on protein phosphatase 2A (PP2A) and thereby enhance
the enzymatic activity of the PP2A-B56a trimeric complex, which
can lead to dephosphorylation of eIF-4E and translational
arrest (4). In addition, PKR is broadly involved in diverse cellular
processes, such as cellular differentiation, apoptosis, cell growth,
and oncogenic transformation (3).

PKR is a 551 amino acid enzyme consisting of an N-terminal
double-stranded RNA binding domain (dsRBD) and a C-terminal
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kinase domain connected by an 80-residue unstructured linker.
The dsRBD contains two conserved dsRBD motifs responsible
for dsRNA recognition. The NMR structure of the dsRBD
revealed two motifs that adopt the canonical a5 fold linked
by an ~20 amino acid sequence or linker; however, dsSRBM 1 has
more backbone motion than dsSRBM2 (6, 7). The X-ray crystal
structure of the kinase domain of PKR complexed with elF2a
was recently resolved (8).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 dime-
rization 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 (9, 10). The two phos-
phorylation 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 (2, 8, 11).

A large body of biochemical and biological evidence revealed
that PKR has both pro- and antiapoptotic roles. The first evi-
dence of a proapoptotic role of PKR was performed in PKR-
overexpressed HeLa cells using a recombinant vector (/2). It was
further demonstrated that PKR, triggered by viruses, induces
apoptosis (13—15). In the absence of viral infection, PKR has
been generally recognized as a proapototic factor that phosphor-
ylates elF2a, resulting in the inhibition of protein synthesis.
Transcription factors, such as nuclear factor kappa-B (NF-«B),
activating transcription factor 3 (ATF-3), and p53, also have
been implicated in mediating PKR-induced apoptosis (16). In
contrast, other studies have shown that PKR plays antiapoptotic
roles in regulating tumor development and tumor-cell apo-
ptosis (17—20). A recent study suggests that PKR may act as a
tumor suppressor, preventing apoptosis mediated by the tran-
scription factor NF-«B (20). Results from our laboratory support
an antiapoptotic role of PKR in human hepatocellular carcinoma
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cells (HepG2), by regulating the protein expression and phos-
phorylation levels of Bel-2 (B-cell leukemia/lymphoma 2) (21, 22).
We found the autophosphorylation of PKR is attenuated by a
saturated free fatty acid (FFA), palmitate. However, the molec-
ular mechanism by which palmitate inhibits PKR autophos-
phorylation 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. The most exten-
sively studied palmitate-binding protein is serum albumin, which
helps to transport fatty acids in vivo. Human serum albumin
(HSA) contains three homologous o-helical domains and has
seven palmitate-binding sites that share similar binding features,
such as a carboxyl group that can form a salt bridge or basic and
polar amino acid side chains that can form hydrogen bonds. The
methylene chain on palmitate fits readily into a hydrophobic
cavity between the helices of HSA (23). In contrast to serum
albumin, other proteins, such as the family of fatty acid-binding
proteins (FABPs), involved in fatty acid uptake, transport, and
oxidation, are mostly f-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 and a hydrophobic binding
pocket (24, 25). Although they have similar binding modes, the
palmitate binding affinity for HSA (5—10 nM) is about 10—
100-fold stronger than FABPs depending on the detection
method used (26—28). In addition, a nuclear receptor protein,
hepatic nuclear factor 4 (HNF4), interacts with palmitate
to form a hydrogen bond with arginine in its hydrophobic
cavity and functions as a constitutively active transcription
factor (29). 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 a hydrophobic pocket exists within the
PKR protein to which palmitate may bind to modulate its
kinase activity.

Here we report a novel molecular mechanism by which pal-
mitate modulates PKR activity and thereby regulates cellular
functions. Using fluorescence techniques, we investigated the
binding affinity between palmitate and the PKR protein. We
performed computational docking experiments to evaluate the
binding of palmitate to PKR and other randomly chosen kinases
with conserved domain arrangements. The docking results
suggest that palmitate locates in the kinase domain of PKR,
near the ATP-binding site. Biochemical and biophysical experi-
ments were performed to further demonstrate that palmitate
binds to the kinase domain of PKR and reduces the autophos-
phorylation of PKR. Finally, we also evaluate the ability of
palmitate to function as an ATP-competitive inhibitor to several
kinases. The implications of this work, i.c., the role of palmitate
on PKR signaling and broadly on other kinases, are discussed.

EXPERIMENTAL PROCEDURES

Materials. Bodipy-labeled fatty acids, Bodipy-C3, Bodipy-
C12, and Bodipy-C16, were obtained from Invitrogen. [y->P]-
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),
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MAP kinase-activated protein kinase 3 (MAPKAPK3), and
cyclin-dependent kinase 4 (CDK4), were obtained from
GenWay Biotech, Inc. All other reagents used were of reagent
grade.

Protein Expression and Purification of PKR Protein
Constructions. DNA recombinant plasmids pET28a-pWT (30)
and pET11a-WT (31) 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 Escherichia
coli is phosphorylated; thus unphosphorylated protein was
obtained by coexpressing PKR with phosphatases (32, 33):
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 | mM IPTG
for 3 h at 30 °C. The cells were collected by centrifugation at
4000 rpm for 10 min and resuspended in sonication buffer
(50 mM HEPES, 500 mM NaCl, 5% glycerol (pH 7.0), and 7mM
p-mercaptoethanol) containing protease inhibitor cocktail and
phenylmethanesulfonyl fluoride (PMSF). For PKR-WT protein,
the sonication buffer without NaCl was used to resuspend the
cells. The suspension solution was lysed with 100 mM lysozyme
and sonicated. The lysate was centrifuged at 12000 rpm for
25 min, and the supernatant was filtered by a Millex-HV filter
(Millipore). Two affinity chromatography techniques using
HiTrap chelating HP and HiTrap 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 the AKTA FPLC system (GE
Healthcare). High salt contents in the fractions were removed
using the HiTrap desalting column (GE Healthcare), and
if necessary, size exclusion chromatography was performed
using a Superdex 75 column (GE Healthcare) to improve
purity. All purified PKR proteins were confirmed by SDS—
PAGE and Western blotting analysis.

Bodipy— Palmitic Acid Binding Assay. Ten nanomolar
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 488 nm/520 nm
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:

FP = Fpy 4+ oma — FPo

2 [B-PA], {([PKR}0+[B-PA]O+KD

- \/ (IPKR],+[B-PA],+Kp)* - 4[PKR]O[B-PA]O}

where FP is the fluorescence polarization value when the complex
between PKR and B-PA (Bodipy-C16) is formed, FP,,, is the
fluorescence polarization value when the B-PA completely binds
to the PKR, FPy, is the fluorescence polarization value when the
PKR is free, and [B-PA], and [PKR], are the initial concentra-
tions of Bodipy-C16 and PKR, respectively.

Palmitate Treatment on HepG2 Cell and Western Blot-
ting Analysis. Human hepatocellular carcinoma cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) with
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10% fetal bovine serum and penicillin—streptomycin (penicillin,
10000 units/mL; streptomyecin, 10000 ug/mL). All detailed pro-
cesses were described in ref 22. Palmitate (0.7 mM) was com-
plexed to 2% BSA (fatty acid free) dissolved in the DMEM
medium. Palmitate treatment was performed for 24 h, 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
supernatant was collected. Total protein levels were quantified by
Bradford assay (Bio-Rad). Forty micrograms of total protein
was loaded to 9% SDS—PAGE gel, transferred to nitrocellulose
membranes, and probed with primary (anti-pThr446) and sec-
ondary antibodies. The image was analyzed using the Molecular
Imager ChemiDoc XRS System from Bio-Rad.

Statistical Analysis. All experiments were independently
performed at least three times, and representative results are
shown. The statistical analysis was performed using a Student
¢ test on the SigmaPlot software, with the statistical significance
setat P < 0.01.

In Silico Docking of Palmitate. The docking experiments
were performed on the X-ray crystallographic structures of
phosphorylated PKR (PDB ID 2A19 (8)), phosphorylated
Aktl (PDB ID 3CQW (34)), and unphosphorylated CDK4
(PDB ID 2W96 (35)) obtained from the Protein Data Bank
(PDB) (36). The homology model of MAPKAPK3 was down-
loaded from the Swiss-Prot database (37). The MAPKAPK3
structure was derived using the unphosphorylated form of
MAPKAPK?2 bound to p38alpha (PDB ID 20ZA (38)) as the
homologue. Any bound ligands were removed from the initial
structures followed by addition of missing hydrogen atoms and a
short minimization of the hydrogen positions while harmonically
restraining all heavy atoms with a force constant of 5 kcal/mol.
Hydrogen atom addition and minimization were performed with
CHARMM (39) using the CHARMM22/CMAP force field (40).
All subsequent docking experiments were performed on the
minimized structure using anionic palmitate (C;sCOO) as the
ligand. The CHARMM-based molecular dynamics docking
algorithm CDOCKER (47) as implemented in Accelrys Discover
Studio 2.1 was used to dock the flexible ligand within a sphere of
5 A radius around the heavy atom centers of selected side chain
atoms (NZ for Lys, OD1/0OD2 of Asp, ND2 of Asn, CE1/CE2/
CZ of Phe, OH of Tyr, CD of Ile, CG1/CG2 of Val, CD1/CD2 of
Leu, SG of Cys, and ND1/NE2/CE1 of His). A rigid receptor
cavity was maintained in all docking experiments. Extensive
validations of CDOCKER and comparisons with other docking
methods have been performed prior (41, 42). The results reflected
that CDOCKER performs well even for a diverse set of test cases
where success rate of predicting the correct ligand pose in the
receptor cavity was >80%. This provided reasonable confidence
in accepting the docking results in this study under the assump-
tion that palmitate binds to the nucleotide-binding cavity of the
kinase.

RESULTS

Palmitic Acid Binds to PKR Proteins. Free fatty acids
(FFAs) in the plasma are transported by plasma proteins, i.e.,
albumin, leaving approximately 10 nmol/L FFA unbounded (43).
To determine the binding affinity of physiological level (10 nM)
of unbounded FFA, palmitate, to PKR proteins, we developed a
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FIGURE 1: Fluorescence polarization measurement of the Bodipy-
C16 and BSA interaction. Ten nanomolar Bodipy-C16 was added to
PBS buffer with increasing concentrations of lysozome (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 described in Experimental Procedures. Each error bar
represents the mean of triplicates + SD.

fluorescence polarization- (FP-) based palmitate interaction
assay using fluorescently labeled palmitate molecule, Bodipy-
Cl16. We first 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 1,
the FP values of Bodipy-C16 increased gradually with increasing
concentrations of BSA and eventually approached a plateau. In
contrast, lysozyme did not show any significant increase, suggest-
ing that the assay is specific to palmitic acid-binding proteins. The
binding constant (Kp) of BSA was determined using nonlinear
regression analysis as described in the Experimental Procedures
section. The Kp value (29.21 & 1.85 nM) observed is similar to the
value (22 nM) reported by Burczynski’s group (44). Thus, FP-
based palmitate interaction assay is well suited to quantify the inte-
raction between Bodipy-C16 and palmitic acid-binding proteins.

We used this FP-based assay to evaluate whether Bodipy-C16
interacts with the PKR proteins. Two recombinant PKR wild-
type proteins, unphosphorylated PKR (PKR-WT) and phos-
phorylated PKR (PKR-pWT), were prepared for this assay.
Prior to the binding assay, the phosphorylation status was as-
sessed 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 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 Kp values of
23.22 4+ 1.28 and 24.90 & 1.00 nM, respectively, suggesting that
both have similar binding affinities to Bodipy-C16.

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 evalu-
ated for their binding affinity to PKR. Their structures are com-
pared with Bodipy-C16 in Figure 2B. The structural difference is
in the length of the methylene chain. As shown in Figure 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
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FiGure 2: Binding affinity of Bodipy-C16 to PKR wild-type proteins. (A) 10 nM 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 Experimental
Procedures. Each error bar represents 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 an 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 Bodipy-C16 was added to Tris buffer (20 mM Tris (pH 8.0), 100 mM NacCl) in the presence
of 100 or 300 nM 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 equation: % binding = (FP — FPycgative control)/(FPpositive control — FPnegative controt) X 100.* (p < 0.05) and

** (p < 0.001) indicate statistically different to PA.

protein has a higher binding specificity to the long-chain satu-
rated fatty acid, palmitic acid (C16). Additionally, using a com-
petition assay with Bodipy-Cl16, 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 2D), supporting
that the PKR protein more likely interacts with a long-chain
saturated fatty acid, palmitic acid.

In Silico Docking to PKR and Other Kinases Reveals
ATP-Binding Cavity as a Potential Binding Site for Pal-
mitate. To determine potential site(s) on the PKR proteins to

which palmitate may bind, we performed a preliminary search for
binding cavities. A feasible approach would have been to perform
blind docking of palmitate on the whole kinase monomer, but the
protein surfaces change considerably upon dimerization or high-
er order oligomerization, which have been found to be function-
ally important (2, 8). Moreover, some surface loops are missing in
the crystal structures of kinases, which incorporate another
source of false positives while docking palmitate over the whole
molecule. Alternatively, our approach was more intuitive in pre-
dicting the potential binding site. Knowing from the experiments
that palmitate does bind to PKR, we searched for the single
largest hydrophobic cavity on the kinase molecules. The ATP-
binding cavity between the N and C lobe of the PKR kinase
domain provides the largest hydrophobic pocket capable of
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FiGure 3: Binding mode of AMP-PNP with PKR. Kinase domain
of PKR is shown in gray, magnesium binding loop in green, catalytic
loop in magenta, activation loop in blue, and aC helix in wheat.
Important residues in the nucleotide binding cavity are shown in
sticks, and the bound ATP analogue adenylyl imidodiphosphate
(AMP-PNP) is colored in yellow for the carbon atoms. The figure
was generated using the following structures: PK R:AMP-PNP:elF2a
(PDB ID 2A19).

binding palmitate consisting of a large hydrophobic chain. Other
cavities were not large enough to accommodate the ligand with-
out going through conformational changes through an induced-
fit mechanism, which were not considered in this study. Figure 3
illustrates the binding mode of the nucleotide with the protein,
which was obtained from the PKR crystal structure (§). The
binding site consists mainly of hydrophobic residues residing on
the 5-sheet bundle of the N lobe and a key charged residue, such
as Lys296 (numbering as in PDBID 2A 19 for PKR), that interact
with the nucleotide phosphate groups. Apart from the hydro-
phobic pocket formed by the 3-sheet bundle of the N lobe, there
are several loop regions that play important roles in the binding
and hydrolysis of ATP. One of them is the Mg>" binding loop
that contains the conserved motif DFG, the aspartic acid residue
(Asp432 of PKR) being important in binding and stabilizing the
ATP—Mg*" complex. The catalytic loop containing conserved
residues, such as Asp414 and Asn419, has been implicated in the
catalysis of the nucleotide y-phosphate. The activation loop
contains the threonine residues (Thr446, Thr451) that undergo
phosphorylation during activation of the kinase domain. Finally,
the aC helix present in the N lobe acts as an important confor-
mational switch, changing its orientation along with the activa-
tion loop, during the inactivation—activation cycle (45). It is
observed that the nucleotide binding cavity is sandwiched be-
tween the S-sheet bundle of the N lobe, the Mg>" binding loop,
the catalytic loop, and the aC helix, while the mouth of the cavity
is lined by parts of the activation loop.

Given that the X-ray crystallographic structures of three
commercial kinases, Aktl, CDK4, and MAPKAPK2 as a
homology model of MAPKAPK3, are available, they were also
selected for the computational docking experiments. We selected
several conserved residues from the nucleotide binding cavity
formed by the -sheet bundle of the N lobe, some key residues of
the Mg>" binding loop, and some from the catalytic loop to per-
form our computational docking experiments (selected residues
are shown in the Supporting Information Figure S1). Table 1
lists the docking scores obtained from CDOCKER of palmitate
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Table 1: Best Binding Site of Palmitate in the ATP-Binding Cavity of the
PKR, Aktl, CDK4, and MAPKAPK3 Kinase Domains®

PKR Aktl CDK4 MAPKAPK3

K296 —-33.79 K179 3322 K35 —42.00 K73 fail

D432 3585 D292 —45.36 DIS8 fail D187 —-32.16
1273 —=30.16 L156 fail 112 —36.24 L50 —26.08
V281  fail Vied  fail V20 fail V58 fail
F433  fail F293  fail F159  fail FI88  fail
V298 fail L181  fail V37 fail L75 fail
F368 —3248 Y229 fail H95  fail C120  fail
F421  fail M281  fail L147  fail L173  fail
D414 41468 D274 fail D140  fail D166  fail
N419  —26.60 N279 fail N145  fail N171  fail

“Best docking scores (reflecting binding free energy in kcal/mol) out of
10 ligand conformations are tabulated. Binding site for the docking
experiments is defined as 5 A spheres around the side-chain heavy atoms
for the tabulated residues in each case. According to the most negative
docking scores, the most favorable binding site is near Lys296/Asp432 for
PKR or analogous residues for the other kinases.

around each specific residue. The residues selected for docking
spanned the whole cavity available between the N and C lobe of
the kinase. The docking score estimates the free energy of binding
between the ligand and the receptor, and thus the more negative
score is meant to reflect more favorable binding interactions be-
tween the two. In most cases, palmitate failed to bind to the pro-
tein receptor and is designated as “fail” in Table 1. The best
docked poses for all four protein kinases were found in the
vicinity of the Lys296 or Asp432 residues of PKR and analogous
residues in the other kinases. The resulting docking poses of pal-
mitate partly occupy the nucleotide binding site and thus would
be capable of replacing or inhibiting the binding of ATP to the
kinase (Figure 4). Although receptor flexibility was not consid-
ered explicitly while docking palmitate to the individual kinases,
the results suggest that palmitate is capable of binding to
nucleotide-binding sites with different side-chain orientations
found in the crystal structures of different kinases. Supporting
Information Figure S2 provides a close-up view of the aligned
nucleotide-binding sites of the four kinases which shows that
receptor flexibility is considered to some extent.

Apart from the sites around Lys296 and Asp432, PKR also
appears to interact with Ile273 and Phe368. Especially, the score
suggests comparable binding affinities for Lys296 and Phe368 for
PKR within the limits of the error estimated for predicting
binding affinities in other systems, which is in the range of several
kilocalories per mole (46). 1le273 is one of the conserved hydro-
phobic residues in the 5-sheet bundle of the N lobe, while Phe368
is a residue facing the dimer interface of the kinase domain.
Favorable binding near the analogous sites to 11e273 of PKR was
also found with CDK4 and MAPKAPK3, further supporting
that I1e273 might play an important role in palmitate binding.
However, favorable palmitate binding near Phe368 was only
found with PKR. Palmitate also appears to bind near the cata-
lytic loop residue, Asn419 in PKR, but such a binding mode was
not observed with the other kinases. An inspection of the bound
palmitate around I1e273 and Phe368 reveals that the ligand is
significantly exposed to the solvent as opposed to the poses inter-
acting with Lys296 or Asp432. This is reflected by the fact that
palmitate has fewer direct interactions with protein atoms (ligand—
protein atomic distance <5 A) when bound near Ile273 and
Phe368, as compared to the Lys296 or Asp432 site. While a full
energetic analysis of palmitate in the two binding poses is beyond
the scope of the current study, it appears that partial burial of
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F1GURE 4: Best docked pose of palmitate with different kinases. Kinase domains of (A) PKR, (B) AKTI, (C) CDK4, and (D) MAPKAPK3 are
shown in gray. Magnesium binding loop is in green, catalytic loop in magenta, activation loop in blue, and oC helix in wheat. Conserved
interaction between Lys296 and Asp432 in PKR and analogous residues in other kinases are shown in sticks. Best docked poses of palmitate are

also shown in sticks with carbon atoms in yellow.

palmitate and its long hydrophobic chain in the poses that inter-
act with Lys296 or Asp432 may be more favorable than binding
near I1e273 or Phe368 with the more significant solvent exposure.
Consequently, we propose that palmitate binds near Lys296 or
Asp432 as shown in Figure 4.

The accessible binding cavity around the catalytic loop is
dependent, in part, on the conformation of the activation loop,
which is highly flexible in all four of these kinases. Thus, the
cavity itself differs between the four kinases at this region; as a
result, palmitate may not be able to interact with all kinases at
this site or might require an induced fit mechanism to do so,
which was not considered here. It should be noted that due to the
lack of rigorousness in the nature of the preliminary docking
experiments conducted here, the exact mode of palmitate inter-
actions with the kinase domain is difficult to predict with
certainty. Nevertheless, consistent results for four different types
of kinases with conserved, yet different side-chain orientations of
the nucleotide-binding cavity (Supporting Information Figure S2)
suggest that palmitate is binding near the ATP-binding pocket.

Bodipy-C16 Binds to Other Kinases, Likely Due to the
Conservation of the ATP-Binding Site. The docking experi-
ments indicate that palmitate positions near the ATP-binding site
of the three other kinases, Aktl, CDK4, and MAPKAPK3, 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 5, at 40 and
80 nM kinases, the FP values of all four kinases were significantly

different from the control protein (lysozyme). These results
suggest palmitate binds to these kinases, likely near the conserved
ATP-binding site, as shown in Figure 4.

Bodipy-C16 Binds Competitively to PKR Wild-Type
Proteins in the Presence of ATP, Thereby Preventing the
Autophosphorylation of PKR WT Protein. The computa-
tional docking experiments suggest that the ATP-binding pocket
is the most plausible site for palmitate binding to PKR protein.
To examine whether Bodipy-C16 can be located in the ATP-
binding site, we mutated two amino acids (separately) with the
most favorable palmitate binding residues (Lys296/Asp432) on
the PKR protein (Table 1) 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 compared to the wild-type proteins
(Figure 6A). However, since the mutant proteins are not able to
completely block the Bodipy-C16 binding, it suggests that the
palmitic acid may not be binding exactly at these residues but
near it to interfere with ATP binding to PKR.

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 (47) 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 (48). The fluorescence intensity method required a
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FiGuRrE 5: Bodipy-C16 binding to kinases. 10 nM Bodipy-C16 was
added to PBS buffer in the absence of kinase and in the presence of 40
and 80 nM 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 mea-
sured 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.

much higher Bodipy-C16 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 pal-
mitate to the PKR proteins (Supporting Information Figure S3).
For our studies, we used 600 nM as the PKR concentration for
the competition assay, where PKR is unable to significantly auto-
phosphorylate in the absence of dsSRNA (31). In the range of the
ATP concentrations evaluated, the fluorescence intensity dec-
reased significantly as the ATP concentration increased, suggest-
ing that Bodipy-C16 binds competitively to the PKR wild-type
proteins to inhibit ATP binding (Supporting Information Figure
S4(A)). 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 pal-
mitate. 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 the hot ATP was bound to the PKR-pWT protein. With in-
creasing 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 in the absence of palmitate (Sup-
porting Information Figure S4(B)), demonstrating that ATP and
palmitate do not bind to each other at these concentrations. This
is further confirmation that ATP and PA compete for the kinase
domain on PKR.

We further investigated whether inhibiting ATP binding by
palmitate blocks the autophosphorylation reaction. Previously, it
was demonstrated that PKR-WT protein can be autophosphory-
lated in the absence of double-stranded RNA, and ATP is suf-
ficient for its autophosphorylation (37). We performed another
competition assay with Bodipy-C3 (negative control) or Bodipy-
Cl16, at constant ATP and PKR-WT concentrations. With in-
creasing 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 6B). Upon binding of
palmitate to PKR the autophosphorylation is downregulated,
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FIGURE 6: Inhibitory effects of PA on PKR phosphorylation.
(A) Fluorescence polarization measurement of PKR mutants. 10
nM Bodipy-C16 was added to 40 and 80 nM wild-type 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 **
(» < 0.001) indicate statistically different to wild-type proteins.
(B) Competition assay with Western blot analysis. 2 uM 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 1 mM DTT)
for 20 min. Autophosphorylation of WT PKR was performed by
adding 100 uM 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 (see ref 22 for Thr451 results). HepG2 cells were cultured in
regular medium until reaching 90% confluency and then exposed to
400 and 700 uM for 24 h. 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.

suggesting that palmitate acts as an ATP-binding site-directed
inhibitor. These in vitro results are consistent with our computa-
tional docking results as well as our earlier results that showed
palmitate decreases the cellular level of pThr451 (22). Previously,
we did not evaluate the effect of palmitate on pThr446. 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 pThrd46 (Figure 6C). In the
cellular experiments, the concentration required to decrease the
phosphorylation level of PKR was much higher than the con-
centration obtained from our in vitro binding assay. This is
because most of the palmitate bound to BSA or FABP is meta-
bolized in the liver cells. Rioux et al. showed that about 1% of the
palmitate exists as an unbound and nonmetabolized fatty acid
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when rat hepatocytes were treated with 100 4«M BSA and 150 uM
palmitate (49). Thus only this small fraction of free palmitate
would be able to function as a signaling molecule to downregu-
late the autophosphorylation of PKR at Thr446 and Thr451, by
interfering with ATP binding to the PKR protein.

DISCUSSION AND CONCLUSIONS

Lipids are components of the cellular membrane and impor-
tant signaling molecules. Several lipid-binding domains have
been identified and recognized on kinase proteins over the years.
The first lipid-binding domain was identified on the PKC kinase
protein (50). The interaction of PKC with lipids by its N-terminal
conserved region 1 (Cl) and C2 domains at the plasma mem-
brane is thought to induce conformational rearrangements that
lead to the active form (57). Similarly, PKB/Akt has a pleckstrin
homology (PH) lipid-binding domain which interacts with lipids,
i.e., phosphatidylinositol 3,4,5-trisphosphate. Upon lipid bind-
ing, a major conformational change occurs, and the Akt protein
is recruited to the plasma membrane, which enables phosphor-
ylation of a residue in the activation segment by membrane-
localized 3-phosphoinositide-dependent kinase 1 (PDK1) (52).
Unlike the membrane-binding kinases, PKB and Akt, Diskin
et al. (53) recently found a novel lipid-binding site on the kinase
C-terminal domain of p38a. MAP kinase. They showed that the
binding site is able to accommodate a lipid (n-octyl S-glucopyra-
noside) as well as fatty acids (15(s)-hydroxyeicosatetraenoic acid
and arachidonic acid) (53). The lipid-binding site is formed bet-
ween the MAP kinase insert and the main segment of the C lobe.
Since the lipid binding modulates the conformation of the
activation loop, the authors suggest that lipids (and fatty acids)
could regulate p38ct MAP kinase activity. Based on this evidence,
we hypothesize that palmitate may bind to the PKR protein to
modulate its activity.

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 (/6). Further-
more, PKR is involved in signal transduction pathways such as
the MAPK and NF-«B pathways (16, 54). 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 downregulates the phosphorylation of Bel-2 at
Ser70 (22) and antiapoptosis. The latter is possible given that
PKR does not have upstream kinases; thus upon autophosphor-
ylation it is able to modulate the activity of other proteins. In this
study, we address how palmitate may decrease the autophos-
phorylation 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 autophos-
phorylation. 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 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) (11, 31).
In addition, phosphorylated WT protein serves as a potent
activator of latent PKR, increasing the autophosphorylation
reaction rate by 20-fold (/). Although dimerization of PKR is
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very important for autophosphorylation (0.5 M is sufficient to
induce the autophosphorylation reaction (37)), this reaction rate
increases significantly by its product, phosphorylated PKR.
Thus, phosphorylated PKR is clearly more potent in autopho-
sphorylating PKR. Interestingly, we found that the binding affi-
nity 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 access
of ATP to the PKR protein, thereby significantly reducing the
autophosphorylation reaction (Supporting Information Figure
S4 and Figure 6A). These multiple lines of evidence support an
inhibitory role of palmitate on PKR autophosphorylation.

More interestingly, the binding mode of ATP to other kinases
is similar to that observed with PKR (9, 10). Recently, the
structures of 15 kinases were aligned, and the ATP-binding site
was found to be highly conserved (55). It was computationally
demonstrated that the kinases share a consensus structure that
stabilizes the ATP molecule and correctly coordinates ATP for
phosphotransfer. Similar to these results for ATP, our computa-
tional results suggest that palmitate also may be binding to the
ATP-binding site of multiple kinases, likely near the Lys296 and
Asp432 of the PKR protein, and homologous sites of the other
kinases, Aktl, CDK4, and MAKAPK3, studied here. We further
demonstrated that palmitate can physically interact with these
other kinases based on the FP-based interaction assay. In addi-
tion, our binding studies show the mutant PKR proteins, K296A
and D432A, significantly decrease the binding affinity of Bodipy-
C16 to the PKR protein, suggesting that palmitate likely locates
near the ATP-binding site. On the basis of our results, we propose
that palmitate may broadly affect many soluble kinases. In
future, if one were interested in a specific signaling pathway, a
kinase library could be developed with the palmitic acid binding
assay to identify kinases that strongly interact with palmitate and
thereby help to elucidate potential kinase signaling networks
mediated by palmitate. Further studies are needed to fully under-
stand all of the interactions of palmitate with kinases and the
signaling pathways mediated by palmitate.

The in silico docking experiments employed here suggest that
the ATP-binding site is a potential binding site for palmitate.
However, such docking methods and the resulting ligand poses
have some degree of uncertainty. Further experiments with more
advanced computational approaches need to be performed to
conclusively determine the location of the palmitate binding to
these kinases. We intend to pursue such studies in the future to
follow up on the results reported here.

In summary, we uncovered how palmitate may modulate PKR
phosphorylation. Palmitate is binding near the ATP-binding site
to interfere and inhibit the autophosphorylation of PKR. In
addition, due to the conserved ATP-binding site, palmitate can
nonspecifically bind to other kinases. However, the binding affi-
nity of palmitate to the kinases may differ, depending on both the
specific configuration around the ATP-binding site and the
active/inactive conformation. This novel mechanism provides
potential insight into how palmitate may modulate the signaling
of PKR and, more broadly, other kinases.
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