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1. Introduction:

Protein synthesis is a complex biochemical protesshich the nucleotide sequence of
messenger RNA (mRNA) is decoded to the amino aesilues of a polypeptide chain.
Protein synthesis, an integral part of gene expresiefines the functionality of different
cell types. As in the synthesis of other biologipalymers like DNA and RNA, protein
synthesis requires a special machinery comprisingum mMRNA template, ribosomes,
transfer RNAs (tRNAs), aminoacyl synthetases anerse protein factors. The nucleotide
sequence in the mRNA template is recognized as afghree nucleotides that comprise
an individual codon. Each codon codes for a speeifino acid that is brought to the
protein synthetic machinery by a tRNA. While theiedon, a three nucleotide sequence,
in tRNA recognizes the codon in mRNA, the 3' endRINA joins a specific amino acid.
Aminoacyl synthetase enzymes catalyze the adddifoan amino acid to the 3’ end of
tRNA and the energy for the aminoacylation react®oprovided by ATP. The base pair
complimentarity between the nucleotides in mRNA a@odind the anticodon in tRNA
dictates the joining aminoacid bound tRNA to the M#R Addition of a peptide bond
between adjacent amino acids bound by peptidyl tRAMA aminoacylated tRNA is
catalyzed apparently by a ribosomal RNA of the dasgbunit of ribosome than by any
protein enzymes. The complex process of biologmrakein synthesis or translation is

divided into four steps: initiation, elongationgrteénation and ribosome recycling.

Initiation:

The initiation step requires the joining of 40Sosbmal subunit carrying an mRNA to the
60S subunits to form an 80S initiation complex inieh the initiator tRNA (Met-tRNAI)
carrying the amino acid methionine is positionethia ‘P’ (peptidyl) site of 80S ribosome.
The process requires the participation of sevexeiofs called elFs (eukaryotic initiation
factors). The initiation step is most crucial aaterlimiting.

The process of initiation can be divided into tbkofwing sub steps.

I. Joining of 40S ribosomal subunit by elF1 and elEA.

Translation initiation starts with binding of ell@hd 1A to the inter-subunit interface of
40S subunit resulting in synergistic induction d¢fustural transition of the ribosomal

subunit from a ‘closed’ to an ‘open’ state. Thiseelconcomitantly shifts the ribosomal



association-dissociation equilibrium towards frémsomal subunits over 80S ribosomes.
Presence of elF1 sterically hinders ribosomal sithoming and elF1A enhances this
effect by reducing the rate of elF1 dissociatianfr40S subunit (Goumans et al, 1980).

Il. Formation of ternary complex, elF2.GTP.Met tRNA.

In a parallel independent step, elF2, heterotrimprotein witha, 3 andy subunits joins
initiator tRNA (Met —tRNAI) in the presence of GHEAd forms a ternary complex (Lloyd
et al, 1980). In physiological conditions, in thegence of MY, elF2 has higher affinity
for GDP than for GTP and GDP bound elF2 cannotijinator tRNA (Kapp and Lorsch,
2004; Schmitt et al, 2010). In the elF2 complgxandy subunts play a role in GTP and
Met- tRNAI binding, whereas subunit plays a regulatory role (see later). Iditah, the

y subunit of elF2 is associated with GTPase actiwitych is stimulated by elF5 that
interacts with elF@ subunit (Das et al, 2000).

I1l. Formation of 43S complex.

A multifactor 43S physiological complex consisting elF1, elF1A, elF3, elF5 and the
ternary complex have been identified in yeast sstyug that the elFs form a multifactor
complex (MFC) which could then bind to 40S suburmssa unit (Asano et al, 2000).
Among these subunits, elF3 plays a role in joiri3% complex to an ‘activated’ mRNA
to form 48S preinitiation complex as described felo

IV. Activation of mRNA.

MRNA is activated through the binding of elFAF céempand PABP (Poly A binding
protein) at its 5 and 3’ ends respectively (Girgret al, 1999). The elF4F complex
consists of elF4G, a scaffolding protein that iatés with the elF3 of 43S complex to
form 48S initiation complex. The other two protewfselF4F complex are elF4A and 4E
(Grifo et al, 1983). elF4A is an ATP-dependent RMAlicase that unwinds mRNA
structure at the 5’ end and facilitates the scanoird3S complex to reach the start ‘AUG’
codon (Linder et al, 1992). The 5’ methylated gusane of typical eukaryotic mMRNAS is
bound by elF4E. Poly A binding protein (PABP) rexizgs the polyA tail present at the 3’
end of mRNA. Activated mRNA is pseudocirculariseztéuse of the interaction between
elF4G and PABP (Munroe et al, 1990; Gallie, 199aruh and Sachs, 1995; 1996; Preiss
and Hentze, 1998; Sachs and Varani, 2000). Thedpse&uaularisation of mMRNA enhances

the chances of translational continuity.

10



Fig. 1 Overview of translation initiation step.

The figure depicts the overview of translationiatibn in eukaryotes. Eukaryotic initiation
factor-2 (elF2) forms a ternary complex (elF2.GTEtNRNAI) by joining initiator tRNA
(Met-tRNAI). The ternary complex joins together vglF3, elF1 and elF5 leading to the
formation of multifactorial complex (MFC). The mifidictorial complex now joins the 40S
ribosomal subunit generating a 43S pre-initiatiomplex. The activated mRNA bound at
it's 5’ end by elF4F complex (consisting of elFAH-4G and elF4A) and by PABP (Poly
A binding protein) at it's 3’ end, joins the 43Sgnitiation complex forming 43S-mRNA
complex. The 43S complex then scans the mRNA foGAtddon. Selection of legitimate
AUG codon leads to the formation of 48S initiatimmmplex which is followed by a GTP
hydrolysis event that results in the release dfation factors and subsequent joining of
60S ribosomal subunit, forming the 80S initiati@mplex.
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V. Scanning of mMRNA and recognition of start codorAUG.

On binding of 43S complex to 5’ methylated guanesiap, the 43S complex scans along
the mRNA from 5 in an energy dependent manner écognize AUG codon. This
mechanism is referred to as “Scanning model” (Kozb889; 1999). elF1 promotes
positioning of 43S complex at AUG codon. This atyivs enhanced by elF1A (pestova et
al, 1998). elF1A occupies ‘A’ site of small ribosalhsubunit and interacts with elF5B
(Choi et al, 2000). elF1A along with elF5B diretitg initiatot tRNA to the ‘P’ site (Roll-
Mecak et al, 2001).

VI. Joining of 60S ribosomal subunit.

Base pairing between AUG codon and Met tRNAI amtaoleads to the formation of 48S
initiation complex. The complex formation activatesries of events that result in the
formation of an active ribosome. The initiationttaic elF5 binds to th@-subunit of elF2
and activates GTPase function of elF2 (Asano e1@$9). GTP hydrolysis leads to the
release of initiation factors bound to 48S comglexacilitate the joining of 60S subunit.
elF5B facilitates the subunit joining. GTP hydra$yby elF5B plays a regulatory role and
facilitates the release of other factors such &4 A&lfrom either 40S or 80S complex and

ensures that the final 80S complex is properlypdb elongate a polypeptide.

1.1b Elongation:

Translational elongation can be subdivided inte¢hsteps: In step 1, an incoming amino-
acylated tRNA (aa-tRNA) capable of interacting with anticodon to the next codon on
MRNA in the ‘A’ site of the ribosome joins the 8Qfitiation complex. In step 2,
formation of a peptide bond occurs between twoastjpamino acids positioned at ‘P’ and
‘A’ site. While the small subunit of ribosome isvoived in decoding the mRNA, large
subunit is involved in the catalysis of the peptidend (Kapp and Lorsch, 2004).
Apparently the peptide bond is catalyzed by ribosloRNA than by a protein enzyme
present in the 60S subunit of ribosome. The ideaujported by the findings that RNA is
present in the center of the ribosomal subunit e&&proteins are present at the periphery.
In step3, the ribosome translocates over the mRMAhkee nucleotides equivalent to a
codon. Three elongation factors eEF1A, eEF1B arfeRedte involved in carrying these
functions. eEF 1A and eEF1B, recruit the amino @eg tRNAs to the ‘A’ site of the

13



ribosome whereas eEF2 translocates the ribosomelwenRNA by one codon in a GTP
dependent manner (Pape et al, 1998; Wintermeyat, €001). On completion of this
cycle, the free ‘A’ site of the ribosome is ready &nother sequence of elongation until a

stop codon is encountered.

1.1c Termination:

Termination of translation takes place once a stogon or non-coding triplets UAA,
UAG or UGA is encountered in the ‘A’ site of ribase in the elongation step (Frolova et
al, 1994). Termination in eukaryotes is mediatedh®yclass 1 release factor (eRF1) which
recognizes all stop codons and promotes hydrolgdighe ester bond linking the
polypeptide chain with the ‘P’ site tRNA. In corgtaprokaryotic translation termination is
catalyzed by two codon-specific class 1 releasefacRF1 that recognizes the UAA and
UAG and RF2 that recognizes UAA and UGA. Amino asédjuence analysis reveals that
GGQ sequence motif conserved in the class-I releagers is essential to recognize the
stop codon and the overall shape of eRF1 resertdole$RNA molecule. Hydrolysis of the
peptide bond results in a deacylated tRNA in thesite and eRF1 is evacuated by eRF3
which hydrolyzes GTP (Kisselev and Florova, 19%ouravieva et al, 1995).

1.1d Recycling:

After termination of translation, the ribosome ahé associated mRNA, and deacylated
tRNA occurs as a complex termed post terminatiomptex which needs to be primed
before starting another rounaf initiation. Ribosome association is inhibited kye
involvement of ribosome dissociation factors, mRBAd tRNA. Initiation factors elF3,
elF1l, elF1A, and elF3j, a loosely associated subohielF3 promote the recycling of
eukaryotic post-termination complex (Kapp and Lor3dd04). elF3 promotes splitting of
post termination ribosomes into 60S subunits andNRRNA -bound 40S subunits. Its
activity is enhanced by elFs 3j, 1 and 1A. elFbatsediates release of deacylated tRNA

in P site, whereas elF3j ensures subsequent diggocof mRNA.
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1.2 Eukaryotic Initiation Factor 2 (elF2)

At the end of initiation of protein synthesis, 68 P bound to elF2 is hydrolyzed and the
elF2.GDP is released. To enter into another rodnditation, the GDP bound to elF2 is
exchanged for GTP by a heteropentameric guaninéeotide exchange protein called
elF2B (Webb and Proud, 1997; Pavitt et al, 1998u8y 2005). While th@ andy subunits
play a role in the joining of elF2 to GDP or GTPeMRNAI, mRNA and in the hydrolysis
of GTP, the small oa-subunit that is phosphorylated on its conservemhe? residue by
several stress-induced elbFRinases regulate its intersubunit and inter proteieractions,
translation of global and gene-specific MRNAs anbsequent gene expression (Proud,
2005). This chapter provides the current infornmatavailable pertaining to the role of
elF2 in the mechanics and regulation of proteintlsgsis, and the importance of

phosphorylation of elR2 in cell physiology and metabolism.

1.2a Subunit composition and structure of elF2Eukaryotic initiation factor 2 (elF2), a
hetertrimer with three subunits. It plays a critioale in the formation of 80S initiation
complexes in the translation of eukaryotic mRNAgoins initiator tRNA (Met-tRNAI) in
the presence of GTP and delivers the ternary commd-2.GTP.Met-tRNAi to 40S
ribosomal subunits in the first step of translatiloor protein synthesis initiation. The
protein has three subunits of different moleculasses and the respective gemef and

y were identified in humans, yeast and in plantsoydl et al, 1980; Barrieux and
Rosenfeld, 1997). The molecular masses of therdiffesubunits are 36.2, 39.0 and 51.8 in
humans, 34.7, 31.6 and 57.9 in yeast which aredsitsui2, sui3 and gcdll genes and
41.6, 26.6 and 50.9 in plants (Hershey and Mer@6K0). The human subunits of elF2 are
58%, 47% and 72% identical respectively to yesmshharomyces cerevisiae (Kimball,
1999).

elF2 is important in various functions which incudsDP-GTP binding, Met-tRNAI
binding, GTP hydrolysis and in the recognition tdrs codon. elF2, in the presence of
physiological concentrations of Mghas a higher affinity for GDP than for GTP. GTP is
required for elF2 to join Met-tRNAi and GTP promstide joining of elF2 to Met-tRNAI

by 20 times as studied in yeast, and 80 timescéhes. However the GTP-dependence is

15



much higher for prokaryotic elongation factor, Ef {6 join amino acylated tRNA (Kapp
and Lorsch, 2004; Schmitt et al, 2010).

Crystal structures for the eukaryoffcand y-subunits are not yet available. However,
archeal3 andy-subunits are crystallized (Schmitt et al, 2002ll Rteckak et al, 2004; Cho
and Hoffman 2002; Gutiterrez et al, 2004; Sokabale2006). They-subunit of elF2, is
the largest among all the three subunits. UnlikeePthsubunit, the sequence pfsubunit
has all the GDP-binding elements, typical to G-bigdproteins. Furthey-subunit of elF2

is highly homologous to eEF1A or EF.Tu structuralyd functionally. Since eEF1A or
EF-Tu binds to aminoacylated tRNAs, it is suggestieat y-subunit plays a role in
GDP/GTP binding and in the binding of initiator tRN

The GTPase center ipsubunit of elF2 hydrolyzes the GTP and elF2 igaséd as
elF2.GDP at the end of initiation. The GTPase fiamcbf elF2 is critical in the decoding
process of mMRNA as it involves in hydrolyzing th@Rsat the appropriate time and the
release of Met-tRNAI into the P-site. While mutasan all the three subunits have shown
to reduce the fidelity of initiation site selectjdghe mutations ify—subunit i.e in the GTP-
binding site appears to increase both the elF5pedent GTPase activity of elF2 and the
rate of dissociation of Met-tRNAi (Donahue et a388; Cigan et al, 1989; Huang et al,
1997, Asano et al, 2001, Das et al, 2001; Hashirab#ad, 2002). Since GTP is required for
the interaction between methionine in the Met-tRNih elF2, this will ensure probably
unacylated tRNAI from entering the initiation patiyvand also for releasing of initiator
tRNA from elF2 upon start site recognition. A recestudy further describes that a
structural rearrangement in the 43S complex leattingartial GTP hydrolysis occurs prior
to AUG recognition promoting the formation of el&DP.Pi. The release of Pi however
occurs after the recognition of AUG codon (Soneglard Hinnebusch, 2009; Schmitt et
al, 2010).

The -subunit of eukaryotic elF2 ranges from 250-333ramacids. It is longer compared
to archeal version and contains two additional domaa longer N-terminal domain of
about 125 residues and a shorter 15 residue segummdche C-terminus. The crystal
structure of eukaryoti@-is not yet available. However the arechpaubunit structure

reveals that it has an N-terminathelix, which is connected to the centeal3 domain

16



through a linker. The N-terminal domain of eukary@tsubunit has three lysine stretches
and the C-terminus has a zinc-binding domain (Fatttaal, 1988; Cho and Hoffman,
2002; Gutirrez et al, 2004; Sokabe et al, 2006)tatlonal studies ifB—subunit suggest
that B-subunit plays a role in mRNA binding, tRNA bindjn@DP/GTP binding, GTPase
activity of elF2 perhaps more indirectly, and idiag they-subunit in all these functions
(Hinnebusch, 2000). Although many early studiesgested thaB-subunit of elF2 is not
critically required for many of the functions o/l including the joining of initiator tRNA
by the y-subunit, analyses of a yeast strain harboring d¢hlgndy-subunits but not
o—subunit suggested th@tsubunit of elF2 has a major role rather tlharsubunit in the
joining of initiator tRNA to they—subunit of elF2 (Schmitt et al, 2010). In contrast,
archea, it is suggested tlatsubunit plays a major role in the binding of initiatRNA to
they-subunit. However, the mechanism by which @kZluences the interaction between
elF2y and tRNA is not understood.

Further, elFZ3—subunit is a hub for interaction with several prade It interacts directly
with several initiation factors such as elF5, elE2BIF1A, elF1 and 40 S ribosomal
subunits (Das et al, 1997; Kimball, 1998; Singlalet2004). In addition, it also interacts
with cellular factors like Nckl, a cofactor of elFphosphatase. The N-terminal lysine
domains in elFR are involved in the interaction with the C-termidamains of elF5 and
to thee or catalytic subunit of elF2B. Since the lysinesences are not found in the
archeal3-subunit, it is likely that archea may not have Zelér elF2B-like proteins.
Moreover, elFB binds directly to TIF32 (transcriptional intermani factor 32)/elF3a
(Valasek et al, 2002) and its binding to elF5 poétes the association of the latter with
Nipl/elF3c, which helps to integrate the ternargnptex into the multifactor complex in
yeast.

Analyses of thea-subunit of archeal and eukaryotic intiation fac®reveals that the
general structure is conserved between these spbciethe eukaryotic elle2has an
additional acidic sequence at the C-terminus wigchot found in archea. elEZhas two
domains: an N-terminaB—barrel domain which has an S1 type oligo nucleétioie
oligosaccharide binding fold subdomain and @n helical subdomain The conserved

seriné” residue in eukaryotic elRis located in a loop in domain 1. This residuais
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target for phosphorylation by several edFRinases. In spite of lack of any sequence
homology, the C-terminal domain with ar3-fold is structurally similar to the C-terminal
region of the eukaryotic elongation factor (eEFp1B guanine nucleotide exchange factor
(equivalent to prokaryotic EF-Ts) that replaces GibP GTP on eEF1A (equivalent to
prokaryotic EF-Tu) (Ito et al, 2004; Monika et 2005).

The current understanding is that thesubunit plays a role in the regulation of translati
of MRNA while 3 andy-subunits play a role in start site recognition, Giyrolysis and
GTP-GTP and Met-tRNAI binding. The intersubuniteirgictions among the elF2 subunits
of archea and yeast suggest thaind3-subunits do not interact with each other whereas
the y-subunit interacts witlx and [3-subunits on either side. Based on these studiés, i
suggested thag—subunit appears to be central or core subunit énstinucture of elF2.
Unlike these findings, recently, this laboratoryramstrated that recombinant human elF2
subunits interact with each other and four3 dimers -y anda-y dimers. An analyses
of the functional significanca —3 dimer formation with mammalian elF2 suggests that
may play a role in the inhibition of GDP/GTP excbaractivity of elF2B which occurs
upon phosphorylation of elé2 Unlike in yeast where phosphorylated eiFihteracts
directly with the regulatory subcomplex of elF2Bammalian elF@ does not directly
interact with elF2B and its association requiresfifsubunit of elF2. Phosphorylation of
elF20 that promotes interaction with elF2B is dependamtthe presence @-subunit
thereby suggesting thdd-subunit aids, not only in the functions of tlgesubunit as
described above, but also plays a role in the atigul of elF2B activity mediated by
elF20 phosphorylation (Suragani et al, 2005; Rajesh, &098).

Although, the physiological functions are not ursieod, mammaliaf3-subunit of elF2
unlike its yeast counter part is phosphorylatedéyeral kinases like PKC, PKA, DNA PK
and casein kinase-Il. The sites phosphorylateditro on mammalian elf2 have been
mapped at SérSef’ (both targeted by CK2), Séftargeted by PKC) and $&t[targeted

by PKA (protein kinase A)] (Welsh et al, 2002). &pFis also a substrate for DNA-PK
(DNA protein kinase) (Ting et al, 1998) althougle fthosphorylation site(s) for this kinase
have not been identified yet. The studies on thesphorylation of elH2 in mammalian

cells have shown that it varies under differentdittons such as heat shock (Duncan et al,
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1984), serum deprivation (Duncan et al, 1985), eliead (Garcia et al, 1996) and birth (Luis
et al, 1993). Phosphorylation of effFBy CK2 decreases the affinity of GDP binding to
elF2.

1.3 Phosphorylation of elF2 and translation attenuation:

The conserved s&rresidue in thex—subunit of elF2 is a substrate for several elF2
kinases which are regulated by different physiaabistress conditions. These include
some of the well characterized etFRinases such as HRI, heme-regulated inhibitor; PKR
double stranded—RNA-dependent protein kinase (Fréedet al, 1972; Manche et al,
1992; Dey et al, 2005; Garcia et al, 2006a), génewatrol non-derepressible kinase,
GCN2 and PKR-like endoplasmic-resident kinase (PE®RKPEK) (Shi et al, 1998,
Schroder and kaufman, 2005; 2006). While HRI exgossis limited to red blood cells,
PKR and GCN2 expressions are ubiquitously obsemeall mammalian cell types. In
contrast, PERK expression is found high in professii secretory cells such as pancreas.
The activation signals of these respective kinasesheme-deficiency, low concentration
of double stranded RNA or virus infection, aminodastarvation that accumulates
uncharged tRNAs and accumulation of unfolded pnstaither due to excessive protein
synthesis that exceeds protein folding capacitythef cell or improper degradation of
proteins respectively. In addition, many other sgogs such as heavy metal stress, heat
shock, redox imbalance (Scheuner et al, 2001; Hgreli al, 2003), DNA-damaging agents
like ultraviolet radiation etc (Aparna et al, 2003re known to promote elB2
phosphorylation because of the activation of ondhef above elR®2 kinases or by an
undiscovered elF2 kinase (s). elR@ kinases are found from yeast to humans. In aduitio
some parasites are shown to contain elkidases likePfelK1 in Plasmodium falciparum
(Mohrle et al, 1997and TgIF2K in Toxoplasma gondii etc (Sullivan et al, 2004). While
the elF2x kinases are regulated by different stressors, aigghosphorylate the conserved
ser’ residue in thex-subunit. Since elR2 phosphorylation is a stress signal, it evokes
adaptive responses or apoptotic responses due eoas$sociated changes in gene
expression, inter-protein interactions and coingidggnalling activities. Phosphorylation

of elF2n is considered as an integrated stress resporRg (Ron and Harding, 2007).
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Fig. 2 Recycling of elF2.

At the end of initiation of protein synthesis, elis2released as elF2.GDP binary complex
which cannot join initiator tRNA (Met tRNAunless the GDP is exchanged for GTP. The
GDP/GTP exchange on elF2 is catalyzed by elF2Rtarbpentameric guanine nucleotide
exchange protein. Phosphorylation of setirie elF2x sequesters the elF2B into a 15S
complex, elF2¢P).elF2B in which elF2B becomes non-functional.ype 1 phosphatase
dephosphorylates elR2P) in physiological conditions and restores elF2Bivay. In
elF2B, thee andy subunits perform the catalytic functions wherdwsesot, 3 andd form a
regulatory complex. In yeast, phosphorylated alkFferacts with the regulatory
subcomplex whereas in mammalian cells, fhrgubunit of elF2 mediates the interaction

between elF2(P) and elF2B.

Fig. 3 elFax Kinases.
The figure depicts the homology among four différelfr2x kinases: PKR, PERK, GCN2
and HRI. The elR kinases sense diverse stress signals and coneergleosphorylation

of elF2x at set position (Proud 2005).
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PERK has about 30% sequence identity with PKR and 25% identity with HRI and yeast GCN2
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Several cellular and viral regulators modulate #wtivation of elF& kinases and

subsequent elfe2phosphorylation (see later). Unlike human elfFthe carboxy terminal

of yeast elF2 is also a substrate for casein kinase-2 and ispitwylated at three
different sites which are not found in human. Aligb, the physiological significance is
not yet understood, tHf&subunit of human elF2 is also phosphorylatedtro andin vivo

by several kinases as mentioned above (Suragahi2906).

1.3a Cellular and Viral regulators of elF2x phosphorylation: Phosphorylation of elk2

is regulated directly through the activation angdression of the corresponding kinases/
phosphatases. A typel phosphatase activity is dagldl in the dephosphorylation of
elF20 (Babu and Ramaiah, 1996; Brush et al, 2003). Remadence indicates that there
are many viral and cellular regulators that inflcerthe activation and repression of the
elF2o kinases and phosphatases and thereby influencphtbsphorylation of elR2 For
example, the PKR activity i.e., its ability to dinee, autophosphorylate and phosphorylate
the substrate is influenced by low levels of douttlanded RNA and also regulated by
cellular proteins like PACT, PKR activating proten RAX (Patel et al, 1998; Ito et al,
1999). This protein, heterodimerizes with PKR auctivates it in the absence of double
stranded RNAs. In mammalian cells treated withrateethapsigargin, hydrogen peroxide
and interleukin3 deprivation, PACT/RAX is rapidijhgsphorylated and associates with
PKR, which is followed by PKR activation and etFghosphorylation (Baltzis et al, 2004;
Onuki et al, 2004). PE¥ is another stress mediated cellular regulatorki® PLee et al,
1990; 1992; Polyak et al, 1996; Yan et al, 200@).normal cells, P58¢ associates with
the heat shock protein 40 and forms an inhibitooynglex. Cellular stress or virus
infection such as influenza virus induces dissamiatof p58¢ from the inhibitory
complex and disrupts PKR activity (Gale et al, 1,9B&n et al, 1998, Melville et al, 1999).
P587 interacts with a region of PKR that spans the Ajiiling region in C-terminal
catalytic domain (amino acids 244-296). BindingpsB” with this region prevents PKR
dimerization and auto-phosphorylation. P58is also induced during unfolded protein
response (UPR) (Yan et al, 2002; Van Huizen et2803) that occurs due to the
accumulation of unfolded proteins in the endoplasmeticulum. Human dihydrouridine
synthetase-2, hDUS2, produced in HT1080 cells asta cellular PKR inhibitor. hDUS2
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encodes for a human tRNA modification enzyme-dibudidine synthase (Mittelstadt et
al, 2008).

PKR activation requires the binding of dsRNA to l[d/ARbinding domain in PKR located
in the N-temiinus of the kinase. Hence many vir&@MAs and viral coded proteins can
interfere into this activation of PKR by dsRNA sbat the host cell el is not
phosphorylated and facilitates the virus propagatibhese include adenovirus encoded
VAl RNA (Katze et al, 1987, Mathews and Shenk et al, 18hneider et al, 1996),
reovirus induced capsid proteoB (Ilyod and Shatkin; 1992, Yeu and Shatkin; 1997),
influenza virus encoded non-structural NSI profgin et al, 1995) and NS5A produced by
hepatitis C virus (Gale et al, 1997; 98 and 99) €tese molecules interfere with dsRNA
binding to PKR, thus preventing its dimerizatiordautophosphorylation. Interestingly
the glycoprotein E2 of hepatitis C virus has besgorted to interact with PKR and PERK,
inhibiting their activities (Pavio et al, 2003, Tayet al, 1999). Cells infected with Epstein
bar virus produce large amounts of small non-codiBgER RNAs that bind to PKR and
prevent the activation of enzyme (Clark et al, )9%erpes simplex virus-1 (HSV-1)
produces U(s)11l protein which acts to prevent PKRvation. They;34.5 protein, a
virulence factor encoded by HSV-1, plays a criticale in mediating elR@
dephosphorylation (He 1997; Cheng et al, 2005).)11(sexpression prevents ekF2
phosphorylation and the inhibition of translatiomserved in cells infected with\a34.5
mutant of HSV-1. U(s)11 inhibits the activation tife cellular kinase PKR and the
subsequent phosphorylation of elF2 (Carroll ef883; Cassady et al, 1998 a and b).
Vaccinia virus encodes two genes products E3L aBtd Koth of which counter viral
resistance to interferon (Goebel et al, 1990). EB& protein synthesized early during
virus infection contains an amino terminal z-DNAding domain and a carboxyl terminal
with typical double stranded RNA binding motif whisequesters dsRNA and prevents
activation of PKR and phosphorylation of etF@Chang et al, 1992In addition, E3L also
prevents the activation of 2’-5’ oligoadenylate #hgtase, yet another property of PKR.
K3L protein has homology to elB2and acts as a pseudosubstrate for PKR in congpetiti
with elF2Zx, consequently suppressing phosphorylation of @llédd shut off of host
protein synthesis (Davies et al, 1992, Carroll lt1893, Kawagishi-Kobayashi et al,
1997).
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Fig. 4 Table: Regulation of PKR action by céilar and viral regulators.
S.No \ Regulator | Source | References
Cellular Activators
1 E2F-1 Carcinoma cells Vorburger et al, 2005
2 Mda7 Human lung cancer cells Pataer et al, 2005
3 RAX and PACT Mouse and Human Ito et al,1999
Cellular Inhibitors
1 gp67 various organisms Datta, 2000
2 hDUS2 HT1080 Mittelstadt et al, 2008
3 HSP 90 and HSP, Cancer cells Donze et al2001,
70 Pang et al, 2002
4 Nucleoplasmin Karpas 299 cells Garcia et al, 2006
5 P5&* Influenza virus Lee et al, 1994
6 TRBP Expresse_d In response to HIV Gatignol et al, 1991
infection
Viral Regulators
Proteins affecting the interaction between PKR andisRNA
. Yue and $atkin, 1997,
1 g3ando4 Reo virus Jacob and Langland, 199
L Romano et al, 1998;
2 E3L Vaccinia Virus Sharp et al, 1998
. Lu et al, 1995;
3 NS1 Influenza virus Hatada et al, 1999
4 NSP3, NSP5 Rota virus Langland et al, 1994
5 SM Epstein -Barr virus Poppers et al, 2003
6 VP35 Ebola virus Feng et al, 2007
7 Usll Herpes simplex virus Peters et al, 2002
PKR: Viral protein interaction
L Romano et al1998,
8 E3L Vaccinia Virus Sharp et al, 1998
. . Gale et al 1999,
9 NS5A and E2 Hepatitis C virus Ghosh et al, 1999
ok , Melville et al, 1999,
10 P5& Influenza virus Goodman et al 1998
11 PK2 Baculovirus Dever et al, 1998
12 Usll Herpes simplex virus Cassady and GrosS§ 2
13 VIRF-2 Kaposi's Sarcoma herpes viruB8urysek and Pitha, 2001
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Viral RNAs affecting dsRNA binding to PKR

14 EBER RNA Epstein -Barr virus Sharp et al, 1993
15 IRES Hepatitis C virus Vyas et al, 2003
16 VAI RNA Adenovirus Mathews and Shenk, 1991
Proteins that mimick elF2
. . Kawagishi-Kobayashi et

17 C8L Swine pox virus al. 2000
18 E2 Hepatitis C virus Taylor et al, 1999
19 elF2x Rana virus Essbaur et al, 2001

i Human Immunodeficiency Gunnery et al, 1990,
20 HIV-1 TARBP virus Katze and Agy, 1990

s Carroll et al, 1993,
21 K3L Vaccinia Virus Davies et al, 1992
22 RelF2H Ambystoma tigrinum virus Essbauer e@01
Viral regulators affecting dephosphorylation of elR2a
23 v134.5 / PPt Herpes simplex virus He et al, 1997a, 1997p
24 Eg]/O(GADDBA'/ Human papilloma virus Kazemi et al, 2004
25 Large T antigen Simian virus 40 Swaminathari, €t996
Viral proteins inhibiting PKR

26 C protein Sendai virus Takeuchi et al, 2008
27 C protein Measles virus Toth et al, 2009
28 P /V protein Simian virus 5 Gainey et al, 2008

Alteration of PKR subcellular localization by viral factors
29 E6 and E7 Human papilloma virus Hebner et @620

. | Budt et al, 2009, Child and
30 m142 and m143 Human cytomegalovirus Geballe, 2009
31 TRS1, IRS1 Human cytomegalovirus Hakki et a0&0
Viral proteins affecting PKR degradation
32 NSs Rift Valley fever virus Ikegami et al,020
33 protease Polio virus Black et al, 1989, 1993
Binding and sequestration of viral RNA by proteins
34 B2 Betanodavirus Fenner et al, 2006
35 E3L Vaccinia Virus Liu et al, 2001
Inhibition of PKR mediated Caspase activation
36 LANAZ2 Kaposi's Sarcoma herpes vifus Esteban et al, 2003
37 MC159L molluscum contagiosum virlis Gil et alp20
Inhibition of caspase mediated PKR activation

38 P35 | Baculovirus | Aparna et al, 2003
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K3L also binds to PERK and inhibits its activatidrhis raises the possibility that K3L
interferes with ER stress response. TRS1 proteidymred by cytomegalo virus is an RNA
binding protein that functions as E3L of vaccinieus (Child et al, 2004). Another protein
named HIV1- TARBP (HIV1- Transactivating RNA bindirmprotein) produced during
HIV infection, has RNA binding motifs, binds to RNBinding domains in PKR and
inhibits its activity (Gunnery et al, 1990, Katzadaagy; 1990).

Like virus infection regulates PKR activation arl&2s phosphorylation in host cells, the
activation of PERK is regulated by unfolded prote&sponse in endoplasmic reticulum
and also by virus infection. PERK is one of theethER stress sensors. The other two
sensors are: IRE-1 (Inositol-requiring elementiid ATF6. In normal inactive conditions,
all the sensors are bound by BiP, an ER chapestress marker and master regulator of
ER stress sensors. PERK activation requires theodmtion of BiP which occurs
whenever the unfolded proteins accumulate due ¢esstve protein synthesis that exceeds
the protein folding capacity of the cell, improperodification of proteins and their
degradation. The dissociated BiP binds to unfolaedeins (Bertolotti et al, 2000, Shen et
al, 2002, Zhang et al, 2004). In addition, BiPIsaa survival signal and its expression is
enhanced in response to ER stress (Morris et &87)19Thus ER stress has two arms;
translational attenuation by PERK-mediated elRZhosphorylation and transcriptional
induction of genes. XBP-1, a transcriptional faag®produced by IRE-1 activation, and,
ATF4 (Activated transcription factor 4) by eléchosphorylation. In contrast, activation
of ATF6 arises due to proteolytic processing duriBB stress. The transcriptional
induction of these b-zip transcription factors lis&gies chaperone synthesis including BiP.
Many viruses are also known to promote ER stresause most of their glycoproteins are
synthesized in ER which can lead to PERK activatiod also BiP induction. PERK is
inactive when it is bound by BiP. While BiP syntisesannot affect activated PERK-
mediated elF& phosphorylation, it is likely that BiP may interée in elF2x
phosphorylation-mediated caspase activation asbbas suggested (Aarti et al, 2010).
Recent studies demonstrate that a cytopathic swibovine viral diarrhea virus, a
member of flaviviruses, activates PERK and increas&-2x phosphorylation, and cell
death (Jordan et al, 2002). In contrast, a sinpl@notype is not found with noncytopathic

strain of bovine viral diarrhea virus, which tertdscause chronic infection but not cell
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death (Meyers and Thiel, 1996). Ectopic expressioB2 protein of hepatitis C virus acts
inhibits PERK activation as it resembles edF@nd may interfere with the normal binding
of cellular of elF2& to PERK (Pavio et al, 2003). The activation anakctivation of non-
ER cytosolic elF2 kinases like HRI, PKR and GCN2 are also reguldigdcytosolic
chaperones like members of the heat shock pro(eiS®s) (Matts et al, 1992, 93, Uma et
al, 1998, Thulsiraman et al, 1998, Donze et al912901)

Proteasome inhibition is also shown to regulatesigic elF2x phosphorylation more
significantly than ER stress-induced PERK-mediade?o phosphorylation. Proteasome
inhibition in mouse embryonic fibroblast (MEF) cellleads to enhanced ebF2
phosphorylation and significant reduction in protsiynthesis, concomitant with induced
expression of the bZIP transcription regulator, AT&nd its target ger@HOP/GADD153
(growth arrest DNA-damage inducible protein- 153péng et al, 2006). GCN2 appears to
be the primary elR® kinase activated by exposure of these fibroblas ¢o proteasome
inhibition which has a central role in the recogmitof cytoplasmic stress signals. In
contrast, ER stress is not effectively induced ifERVicells subjected to proteasome
inhibition, with minimal activation of the ER steesensory proteins, el&kinase PEK
(PERK/EIF2AK3), IRE1 protein kinase and the trainsown regulator ATF6 following up
to 6 h of proteasome inhibitor treatment. Declime elF2x phosphorylation reduces
caspase activation and delays apoptosis. Sincdiatelef CHOP, a transcriptional
regulator in MEF cells impedes apoptosis, it igljkthat expression of CHOP associated
with elFZx kinase activation plays a crucial role in ed2hosphorylation-mediated
apoptosis. Hence it is suggested that elkihases are integral to cellular stress pathways
induced by proteasome inhibitors, and may be ceturthe efficacy of anticancer drugs
that target the ubiquitin/proteasome pathway (Jetrag, 2005).

Phosphorylation of elR2 a stress signal as mentioned above inhibits genekin
synthesis, an important energy saving mechanisrausectranslation consumes upto 50%
of cellular energy depending on the organism. dditzgon, the attenuation of translation of
MRNAs reduces unwanted proteins that might interf@th the stress response pathways.
However, as an adaptive or survival measure, tatinsl of selective mRNAs can occur.

Phosphorylated elf2reduces the GDP/GTP exchange activity of hetegmeatic elF2B
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protein and the conversion of inactive elF2.GDRdtive elF2.GTP that can bind initiator
tRNA there by affecting the formation of elF2.GTRRMRNAI ternary complex of the
initiation step which is common to all mMRNAs (Pro@®05; Webb and Proud, 1997). For
example GCN4 mRNA in yeast has many upstream opawling frames (UORFs)
preceeding the main GCN4 ORF. When elF2a is nospnarylated, the uORFs are
translated efficiently but not GCN4 main ORF (Hibosch et al, 1997). However when
initiation is slowed down due to el&2phosphorylation, reinitiation occurs mainly at
GCN4 mRNA bypassing the small uORFs. GCN4 is astaptional factor that is
expressed efficiently when el&ds phosphorylated due to the activation of GCN2el
kinase in cells that are starved of amino acidsck proper nutrients (Dever et al, 1992).
GCN4 expression in turn ensures the expressionthadr genes that are invoved in the
amino acid biosynthetic pathways. In mammaliansgceNTF4 mRNA is upregulated in
response to elf2 phosphorylation. ATF4 mRNA structure and its ttafisn mechanism
resembles to GCN4. ATF4, like GCN4, is a b-zip s@iption factor which in turn
upregulates genes involved in redox maintenanceNZ{ike kinase is also present in
mammalian cells (Harding et al, 2003). Activated N2ZCin brain suppresses memory
formation by phosphorylating elF2 that in turn faates the expression of ATF4 (Zhang
et al, 2002; Vattem and Wek, 2004). ATF4 is a memsuppressor because it inhibits
transcriptional factor cyclic AMP-response eleméiriding protein (CREB)-mediated
gene expression particularly of the early-immedgaee targets that are critical for long
term synaptic plasticity and memory (Costa-Mattetlial, 2008). These findings suggest
that translational control mechanisms which arelved in sensing amino acid presence
in microorganisms are adapted in higher animalsotdrol learning and behaviour. Stress
conditions associated with elé&2phosphorylation have been reported to regulate
translation initiation at internal AUGs in C/EBPidy members (Calkhoven et al, 2000).
However there is no evidence that elFfghosphorylation affects other uORF containing
genes such as CHOP or GADD-153 and GADD34, a dorfad elFZ2x phosphatase that
have two or more UORFs although their basal tréonslas up regulated in response to
elF20 phosphorylation.

While the 5’ cap and 3’ polyA tail are featuresnabst of the eukaryotic mMRNAs, there are

MRNAs in eukaryotes with IRES (internal ribosomérgrsequence) elements in the 5’
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untranslated region (5’'UTR) like in viral mMRNAs (@& et al, 2002; Gebauer and Hentze,
2004). The IRES facilitates translation of mMRNAs diyectly recruiting the ribosomes
independently of the cap structure. Interestinghg translation of many of these IRES
containing mMRNA like CAT1 (cationinc amino acidrgporter), PDGF2 (platelet derived
growth factor -2) VEGF (vascular endothelial growdctor) and c-Myc were found
enhanced during differentiation or in response étlutar stress that promotes etF2
phosphorylation (Brewer et al, 1999; Harding et28100; Scheuner et al, 2001; Gerlitz et
al, 2002; Jefferson and Kimball, 2004). The mecsranby which elF& phophorylation
stimulates IRES containing mRNAs is not understdtalvever it is likely that most of the
IRES containing mMRNAs may not require elF2 or elFedplexes as the ribosomes
recruit internally bypassing the cap structure.,Bilthaperone of endoplasmic reticulum is
yet another example whose translation is upregill@eresponse to accumulation of
unfolded proteins that causes stress in the ensimpdareticulum (ER) and following
elF2o phosphorylation. However, ER stress but not ellphosphorylation appears to be
the signal for increased BiP translation (Aartaket2010).

Other stress signaling pathways of late have béewrs to influence GCN2—-mediated
elF20 phosphorylation that occurs in response to amaid starvation. These include for
instance, the activation of MEK/ERK signaling byiamacid limitation was dependent on
GCN2 and phosphorylation of el&20f the three major pathways tested, only MEK-ERK
pathway appears to be essential for activationlfé2ce phosphorylation following amino
acid starvation/limitation in HepG2 cells. Inhiloiti of MEK /ERK pathway in amino acid
starvation reduces elB2phosphorylation-ATF4 expression. Exogenous expmessf
ATF4 rescues AARE-driven ATF4 transcrptional inkidm. Knockdown of GADD34
expression did not prevent the dependence ofcelpifosphorylation on MEK, arguing
against a MEK/ERK action on the PP1-GADD34 phospdat(Thiaville et al, 2008). The
inhibition of PP1 activity possibly by JNK can alead to the expression of ATF4 in the
absence of any stressors when JNK pathway is tekilfMonick et al, 2006). In cellular
response to UVA, phosphorylation of double stran&¥A-dependent protein kinase,
PKR, at threonine 451 is mediated through ERK2réegellular regulated kinase 2) and
RSK2 (receptor signaling kinase 2) and is involved the regulation of
ser! phosphorylation of elR2 in UVA-irradiated JB6 cells (Zykova et al, 200PKR is a
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dual specificity kinase. It can be activated antbpliosphorylated on its thr-446 residue
by small concentrations of double stranded RNAs Hlso a substrate for tyrosine kinases
such as Janus kinase 1 (Jakl) and tyrosine kina§eyk2) which are activated by
interferons (Su et al, 2007). Thus interferons ooty stimulate the expression of PKR
which can be activated by viral RNAs through it®gphorylation on thr 446 residue, but
also induce tyrosine kinases that regulate itsstyne phosphorylation on residues at 101
and 293. Phosphorylation of elkfrand inhibition of protein synthesis by PKR and RER
activation leads to the induction of PI3 kinaseogghoinositide-3 kinase) pathway as
observed by increased AKT or PKB (protein kinase @)osphorylation in mouse
embryonic fibroblasts. elfé2 kinase activated PI3 kinase signaling pathway rotigr
cytoprotective action and plays a role in cell stal(Kazemi et al, 2007).

Further elF2 phosphorylation pathway is also connected to NFakBvation. Expression
levels of most cellular proteins will decrease witime upon elF& phosphorylation.
According to their respective protein half-livebetconsequential rapid decrease in the
steady-state level of high-turnover proteins hasemdy been found to lead to the
activation of NF-kB in response to eliFZ2phosphorylation, mediated by the down-
regulation of IkB proteins (Jiang et al, 2003). teesome inhibition in MEF cells activates
efficiently cytosolic stress, GCN2 kinase activatemd elF& phosphorylation, but not ER
stress-induced elle2phosphorylation

A recent study suggests that Src homologous dor@mtaining adaptor Nckl is a key
component of molecular complex of protein phospeth(Latreille M and Larose L,
2006) that dephosphorylates etFand facilitates the cells to recover from strasshie
endoplasmic reticulum. Subsequent study has shdwah Nck-1 not only modulates
elF20Ser! phosphorylation driven by stress conditions peiéially activating PERK,
and also PKR and HRI, but not GCN2 (Cardin et &I07). Overexpression of Nckl
enhances translation through its direct interactuith the 3—subunit of elF2 (Kebache et
al, 2002). Phosphorylation of el&2is also accomplished by protein phosphatase 1
complex (PP1C) containing either the protein CRedhgtitutively active phosphatase) or
GADD-34, a cofactor of elk2 phosphatase which targets PP1C to elF2. CHOPjpa bz

transcriptional factor is induced in response to &Ress and downstream to edf2
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phosphorylation which in turn induces GADD-34, daotor of elF21 phosphatase. CHOP
deletion leads to reduced levels of GADD-34 whicedmtes negative feed back on the
levels of elF2 phosphorylation (Zinszner et al, 1998; Marcinialak 2004). This in turn
would lead to recovery in ER stress induced alpBosphorylation- mediated inhibition in
protein synthesis. Further glucose-induced stinarabf overall translation in beta cells
depends on a protein-phosphatasse 1-mediated decrega phosphorylation of
elF2o (Oyadomari et al, 2002). Because defects in paticreamdoplasmic reticulum
kinase (PERK)-elR@ signaling system lead to pancreafiecell failure and diabetes,
deregulation of the PP1 system or other cellulguleors of elF& phosphorylation like

p>®PK can lead to cellular dysfunction and disease ésétprofessional secretory cells.

1.3b elF2x phosphorylation and cellular homeostasis:in cell culture experiments,
abrogation of elFH@ phosphorylation promotes transformation while PiKBdiated elFQ
phosphorylation leads to cell death in mammalidls ¢@onze et al, 1995; Srivastava et al,
1998; Scheuner et al, 2006) suggesting that celpRosphorylation determines cellular
homeostasis. ellR kinase signaling pathway also plays a role invstéwn induced
autophagy in yeast, virus and in mammalian cellall¢€zy et al, 2002). Mammalian
elF20 kinase-dependent autophagy is antagonized by é¢hgef simplex virus encoded
neuro virulence gene product, ICP-34.5 (He et 897). PERK knock out cells display
higher sensitivity towards ER stress agents likeceamycin and readily undergo cell death
(Ron, 2002) suggesting that etFphosphorylation is also required to protect céiisn
ER stress-induced apoptosis. PKR, an elFRinase which is activated by low
concentrations of double stranded RNA is founddalsubstrate for caspases and also is
activated by caspases (Saleans et al, 2001; Agdrala 2003). Tumor-suppressor activity
for PKR has also been invoked, in NIH 3T3 fibrolbdagnd over expression of dominant
negative mutants of PKR in mouse causes malignansformation (Koromilas et al,
1992; Meurs et al, 1993). In cell culture experitsenransformed cells lacking either
PERK or its downstream effector ATF4 impair thelibiof these cells to survive as
tumors in vivo (Bi et al, 2005), thereby suggestingt PERK-ATF4 pathway may have a

role in cancer therapy. ER stress induced @lpBosphorylation by salubrinal, a thiourea
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compound inhibits selectively the replication ofrges simplex virus in its host cells.
Analysis of the mechanism reveals that the virusdpces a protein phosphatase that
dephosphorylates host cell etFand facilitates the virus replication and inclusiof
salubrinal inhibits the host and virus coded CRaB &@ADD-34 phosphatase activities
(Bryant et al, 2008). A reduction in eléf2phosphatase activity attenuates newly
synthesized unfolded protein load and the ER stiaskct regulation of host cell elB2
phosphorylation by viral and cellular proteins @ay crucial role in virus propagation.
However if the stress is severe, CHOP, a transonal factor activates ER-oxidase 1 and
elevates reactive oxygen species (ROS) and thgyebyiotes cell death (McCullough et
al, 2001; Ikeyama et al, 2003; Marciniak et al, 200

Expression of wild-type PKR in yeast causes in@daghosphorylation of el and
results in inhibition of cell growth (Chong et 4092; Dever et al, 1993). Two knock out
mice developed by disruption of exons 2 and 3 efRiKR gene (N-PKR-/-) (Yang et al,
1995) and by elimination of exon 12 (C-PKR-/-) (Abam et al, 1999) displayed no
growth abnormalities and were virus resistant. kteption, N-PKR did not resist
encephalomyocarditis virus infection and C-PKR-ésicular stomatitis virus infection.
Interestingly, mouse embryonic fibroblasts from KHR2/- were defective in kba
phosphorylation and N&B activation by dsRNA (Zamanian et al, 2000) andrewe
susceptible to apoptosis by tumor necrosis factor (TNFa), dsRNA and
lipopolysaccharide treatment (Der et al, 1997).iv&tton of PKR and phosphorylation of
elF20 suppress tumors by protein PTEN, phosphatase amsintdhomolog deleted
chromosome 10 (Mounir et al, 2009). In parasités2e@ kinases and phosphorylation play
a role in stress response and in development. Bfetlie malrial parasite elBXinase,
plays a role in response to starvation where aseth&x kinase ofToxoplasma gondii
plays a role the transition of tachyzoite to bamnitez a quiescent stage of the organism
(Sullivan et al, 2004).

Expression of nonphosphorylatable form of elH2ads to malignancy in NIH 3T3 cells
(Donze et al, 1995) while enhanced phosphorylatbrelF2n that occurs due to over
expression of PKR or S51D, a phosphomimetic formebf2n, results in cell death

(Srivastava et al, 1998; Scheuner et al, 2006). é¥ew these observations are at variance
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indicating that tumor cells often display highevdeof elF2 levels and phosphorylation of
its a-subunit, as shown in ehrlich ascites cells (Clesnehal, 2004). To tolerate such
higher levels of elR& phosphorylation, they also have enhanced levetsthadr initiation
factors including elF2B, the GDP/GTP exchange fadtmat recycles elF2.GDP to
elF2.GTP. It is not thus clear whether apoptosisiediated by elk2 phosphorylation or
due to consequent changes in mMRNA translation {Rer&nd Barber, 2004). A recent
study describes apoptosis that occurs in respanseveral stressors is characterized by
down regulation of a BCL-2 family protein MCL-1 $ibzation of MCL-1 blocked
apoptosis initiation, while cells with reduced MQLprotein content were strongly
sensitized to stress-induced apoptosis. Stressé@tdphosphorylation of elE2at Set
was both essential and sufficient for the down-lagon of MCL-1 protein in stressed
transformed mammalian cells (Fritsch et al, 20@vyecent study by us in rats suggests
that ER stress-induced elrphosphorylation declines with ageing and is asgediwith
the expression of pro-apoptotic proteins such adDBP3 and CHOP, a cofactor of
elF20 phosphatase (Hussain and Ramaiah, 2007a).

Further PKR is proteolyzed and etF# phosphorylated at the early stages of apoptosis
induced by various stimuli. These events coincidéh vihe caspase activity and are
prevented by caspase inhibitor. These findings ssigthat caspase-dependent activation
mode for PKR leading to ell&2phosphorylation and translation inhibition in aposis
(Saleans et al, 2001). Previously, this laboratxpressed S51D, a phosphomimetic form
of elF2n in insect cells using baculovirus expression watlht leading to cell death
(Sudhakar et al, 2000; Suragani et al, 2006). Aadyais of these results prompted us to
investigate whether any of the baculoviral proteans antiapoptotic and can effect ediF2
phosphorylation. Infection ofS9 (Spodoptera frugiperda) cells, natural hosts of
baculovirus by a mutant baculovirus which is dewafidts anti apoptotic gene p35 resulted
in enhancement of ellB2 phosphorylation and cell death readily. In costirawt
baculovirus infection resists UV-induced apoptasid elF2 phosphorylation. Consistent
with these studies, synthetic caspase inhibitadsged elF2 phosphorylation and stress-
induced apoptosis. Further expression of a phosphetit form of elF2& promotes

apoptosis. Complimenting these observations, nasptorylatable form of el is
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found to mitigate UV-induced apoptosis suggestimgt teIF21 phosphorylation plays a
role in apoptosis. However, many times eaFphosphorylation induced by several
stressors did not lead to apoptosis suggestingothat factors as well contribute to etF2
phosphorylation-mediated cell death. Insect céitsyever, unlike mammalian cells do
not show receptor-induced apoptosis (extrinsic) dachot have several caspases. Their
elF20 kinases are not well characterized. In addition m®diating cell death,
phosphorylated mammalian elF2 resists caspasenasti@re as unphosphorylated elF2
serves as a good substrate for caspases (Rajalsi2@08).

In animal studies, analyses of homozygous micednartp non-phosphorylatable S51A
mutant elF2 (where set' is replaced by alanine) or mice lacking PERK révhat the
former has severely reduced number of pancrdatells and develop hypoglycemia
compared to the latter that develop hyperglycenmarty/ after birth (Harding, 2002;
Scheuner et al, 2008). Heterozygous mice harbasimg copy of non-phosphorylatable
form of elF2x are born normally but become obese on high fat(&eheuner et al, 2005;
Marciniak et al, 2006). Obesity in humans and nmgsgults in insulin resistance which is
counteracted by increased production of proinsulithe ER of pancreatic beta cells.
PERK dependent ell2phosphorylation regulates the protein load andissthe long
term survival of the tissue. Moreover, the a8 mice exhibit enhanced learning and
memory using different training protocols (Costattitdi et al, 2008) PERK knock out
mice develop skeletal dysplasia and exhibit gronethrdation due to defective osteoblasts
(Zzhang et al, 2002). Further, in humans, mutation?ERK lead to Wallcot-rallison
syndrome, an infantile diabet¢Belepine et al, 2000). In iron-deficient HRI knoolat
mice, globin without heme was found aggregated iwithe red blood cells resulting in
hyperchromic, normocytic anemia, decline in RBCrd¢and accelerated apoptosis in bone
marrow and spleen (Han et al, 2001). These findsuggest that phosphorylation of etF2
plays a role after birth, and, it is coupled witlogein synthesis to protein folding, glucose
metabolism and memory.
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1.4 Objectives:

The objectives of the thesis are based on somheoptevious studies of the laboratory.
This laboratory is working on various aspects @utation of protein synthesis mediated
by elFZx phosphorylation (Ramaiah et al, 1992; Krishnantoorét al, 1998). They
include the evaluation of various novel agents theimote elF@ phosphorylation,
phosphorylated-mediated changes in gene expreg8emi et al, 2010), mechanics and
regulation of protein synthesis caused by elF2 phdsphorylation of thex-subunit
(Ramaiah et al, 1992; 1994; Sudhakar et al, 19000% expression and characterization
of the recombinant subunits of human elF2, thersntgunit and interprotein interactions,
the effect of phosphorylation of tlreand3 subunits on these interactions (Suragani et al,
2005; 2006; Rajesh et al, 2008), the @FR2hosphorylation mediated cell survival and
death (Aparna et al, 2003; Aarti et al, 2010), #mel coincident signaling activities that
influence elF& phosphorylation (Pushpanjali and Ramaiah, 2018 Rboratory uses
cell-free translational systems to evaluate somin@de aspects and also the ovarian cells
of Spodoptera frugiperda, a lepidopteran insect and natural hosts of baguis for the
expression of various subunits of elF2 and theitamis. In one of the previous studies, the
insect cells, unlike mammalian cells, are foundeatd express phosphomimetic form
elF20 without undergoing cell death. Analyses of thessults lead to an understanding
that baculovirus p35, an antiapoptic protein mayrberfering in the cell death promoted
by the expression of phosphomimetic form using lmgws expression. Further studies
revealed that a mutant baculovirus devoid of it$ @moptotic gene p35 readily stimulates
apoptosis. UV-induced ellB2phosphorylation and cell death is mitigated® cells
infected by wt baculovirus that harbors p35 ant@ptic gene, by a caspase inhibitor like
z-VAD-fmk (Aparna et al, 2003) and also by expressof non-phosphorylatable form of
elF20 (Aparna et al 2003). Complementing these obsemsgtiinfection ofS9 cells by a
mutant baculovirus that is devoid of its PK2 geae,inhibitor of elF& kinase, but still
harbors p35 antiapoptotic gene, cannot protecs @all efficiently as cells infected by wt
baculovirus (Aarti et al, 2010) suggesting that2elfphosphorylation plays a critical role
in apoptosis. Further studies by my colleague heexealed that ER (endoplasmic

reticulum) stress-induced el&2hosphorylation, as characterized by expressi@if®fan
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ER chaperone does not lead to apoptos&drcells unlike in mammalian cells suggesting
that elF2x phosphorylation, primarily a stress signal cardléa cell survival or suicide
depending on its cellular location (Aarti et al, 1P).

However, in addition to elk2phosphorylation, there are many other signalindpways
known to affect cell survival and death. Theseudel activation of MAP kinases or PKCs
etc. Like elF2 kinases, there are many forms of PKCs which agelated by different
conditions. Like elF& kinases, PKCs can also protect cells againstdeslth and their
activation can also lead to cell death. Like elH2nases, some of the PKCs are found
substrates for caspases. Keeping in view of sordle similarities, the thesis work is taken
up to identify the connection or importance, if abgtween elR2 phosphorylation
mediated cell survival and death to PKC activatioder such conditions. Keeping in view

of this objective, the following questions are asided.

a) Does PMA, phorbol myristate acetate, an activat@®KC stimulate stress-induced
elF20 phosphorylation, caspase activation and cell dea8i9 cells? Does it have
any preference between ER and non ER stressorsaeddeiF2c phosphorylation.

Can stress-induced effects be reversed by calphastiinhibitor of PKC?

b) Whether elF2 phosphorylation is a cause or consequence of saspaivation or

both and what stage(s) of elFphosphorylation is affected by PKC activation?
c) Can cell free extracts obtained from control cdds used to evaluate the

importance of caspase activation—mediated e@lFR2hosphorylation and its

contribution, if any, by PKC activation?
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2.1 Materials:

Agarose, antibiotic-antimycotic solution, ATP, BClBromophenol blue, BSA, cell culture
grade DMSO, coomassie R 250, cycloheximide, EGTidpaside, glutathione, Hoechst
stain, mannitol, NBT, PMSF, polystyrene tubes Piate K, sodium bicarbonate, sucrose,
tissue culture flasks and 60mm tissue culture distreéon-X100, trypan blue and tween-
20 were obtained from Sigma,USA. Anti-Cytochromartibody, aprotinin, calphostin,
leupeptin, pepstatin phorbhol myristate acetate APMnd tunicamycin were obtained
from Calbiochem, USA. Ac-DEVD-AFC, a caspase-3 fagenic substrate, Ac-DEVD-
CHO a caspase inhibitor, z-VAD-fmk, a pan caspasgbitor were obtained from BD-
Biosciences, USA. Grace’s insect cell medium anal fsovine serum were obtained from
Gibco BRL. 0.4%M nitrocellulose membrane, acrylamide, bis-acryldeniglutathione
sepharose 4B, BL21 cells were purchased from AnaensRharmacia. 0.22 and 0.48
filter discs were purchased from Millipore. Whatmafh and 3mm filter papers were
obtained from Whatmann, UK. Phosphospecific arffRed antibody was obtained from
Cell Signalling Technologies, USA. Anti-PERK anttlyowas obtained from Santa Cruz,
USA. Anti-mouse IgG, anti-rabbit IgG were obtairfedm Promega, Inc, USA. Tris-HCI,

glycine and methanol were obtained from Qualigérdia.

2.2 Cell Culture: Spodoptera frugiperda (Sf9) cells were grown in TNM-FH medium
supplemented with 10 % fetal bovine serum and 1r#biatics. Approximately 90%
confluent cells were used for the experiments. @nyplue exclusion test was carried out
to access the viability of the cells. Trypan bl0et(%) was added to cell suspension in 50

pl at a final concentration of 0.04 % and counted lremocytometer.

2.3 Preparation of cell extracts:Cells were harvested and washed with phospho saline
buffer at 4 C and lysed in lysis buffer containing 20 mM Tri€HL mM MgCh,1 mM

DTT and protease inhibitors : 103 /ml of pepstatin, 1qQug/ml of aprotenin, 25QM
PMSF. Cells were incubated for 10 mins &€4and centrifuged at 12000 rpm for 10 mins.

Supernatant was collected and stored at&.70

2.4 Preparation of nuclei and cell extracts devoidf nuclei: Approximately 80%

confluent cells were harvested, washed with PB8°@tand suspended in buffer A (50
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mM Hepes-KOH pH 7.9, 10 mM KCI, 0.2 mM EDTA pH-8, M DTT, 1 pg/mi
pepstatin, 1ug/ml leupeptin, 1 mM PMSF) and incubated on ice I& min. After
incubation25 pl of 10% NP-40 was added, vortexed briefly and dierged at 1600 rpm
for 3 mins. The supernatant was collected and ifegéd at 13000 rpm for 30 mins &iC4
and saved as cytoplasmic extract. The pellet washed with lysis buffer once and
centrifuged at 1000 xg for 3 mins. It is then rgmmsled in500 pl of lysis buffer and
layered on 30% sucrose buffer (50 mM Hepes-KOH p¥ Z0 mM KCI, 1 mM EDTA
pH-8, 1 mM DTT, 30% sucrose, 0.5 mM PMSF) and sauB000 rpm for 10 mins. The
pellet rich in nuclei was resuspended in buffer éntaining 30% glycerol and used

immediately or stored at —70 for further use.

2.5 Induction of Apoptosis:2x1C cells were seeded in each 35 mm dish and usetidor
experiments. Cells were treated with apoptosisdirdpagents and incubated af Z7for
indicated time points as mentioned in the legenfiglares. Cells pretreated with z-VAD-
fmk, a caspase inhibitor, or PMA, an activator 80Pand Calphostin, an inhibitor of PKC
for 1 hr at 27 C were also used to determine the inhibition ¢ivaton of PKC on stress-
induced cell survival and cell death. In the caskeazulovirus infected cell&9 cells were
infected with wild type Ac-MNPV baculovirus at tmate of 10 MOI for 36 hrs, checked
for baculovirus infection characteristic featuragcls as enlargement of cells, contact
inhibition and appearance of polyhedra. After 36 f infection, cells were treated with

various agents for 10 hrs at°2Z to determine the cell viability.
2.6 Assays for Apoptosis:

1) Trypan blue exclusion test:Cells were scored for apoptosis by monitoring pkasm
membrane blebbing by observing under phase contrastoscope and trypan blue
exclusion test. A 4%l of cell suspension was stained with 0.04% trypare and viewed
under a VWR AE31 inverted microscope equipped witmotic digital camera and the
software (20 x magnifications). Live cells exclutie dye whereas as the dead cells take

up the stain and appear blue.
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i) Caspase activity: Caspase activity which is a key characteristicuesin apoptotic
cells was analyzed by the hydrolysis of specifispese 3 substrate, Ac-DEVD-AFC
hydrolysis Active caspases cleave the substrate between V-Aél€asing fluorogenic
AFC. Approximately 10Qug of protein was taken in 20 of lysis buffer and diluted to
475l of buffer containing 20 mM Hepes-KOH (pH-7.5), & DTT, 1 mM EDTA and
10% sucrose for each reaction. The final conceantraif Ac-DEVD-AFC was 10.9uM.
Ac-DEVD-AFC hydrolysis was monitored by fluorescenemission of the released AFC
(excitation-400 nM; emission-500 nM) using Flourom&pectrofluorimeter. Caspase
activity is monitered in cell extracts preparediiroells treated with various agents such as
UV-irradiation, cycloheximide and tunicamycin. Tetdrmine the importance of caspase
activation mediated ell2pohsphorylation, cell extracts prepared from hgattells have
been treated with 5QM cytochrome ¢ and 1.0 mM ATP to stimulate the e@imus
caspase activity of the extracts. Such cell exdragtre also treated with agents such as
PMA and calphostin to determine the importance KCPactivation or inactivation on

cytochrome c- mediated caspase activation in eélaets.

iii) Hoechst Staining: The integrity of nuclei o9 cells treated with various agents was
checked by staining them with DNA binding stain-kogt (excitation-346 nm, emission-
460 nm). 2.5uM of dye was added to 44 of nuclear extract and incubated in dark for 10
mins and viewed under a Leica TCS SP2 AOBS lasanrsng confocal microscope

equipped with Leica confocal software.

iv) DNA fragmentation: S9 cells treated with various agents were analyzedDiNA
fragmentation. In brief, the cells after treatmardre harvested, washed with PBS and
incubated in 40Qul lysis buffer (50mM Tris-Hcl, pH-8, 10 mM EDTA, 2% SDS and 0.5
ng/ml proteinase K) at 3T for overnight. After incubation, 4@ of 3 M NaOAc, pH 8.0,
and 900ul of ice cold absolute ethanol were added, mixemperly and centrifuged at
16,000xg for 20 mins a’@. The DNA pellet was air dried, and again in¢adan 20yl

of TE buffer containing 0.2 mg /ml RNase A af & for 30 mins. The samples were run
on 2% agarose gel and run at 60V for 2 hrs afteratidition of 4ul of 6X DNA loading
buffer.
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v) FACS Analysis: FACS analysis was performed to quantify the peegof apoptotic
cells. After treatment the cells with various agewtere harvested by centrifugation at
1500rpm for 5mins at’€, washed with PBS, suspended in the residual RiSfized
with 500 pl of 70% ethanol. The fixed cells were incubate@might at 4 C. The cells
were then washed in PBS, suspended in PBS corgaiifipug/ml propidium iodide, 1%
triton X-100 and 50ug/ml RNase A and incubated in dark for 1 hr af 87 After
incubation, cells were centrifuged, washed agaith WiBS, resuspended in sheath fluid

and analyzed by BD Biosciences flow cytometer.

2.7 Sodium Dodecyl Sulphate-polyacrylamide gel elieophoresis: Modified Laemmli
method was followed to the separate the protein$086 SDS-PAGE. The separation gel
mix, 8 ml contained the following: 1.875 ml of IMb Tris-HCI pH 8.8, 2.5 ml of 30:0.8
acrylamide: Bis-acrylamide, 789 of 10% SDS, 5Qu of ammonium per Sulphate, 8 of
TEMED and 3.75 ml of water. The 5% stacking gel rmxa total volume of 2.5 ml
contained: 1.875 ml of water, 0.375 ml of 0.5 MsHHCI pH 6.8, 0.375 ml of 30:0.8
acrylamide: Bis-acrylamide, 28 of 10% SDS, 5Q of ammonium per Sulphate, 8 of
TEMED. Proteins were prepared in a sample buffertaining 0.25 M Tris-HCI pH 6.8,
10% SDS, 40% glycerolp-mercaptoethanol and bromophenol blue. Verticab sial
electrophoreses was carried out at 120 volts wits-SDS-glycine buffer (0.3% Tris,

1.5% glycine, 0.1% SDS) until the dye front raroittte lower buffer.

2.8 Western Blotting: The proteins seperated on SDS-PAGE were transfeyredo
nitrocellulose membrane eletrophoretically at 70t¥.ol'he transfer was done for 2 hrs in a
transfer buffer (25 mM Tris, 19.5 mM glycine in 208tethanol). After the transfer,
membrane was stained with Ponceau S red solutidmentecular proteins were marked.
The membrane was destained with TBS (10 mM Tris-pg18.0, 150 mM NacCl) and
soaked in blocking solution (5% milkpowder in 10 WBS). After 1hr blocking, the
membrane was probed with primary antibody diluted'BS for 10-12 hrs at°4C. The
membrane was washed thrice with TBS-T (0.05% tw2@n The membrane was then
incubated with secondary anti-IgG-AP conjugatelfior. The membrane was again washed
thrice with TBS-T. The membrane was developed wiml of AP buffer (100 mM Tris-
HCI pH 9.5, 100 mM NaCl, 5 mM Mgg) containing 66ul of NBT (one tablet of 25 mg
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dissolved in one ml of water) and 38 of BCIP (one tablet dissolved in one ml of
dimethyl formamide). The color development was stee by washing the membrane with
distilled water.

2.9 Immunodepletion: For cytochrome c experiments; healtB§ extracts were first
immunodepleted with anti-cytochrome ¢ antibody épldte the endogenous cytochrome ¢
present in the extracts. Cell extracts were inedatith anti-cytochrome c¢ antibody for
overnight at 4C, later 50ul of sepharose beads were added to the extractmeniated
for another 4 hrs at®€. The beads were then collected by centrifuging08i0 rpm. The
extract depleted of cytochrome ¢ was collectedwsadl for further experiments.

2.10 PERK Cleavage assayCleavage of recombinant purified mouse PERK was
monitored inSf9 cell extracts containing active caspase to detena) the ability of
caspases to process recombinant PERK and b) tmesityt of caspase activation. PERK
cleavage was carried out in a cleavage buffer aantg10 mM Tris-HCI, pH 7.5, 2.5 mM
KH,PQ,, 2 mM NaCl, 68 mM sucrose and 220 mM mannitol &tQG for four hours. After
incubation, reactions were stopped by the additain4X sample buffer, boiled,
electrophoresed on 10% SDS-PAGE. The processiiEBK was analyzed using stained
gels or by western blots.

2.11 Protein Estimation: The concentration of proteins in the extracts waantjfied by

biorad Bradford reagent as described by manufacture
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Stress-induced Cell Death or Cell Survival: Effect®f PMA and Calphostin.

3.1 Abstract:

To determine the importance of PKC activation olh sigrvival and cell death, the ovarian
cells of Spodoptera frugiperda (§f9), which are natural hosts of baculovirus are @e@at
with phorbol myristate acetatt®MA), an activator of PKC and calphost{nal), an
inhibitor of PKC in the presence of diverse stressoich as UV-irradiatio(UV), a DNA-
damaging agent, cycloheximid€H), an inhibitor of protein synthesis elongation and
tunicamycin(Tn), an inhibitor of N-linked glycosylation. Furtheve have also studied the
effects of PMA and calphostin in baculovirus-intgttcells which are subjected to UV-
irradiation, cycloheximide and tunicamycin. Cellatle and survival are studied here by
Hoechst staining, FACS analysis, caspase activdijoic-DEVD-AFC hydrolysis and
DNA fragmentation. Our observations suggest thatAPMd calphostin do not promote
cell death. However, PMA enhances and calphostiigatés partly the cell death induced
by UV-irradiation and 1.0 mM cycloheximide. Low aantrations of cycloheximide (0.25
mM) do not stimulate apoptosis. However, additidrPMA promotes apoptosis in cells
treated with low concentrations of cycloheximida. dontrast, PMA and tunicamycin,
treated cells do not display apoptosis. Wt baculsvinfection or addition af-VAD-fmk
(2), a synthetic pan caspase inhibitor abrogates tie+tUPMA and also CH + PMA
induced cell death.

3.2 Results:

PMA enhances and calphostin mitigates stress-inddicll death, DNA fragmentation
and caspase activation.

Cell Morphology and DNA fragmentation: An analysis ofS9 cells for cell death or
survival was studied by inverted microscopy, Hoédtaining(Fig. 5), flow cytometry
(Fig. 6), and also by DNA fragmentatioffrig. 7). S9 cells treated with a 60 sec UV-
irradiation (200 J/ff) and incubated for 10 hrs at°Z7 or cells treated with 1.0 mM
Cycloheximide undergo apoptosis. Analysis of FACGS®adin Fig. 6A reveals that UV-
irradiation and cycloheximide showed 55-58% or B8660f apoptosis respective(¥#ig.
6B, bar # 6 and 24 vs 1)However, treatment in the presence ofuM tunicamycin an

inhibitor of N- linked glycosylation and a knowrnresgsor of the endoplasmic reticulum
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(ER), for 10 hrs did not promote significant amowohtapoptosigbar # 33 vs 1) Prior
treatment for 1hr with 5QuM z-VAD-fmk abrogates both the UV and cycloheximide
induced apoptosithar # 7 and 25 vs 6 and 24)Wt baculovirus infected cells, at 36 hrs of
infection, also resisted UV or cycloheximide (CHyluced apoptosiBar # 8 and 26 vs 6
and 24)

Low concentrations of 50 nN®MA, an activator of PKC, or calphostin, an inhipiof
PKC did not induce significant changes in cell nimipgy and apoptosi®ar # 4 and 5)
PMA enhanced further both UNradiation and cycloheximide-induced apoptosisnfro
58% to 80% and 60% to 83% respectivéar # 9 and 27 vs 6 and 24)In contrast,
addition of 50 nM of calphostin, a known inhibitmf PKC, decreased UV and
cycloheximide-induced apoptosf{par # 12 and 30 vs 6 and 24)However, unlike z-
VAD-fmk, calphostin inhibits only PKC-mediated apogis in UV and cycloheximide—
treated cells and PKC activation occurs not prior but presumably after caspase
activation. Cells undergoing apoptosis display d¢gfly enhanced DNA fragmentation
(Fig.7).

Caspase Activity:

Analysis of caspase activity by AcCDEVD-AFC hydra$/seveals that UV-irradiated and
1.0 mM cycloheximide-treated cells display highevdls of caspase activity coinciding
with their cell deatl{Fig. 8A). PMA, calphostin, tunicamycin, z-VAD-fmk treatnsrdo
not result in caspase activation. However PMA enbBanUV-irradiation induced or
cycloheximide-induced caspase activation. Additodrz-VAD-fmk, a caspase inhibitor,
mitigates UV-irradiation and cyloheximide inducexspase activation. Low concentrations
(0.25 mM) of cycloheximide that do not elicit apogis also fail to stimulate caspase
activation. However, PMA stimulates caspase adtwadf S9 cells treated with 0.25 mM
cycloheximide which is proportional to the cell teabserved under those conditions
(Fig. 5 and 9. Cells treated with tunicamycin alone or withizamycin and PMA do not
display any caspase activatiqirig. 8A) or cell death(Fig. 5). UV-irradiation or
cycloheximide induced caspase activation is miédain wt baculovirus infected cells
(Fig. 5B) presumably because of the expression of P35 arftl j?&teins as has been

suggested previously.
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Fig. 5 Apoptosis inSf9 cells: Hoechst Staining.

9 cells uninfected or infected with wt baculovirus wereatel with the following
agents: UV-irradiation 200 (Jfinfor 60 secs, 0.25 mM or 1.0 mM cycloheximide, di2d
UM tunicamycin and incubated at 2T for 10 hrs. To determine the importance of
caspase(s) or PKC activation in the stressed déks]atter were treated with BB z-
VAD-fmk, 50 nM of PMA or calphostin prior to expagj the cells to different treatments.
Cells were incubated at 47 for 10 hrs and then stained with 2481 Hoechst dye and
viewed under Leica TCS SP2 AOBS laser scanningooahfmicroscope equipped with

Leica confocal as mentioned in ‘Materials and Me#io
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Fig. 5
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Fig. 6 Flow cytometric analysis ofSf9 cells.

Uninfected and baculovirus infect& cells were treated with UV-irradiation (200 Jjm
at 312 nm for 60 secs, 0.25 mM cycloheximide, 1M gycloheximide and or 12M
tunicamycin with and without z-VAD-fmk, PMA, calpstin and incubated at 2€ for 10
hrs. After the incubation, the cells were harvestacessed, stained with propidium
iodide as mentioned in ‘Materials and Methods’ talsize the cells for sub GO-G1 stage of
cell cycle by flow cytometer. Panel A represents gnaphical representation of cells in
different phases. Panel B is a bar diagram ancksepts th@ercentage of cells in sub Go-

G1 or apoptotic phase.
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Fig. 7 DNA Fragmentation.

The DNA was extracted fronnfected and uninfecte®9 cells, irradiated with UV
irradiation, or treated with 0.25 mM cycloheximide¥0 mM cycloheximide or 1M
tunicamycin in the presence and absence of z-VAR-flAMA and calphostin as
mentioned in ‘Materials and Methods’. The extradidA was run on 2% agarose gel to
check for fragmentation of DNA.

Panel A: Represents fragmentation of DNA extracted from feuted and baculovirus-
infectedS9 cells treated with UV-irradiation in the preseméerarious agents.

Panel B: The gel represents the fragmentation of DNASI@ cells treated with 0.25 mM
cycloheximide in the presence and absence of bacus) 50 uM z-VAD-fmk, 50 nM
PMA or calphostin.

Panel C: Represents the fragmentation of DNA extractefféncells treated with 1.0 mM
cycloheximide in the presence and absence of bacusy 50uM z-VAD-fmk, 50 nM
PMA and 50 nM calphostin.
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Fig. 8 Caspase activity irSf9 cells.

Caspase activity was studied¥9 cells that were treated with Uitadiation (200 j/rf),
0.25 mM cycloheximide, 1.0 mM cycloheximide, or @Rl tunicamycin in the presence
and absence of 50M z-VAD-fmk, 50 nM PMA and 50 nM calphostin. Caspaactivity
of the extracts was measured by using Ac-DEVD-AFgirblysis as described in
‘Materials and Methods’.

Panel A: The bar diagram represents caspase activity infected SO cells treated with
various agents.

Panel B: The graph represents the caspase activity in Ac-MHNIRs infected and

uninfectedS9 cells treated with various agents.
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Stress induced phosphorylation of elF@ in Sf9 cells: Effect of PMA and calphostin.

4.1 Abstract:

Analyses of phosphorylation of conserved®seesidue in thex—subunit of eukaryotic
initiation factor 2 (elF&) reveals that PMA and calphostin do not effect2alF
phosphorylation. However, PMA stimulates and cafjimomitigates partly UV-irradiation
and also cycloheximide-induced etF2phosphorylation inS9 cells. A time course
analyses of elR2 phosphorylation suggests that PMA enhances tleedi@ges of UV-
irradiation or cycloheximide induced phosphorylatiut not initial stages. Late stages of
elF20 phosphorylation are however mitigated by pancaspalsibitor like z-VAD-fmk
much more efficiently than calphostin, a PKC intobi These findings therefore suggest
that elF2 phosphorylation is a cause and consequence ofasaspctivation and
calphostin mitigates partly caspase-mediated plogfation of elF2 that is occurring
due to PKC-mediated caspase activation. Thesenfysdare consistent with the idea that
PMA, calphostin and z-VAD-fmk do not effect phospyiation of elF2x in tunicamycin-
treated cells that do not display any caspase aiiv or cell death. PMA or calphostin
also do not effect el phosphorylation in baculovirus-infected9 cells. However,
stress-induced ell2 phosphorylation is reduced in the late hrs of lagws infected
cells both in cells treated with proapoptic agenish as UVand cycloheximide and non

apoptotic agents like tunicamycin.

4.2 Results:

PMA enhances and calphostin mitigates UV-irradiatioor cycloheximide-induced
elF2a phosphorylation

Phosphorylation of elR2is primarily a stress signal and can evoke adend apoptotic
responses (Hussain and Ramaiah 2007b). It candaeise and consequence of caspase
activation. Earlier, we observed that edFphosphorylation occurs prior to caspase
activation in UV-irradiated cells (Aparna et al,0&). Addition of z-VAD-fmk or infection

by wt baculovirus that harbors an anti apoptoticegkke p35, mitigates the late stages of
UV or cycloheximide induced ellé2 phosphorylation effectively (Aparna et al, 2003)

suggesting that caspase activation can lead tooefff@sphorylation. To determine the
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importance of PKC and caspase activation oncelpt2osphorylationS9 cells, infected or
uninfected by baculovirus, were treated here witl-itdadiation (for 60 seconds),
cycloheximide (0.25 mM or 1.0 mM) and &1 tunicamycin in the presence and absence
of pharmacological activators or inhibitors like RMcalphostin and z-VAD-fmk.

Analyses of phosphorylation of el&2in uninfected 9 cells irradiated with UV-
irradiation (200 j/m2) and incubated for 10 KFgg. 9), or treated with 0.25 mNFig. 10),

or 1.0 mM cycloheximidéFig. 11), or with 12pM-tunicamycin(Fig. 12)for 10 hrs in the
presence and absence of PMA or calphostin reveatsRMA enhances and calphostin
reduces partly UV-irradiation or cycloheximide, bobt tunicamycin-induced ellé2
phosphorylation. A pan caspase inhibitor, z-VAD-fmkitigates only UV and
cycloheximide, but not tunicamycin-induced edphosphorylation(Figs 9-11 vs 12).
However, unlike calphostin, z-VAD-fmk inhibits UVhd cycloheximide-induced elE2
phosphorylation much more efficient(Figs. 9-11; lanes 8 vs 4)The concentrations of
PMA and calphostin chosen here however do not &t phosphorylatior(Figs. 9-
11, lanes 5 and 9).

Stress induced elF@ phosphorylation is reduced in Sf9 cells at 36 o baculovirus
infection.

Baculovirus-infected cells, at 36 hrs of infectidisplay reduced elF2a phosphorylation
compared to uninfected cel(&ig 13-16, lane 2)which is consistent with our earlier
observations (Aparna et al, 2003) that were caroed with cells after 15 hrs of
baculovirus infection. In the previous studies, Uahd cycloheximide-induced
elF20 phosphorylatiorbut not tunicamycin-induced el&2 phosphorylation was
effectively reduced by baculovirus infection (at hEs) or by z-VAD-fmk treatment.
However in the present experiments, it was obsetliat UV, cycloheximide and also
tunicamycin induced elf2phosphorylation was reduced in 36 hrs of baculsviinfected
9 cells. The reduction in ell2phosphorylation in baculovirus infected cells may b
occurring by caspase dependent or independent misatathrough the expression of p35
and PK2-like proteins. While p35 reduces the caspasdiated elR®2 kinase activation,
PK2 inhibits directly elF@ kinase activation and thereby etFghosphorylation (Aparna
et al, 2003; Dever et al, 1999). Since PK2 is a laculovirus protein unlike p35, the
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reduction in elF& phosphorylation observed in 36 hrs infected contecells or
tunicamycin- treated cells may be due to the exgwasof PK2-like protein. In contrast,
the reduction in elR@ phosphorylation in UV-irradiated or cycloheximideeated cells
appears to be due to the expression of p35, a papase inhibitor protein. This is
consistent with the idea that addition of z-VAD-fmk synthetic caspase inhibitor that
mimics like P35, cannot affect el&®hosphorylation in uninfecte®9 cells as shown in
lane 2 of Figs 9-12UV-irradiation or cycloheximide-induced phosphation of elF2x is
mostly unaffected by PMA or calphostin in baculagirinfected cells as baculovirus
infection mitigates UV-irradiation induced caspastivation(Fig. 8, Panel B) cell death
(Fig. 5) and elF2 phosphorylatiorfFigs. 13-15)

PMA enhanced elF2r phosphorylation occurs through caspase activation.

Analysis of elF2 phosphorylatin during early (1- 5 hrs) and lategses (at 10 hrs) of
UV-irradiation indicates that the phosphorylatiohedF2a is enhanced approximately to
45% with in 1 hr(Figs. 17, lane 3and to 75% at 5 hr§ig. 17, lane 4) At 5 hrs, but not
during the first hr, PMA enhances by about 2(Big. 17; lane, 12 vs 4and calphostin
reduces by 20% of UV-irradiation—induced edf~ghosphorylatior(lane 16 vs 4) At 10
hrs(Fig. 9), the increase in UV-irradiation induced etFghosphorylation by PMAFig 9,
lane 6 vs 3)or its decline by calphostiflane 8 vs 3)is approximately 30% and 20%
respectively suggesting that PMA enhances moreieffiily the late stages of UV-induced
phosphorylation. A similar effect was also obseniadcells treated with 1.0 mM
cycloheximide (Fig. 18). These findings therefore suggest that the latgest of UV-
irradiation or cycloheximide-induced elé&2hosphorylation is partly contributed by PKC
activation as PMA enhances and calphostin decrges¢of the phosphorylation in UV-
irradiated or cycloheximide-treated cells. In castr addition of z-VAD-fmk, a caspase
inhibitor, reduces UV-irradiation induced elFhosphorylation much more efficiently
than calphostin at 10 hr time point than at 5 md B unaffected during the first hour.
Hence, PMA-stimulated ellé2 phosphorylation presumably occurs after caspase
activation than prior to caspase activation. Thiggestion is consistent with the finding
that tunicamycin-induced elB2 phosphorylation that does not lead to cell death i

unaffected by PMA or calphostin or by z-VAD-fmk evia the late stagd§ig. 5).
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Fig. 9 UV irradiation-induced elF2a phosphorylation: Effect of PMA, calphostin and
z-VAD-fmk.

9 cells were treated with UV-irradiation for 60 860 J/nf) and incubated at 2T for
10 hrs. Cell extracts were prepared as describ&daterials and Methods’. Equal amount
of protein (~ 100ug) was used from all samples and separated on 1D%FRAGE,
transferred to a nitrocellulose membrane. Membramee then probed by a phospho-
specific anti- elF2 polyclonal antibody raised in rabbits. Levels & & small ribosomal
protein, were analyzed in samples using an antp8§clonal antibody as a loading
control. The membranes were developed as deschibédaterials and Methods’. The
figure is a western blot. The blot in the upper gdarpresents UMtradiation induced
elF20 phosphorylation inS9 cells and in the lower panel represents the legélS6
protein. Blots were also quantified using Imageofivaare from NIH and the results are

shown in the bar diagram.
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Fig. 10 &N o3
&

T — - elF2aP

e S — S ee—m—— S6

1 2 3 4 5 6 7 8 9 10

S I
I o ©
o =] o o 5]

Percentage intensity

1 2 3 4 5 6 78 9 10
Fig. 10 0.25 mM cycloheximide-induced elF® phosphorylation: Effect of PMA,
calphostin and z-VAD-fmk.
Protein extracts were prepared fr&® cells treated with cycloheximide for 10 hrs in the
presence and absence of z-VAD-fmk, PMA and calph@s mentioned in ‘Materials and
Methods’. Samples were analyzed and quantified eéiéi2a phosphorylation and S6
proteins as described in the legendFig. 9. The figure in the upper panel is a western blot
representing elR2 phosphorylation and in the lower panel represtr@doading control,

S6. The bar diagram represents the quantificai@ri2a phosphorylation.
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Fig. 11 1.0 mM cycloheximide-induced elF& phosphorylation: Effect of PMA,
calphostin and z-VAD-fmk.

Protein extracts were prepared fr@ cells treated with cycloheximide for 10 hrs in the
presence and absence of z-VAD-fmk, PMA and calph@s mentioned in ‘Materials and
Methods’. Samples were analyzed and quantified éfifi2a phosphorylation and S6
proteins as described in the legend R@. 9. The upper panel represents eaF2
phosphorylation and the lower panel representdaading control, S6. The bar diagram

represents the quantification of etFphosphorylation.
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Fig. 12 Tunicamycin-induced elF2a phosphorylation: Effect of PMA, calphostin and

z-VAD-fmk.

Protein extracts were prepared fr&f cells treated with 1AM tunicamycin for 10 hrs in
the presence and absence of z-VAD-fmk, PMA andhzapn as mentioned in ‘Materials
and Methods’. Samples were analyzed and quantifieelF2x phosphorylation and S6
protein as described in the legend~tg. 9. The upper panel in the figure is a western blot
representing elR2 phosphorylation and the lower panel, S6. The dfieation of

phosphorylation of elR2 is shown in bar diagram.

66



* P<0.04, as compared with UV (lane 2).
*

(2]
o

Percentage intensity
N
o

N
o

o

Fig. 13UV-irradiation induced elF2 a phosphorylation in baculovirus-infected cells:
Effect of PMA and calphostin.

9 cells were infected with wild type baculovirus 88 hrs, treated witkJV-irradiation

for 60 sec (200 J/Mand were incubated at 2T for 10 hrs. Protein samples prepared as
mentioned in ‘Materials and Methods’ were analyzadd quantified for elR®
phosphorylation and S6 proteins as described itetleend taFig. 9. The blot in the upper
panel represents UV-irradiation induced etFghosphorylation inS9 cells and in the
lower panel represents the levels of S6 proteimtBlvere quantified using Image J

software from NIH and the results were shown indhediagram.
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Fig. 14 0.25 mM cycloheximide-induced elF@ phosphorylation in baculovirus-

infected cells: Effect of PMA and calphostin.

Baculovirus infected®9 cells were treated with cycloheximide in the preseand absence
of PMA and calphostin. Protein samples preparedmastioned in ‘Materials and
Methods’ were analyzed and quantified for etFghosphorylation and S6 proteins as
described in the legend tBig. 9. The figure in the upper panel is a western blot
representing elR2 phosphorylation and in the lower panel represtr@doading control,

S6. The bar diagram represents the quantificati@r2a phosphorylation.
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Fig. 15
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Fig. 15 1.0 mM cycloheximide-induced elR& phosphorylation in baculovirus-infected
cells: Effect of PMA and calphostin.

9 cells infected with baculovirus for 36 hrs wereatted with cycloheximide in the
presence and absence of PMA and calphostin. Prex¢éiacts were prepared as mentioned
in ‘Materials and Methods’. Samples were analyzead aguantified for elFR@
phosphorylation and S6 proteins as described inlggend toFig. 9. The upper panel
represents el phosphorylation and the lower one S6. The barrdragrepresents the

guantification of elF&@ phosphorylation.
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Fig. 16
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Fig. 16 Tunicamycin-induced elF2x phosphorylation in baculovirus-infected cells:
Effect of PMA and calphostin.

Protein extracts were prepared fr@i#9 cells infected with baculovirus and treated with
12 uM tunicamycin in the presence and absence of PMA@phostin as mentioned in
‘Materials and Methods’. Samples were analyzed arguantified for
elF2a0 phosphorylation and S6 protein as described inetipend toFig. 9. The upper panel
in the figure is a western blot representing elfthosphorylation and the lower panel
represents the loading control, S6. The bar diagrapresents the quantification of

phosphorylation of elR2
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Fig. 17 Time course (0-5 h) analysis of elle2phosphorylation and caspase activity:
Effect of PMA, calphostin and z-VAD-fmk on UV-irradiated cells.

9 cells were treated with PMA, calphostin and z-VADk 30 mins prior to UV-
irradiation. Cells were exposed to UV-irradiati@®( J/m2) for 60 sec and incubated with
the above pharmacological agents &iC¥or different time periods: 0.5 h, 1 h, 5h. Cell
extracts were prepared, analyzed for caspase tgctiwvid elFa phosphorylation as
described in the legend to Fig. 9. Panel A reprssdre caspase activity and panel B
phosphorylation of elR2 and the corresponding levels of S6, loading céntifthe
phosphorylation levels elle2 were quantified and the percent intensity of elFH2

represented in the bar diagram.
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Fig. 17
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Fig. 18 Time course (0-5h) analysis of el phosphorylation in 1.0 mM
cycloheximide- treated cells: Effect of z-VAD-fmkPMA and calphostin.

9 cells were treated with PMA, calphostin and z-VADk 30 mins prior to 1.0 mM
cycloheximide treatment. Cells were treated with thM cycloheximide and incubated
with the above pharmacological agents difor different time periods: 0.5 h, 1 h, 5h.
Cell extracts were prepared, analyzed for caspeséty and elF2. phosphorylation as
described in the legend to Fig. 9. Panel A reprssdre caspase activity and panel B
phosphorylation of elR2 and the corresponding levels of S6, loading céniftne
phosphorylation levels elle2 were quantified and the percent intensity of elR2

represented in the bar diagram.
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Fig. 18
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Caspase activation and elF& phosphorylation in cytochrome c-treated cell extrats:
Effect of PMA and calphostin.

5.1 Abstract:

PKC-induced caspase activation and elfghosphorylation has also been studied here in
9 cell-free extracts devoid of nuclei. Addition o® iiM cytochrome ¢ along with 1.0
mM ATP stimulates caspase activation and alRthosphorylation in these extracts.
Further DNA isolated from the nuclei added to thestochrome c¢ and ATP-treated
extracts display fragmentation. Since z-VAD-fralirogates caspase activation and elF2
phosphorylation, the findings therefore suggestt ttytochrome c induced caspase-
activation mediates ell2phosphorylation. Addition of PMA to cytochrome 1eBATP-
treated extracts enhances further caspase activatio also elFR® phosphorylation which
are reversed partly by calphostin. Unlike z-VAD-fnalalphostin mitigates partially PMA-
induced caspase activation and elfhosphorylation. Further, purified recombinant
mouse PERK added to cytochrome c-treated extraafficiently processed compared to

untreated extracts suggesting that active casgasegrocess PERK vitro.

5.2 Results:

Caspase activation in cell-free extracts suppleneehtvith cytochrome ¢ and ATP.

In this study, cell free extracts devoid of nudiave been prepared from heal®9 cells

to a) study the endogenous caspase activity irptesence and absence of cytochrome ¢
and b) to determine the importance of PKC activato inhibition on caspase-mediated
elF2o phosphorylation. Addition of cytochrome ¢ and 1.MmATP to both undepleted
and cytochrome c depletefl9 extracts resulted in caspase activat{big. 19A). ATP
alone stimulated the caspase activity in the etdrachich are not depleted of their
endogenous cytochrome c. However addition of ATéhaldid not promote caspase
activation in cytochrome c depleted extracts. Timsling is consistent with the earlier
observations that ATP facilitates the formation agoptosome complex and caspase
activation in cytochrome c-treated extracts (Liwaetl997) Further, the caspase-activated
cell-free extracts promoted DNA laddering of iseththealthy nuclei o9 cells (Fig.

19B). Earlier it was shown that PKR, an etFRinase was cleaved by purified caspases 3,
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7 and 8 (Saleans et al, 2001). Here, we testechhidy of S9 cell free extracts treated
with cytochrome ¢ and ATP to process the recomhifEERK, an ER-resident el&2
kinase The processing of PERK was analyzed by monitoring appearance of a
processed PERK fragment and reduction in the fdigth protein by SDS-PAGE in
cytochrome c depleted and undepleted extractsarptesence and absence of externally
added cytochrome ¢ and ATP. Exogenously added PE&Kcleaved in cytochrome ¢ and
ATP-treated cell-free extracts where caspase isea(ffig. 22). The cleavage of PERK
was found related to the caspase activity of theaets and was mitigated in the presence
of z-VAD-fmk (Fig. 22).

Cytochrome c-treated cell extracts display enhanpédsphorylation of elFz.

Analysis of elF2& phosphorylation in cytochrome ¢ supplemented etdraevealed that
the basal level of elf2 phosphorylation both in undepleted arydochrome c depleted
extracts(Fig. 20 left panel, lanes 1 and 4was enhanced sidigantly by cytochrome c
and ATP(lanes 3 and 6 vs. 1 and 4)Addition of ATP alone to extracts containing
endogenous cytochrome c also stimulated @lR#hosphorylation(lanes 2 vs. 1)
significantly than in cytochrome c¢ depleted extratésmes 5 vs. 4) The corresponding
levels of cytochrome c, in the right panel corregpdo caspase activation and eiF2
phosphorylation. Presence of caspase inhibitorAB¥mk, abrogated cytochrome ¢ and
ATP-mediated elR& phosphorylation almost completdlyig. 211lanes 5 vs. 3suggesting
that caspase activation is the primary cause fdraeced elF@ phosphorylation in
cytochrome c- and ATP-treated extracts. The rigimab inFig. 21 represents the levels of
cytochrome c¢ in the extracts. Cytochrome c-treatexiracts displayed higher
phosphorylation levels of elB2as shown irFigs. 20 and 21(lanes 3 vs. 1)Addition of
PMA or calphostin in the absence of added cytoclerordid not alter the phosphorylation
status(Fig. 23 B lanes 6 and 7 vs. lane 1 and the corresponding baliagram).
However, PMA enhanceflanes 4 vs. 3and calphostin reduced cytochrome c-mediated
elF20 phosphorylationlanes 5 vs. 3)n extracts. The phosphorylation levels of etF2
were related to the caspase activity as observéukse extractéig 23 A). PMA-treated
cytochrome c-supplemented cell extracts displaydtheced PERK processirfgig. 24
lane 10)and calphostin reduced the PERK procesgimge 14)compared to cytochrome
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c-treated extract§lane 6) Thesefindings therefore suggest that caspase activation by
cytochrome c can lead to both etFRinase and PKC activation in cell extracts. Togeth

these activities can further enhance caspase @aohvand cell death.
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Fig. 19
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Fig. 19 Cytochrome c-mediated caspase activation ioell-free extracts devoid of

nuclei.
Caspase activity was induced 9 extracts (~10Qug) undepleted or depleted of their

endogenous cytochrome c, devoid of their nucleithyy addition of externally added
cytochrome ¢ (5uM) and ATP (1.0 mM) as mentioned in ‘Materials anethbds’.
Panels A and B represent the caspase activity &l ftagmentation in undepleted and

cytochrome c depleted extracts respectively.
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Fig. 20 Phosphorylation of elF2r in cytochrome c-treated cell free extracts.
Phosphorylation of elk2was analyzed in undepleted and cytochrome ¢ depteti free
extracts that were treated with 501 cytochrome ¢ and 1.0 mM ATP as mentioned in
‘Materials and Methods’. The levels of cytochromg@ndogenous or supplemented) using
monoclonal anti-cytochrome ¢ antibody and of S&gsolyclonal anti-S6 antibody were
also monitored. The left upper panel representpkiosphorylation of elK2 whereas the
right panel represents the levels of cytochroma the above mentioned extracts. The
levels of phosphorylated el&2and cytochrome ¢ were quantified using image thswé.
The results are displayed in left and right bagdians corresponding to the western blots

above.
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Fig. 21
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Fig. 21 Cytochrome c-mediated caspase activation in cell¢e extracts devoid of
nuclei: Effect of z-VAD-fmk.

Caspase activity was induced 89 extracts devoid of their nuclei and endogenous
cytochrome ¢ as mentioned in the legendrFig. 19 The extracts were analyzed for
phosphorylation of elR2, cytochrome ¢ and S6 as mentioned in the legeigta20. The
levels of phosphorylation of elB2and of cytochrome ¢ were quantified as described in

Fig. 20. The results are presented in bar diagrams bélewespective wesren blots.
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Fig. 22
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Fig. 22 PERK cleavage in cytochrome c-treated cdliee extracts

PERK cleavage assay was performed in undepletecyndhrome c depleted cell free
extracts treated with 5QM cytochrome ¢ and 1.0 mM ATP as mentioned in ‘NMate

and Methods(Panel. A) Effect of z-VAD-fmk (50uM) on cleavage of PERK (150 ng)
was also studied in cytochrome c depleted exttaetded with cytochrome ¢ and 1.0 mM
ATP (Panel. B)The figures are commassie stained gels. The \atames are as follows:
Mr, Molecular weight marker; ¢, control extractsTR, ATP treated extracts; cyt c,

cytochrome c- treated extracts; z, z-VAD-fmk-trebgstracts.
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Fig. 23
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Fig. 23Cytochrome c-mediated caspase activation in cellde extracts: Effect of PMA

and calphostin.

Caspase activity was induced 89 extracts devoid of their nuclei and endogenous

cytochrome ¢ as mentioned in legend~tg. 19in the presence and absence of PMA and

calphostin. The extracts were analyzed for caspesety, phosphorylation of el2and

S6 as mentioned in ‘Materials and Methods’. Theelewf phosphorylation of elle2were

guantified. Panel A represents the caspase actwiserved in these extracts. The upper

blot in panel B represents elfr2P) and the lower one represents the levels off86.bar

diagram in Panel B represents the intensity of @lpl2osphorylation.
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Fig. 24 PERK cleavage in Cytochrome c-treated cdilee extracts Effect of PMA and
calphostin.

PERK cleavage assay was performedS@ cell free extracts treated with 50M
cytochrome ¢ and 1.0 mM ATP in the presence aneéraiesof PMA and calphostin as

mentioned in ‘Materials and Methods’. The figure@nmassie stained gel.
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Summary
Cell death or apoptosis is mediated by complexadigg pathwaysCell death may be

intrinsic or extrinsic i.e., receptor mediated (Yeinal, 2005)Intrinsic cell death occurs
through cytochrome c release by mitochondria, attw of Apaf-1 and formation of
apoptosome that triggers caspase activation. Bifteforms of stress can promote cell
death when the adaptive or survival mechanisms $&iess can affect any of the cellular
organelles. Recent studies in mammalian systemeaitadthat the intrinsic cell death can
occur due to a stress in the endoplasmic reticdum the cytosol (Hussain and Ramaiah,
2007b). Both of them can communicate to mitoch@adie have shown previously that
the phosphorylation of elle2is a stress signal (Aparna et al, 2003). It irbilgeneral
protein synthesis and is a typical mechanism ifs ¢el save cellular energy. In addition,
this mechanism plays an important role in unfoldeatein response (UPR) that is elicited
by endoplasmic reticulum due to the accumulationrdblded proteins. Accumulation of
unfolded proteins occurs typically when the synhesceeds protein folding capacity of
the cells or due to improper covalent modificatiansl degradation of proteins. In addition
a release in ER bound calcium to cytosol can evdkR&R because many of the ER
chaperones require calcium for their functioningugshin and Ramaiah, 2007b).
Interestingly both ER and cytosol are involved e tsynthesis of proteins and contain
their own chaperones, caspase(s) and celkiBases. Earlier studies from this laboratory
have also suggested that phosphorylation ofelpiays a role in cell survival and death
(Aparna et al, 2003). Baculovirus p35, an anti-aptp protein, or caspase inhibitor like z-
VAD-fmk mitigate elF2x phosphorylation and cell death suggesting thgtases can also
affect elF2x kinase activation (Aparna et al, 2003). An analydielF2x phosphorylation-
mediated celll death and survival 89 cells in our laboratory reveals that ER-stress
induced elF& phosphorylation accompanied by expression of Bi®,E®R chaperone
protects the cells from stress-induced death whesenon-ER stress that is not
accompanied by BiP expression leads to cell desiti(et al, 2010). Reduced ER stress
as evidenced by lack of BiP expression and elfhosphorylation coincides with
increased proapoptotic proteins in most of thetisies during chronological ageing

(Hussain and Ramaiah, 2007a).
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Many recent studies have shown that several cantigignalling mechanisms like
phosinositidyl kinase 3 (PI3K) (Kazemi et al, 20@8thway, mitogen activated protein
kinases (MAP Kinaes that include ERK, p38 and Jig&thways are known to effect cell
survival and also elk2 (Dent et al, 2003) phosphorylation. Protein kin@sactivation is
also implicated in UV-irridiation induced caspas#iation ad cell death. However there
are no reports indicating that PKC activation dfeelF2x phosphorylation or the cell
death mediated by elB2 phosphorylationUV-irradiation or DNA damage is known to
elicit both PKC activation, phosphorylation of etFa@nd cell death in different cell types
(Sakaki et al, 2002; Aparna et al, 2003). Hence lveg have studied the connection, if
any, between these two pathway$i@ cells which are natural hosts of baculovirus.
Consistent with our previous studies (Aparna et28l03) non-ER stressors that are
characterized by lack of BiP expression (AartileR810)as in the case of UV-irradiation
and cycloheximide treatments promote phosphorylatd elF2x and cell death. Time
course analysis of elB2phosphorylation reveals that z-VAD-fmk, a pan e@agpinhibitor
mitigates the late stages (at 10(Rig. 9, 17, 11 and 18)but not the early stagéBig. 17
and 18) of UV-irradiation or cycloheximide-induced elé&2phosphorylation thereby
suggesting that caspase activation which follow=eIphosphorylation can also lead to
enhanced elR2 phosphorylation in a feed back loop manner. Lomcentrations of
cycloheximide that leads to el&c2ohosphorylation without inducing cell death resuit
enhanced caspase activation and elpBosphorylation in the presence of PNIAQ. 5).
Tunicamycin, a typical ER stressor that induces Rikpression, promotes elé2
phosphorylation but not cell deathig. 5). Non-ER stress induced cell death is related to
the caspase activity which is estimated by Ac-DEXBC hydrolysis(Fig. 6). The fact
that elF2x phosphorylation in non-ER stressed conditionsgfites caspase activation is
further substantiated by the observation that amigcin-induced elR2 phosphorylation
does not lead to caspase activation and is nattatfdy z-VAD-fmk(Fig. 5).

PMA, phorbol 12-myristate 13-acetate also refete@ds 12-O-tetradecanoylphorbol 13-
acetate (TPA) is commonly used phorbol ester ligamdactivate PKC in biological

systemsAddition of PMA, stimulates UV-irradiation or cydieximide-induced elR2
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Fig. 25
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Fig. 25 Model: Effect of PKC activation on elF2x phosphorylation.

Analyses of non-ER stress induced elfthosphorylation inS9 cells or cytochrome ¢
induced elF2 phosphorylation in cell-free extracts suggests tagpase activation leads
to enhanced elf2 phosphorylation. PMA, an activator of PKC enhancaspase-
mediated elF& phosphorylation. Caspase-mediated elfthosphorylation is mitigated
partially by calphostin and completely by z-VAD-frtliereby suggesting that caspases can

activate multiple signalling pathways.

88



phosphorylation and cell death but does not affamticamycin-induced elk2
phosphorylation thereby suggesting that caspaseation stimulates PKC activation and
further enhancement in el&2phosphorylation. This notion is further supportad the
finding here that PMA enhances very efficiently acalphostin, reduces albeit less
efficiently, the late stages but not the early stagf the UV-irradiation or high
concentrations of cycloheximide induced edRzhosphorylation than the caspase inhibitor
z-VAD-fmk. These findings therefore suggest thdpleastin inhibits PMA mediated PKC
activation that occurs in response to caspase alctiv mediated by ell2
phosphorylation. The above results are further tambated by the observation th&0
cells infected with baculovirus resisted caspasgvat®n and elF& phosphorylation
induced by UV-irradiation and cycloheximide. Additi of PMA and calphostin did not
affect the virus infecte®9 cells.elF2n phosphorylatiorwas also found reduced in UV
irradiated (Fig. 13), cyclohexmide(Fig. 14 and 15)and tunicamycin{Fig. 16) treated
cells that were infected with baculovirubhis may be due to the fact that baculovirus-
infected cellsproduce PK2 and P35 proteins to regulate hostetERo phosphorylation,
caspase activation and cell death to facilitateptiopagation of virus. This interpretation is
consistent from the previous findings of this ladory (Aparna et al, 2003; Aarti et al,
2010). The above results are further substantiayethe observations that cytochrome c-
mediated-caspase activation in cell-free extrag@ralyzed by Ac-DEVD-AFC hydrolysis
(Fig. 19A), DNA fragmentation of healthy nuclérig. 19B), and the cleavage of PERK
(Fig. 22A and B) leads to elF2 phosphorylation(Fig. 20 and 21) which is further
enhanced by PMA and reduced by calpho@tig. 23).

A recent study suggests that edphosphorylation, which is known to inhibit general
protein synthesis, however upregulates translatfoRKC n (Raveh et al, 2009s other
gene-specific mMRNAs like ATF4. PKCs are implicated amplifying the apoptotic
response in variety of cell types undergoing apsipt(Mizuno et al, 1991; 1997; Emoto et
al, 1995; Basu et al, 2003; Denning et al, 2002)0Ag PKCs, PK& is implicated in cell
death in diverse apoptotic stimuli (Emoto et al93:9Mizuno et al, 1997; Denning et al,
1998; Reyland et al, 1999). It is a known caspabstsate specifically cleaved by caspase-
3 and the processed catalytic domain is shown tcobstitively active (Basu, 2003; Kato

et al, 2009). elF@ kinases are also shown to be processed and activat cells
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undergoing apoptosis (Saleans et al, 2001; Derd, @002). However, neither the PKCs
nor elF2x kinases have been characterize®® cells. Interestingly PKCs are implicated
in ER stress mediated autophagy (Sakaki et al, 2@ar studies point out that non-ER
stress induced elle2 phosphorylation-mediated caspase activation cdmreme PKC
activation, elF& phosphorylation (in a feedbackmanner) and subsgiib the notion that
caspases can activate multiple signaling pathwagsnhance cell death as described in our
model(Fig. 25).
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Back ground: Stress-induced phosphorylation of the alpha-subunit of eukaryotic initiation factor 2 (elF2a),
involved in translation, promotes cell suicide or survival. Since multiple signaling pathways are implicated in
cell death, the present study has analyzed the importance of PKC activation in the stress-induced elF2a
phosphorylation, caspase activation and cell death in the ovarian cells of Spodoptera frugiperda (Sf9) and in
their extracts.

Methods: Cell death is analyzed by flow cytometry. Caspase activation is measured by Ac-DEVD-AFC

K ds: . . . . . .
ele‘éﬁo;}fosphorylation hydrolysis and also by the cleavage of purified recombinant PERK, an endoplasmic reticulum-resident elF2o
Apoptosis kinase. Status of e[F2a phosphorylation and cytochrome c levels are analyzed by western blots.
Sf9 cell Results: PMA, an activator of PKC, does not promote cell death or affect e[F2ac phosphorylation. However,

PKC PMA enhances late stages of UV-irradiation or cycloheximide-induced caspase activation, elF2o

elF2a kinases phosphorylation and apoptosis in Sf9 cells. PMA also enhances cytochrome c-induced caspase activation
and elF2a phosphorylation in cell extracts. These changes are mitigated more efficiently by caspase inhibitor,
z-VAD-fmk, than by calphostin, an inhibitor of PKC. In contrast, tunicamycin-induced elF2a phosphorylation
that does not lead to caspase activation or cell death is unaffected by PMA, z-VAD-fmk or by calphostin.
Conclusions: While caspase activation is a cause and consequence of elF2a phosphorylation, PKC activation
that follows caspase activation further enhances caspase activation, elF2« phosphorylation, and cell death in

Sf9 cells.

General significance: Caspases can activate multiple signaling pathways to enhance cell death.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The ovarian cells of Spodoptera frugiperda (Sf9) are natural hosts of
baculovirus and are good model systems to study the process of
apoptosis [1,2]. Previously we used these cells to express all the three
subunits of human eukaryotic initiation factor 2 (elF2) and some of
the variants of the alpha-subunit using baculovirus expression system
to determine the importance of inter-subunit and protein interactions
on the function and regulation of elF2 [3-5]. The trimeric elF2 protein
plays an important role in delivering initiator tRNA (Met-tRNAi) to
40S ribosomal subunits in the presence of GTP and in the
identification of authentic translational start site in the initiation
step of eukaryotic protein synthesis [6-8]. After ensuring correct base
pairing between Met-tRNAi and the start AUG codon in mRNA, the
GTPase activity of elF2 is stimulated by elF5, the GTPase activating
protein and the elF2.GDP is released from ribosome. Phosphorylation

Abbreviations: PMA, Phorbol myristate acetate; PKC, Protein kinase C; UV,
Ultraviolet; ER, Endoplasmic reticulum; elF2«, alpha-subunit of eukaryotic initiation
factor-2; z-VAD-fmk, Benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone;
PERK, ER-resident elF2« kinase; Sf9, Spodoptera frugiperda
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of the conserved ser’! residue in the alpha-subunit of mammalian elF2
by a family of stress-activated elF2a kinases [9] occurs at different
cellular locations: cytoplasm and on the surface of endoplasmic
reticulum (ER). Phosphorylation of ser®! in elF2a inhibits elF2B, a
heteropentameric GDP/GTP exchange factor that recycles elF2 GDP to
elF2.GTP [5]. As a consequence, general protein synthesis is inhibited.
Phosphorylation of elF2« also upregulates translation of certain gene-
specific mRNAs and evokes adaptive or apoptotic signaling pathways
[10-14]. Abrogation of e[F2ae phosphorylation leads to transformation
and severe phosphorylation leads to cell death in cultured cells [15-
17]. Homozygous mice harboring nonphosphorylatable form of elF2a
hypoglycemic and hypoinsulinemic and die soon after birth [18]. In
contrast, heterozygous mice harboring one copy of nonphosphoryla-
table form of elF2« are prone to obesity on high fat diet [19].
Expression of S51D, a phosphomimetic mutant of human elF2« or
double-stranded RNA-dependent kinase (PKR), an elF2a kinase,
promotes apoptosis in mammalian cells [16]. However in our earlier
studies, we could express a phosphomimetic form of e[F2« in Sf9 cells
using baculovirus expression system [3,5]. Subsequent studies by us
have shown that wt baculovirus infection or addition of z-VAD-fmk, a
caspase inhibitor mitigates UV-induced elF2a phosphorylation,
caspase activation and apoptosis. In contrast, p35 deletion baculovirus
that lacks its antiapoptotic p35 gene readily stimulates elF2a
phosphorylation and apoptosis [1]. UV-irradiation-induced apoptosis
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is partly mitigated by the expression of nonphosphorylatable S51A
mutant of elF2a and enhanced by S51D, a phosphomimetic mutant
elF2a. These studies together with the time course studies on caspase
activation and elF2« phosphorylation raised the possibility that e[F2a
phosphorylation is a cause and consequence of caspase activation [30].
Consistent with these studies in insect cells, an earlier study also
suggested that the double-stranded RNA-dependent elF2a kinase
(PKR) is proteolyzed in vitro by recombinant caspases-3, -7 and -8, and
the kinase domain efficiently phosphorylates the conserved ser’!
residue in elF2q, thereby suggesting that PKR can also be activated by
caspases in addition to low concentrations of dsSRNA [20]. Interestingly,
certain stressors like tunicamycin or A23187 that promote stress in the
endoplasmic reticulum (ER), as evidenced by BiP expression induce
elF2a phosphorylation but not apoptosis in Sf9 cells suggesting that
phosphorylation of elF2 alpha is a stress, survival and suicidal signal
[30].

In addition to PKR, several other kinases including conventional
and novel PKCs are activated by caspases [21,22]. Like the family of
elF2a kinases, the family of PKCs that comprises at least 11 isoforms is
implicated in cell survival and death [23]. Here we show for the first
time that caspase-mediated elF2ac phosphorylation in UV-irradiated
or cycloheximide-treated Sf9 cells and in cytochrome c-treated ex-
tracts is further enhanced by PMA, a pharmacological activator of PKC
and inhibited by calphostin, an inhibitor of PKC.

2. Materials and methods
2.1. Materials

All reagents otherwise mentioned below were purchased from
Sigma, USA. Anti-cytochrome c antibody, calphostin, phorbhol myristate
acetate (PMA) and tunicamycin were obtained from Calbiochem.
Ac-DEVD-AFC, Ac-DEVD-CHO and z-VAD-fmk were purchased from
BD-Biosciences. TNM-FH medium and fetal bovine serum were pur-
chased from Gibco BRL. Phosphospecific anti-e[F2a and S6 antibodies
were obtained from Cell Signaling Technologies.

2.2. Cell culture, morphology and flow cytometry

Sf9 cells were cultured in TNM-FH medium supplemented with
10% fetal bovine serum and 1% antibiotics as described earlier [1].
Trypan blue exclusion test using hemocytometer was performed to
score the viable cells. Cells were scored for apoptosis by monitoring
plasma membrane blebbing by observing under a VWR AE31 inverted
microscope equipped with a motic digital camera and the software
(20x magnification). Percentage of cells undergoing apoptosis was
quantified by flow cytometry. After each treatment, cells were harvested
by centrifugation at 1500 rpm for 5 min at 4 °C, washed with PBS
(phosphobuffer saline), resuspended in the residual PBS, fixed with
500 pl of 70% ethanol and were incubated overnight at 4 °C. The cells
were then washed in PBS, suspended in PBS containing 50 pig/ml
propidium iodide, 1% Triton X-100 and 50 pg/ml RNase and incubated
in dark for 1 h at 37 °C. Cells were then centrifuged, washed again with
PBS, resuspended in sheath fluid and analyzed by flow cytometer FACS
CALIBUR 3CS from Becton Dickinson Biosciences.

2.3. Induction of apoptosis

2x10° cells were used for the experiments. Cells were treated
with UV-irradiation (200 J/m?) for 60 s, 1.0 mM cycloheximide and
12 uM tunicamycin in the presence and absence of 25 pM z-VAD-fmk,
or 50 nM PMA or calphostin 1 h prior to the treatment and incubated
at 27 °C for 10 h. To induce caspase activity in vitro, the endogenous
cytochrome c of the healthy Sf9 extracts was first immunodepleted
using anti-cytochrome c antibody as mentioned [24]. Then the
extracts (~100 png protein) were incubated with 50 uM horse heart

cytochrome ¢ and 1.0 mM ATP. To determine the importance of PKC
activation on caspase activity, Ac-DEVD-AFC hydrolysis was moni-
tored in cytochrome c-treated extracts in the presence and absence of
PMA or calphostin.

2.4. Preparation of cell extracts

Cells treated with various agents were harvested and lysed as
mentioned earlier [1]. Protein was estimated using Bradford reagent
from Biorad. For the preparation of cell-free extracts devoid of nuclei,
healthy Sf9 cells were harvested, washed with PBS and suspended in
lysis buffer containing 50 mM Hepes-KOH pH 7.9, 10 mM KCl, 0.2 mM
EDTA (pH 8.0), 1 mM DTT, 1png/ml pepstatin and leupeptin, and
1 mM PMSF. After incubation on ice for 15 min, 0.25% NP-40 was
added, vortexed briefly and centrifuged at 1600 rpm for 3 min. The
supernatant was collected and centrifuged at 13,000 rpm for 30 min
at 4 °C. The supernatant was saved as cytoplasmic extract. The pellet
was washed once with lysis buffer and centrifuged at 1000xg for
3 min. It is then resuspended in 500 pl of lysis buffer and layered on
30% sucrose buffer containing 50 mM Hepes-KOH pH 7.9, 10 mM KCl,
1 mM EDTA pH-8.0, 1 mM DTT, 0.5 mM PMSF, and spun at 3000 rpm
for 10 min. The pellet rich in nuclei was stored in buffer A containing
30% glycerol at —70 °C or used immediately.

2.5. Caspase activity and elF2a phosphorylation

Caspase activity was analyzed by the hydrolysis of specific caspase 3
substrate, Ac-DEVD-AFC as mentioned [1]. Fluorescence emission of the
released AFC (excitation—400 nM; emission—500 nM) was measured
using a Flouromax-3, Jobin Yvon Horiba Spectrofluorimeter. Phosphor-
ylated elF2at was analyzed in various conditions by western blots as
described previously using equal amount of protein (~100 pg) [1]. The
processing of recombinant mouse PERK, an e[F2a kinase, was studied in
Sf9 cell extracts prepared from cells undergoing apoptosis as a measure
to determine caspase activity. Recombinant PERK was incubated in
PERK cleavage buffer (10 mM Tris-HCl pH 7.5, 2.5 mM KH,PO4, 2 mM
NaCl, 68 mM sucrose and 220 mM mannitol) along with the extracts or
purified caspase-3 at 37 °C for 4 h. After incubation, the reaction was
stopped by the addition of 4x sample buffer; the samples were boiled,
electrophoresed on 10% SDS-PAGE and stained with coomassie blue.

2.6. Integrity of nuclei and DNA fragmentation

The integrity of nuclei was checked by hoechst dye (excitation—
346 nm, emission—460 nm). 2.5 pM of dye was added to 40 pl of
nuclei and incubated in the dark for 10 min and viewed under a Leica
TCS SP2 AOBS laser scanning confocal microscope equipped with Leica
confocal software. Healthy Sf9 nuclei were incubated with cell-free
extracts treated with cytochrome c for 4 h at 37 °C and were analyzed
for DNA fragmentation as mentioned [24].

3. Results

3.1. PMA enhances and calphostin mitigates stress-induced cell death
and caspase activation

An analysis of Sf9 cells for cell death by flow cytometry and caspase
activation by Ac-DEVD-AFC hydrolysis in the presence of various
agents reveals that caspase activation is directly proportional to cell
death (Fig. 1). Cells incubated for 10 h at 27 °C after 60 s of exposure
to UVB irradiation (200 J/m?) or treated with 1 mM cycloheximide, an
inhibitor of polypeptide chain elongation, showed 55-58% or 58-60%
of apoptosis respectively (Fig 1, white bars, bar # 5 and 11 vs. 1) and
displayed higher caspase activity (black bars). Treatment in the pres-
ence of 12 pM tunicamycin, an inhibitor of N-linked glycosylation and
a known stressor of the endoplasmic reticulum (ER), for 10 h however
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Fig. 1. Caspase-3 activity and cell death. Sf9 cells are treated with various agents for 10 h at 27 °C, except in the case of UV-irradiation. UV-irradiation (200J/m?) is given for 60 s
and then the cells are incubated at 27 °C for 10 h. Cells are analyzed for cell death and caspase activity as described in Section 2. The black bars indicate the relative levels of
caspase activity and the white bars indicate the percentage of cell death as measured by flow cytometry. The various bars represent the following: 1) control, 2) 50 uM z-VAD-fmk, 3)
50 nM PMA, 4) 50 nM Cal, 5) UV, 6) z-VAD-fmk + UV, 7) PMA + UV, 8) z-VAD-fmk + PMA + UV, 9) Cal + UV, 10) z-VAD-fmk + Cal + UV, 11) 1.0 mM cycloheximide (CH), 12) z-VAD-
fmk + CH, 13) PMA + CH, 14) z-VAD-fmk + PMA + CH, 15) Cal 4 CH, 16) z-VAD-fmk + Cal + CH, 17) 12 uM, tunicamycin (Tn), 18) z-VAD-fmk + Tn, 19) PMA + Tn, 20) z-VAD-fmk +
PMA +Tn, 21) Cal+Tn, and 22) z-VAD-fmk + Cal + Tn. The bar represents mean + standard error. * P<0.01 and # P<0.02 n=4.

did not promote significant amount of apoptosis or any caspase
activation (bar # 17 vs. 1). Prior treatment for 1 h with 50 uM z-VAD-
fmk, a caspase inhibitor, abrogates both the UV and cycloheximide-
induced apoptosis and caspase activation (bar # 6 and 12 vs. 5 and
11). Wt baculovirus infected cells also resisted UV or cycloheximide-
induced apoptosis (data not shown).

Low concentrations of PMA (50 nM), an activator of PKC, or calphostin
(50 nM), an inhibitor of PKC did not induce significant changes in cell
morphology, apoptosis or caspase activation (bar # 3 and 4). PMA
enhanced further both UV-irradiation and cycloheximide-induced
apoptosis from 58% to 80% and 60% to 83% respectively (bar # 7 and
13 vs. 5 and 11) and accordingly the caspase activity. In contrast, addi-
tion of 50 nM of calphostin, a known inhibitor of PKC decreased UV and
cycloheximide-induced caspase activity and apoptosis (bar # 9 and 15
vs. 5 and 11). However, unlike z-VAD-fmk, the reduction in caspase
activity and cell death in UV or cyclohexmide-treated cells in the pres-
ence of calphostin is partial (bar # 6 and 12 vs. 9 and 15). These findings
therefore suggest that calphostin, unlike z-VAD-fmk, inhibits only PKC-
mediated apoptosis in UV and cycloheximide-treated cells and PKC
activation occurs not prior to but after caspase activation.

9 10 11

3.2. PMA enhances and calphostin reduces the late stages of
stress-induced phosphorylation of elF2c in Sf9 cells

Phosphorylation of elF2« is primarily a stress signal and can evoke
adaptive and apoptotic responses. It can be a cause and consequence
of caspase activation [14,15,17,30]. Earlier, we observed that elF2a
phosphorylation occurs prior to caspase activation in UV-irradiated
cells [1]. Addition of z-VAD-fmk or infection by wt baculovirus that
harbors an anti apoptotic gene like p35, mitigates the late stages of UV
or cycloheximide-induced elF2a phosphorylation effectively [1]
suggesting that caspase activation can lead to el[F2a phosphorylation.
Here we analyzed the effects of PMA and calphostin on the late and
early stages of elF2a phosphorylation in UV-irradiated, cyclohexi-
mide- or tunicamycin-treated Sf9 cells in the presence and absence of
z-VAD-fmk (Figs. 2 and 3).

An analysis of el[F2a phosphorylation reveals that none of the
pharmacological agents PMA, calphostin or z-VAD-fmk can induce
elF2a phosphorylation (Fig. 3A, lanes 5, 9, and 2) at the concen-
trations that we have used or can promote caspase activation and
cell death (Fig. 1). UV-irradiation-induced elF2ac phosphorylation is
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Fig. 2. Time course analysis of e[F2a phosphorylation. The effects of PMA, calphostin and z-VAD-fmk are studied in Sf9 cells irradiated with UV light (200 ]/m?) for 60 s and incubated
for different time periods. elF2a phosphorylation and levels of S6 are analyzed using phosphospecific anti-elF2c and anti-S6 antibodies as mentioned in Section 2. Panel A represents
the phosphorylation of el[F2a and panel B represents the levels of S6, 40S ribosomal protein, as loading control. The blot is a representative of three independent experiments. Panel C
represents the percent intensity of elF2cw. The bar diagram represents mean 4 standard error. * P<0.01. The numbers in various panels represent the following: 1-4, UV-treated; 5-8,
UV + z-VAD-fmk; 9-12, PMA 4+ UV; 13-16, cal + UV; 17, control (5 h) and 18, z-VAD-fmk (5 h).
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Fig. 3. Phosphorylation elF2c in Sf9 cells. elF2a phosphorylation and levels of S6 are analyzed using a phosphospecific anti-elF2a and anti-S6 antibodies in extracts prepared from
cells exposed to various agents as mentioned in Section 2. The figures are western blots and densitometric graphs. The various panels represent the effects of PMA, calphostin or
z-VAD-fmk on elF2a phosphorylation in cells treated with UV-irradiation (200)/m?), (panel A), 1 mM cycloheximide (panel B) and 12 uM tunicamycin (panel C) and the
corresponding bar diagrams are presented next to the blots. The blots are representative of three independent experiments. The bar diagram represents the percentage intensity of
elF2a phosphorylation. The bar represents mean 4 standard error. Significance * P<0.01 compared to UV-irradiation treatment in panel A, lane # 3, and cycloheximide in panel B,
lane # 3 respectively. The lane numbers in bar diagrams correspond to the lane numbers in respective blots.

enhanced approximately to 45% within 1 h (Fig. 2, lane 3) and to 75%
at 5 h (Fig. 2, lane 4). At 5 h, but not during the first hour, PMA is
enhanced by about 20% (Fig. 2; lanes 12 vs. 4) and calphostin is
reduced by 20% of UV-irradiation-induced elF2ac phosphorylation
(lanes 16 vs. 4). At 10 h (Fig. 3), the increase in UV-irradiation-
induced elF2a phosphorylation by PMA (Fig 3, panel A, lanes 6 vs. 3)
or its decline by calphostin (lanes 8 vs. 3) is approximately 30% and
20% respectively suggesting that PMA enhances more efficiently the
late stages of UV-irradiation-induced phosphorylation. A similar
effect was also observed in cells treated with 1.0 mM cycloheximide
(Fig. 3B). These findings therefore suggest that the late stages of
UV-irradiation or cycloheximide-induced elF2ac phosphorylation is
partly contributed by PKC activation. In contrast, addition of z-VAD-
fmk, a caspase inhibitor, reduces UV-irradiation-induced elF2a phos-
phorylation much more efficiently than calphostin at the 10 h time point
than at 5h and is unaffected during the first hour. Hence, PMA-
stimulated elF2a phosphorylation presumably occurs after caspase
activation than prior to caspase activation. This suggestion is consistent
with the finding that tunicamycin-induced elF2ac phosphorylation that
does not lead to cell death is unaffected by PMA or calphostin or by z-
VAD-fmk even in the late stages (Fig. 3C).

3.3. Cytochrome c stimulates caspase activation in cell-free extracts

To further study the caspase activation-mediated elF2a phos-
phorylation and its connection to PKC pathway, cell extracts devoid of
their nuclei or depleted of their endogenous cytochrome c were pre-
pared and treated with cytochrome c to determine whether caspase
activity can be stimulated in such cell-free extracts.

Caspase activity is stimulated by the addition of cytochrome c
and 1.0 mM ATP to both undepleted and cytochrome c depleted Sf9
extracts (Fig. 4A). ATP alone stimulates the caspase activity of the
extracts which are not depleted of their endogenous cytochrome c.
Addition of ATP alone however was unable to promote caspase ac-
tivation in cytochrome c depleted extracts. This finding is consistent
with the earlier observations that ATP facilitates the formation of

apoptosome complex and caspase activation in cytochrome c-treated
extracts [25]. The caspase activated cell-free extracts are able to
promote DNA laddering of isolated healthy nuclei of Sf9 cells (Fig. 4B).

A previous report demonstrated that PKR can be cleaved by purified
caspases 3, 7 and 8 and the released kinase domain phosphorylates
efficiently elF2cx on its ser®! residue. We have also tested here the ability
of Sf9 cells to process recombinant PERK, an ER-resident e[F2a kinase in
cell extracts to determine if it could serve as a substrate for active
caspase(s) produced in UV-irradiated and cycloheximide-treated cells
(Fig. 5A). Processing of purified recombinant PERK in these cell extracts
was analyzed by anti-PERK-antibody which identifies both the full
length and cleaved fragment of PERK in western blots. Recombinant
PERK is cleaved efficiently in the extracts that are prepared from UV-
irradiated (Fig 5A, lanes 4 and 5) or cycloheximide-treated cells (lanes
8 and 9) than in untreated control extracts (lanes 2 and 3) or in
etoposide (lanes 6 and 7) and tunicamycin-treated (lanes 10 and 11)
extracts. The cleavage of PERK is found related to the caspase activity of
the extracts. The cleavage of PERK is mitigated by Ac-DEVD-CHO, a
caspase inhibitor, in UV-irradiated extracts that contained an active
caspase (Fig. 5B, lanes 2-4 vs. 1).

Complementing these observations, the processing of PERK is also
analyzed in cytochrome c depleted and undepleted extracts that are
supplemented with cytochrome c and ATP (Fig. 5C) by monitoring the
appearance of a processed PERK fragment and reduction in the full
length protein by SDS-PAGE. Exogenously added PERK is cleaved in
cytochrome ¢ and ATP-treated cell-free extracts where caspase is
active, but not in control extracts (Fig. 5C).

3.4. Cytochrome c-treated cell extracts display enhanced
phosphorylation of elF2c

To determine the importance of caspase activation on phosphoryla-
tion of e[F2a, extracts treated with or without cytochrome c are analyzed
for elF2ac phosphorylation (Fig. 6A upper panel) and levels of
cytochrome ¢ (middle panel). Levels of S6 have been used as loading
controls (lower panel). Basal level of elF2ac phosphorylation both in
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Fig. 4. Caspase activity and DNA fragmentation in cytochrome c-treated Sf9 extracts. Panels A and B represent the caspase activity and DNA fragmentation in undepleted and
cytochrome c depleted extracts respectively. The figures are representatives of three independent experiments. The bar represents mean + standard error.

undepleted and cytochrome c depleted extracts (Fig. 6A, lanes 1 and 4) is
enhanced significantly in the presence of added cytochrome c and ATP
(lanes 3 and 6 vs. 1 and 4). Addition of ATP alone to extracts containing
endogenous cytochrome c also stimulated elF2a phosphorylation (lanes
2 vs. 1) more significantly than in cytochrome c depleted extracts (lanes
5 vs. 4). The corresponding levels of cytochrome c, in the middle panel
correspond to caspase activation and elF2a phosphorylation. Presence of
caspase inhibitor, z-VAD-fmk, abrogated cytochrome c and ATP-
mediated elF2a phosphorylation almost completely (Fig. 6C lanes 5 vs.
3) suggesting that caspase activation is the primary cause for enhanced
elF2a phosphorylation in cytochrome c- and ATP-treated extracts. The
middle panel in Fig. 6C represents the levels of cytochrome c in
cytochrome c depleted extracts.

3.5. PMA enhances and calphostin reduces cytochrome c-mediated
caspase activity and elF2« phosphorylation

Cytochrome c-treated extracts display higher phosphorylation of
elF2a as shown in Figs. 6 and 7 (lanes 3 vs. 1). Addition of PMA or

A 12 3456789101
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calphostin in the absence of added cytochrome c does not alter the
phosphorylation status (Fig. 7A lanes 6 and 7 vs. lane 1 and the cor-
responding bar diagram). However, PMA enhances (lanes 4 vs. 3) and
calphostin reduces cytochrome c-mediated elF2ac phosphorylation
(lanes 5 vs. 3) in extracts. PMA-treated cytochrome c-supplemented
cell extracts display enhanced PERK processing (Fig. 7C lane 10) and
calphostin reduces the PERK processing (lane 14) compared to cyto-
chrome c-treated extracts (lane 6). These findings therefore suggest
that caspase activation by cytochrome c can lead to both elF2a kinase
and PKC activation in cell extracts. Together, these activities can
further enhance caspase activation and cell death.

4. Discussion

Cell suicide and survival are mediated by complex signaling
pathways. Although not very many studies are carried out, few recent
studies suggest that elF2a phosphorylation, primarily a stress signal,

is a cause and consequence of caspase-3 activation [1,16,18,20,30].
Protein kinase C isozymes, a family of serine-threonine kinases, also
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Fig. 5. PERK cleavage. PERK cleavage assay was performed in cell extracts (~150 pg of protein) prepared from cells treated with UV, etoposide, cycloheximide and tunicamycin
(panel A) as mentioned in Section 2. PERK cleavage was studied in the presence of different concentrations of Ac-DEVD-CHO, a caspase inhibitor in cell extracts prepared from
UV-irradiated cells (panel B), and also in cell-free extracts (~ 150 pg of protein) that were treated with cytochrome c and ATP (panel C). Panels A and B are western blots. Panel Cis a

stained gel. The figures are representative of three independent experiments.
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Fig. 6. Phosphorylation of elF2a in cytochrome c-treated cell-free extracts. Phosphorylation of e[F2a is analyzed in undepleted and cytochrome c depleted cell-free extracts that are
treated with 50 uM cytochrome c and 1.0 mM ATP (panel A). Phosphorylation is also monitored in cytochrome c depleted extracts treated with cytochrome ¢ and ATP in the presence
and absence of z-VAD-fmk (panel C). The levels of Cyt c and S6 are also studied. Panels B and D represent the corresponding cytochrome c levels respectively. The figures are western
blots and are representatives of three independent experiments. The bar diagrams represent the percent intensity of phospho elF2ct. The lane numbers in bar diagrams represent the
lane numbers in corresponding blots. The bar represents mean =+ standard error. * P<0.01.

play arole in cell survival and death [26] like e[F2« kinases. PKC6 [27], different stressors, the mechanisms leading to cell death and survival
like PKR, one of the elF2a kinases, is found to be a substrate for are not well understood and very little information is available on
caspases. Although phosphorylation of elF2a occurs in response to the coincident signaling activities. UV-irradiation or DNA damage is
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Fig. 7. Effect of PMA and calphostin on cytochrome c-treated Sf9 extracts. Effect of PMA and calphostin on PERK cleavage and phosphorylation of elF2« is studied in cytochrome ¢
depleted cell-free extracts supplemented with cytochrome c. Panel A represents the phosphorylation of e[F2c and levels of S6, and panel B represents corresponding densitometric
graph. The blot is representative of three independent experiments and the bar represents the percent intensity of phospho elF2a * P<0.01. Panel C represents PERK cleavage in
these extracts. Panel A is a western blot and panel C is a coomassie stained gel.
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Fig. 8. Model depicting contribution of caspase-mediated PKC activation to elF2a
phosphorylation. Analyses of non-ER-stress-induced elF2« phosphorylation in Sf9 cells
or cytochrome c-induced elF2ac phosphorylation in cell-free extracts suggests that
caspase activation leads to enhanced elF2a phosphorylation. PMA, an activator of PKC
enhances caspase-mediated elF2a phosphorylation. Caspase-mediated elF2ac phos-
phorylation is mitigated partially by calphostin and completely by z-VAD-fmk thereby
suggesting that caspases can activate multiple signaling pathways.

known to elicit both PKC activation, phosphorylation of el[F2c and cell
death in different cell types. Hence here we have studied the
connection, if any, between these two pathways in Sf9 cells which
are natural hosts of baculovirus.

Consistent with our previous studies [1] non-ER stressors that are
characterized by lack of BiP expression [30] as in the case of UV-
irradiation and cycloheximide treatments promote phosphorylation of
elF2a and cell death. Tunicamycin, a typical ER stressor, promotes
elF2ac phosphorylation but not cell death (Fig. 1). Non-ER stress-
induced cell death is related to the caspase activity which is estimated
by Ac-DEVD-AFC hydrolysis (Fig. 1) and also to the processing of PERK,
an ER-resident elF2a kinase, in such cell extracts (Fig. 5A and B). Time
course analysis of el[F2a phosphorylation reveals that z-VAD-fmk, a
pan caspase inhibitor mitigates the late stages (at 10 h) (Fig. 3A and B),
but not the early stages (Fig. 2) of UV-irradiation-induced elF2c
phosphorylation thereby suggesting that caspase activation which
follows elF2a phosphorylation can also lead to enhanced elF2a phos-
phorylation in a feed back loop. The fact that elF2a phosphorylation in
non-ER stressed conditions stimulates caspase activation is further
substantiated by the observation that tunicamycin-induced elF2o
phosphorylation does not lead to caspase activation and is not affected
by z-VAD-fmk (Fig. 3C).

Addition of PMA, a pharmacological activator of PKC, stimulates
UV-irradiation or cycloheximide-induced elF2ae phosphorylation and
cell death but does not affect tunicamycin-induced elF2a. phosphor-
ylation thereby suggesting that caspase activation stimulates PKC
activation and further enhancement in elF2a phosphorylation. This
notion is further supported by the finding here that PMA enhances
very efficiently and calphostin, an inhibitor of PKC, reduces albeit less
efficiently the late stages but not the early stages of UV-irradiation-
induced elF2ac phosphorylation than the caspase inhibitor z-VAD-
fmk. These findings therefore suggest that calphostin inhibits PKC
activation that occurs in response to caspase activation mediated by
elF2a phosphorylation. Unlike z-VAD-fmk, which inhibits caspase acti-
vation directly and efficiently, calphostin reduces caspase activation that
is stimulated by PKC and thereby elF2a phosphorylation. The above
results are further substantiated by the observations that cytochrome
c-mediated-caspase activation in cell-free extracts as analyzed by Ac-
DEVD-AFC hydrolysis (Fig. 4A), DNA fragmentation of healthy nuclei
(Fig. 4B), and the cleavage of PERK (Figs. 5C and 7C), leads to elF2a
phosphorylation (Fig. 6A and C) which is further enhanced by PMA and
reduced by calphostin (Fig. 7A).

Arecent study suggests that e[F2a. phosphorylation, which is known
to inhibit general protein synthesis, however upregulates translation of
PKC ) [28] as other gene-specific mRNAs like ATF4. However, its ability
to stimulate cell death is not clear because, we could study the PKC-
regulated caspase activation in cell-free extracts. Among PKCs, PKCS is
implicated in cell death in mammalian cells in response to UV-irra-
diation. It is also processed and activated by caspase activation [22,27].
UV-irradiation is shown to activate GCN2 (general control non-
derepressible), one of the members of elF2a kinases in mammalian
cells [29]. However, neither the PKCs nor elF2 alpha kinases have been
characterized in Sf9 cells. Our studies point out that non-ER stress-
induced elF2ac phosphorylation-mediated caspase activation can
enhance PKC activation, el[F2ac phosphorylation (in a feedback manner)
and subscribes to the notion that caspases can activate multiple sig-
naling pathways to enhance cell death as described in our model (Fig. 8).
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