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ABSTRACT: Many extracellular stresses cause inhibition of translation initiation by triggering phosphorylation
of the initiation factor, eIF-2a.. A major protein kinase responsible for this phosphorylation is PKR, a latent
kinase which itself needs to be activated by autophosphorylation. In stressed cells, this activation occurs when
PACT, a PKR-binding protein, is phosphorylated and activates PKR. We have previously demonstrated that
the presence of specific residues in domain 3 of PACT is necessary for its ability to activate PKR in vivo. Here,
we analyze the biochemical properties of the inactive PACT mutants by assessing their ability to bind and
activate PKR in vitro. Among the essential residues, two serines need to be phosphorylated in vivo for PACT’s
ability to activate PKR. We substituted those serines with aspartic acids, mimics of phosphoserines, and
investigated the properties of the corresponding mutant PACTs. In vitro, they activate PKR more efficiently
because they bind to PKR more tightly. These results indicate that stress-induced phosphorylation of specific
serine residues in domain 3 of PACT increases its affinity for PKR, which leads to better activation of PKR

and resultant elF-2a phosphorylation.

PKR! is a ubiquitously expressed cytoplasmic dsRNA sensor
whose levels are increased by interferon (IFN) production during
the mammalian innate immune response (/, 2). The serine/
threonine kinase activity of PKR is latent and requires activation
by autophosphorylation. Binding to dsRNA activates PKR,
resulting in eukaryotic translation initiation factor elF-2a phos-
phorylation, which subsequently decreases the rate of cellular
and viral translation initiation (3). In addition to its central role in
the antiviral activity of IFNs, PKR also has been implicated
in transcriptional signal transduction pathways triggered by
extracellular stresses, specific cytokines, growth factors, and
dsRNA (4). Furthermore, PKR can also regulate apoptosis, cell
growth, transformation, and differentiation (reviewed in ref 5).

Upon binding dsRNA at its two N-terminal dsRNA-binding
domains (dsRBDs) (6, 7), PKR changes its conformation (8, 9),
exposing the ATP-binding site (10, 11), which causes dimeriza-
tion and autophosphorylation (12). In addition, the two dsRBDs
can mediate dsSRNA-independent protein—protein interactions
with other proteins that carry similar domains (/3). One such
protein is PACT, whose binding to PKR leads to the activation of
PKR in the absence of dsSRNA (/4). PACT heterodimerizes to
PKR through its first two dsRBDs and its third, C-terminal
domain (domain 3). In vitro, domain 3 can activate PKR by
itself, but in vivo, it requires either of the other two domains to
anchor it strongly to PKR for effective activation and subsequent
cellular effects (15). Domain 3 binding causes PKR autopho-
sphorylation by disrupting an intramolecular interaction within
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PKR that is responsible for keeping PKR in an inactive
conformation (/6).

In mammalian cells, the biochemical mechanism by which
PACT activates PKR is set in motion only upon application of
cellular stresses such as treatment with a low dose of actinomy-
cin D, peroxide, arsenite, thapsigargin, tunicamycin, or growth
factor withdrawal (15, 17—19). After exposure of cells to the
stress agent, PACT itself becomes phosphorylated, allowing it to
associate with increased affinity, which leads to PKR-dependent
apoptosis (13, 18, 20, 21). It is likely that a major feature of the
stress response may be to regulate PACT-mediated PKR activa-
tion, which is dsSRNA-independent.

Previously, we used alanine-scanning mutagenesis of PACT
domain 3 to identify two serine residues whose phosphorylation
was essential for the cellular actions of PACT (21). We proposed
a model in which constitutive phosphorylation of one of these
residues was required for stress-induced phosphorylation of the
other. In this study, we further examine the biochemical proper-
ties of these and other key residues of PACT domain 3 for their
contributions to binding and activation of PKR in vitro. Our
biochemical results are consistent with our model, indicating that
phosphorylation of the specific serine residues in the activation
domain of PACT is necessary for transmission of the cellular
stress response to PKR.

EXPERIMENTAL PROCEDURES

Reagents, Cells, and Antibodies. HT1080 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) and a penicillin/streptomycin
mixture. Transfections were conducted with lipofectamine 2000
reagent (Invitrogen). Anti-FLAG monoclonal M2 antibody was
from Sigma, and anti-PKR monoclonal antibody was from
Ribogene. PACT anti-domain 3 peptide antibody (15, 22) was
custom produced by Bio-Synthesis, Inc.
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Construction of PACT Mutants. The generation of PACT
mammalian expression constructs and MBP-3 was described
previously (15). Overlap extension PCR was used to construct all
PACT mutants (23). PACTAI was used as a template to
construct each mutant used for mammalian transfection, with
the exception of full-length S246A and S287A, for which full-
length PACT was used as the template. PCR fragments contain-
ing the desired PACT mutant were ligated into restriction
enzyme-digested pcDNA3. A FLAG epitope tag was added at
the N-terminal coding end of all PACT constructs.

Apoptosis (TUNEL) Assay. HT1080 cells growing on glass
coverslips in six-well dishes were cotransfected with pcDNA3-
MBP, pcDNA3-MBP-3, or pcDNA3-FLAG-PACT. Six hours
after transfection, the cells were treated with 50 ng/mL actino-
mycin D. Cells were fixed in 4% methanol-free formaldehyde
24 h after transfection. A TdT-mediated dUTP nick-end labeling
(TUNEL) assay using the Dead End Fluorometric TUNEL
System (Promega) was performed following the manufacturer’s
protocol. After being washed, cells were stained with primary
anti-MBP or anti-FLAG antibody and secondary anti-mouse
IgG Texas Red conjugate (Molecular Probes) as described
previously (/5). The cells were mounted on glass slides in
Vectashield with DAPI  (4,6'-diamidino-2-phenylindole)
(Vector Laboratories) and examined under a fluorescence micro-
scope.

Expression and Purification of PACT Domain 3 Mu-
tants from Escherichia coli. The protein coding region of
domain 3 for each PACT mutant was subcloned into pMALc2x
(New England Biolabs) to generate the pMAL2cx domain
3 mutant. This results in an in frame fusion of the correct PACT
coding sequence to maltose binding protein. MBP fusion proteins
were purified by amylose affinity chromatography (15). Purified
PACT proteins were stored at —80 °C until they were used.

PKR Activation Assay in Vitro. The kinase activation assay
of PKR was performed on PKR purified with a monoclonal
antibody immobilized on protein G-Sepharose (/5) or using
purified V5-PKR (/6). HT1080 cells were treated with 1000
units/mL IFN-f for 24 h and lysed in high-salt buffer [20 mM
Tris-HCl (pH 7.5), 50 mM KCl, 400 mM NaCl, 1% Triton X-
100, 0.2 mM PMSF, 100 units/mL aprotinin, and 20% glycerol].
HT1080 lysate was mixed with 1 uL of PKR monoclonal anti-
body 71/10 (Ribogene) in high-salt buffer and placed on a
spinning wheel for 30 min at 4 °C; 25 uL of protein G-Sepharose
was added and the mixture spun for an additional 30 min at
4 °C. The protein G-Sepharose beads were washed four times in
500 uL of high-salt buffer and twice in 500 uL of activity buffer
[10 mM Tris-HCI (pH 7.5), 50 mM KCI, 2 mM magnesium
acetate, 7 mM f-mercaptoethanol, and 20% glycerol]. The
activation assay was performed on PKR in activity buffer
containing 1—100 nmol of purified PACT or mutant PACT
tethered to MBP, 2.5 mM MnCl,, 0.1 mM ATP, and 10 uCi of
[y**-P]ATP for 20 min at 30 °C. Labeled protein was analyzed by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) on an 11% resolving gel. Autoradiography was
performed at room temperature.

Assay for PACT Domain 3 Binding to PKR. Purified
maltose binding protein (MBP) or MBP tethered to PACT
domain 3 (MBP-3) was independently bound (0.5 ug each) to
amylose resin (New England Biolabs) in amylose binding buffer
[20 mM Tris-HCI (pH 7.5), 10 mM S-mercaptoethanol, 1 mM
EDTA, and 10% glycerol]. Purified PKR-FLAG protein (1 ug)
was added to the resin-bound MBP or MBP-3 in amylose binding
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buffer and placed on a rotating wheel for 1 h at 4 °C. After
binding, the resin was washed six times with 500 uL of amylose
binding buffer containing 1% Triton X-100. The ability of PKR-
FLAG to interact with MBP or MBP-3 was analyzed by Western
blotting for FLAG (22). MBP-3 served as the wild-type (wt)
PACT positive control.

Expression in Mammalian Cells and PKR Purification.
HT1080 cells were transfected in 100 mm culture dishes with 5 ug
of CMV-PKR (K296R)-FLAG DNA using the lipofectamine
2000 reagent (Invitrogen). Twenty-four hours after transfection,
cells were lysed in high-salt buffer [20 mM Tris-HCI (pH 7.5),
50 mM KCl, 400 mM NacCl, 1% Triton X-100, 0.2 mM PMSF,
100 units/mL aprotinin, and 20% glycerol] on ice. The cell extract
was used to immunoprecipitate PKR-FLAG with anti-FLAG
(M2) agarose. The agarose beads were washed four times with
high-salt buffer and twice with low-salt buffer [10 mM Tris-HCI
(pH 7.5), 50 mM KCl, 2 mM magnesium acetate, 100 units/mL
aprotinin, 0.2 mM PMSF, 1% Triton X-100, and 20% glycerol].
PKR-FLAG was eluted with 0.2 mg/mL FLAG peptide (Sigma)
in elution buffer [10 mM Tris-HCI (pH 7.5) and 10% glycerol].
Purified PKR-FLAG constructs were analyzed by Western
blotting with anti-FLAG monoclonal antibody (Sigma).

RESULTS

Strong PKR Binding Is Needed for PACT Action in
Vivo. Our previous studies have established that domain 3 of
PACT is essential for activating PKR. Purified domain 3,
expressed as a fusion protein with maltose binding protein
(MBP-3), binds PKR weakly but activates PKR strongly in
vitro (15, 24). In contrast, for PACT to activate PKR in vivo, it
requires, in addition to its domain 3, either domain 1 or domain 2,
each of which can bind to PKR strongly, suggesting that strong
PKR binding is needed for PACT-mediated PKR activation in
vivo. This conclusion is supported by the fact that PACT
domains 1 and 2 can be substituted with the corresponding
domains of PKR, which mediate strong homomeric interactions
with PKR (75). However, an alternative interpretation of our
results has not been ruled out. Domains 1 and 2 of PACT and
PKR not only mediate strong heteromeric interactions between
the two proteins but also mediate strong homomeric interactions
causing homodimerization of the two proteins; consequently, it
remained possible that homodimerization of PACT was needed
for its ability to activate PKR. The latter possibility could not be
ruled out by our in vitro results showing PKR activation by
domain 3, because in these assays domain 3 was used as a fusion
protein with MBP and MBP-3 is known to dimerize (16).
Although MBP-3 forms dimers, it lacks a strong PKR binding
domain (15, 16). Therefore, to distinguish between a need for
dimerization and that for strong PKR binding, we tested the
ability of MBP-3, in vivo, to activate PKR and cause apoptosis.
MBP-3 was expressed in mammalian cells that express very little
PACT; cells were stressed with a low dose of actinomycin D, and
apoptosis was assessed by TUNEL assays. Stressed cells expres-
sing MBP-3 did not undergo apoptosis, but as expected, stressed
cells expressing wt PACT did undergo apoptosis (Figure 1). This
result supports our previous conclusion that the strong binding
affinity of PACT for PKR is needed to exert its action in vivo (15)
and suggests that dimerization of domain 3 alone is not sufficient
to activate PKR in vivo.

In Vitro PKR Activation Properties of PACT Domain 3
Mutants. We recently identified the residues within domain
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FiGure 1: MBP-3 dimers are not sufficient to induce apoptosis in
stressed cells. HT1080 cells were transfected with each fusion protein
or PACT construct and stressed with actinomycin D. Although
MBP-3 and wt PACT each can homodimerize and activate PKR,
only wt PACT contains a strong PKR-binding domain. Immuno-
fluorescence assays were performed to detect cells expressing protein
from the transfected constructs, which were scored for apoptosis
using the TUNEL assay. For each transfection, panels show inde-
pendent photographs of the same cells, with different filters, to
indicate nuclei (DAPI), cells undergoing apoptosis (TUNEL), and
fusion protein or PACT-expressing cells (IF). MBP, maltose binding
protein; MBP-3, maltose binding protein fused to PACT domain 3.
The TUNEL results are representative of three independent experi-
ments.

3 that are essential for the ability of PACT to mediate apoptosis
in stressed cells. To identify the essential residues, we conducted
alanine-scanning mutagenesis using a quantitative cell survival
assay and identified mutants that have lost the ability to mediate
cell killing (27). These mutants shared the same strong PKR
binding domain for assay scoring purposes, but each carried
within domain 3 a substitution of a single residue with alanine.
Ten alanine point mutants lost their activity as measured by the
cell survival assay; the inactive mutants were Q243A, S246A,
D260A, D262A, S265A, Q271A, S279A, S287A, G288A, and
C291A. In this study, we investigated the biochemical basis of
their lack of activity. For this purpose, we used in vitro assays to
examine in detail the properties of the inactive mutants. Wild-
type domain 3 and its mutants were expressed as fusion proteins
(MBP-3) with maltose binding protein, purified, and tested for
their ability to activate PKR in vitro. In each experiment
(Figure 2A—E), the activities of increasing amounts (1, 10, and
100 nM) of one or more mutant proteins were compared to that
of 10 nM wt MBP-3. The wt protein activated PKR strongly
(compare the first and last lanes in each section), whereas eight
mutants failed to activate it at all, even at high concentrations
(Figure 2A—D). Although it appeared that at higher concentra-
tions, these mutants might be inhibiting the basal autopho-
sphorylation of PKR, we verified that this apparent inhibition
was nonspecific, since MBP alone exhibited the same effect (data
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FIGURE 2: PKR activation in vitro by specific PACT domain 3
alanine point mutants. PACT domain 3 and its mutants were
expressed as fusion proteins with MBP and were designated as
MBP-3. The effects of concentrations of purified bacterially ex-
pressed MBP-3 mutants of 1, 10, and 100 nM were tested on PKR
activation. Ten nanomolar wt MBP-3 was the positive control. (A)
PACT Q243A cannot activate PKR: lane 1, activity buffer; lane 5, wt
MBP-3. (B) PACT D262A or Q271A cannot activate PKR: lane 1,
activity buffer; lane 8, wt MBP-3. (C) PACT S287A cannot activate
PKR: lane 1, activity buffer; lane 5, wt MBP-3. (D) PACT S246A,
S265A, G288A, or C291A cannot activate PKR: lane 1, activity
buffer; lane 14, wt MBP-3. (E) PACT D260A or S279A can partially
activate PKR: lane 1, activity buffer; lane 8, wt MBP-3.

not shown). The other two mutants, D260A and S279A, could
partially activate PKR (Figure 2E) but never reached the levels of
PKR activation by wt PACT.

PKR Binding Properties of PACT Domain 3 Mutants.
We next examined whether the failure to properly activate PKR
was due to a failure of the mutant MBP-3 proteins to bind PKR.
Because domain 3 binds to PKR with a low affinity (/5), the
binding assays were conducted at a low salt concentration. Using
these conditions, we could demonstrate that wt MPB-3, but not
MBP, bound to PKR (lanes 9 and 1, Figure 3A). Seven mutants,
at positions 243, 246, 262, 265, 271, 288, and 291, that did not
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FIGURE 3: PKR binding by specific PACT domain 3 alanine point
mutants. Purified PKR-FLAG was added to amylose resin-immobi-
lized MBP fused to domain 3 or domain 3 mutants. The proteins were
incubated for 1 h and washed extensively with binding buffer. PKR
interacting with immobilized MBP-3 was analyzed by Western
blotting using FLAG antibody (top panels). Bottom panels show
the stripped Western blot reprobed with anti-PACT domain 3 anti-
body. (A) Domain 3 alanine mutants that cannot bind to PKR. (B)
Domain 3 alanine mutants that can partially bind to PKR. (C)
Domain 3 mutant S287A that binds to PKR.

activate PKR could not bind to PKR either (Figure 3A). The two
mutants, at positions 260 and 279, which activated PKR par-
tially, could bind to PKR, but not as efficiently as the wt protein
(Figure 3B). Interestingly, the S287A mutant, which could not
activate PKR at all in vitro (Figure 2C) or in vivo (21), also
bound PKR partially (Figure 3C). The in vivo apoptotic activities
and the in vitro PKR activating and binding activities of all
domain 3 mutants were quantitated and compared with the
properties of the wt protein (Table 1). They were all essentially
inactive in vivo, although three mutants, D260A, S279A, and
S287A had very weak, but detectable, cell killing effects. Two of
these mutants, D260A and S279A, bound and activated PKR
partially. All others, except one, were essentially inactive by all
three criteria. The S287A mutant was exceptional because it
bound to PKR as well as the D260A mutant but did not activate
it at all. We chose this mutant and the totally inert mutant,
S246A, for further analyses. Because our in vivo experiments
were conducted with PACT, not MBP3, we verified that these
two mutations, when introduced individually into full-length
PACT, inactivated its pro-apoptotic activity. As measured by the
quantitative cell survival assay, full-length S246A or S287A lost
the ability to mediate cell killing in stressed cells (each mutant
allowed 100% cell survival).

Properties of Asp Substitution Mutants. We have pre-
viously shown that Ser 246 and Ser 287 of PACT are targets of
phosphorylation which is necessary for the ability of PACT to
activate PKR in vivo. Moreover, we demonstrated that the
substitution of these residues with the phosphoserine mimetic
Asp causes constitutive activation of PACT. To explore the
biochemical basis of this process, we tested the abilities of the Asp
mutants to activate PKR in vitro. As expected from their
apoptotic properties (2/), the single mutants S246D and S287D
activated PKR in vitro as strongly as the wt protein (Figure 4A),
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Table 1: Quantitation of PKR Binding, Activation, and Cell Survival

binding” activation” cell survival®
wt 100 100 5
Q243A 9 0 100
S246A 0 0 100
D260A 63 26 90
D262A 2 8 93
S265A 0 7 95
Q271A 0 0 95
S279A 23 28 88
S287A 59 0 88
G288A 0 9 93
C291A 0 0 95
S246D 100 96 2
S287D 95 98 2
$246D/S287D +4 114 7
S246D/S287A 85 0 ND*

“Phosphorlmager analysis was used to quantify bands in Figure 3.
Levels of wt domain 3 are considered as 100%, and the values for the
mutants are presented as Percentages of that value; these experiments were
conducted with MBP-3. ”Phosphorlmager analysis was used to quantify
bands at a concentration of 10 nM in lanes from Figures 2, 4, and 5. Levels
of wt domain 3 are considered as 100%, and the values for the mutants are
presented as percentages of that value; these experiments were conducted
with MBP-3. “Stressed cells, from ref 2/. “See Figure 6. ¢ Not determined.
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FiGure 4: PKR binding and activation in vitro by domain 3 aspartic
acid point mutants. (A) S246D or S287D each activates PKR. The
effects of concentrations of purified bacterially expressed MBP-3 Asp
mutants of 1, 10, and 100 nM were tested on PKR activation. wt
MBP-3 was the positive control. PKR levels were analyzed by
Western blotting using anti-PKR antibody. (B) S246D or S287D
each binds to PKR. Procedures are described in the legend of Figure 3.
PhosphorImager analysis was conducted to quantify the amount of
PKR bound. The amount of PKR binding by wt MBP-3 was
considered 100%, and the values for other proteins are presented as
percentages of that value.

and they bound to PKR as efficiently as the wt protein
(Figure 4B). When the two mutations were combined, the mutant
S246D/S287D (DD mutants) had high apoptotic activity
(Table 1). This mutant activated PKR more efficiently than the
wt protein; 50% maximal PKR activation was achieved by
~3 times less DD mutant protein than wt protein (Figure 5).
We wondered whether this higher efficiency of PKR activation
was due to a higher affinity of the mutant protein for PKR.
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Ficure 5: PKR activation in vitro by the domain 3 double aspartic
acid point mutant. S246D/S287D activates PKR better than wt
PACT. The effects of various concentrations of purified S246D/
S287D mutant and wt MBP-3 were tested on PKR activation. Each
concentration of S246D/S287D or wt MBP-3 was tested in triplicate
and graphed as the mean value of PKR activation (top panel). Curve
fitting was performed by nonlinear regression analysis using Sigma
Plot 2000 (SPSS Software). Error bars represent the standard error of
the mean (SEM). Bottom panels show a representative experiment
using 0.5, 1, and 10 nM MBP-3 or its mutant. PKR levels were
analyzed by Western blotting using anti-PKR antibody.

Indeed, when the strength of the binding between PKR and
PACT domain 3 was tested by assaying for their association in
the presence of increasing salt concentrations, the mutant protein
fared better. As reported previously (15), the association between
PKR and wt MBP-3 was partially disrupted at 25 mM NaCl and
completely disrupted at 50 mM NaCl. In contrast, the DD
mutant MBP3 could bind to PKR even in the presence of 50
mM NaCl (Figure 6). These data suggest that like the DD
mutant, the corresponding doubly phosphorylated wt protein
can activate PKR better than the unphosphorylated wt protein
because it binds to PKR more strongly. To further solidify this
conclusion, we generated the mutant S246D/S287A (DA) and
tested its ability to bind and activate PKR. As expected, the DA
mutant bound PKR as efficiently as the wt protein (Figure 7A)
but could not activate PKR in vitro (Figure 7B).

DISCUSSION

This study complements our previous in vivo analysis of the
role of each residue of domain 3 of PACT in its functions. As far
as the need for the 10 specific residues of domain 3 is concerned,
our in vitro and in vivo results are in general agreement (Table 1).
The corresponding mutants did not cause apoptosis, and most of
them did not bind or activate PKR in vitro. However, the noted
differences were also revealing. The substantial PKR binding of
the S287A mutant was not sufficient for PKR activation, and the
partial activation of PKR by the D260A and S279A mutants was
not sufficient for causing appreciable apoptosis. The needs for
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FiGurE 6: PKR binding in vitro by the domain 3 double aspartic acid
point mutant. S246D/S287D binds to PKR better than wt MBP-3.
Purified PKR-FLAG was added to amylose resin-immobilized MBP
fused to wt domain 3 or S246D/S287D domain 3. The proteins were
incubated for 1 h and washed extensively with binding buffers
differing in NaCl concentration. PKR protein that remained bound
to resin was analyzed by Western blotting using FLAG antibody, and
MBP-3 was detected using anti-domain 3 antibody.

A S246D
MBP S287A wt

NaCl ¢ 50 0 50 0

[mM]
W = PKR
Western: anti-PKR
-Ep eEp e 4 MBP-3
Western: anti-PACT
B S246D

— Wt S287A

~ » — PKR

FiGURE 7: PACT mutant S246D/S287A can bind to PKR but cannot
activate PKR. (A) S246D/S287A binds to PKR. Procedures are
described in the legend of Figure 6. (B) S246D/S287A cannot activate
PKR. The effect of 100 nM purified bacterially expressed MBP-3 or
MBP DA mutant was tested on PKR activation.

serine phosphorylation in the in vitro and in vivo assays were less
concordant. It seems that such needs are absolute in vivo,
whereas in vitro, the needs were only quantitative. It is possible
that bacterially expressed PACT and its derivatives were unpho-
sphorylated, because the isoelectric point of bacterially expressed
PACT Al did not change after phosphatase treatment (21).
However, they could still activate PKR in vitro, albeit less
efficiently than the DD mutant protein. In this context, it should
be mentioned that because the in vitro activation assays were
conducted with MBP-3, domain 3 was not present in its natural
context, and hence, it might have been more accessible to PKR
even without phosphorylation. If this line of argument is valid,
the in vivo data are more relevant mechanistically. Irrespective of
the caveats given above, it is clear that, in vivo, the two specific
serine residues are targets of phosphorylation and this process is
absolutely required for PKR activation and triggering apoptosis.
This could be because, as indicated by the results presented here,
phosphorylated PACT is a better activator of PKR because of'its
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FiGURE 8: Model of PACT domain 3 activation of PKR. Only the C-terminal domains of PACT and PKR are shown. (A) PACT is constitutively
phosphorylated on S246. Upon stress, a stress-activated protein kinase (SAPK) phosphorylates S287. The S287 phosphorylation is phospho-
S246-dependent. (B) Inactive PKR has two binding sites for domain 3 residues. (C) Domain 3 binds to PKR when PACT is phosphorylated
at S246. This binding exposes another binding site on PKR. (D) The phosphorylation of S246 is required for SAPK phosphorylation of S287.
(E) Once S246 and S287 are both phosphorylated, the level of binding of domain 3 to PKR is increased or stabilized, and it activates PKR.

stronger binding, but it also remains possible that in addition,
stress-induced phosphorylation of PACT changes its subcellular
location and translocates it to the neighborhood of PKR so that
the two proteins are more accessible to each other. Finally, we
have examined here the mechanism of PKR activation by PACT
in response to only one kind of stress, e.g., that produced by a low
dose of actinomycin D. It remains to be seen whether the same
mechanism operates for other stresses known to cause PACT
phosphorylation and PKR activation. Such stresses include
growth factor deprivation and treatment of cells with arsenite,
hydrogen peroxide, thapsigargin, and tunicamycin (/7—19).
Results presented here and those reported earlier led us to
propose a model for PACT phosphorylation and PKR activation
(Figure 8). According to this model, phosphorylation of both Ser
246 and Ser 287 is needed to fully activate PACT, and their
phosphorylation is sequential. Ser 246 is phosphorylated con-
stitutively, whereas Ser 287 is phosphorylated in response to
stress. Moreover, phosphorylation of Ser 246 is a prerequisite for
Ser 287 phosphorylation (Figure §A). Moreover, we postulate
that the doubly phosphorylated protein binds to two sites on
PKR, thus increasing the affinity between the two proteins. In
contrast, the binding of singly phosphorylated PACT to one site
is weak. Although the S246D/S287A mutant could bind to PKR
in vitro, it could not activate it (Figure 7). In vivo, only the strong
binding leads to a conformational change in PKR and its
activation (Figure 8E), and hence the need for applying stress
to cells. In support of this, a series of co-immunoprecipitation
experiments showed that more PKR was co-immunoprecipitated
with wt PACT after the cells were stressed (21). In contrast, the
AA mutant of PACT precipitated only a small amount of PKR
even after stress. As expected from our in vitro experiments, the
DD mutant of PACT co-immunoprecipitated PKR more effi-
ciently, even without stress. These results demonstrated that
phosphorylated wt PACT bound PKR more strongly in vivo, as
did the DD mutant both in vivo and in vitro. These results would
suggest that in vivo, stress-activated phosphorylation of S287
should make PACT a better activator of PKR and hence a better
stimulant of apoptosis. If this were true, the DD mutant should
be highly active in cells even without stress. Indeed, PKR
activation in vivo, as measured by elF-2a. phosphorylation,
was equally strong before and after stress, in cells expressing

the DD mutant. There was little eIF-20 phosphorylation in cells
expressing the corresponding AA mutant, even after the applica-
tion of stress, and the wt protein caused el F-2a phosphorylation
only after the cells had been stressed. These results regarding
PKR activation were completely supported by the apoptotic
properties of the mutants. Unlike the wt protein, the DD mutant
was equally active, with and without stress, in causing apoptosis,
whereas the AA mutant was totally inactive in either situation.
Interestingly, another mutant, S246A/S287D, was completely
inactive, indicating that S246 has to be phosphorylated for the
protein to be active in vivo. Our in vitro results presented here are
in concert with the model described above. The DA mutant
binding to PKR was not sufficient to activate PKR. The
phosphomimetic DD mutant bound to PKR more strongly
and activated it more efficiently. Nonetheless, unphosphorylated
PACT or MBP3, expressed in and purified from bacteria, could
activate PKR in vitro, albeit less efficiently. This is in contrast to
the absolute need of stress-activated phosphorylation of PACT
for activating PKR in vivo. This apparent discrepancy can
possibly be explained at the biochemical level by the fact that
cellular concentrations of both PKR and PACT are much lower
than those used in our in vitro assays. The activities of many
proteins are known to be increased by phosphorylation; however,
the unphosphorylated proteins can still function at a higher
concentration. PKR activation by PACT apparently uses the
same principle to boost the activity in vivo.
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