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The roles of protein dimerization and double-stranded RNA (dsRNA) binding in the biochemical and
cellular activities of PKR, the dsRNA-dependent protein kinase, were investigated. We have previously shown
that both properties of the protein are mediated by the same domain. Here we show that dimerization is
mediated by hydrophobic residues present on one side of an amphipathic «-helical structure within this
domain. Appropriate substitution mutations of residues on that side produced mutants with increased or
decreased dimerization activities. Using these mutants, we demonstrated that dimerization is not essential for
dsRNA binding. However, enhancing dimerization artificially, by providing an extraneous dimerization do-
main, increased dsRNA binding of both wild-type and mutant proteins. In vitro, the dimerization-defective
mutants could not be activated by dsRNA but were activated normally by heparin. In Saccharomyces cerevisiae,
unlike wild-type PKR, these mutants could not inhibit cell growth and the dsRNA-binding domain of the
dimerization-defective mutants could not prevent the antigrowth effect of wild-type PKR. These results dem-
onstrate the biological importance of the dimerization properties of PKR.

The double-stranded RNA (dsRNA)-dependent protein ki-
nase PKR is an interferon (IFN)-inducible protein (20, 41).
Although it is present in most mammalian cells at a low con-
stitutive level, PKR is induced at the transcriptional level by
treatment of the cells with IFNs. The PKR protein is enzymat-
ically inactive unless it is activated by binding to dsRNA; poly-
anionic molecules such as heparin have also been shown to
activate PKR (21). In the presence of the activator, PKR un-
dergoes autophosphorylation and renders itself active (20, 34).
Activated PKR is able to phosphorylate the eukaryotic trans-
lation initiation factor elF2a at serine 51, which leads to a
general block in protein synthesis (9, 19, 56). dsSRNA produced
during replication of many viruses triggers PKR activation.
The resulting block in protein synthesis is detrimental to virus
replication, and many viruses have therefore evolved strategies
to inhibit PKR activation (24, 25, 58). These include produc-
tion of other dSRNA-binding proteins (22, 61), production of
decoy substrates with structural similarity to elF2« (12), pro-
duction of inhibitory RNAs (28, 46), sequestration of PKR
(14), degradation of PKR (4), and induction of cellular inhib-
itors of PKR (33). In addition to the well-characterized role in
IFN-mediated antiviral pathways, PKR has been implicated in
several important cellular processes such as signal transduction
(31, 36, 37, 60, 62, 65), cell growth (2, 29, 43), apoptosis (13,
32), and differentiation (23, 53). PKR’s role in IFN-y and
dsRNA-mediated signaling has become clear from the studies
with PKR-knockout mice (31). Overexpression of enzymati-
cally inactive PKR has been shown to lead to oncogenic trans-
formation of NIH 3T3 cells (29, 42).

We have been investigating the mechanism of activation of
PKR by dsRNA and heparin. In this context, we have identi-
fied the dsRNA-binding domain (DRBD) of the protein to
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reside within its amino-terminal 170 residues (49), as have
others (8, 15, 18, 26, 39). The DRBD is required for activation
of the enzyme by dsRNA but is dispensable for activation by
heparin (51). This domain contains two copies of a conserved
motif present in many dsRNA-binding proteins (59). The car-
boxyl-terminal part of this motif can form an « helix, as shown
by nuclear magnetic resonance (NMR) analysis (5, 27), and
mutations of positively charged residues within this helix affect
dsRNA binding (18, 38, 40, 52). PKR is a dimeric protein, and
we have shown that the dimerization process is also mediated
by the DRBD (50, 52). The two properties, dimerization and
dsRNA binding, are, however, genetically dissociable. We gen-
erated several mutants which lost their dSRNA-binding ability
but still dimerized. Thus, dSRNA binding is not required for
PKR dimerization.

In this study, we demonstrated that the converse is also true:
dimerization of DRBD is not required for dsSRNA binding.
Using site-directed mutagenesis, we established that hydro-
phobic residues, present on one side of the amphipathic helix
in the DRBD, mediate dimerization. The dimerization-defec-
tive PKR proteins could not be activated by dsSRNA but were
activated by heparin. These mutants were also ineffective in
inhibiting the growth of the yeast Saccharomyces cerevisiae.
Thus, DRBD-mediated dimerization of PKR is required for its
biochemical activation and cellular actions.

MATERIALS AND METHODS

Site-directed mutagenesis. The point mutants were generated by oligonucle-
otide-directed mutagenesis of p68/BS, using the Muta-Gene phagemid in vitro
mutagenesis kit (Bio-Rad). To generate these mutants, the oligonucleotides
K60A (5'-GGTAGATCAGCGAAGGAAGCA-3'), A63E (5'-CAAAGAAGG
AAGACAAAAATGCCGC-3"), A66E (5'-GCAAAAAATGACGCAGCCAAA
TTAGC-3"), A67E (5'-GCAAAAAATGCCGACGCCAAATTAGC-3'), L70E
(5'-GCCGCAGCCAAAGAAGCTGTTGAGATAC-3"), L74E (5'-GCTGTTG
AGGAACTTAATAAGG-3'), and L75E (5'-GCTGTTGAGATAGATAATAA
GGAAAAG-3") were used.

Plasmids and yeast strains. The full-length and DRBD portions of point
mutants were subcloned into the yeast vector pYES2 (Invitrogen) for analyzing
growth regulatory effects. The S. cerevisiae strain used for this purpose was
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INVScl (MATo his3-D1 leu2 trpl-289 ura3-52; Invitrogen). For the rescue of
growth inhibition by various DRBDs, wild-type (wt) PKR was subcloned into
pRS314 (57), which has a centromeric sequence. For the analysis of in vivo
interactions in yeast, the mutants were subcloned into the pGBT9 vector (Clon-
tech). The K296R mutant was subcloned into yeast vectors pGBT9 and
pGAD424 (Clontech) to be expressed as GAL4 DNA-binding domain (DBD)
and activation domain (AD) hybrids, respectively. The interactions were mea-
sured in strain HF7¢c (MATo ura3-52 his3-200 ade2-101 lys2-801 trp1-901 leu2-
3,112, can” gal4-542 gal80-538 URA3::GALI-lacZ; Clontech). To generate the
plasmids encoding fusion proteins, the GAL4 DBD fragment from pSG424 (55)
was subcloned in frame with the DRBD mutants in pBSII KS* (Stratagene).
This results in the fusion of amino acids 1 to 147 of the GAL4 protein to the
amino terminus of the DRBD of PKR.

Chemical cross-linking with dimethylsuberimidate. The DRBD proteins and
the GAL4-DRBD fusion proteins were expressed in bacteria and purified as
described elsewhere (50). The purified DRBD (wild type and mutant) proteins
were dialyzed against 2,000 volumes of buffer (20 mM HEPES [pH 7.5], 10%
glycerol) at 4°C for 17 h. Then 4 pg of proteins was cross-linked in 200 wl with
1 mM dimethylsuberimidate in cross-linking buffer (10 mM HEPES [pH 8.0], 100
mM NaCl) at 25°C for 2 h; 10-pl aliquots were removed at times indicated, and
the reaction was stopped by adding 1 M glycine to a concentration of 100 mM.
Protein was then denatured by boiling in Laemmli buffer for 2 min and analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a
12% gel followed by Western blot analysis using a polyclonal antibody raised
against bacterially produced DRBD.

In vivo interaction assay in COS-1 cells. The DRBD portions of the point
mutants were amplified by PCR as described previously (52) and subcloned into
pSG424. The DRBD of each point mutant was subcloned into pSG424 as a
GAL4 DBD fusion protein and tested for interaction with a VP16 AD fusion of
wt DRBD. The GAL4-wt DRBD and VP16-wt DRBD fusions were as described
elsewhere (50, 52). COS-1 cells were transfected with 200 ng of each of the four
(two test plasmids encoding proteins to be tested for interaction, the reporter
plasmid pG5Luc, and plasmid pRSV-B-galactosidase to normalize transfection
efficiency) plasmid DNAs by the Lipofectamine (GIBCO BRL) procedure. Cells
were harvested 48 h after transfection and assayed for luciferase activity after
normalization for transfection efficiency by measuring B-galactosidase activity.

Western blot analysis. Western blot analysis was performed either with a
polyclonal antibody against DRBD (48) or with an anti-PKR monoclonal anti-
body (MAD) (Ribogene), using enhanced chemiluminescence reagents from
Amersham.

dsRNA-binding assay. The in vitro-translated, *>S-labeled proteins were syn-
thesized by using the Promega TNT T7 coupled reticulocyte lysate system.
dsRNA-binding activity was measured by poly(I-C)-agarose binding assay per-
formed with 3°S-labeled proteins (49). Aliquots of 4 pl of translation products
diluted with 25 pl of binding buffer (20 mM Tris-HCI [pH 7.5], 0.3 M NaCl, 5
mM MgCl,, 1 mM dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride
[PMSF], 0.5% Nonidet P-40, 10% glycerol) were mixed with 25 ul of poly(I-C)-
agarose beads and incubated at 30°C for 30 min with intermittent shaking. The
beads were then washed with 500 pl of binding buffer four times. The proteins
bound to beads after washing were analyzed by SDS-PAGE followed by fluo-
rography.

PKR activity assay. The kinase activity assay of in vitro-translated wt PKR and
mutant proteins was performed as described previously (51). In vitro-translated
35S-labeled proteins (6 wl) were incubated with 1 pl of antiserum in 200 pl of
high-salt buffer (20 mM Tris-HCI [pH 7.5], 50 mM KCI, 400 mM NaCl, 1 mM
EDTA, 0.2 mg of aprotinin per ml, 20% glycerol) at 4°C for 1 h on a rotating
wheel; 10 pl of protein A-Sepharose slurry was added, and incubation continued
for an additional hour. The protein A-Sepharose beads were washed four times
in 500 .l of high-salt buffer and two times in activity buffer (20 mM Tris-HCI [pH
7.5], 50 mM KCI, 2 mM MgCl,, 2 mM MnCl,, 10 pg of aprotinin per ml, 0.1 mM
PMSF, 5% glycerol). The PKR assay was performed in activity buffer containing
500 ng of purified eIF2, 0.1 mM ATP, and 10 wCi of [y->P]ATP at 30°C for 10
min. Poly(I-C) (2 pg/ml) or heparin (10 U/ml) was used as the enzyme activator.
Labeled proteins were then analyzed by SDS-PAGE on a 12% gel. Autoradiog-
raphy was performed at —80°C with intensifying screens.

In vitro protein-protein interaction assay. The proteins were in vitro trans-
lated from 2 pg of plasmid DNA by using a coupled rabbit reticulocyte in vitro
translation kit (Promega). After translation, equal quantities of the reticulocyte
extracts containing the two proteins to be tested for interaction were mixed; 4 .l
of the mix was incubated with 10 ul of anti-Flag MAb-resin (Kodak) at 30°C for
30 min in immunoprecipitation buffer (100 mM NaCl, 20 mM Tris-HCI [pH 7.5],
1% Triton X-100, 1 mM DTT, 10 pg of aprotinin per ml, 0.1 mM PMSF, 10 U
of heparin per ml, 20% glycerol). After binding, the beads were washed six times
with 500 pl of immunoprecipitation buffer. The washed beads were then boiled
in 2X Laemmli buffer (150 mM Tris-HCI [pH 6.8], 5% SDS, 5% B-mercapto-
ethanol, 20% glycerol) for 2 min and analyzed by SDS-PAGE on a 12% gel.
Fluorography was performed at —80°C with intensifying screens.

In vivo interaction assay of yeast. The interaction between K296R mutant and
the A63E, A67E, and L75E mutants in vivo in yeast was measured by activation
of the lacZ reporter constructs as detected by B-galactosidase assays. Yeast strain
HF7C was transformed with the appropriate plasmids encoding the K296R-
GAL4 DBD fusion protein and dimerization-defective—AD hybrid proteins. The
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colonies were selected on synthetic medium lacking L-leucine and L-tryptophan
at 30°C for 3 days, and B-galactosidase activity in extracts prepared from liquid
cultures was determined. Cultures were grown in 5 ml of synthetic medium
lacking L-leucine and L-tryptophan to an optical density at 600 nm (ODy) of 1.0
to 1.5. Cells were harvested and disrupted by vortexing vigorously in 0.1 M
Tris-HCI (pH 8.0) containing glass beads plus 1 mM DTT, 20% glycerol, and 2
mM PMSF. The cell extract was used to determine B-galactosidase activity by
using a luminescent assay kit from Tropix.

Growth rate analysis. The expression plasmids encoding various mutant and
wt PKR proteins were introduced into yeast strain INVSc1 by the lithium acetate
method (8). Transformed yeast strains were grown to an ODy, of about 1.5 in
synthetic medium containing 0.1% glucose and lacking uracil or, for the rescue
experiment, lacking uracil and tryptophan. The cultures were then harvested and
washed with synthetic medium containing 2% galactose. The cultures were then
diluted to ODyy of 0.4 in synthetic medium containing 2% galactose. At various
time points, cell growth was monitored by measuring the ODy.

RESULTS

Dimerization is mediated by the hydrophobic side of the
amphipathic o helix. The DRBD of PKR contains two copies
of a 65-residue motif found in many dsRNA-binding proteins.
The most conserved region of this motif from RNase III and
Staufen proteins forms an o helix in solution, as shown by
NMR analysis (5, 27). The corresponding region in the first
motif of PKR encompasses the residues 60 through 75. A
helical wheel analysis of this region showed that it is an am-
phipathic helix (Fig. 1). Charged residues, mostly basic, are
primarily on one side of the helix, whereas hydrophobic resi-
dues are located on the other side. Since the hydrophobic sides
of amphipathic helices present in other unrelated proteins
have been shown to mediate dimerization (44), we wanted to
examine whether the same is true for the DRBD of PKR.
Specific residues, marked by asterisks in Fig. 1, were targeted
for site-directed mutagenesis for this purpose. They included
residues that are conserved in this motif in several proteins and
two nonconserved hydrophobic residues. Effects of these mu-
tations on the dimerization property of DRBD were monitored
by several assays described previously (50, 52). Mutation of
K60 to A has been shown to destroy the dSRNA-binding ability
of DRBD (40, 52). This mutation, however, did not affect the
protein’s dimerization ability as measured by chemical cross-
linking of the purified mutant protein expressed in bacteria
(Fig. 2A). The wt and K60A DRBD proteins could be cross-
linked as a dimer. As a negative control, we used bovine serum
albumin, which did not cross-link with similar treatment and is
known to be a monomeric protein. In a different assay (the
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FIG. 1. Helical wheel projection of residues 60 to 75 within the DRBD of
PKR. Secondary structure predictions were performed with the program Pro-
tean. The hydrophobic residues are indicated in rectangles, and the charged
residues are indicated in circles. The primary sequence of this region is shown at
the top. The residues conserved within several dsRNA-binding proteins are
capitalized, and the residues targeted by site-directed mutagenesis are indicated
with asterisks.
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FIG. 2. (A) Chemical cross-linking of K60A DRBD. The proteins were ex-
pressed as hexahistidine-tagged fusion proteins from pET15b (Novagen) and
purified on Ni-Sepharose. Purified DRBDs (wt and K60A; 4 g of each) were
cross-linked with 1 mM dimethylsuberimidate in 200 pl of cross-linking buffer
(10 mM HEPES [pH 8.0], 100 mM NaCl) at 25°C for 2 h. The reactions were
stopped by adding 1 M glycine to a concentration of 100 mM. Proteins were
analyzed by SDS-PAGE on a 12% gel. Western blot analysis was performed with
a polyclonal anti-DRBD antibody. As a negative control for cross-linking, 4 pg
of pure bovine serum albumin (BSA) was cross-linked under identical conditions,
and the lack of cross-linking was confirmed by SDS-PAGE on an 8% gel followed
by Coomassie blue staining. The positions of the molecular mass markers are
indicated in kilodaltons on the left. (B) Dimerization activity of K6OA DRBD in
vivo. COS-1 cells were transfected with 200 ng of each of the four (two test
plasmids encoding proteins to be tested, the reporter plasmid pG5Luc, and
plasmid pRSV-B-galactosidase to normalize transfection efficiency) plasmid
DNAs by the Lipofectamine procedure. Cells were harvested 48 h after trans-
fection and assayed for luciferase activity after normalization for transfection
efficiency by measuring B-galactosidase activity. The relative luciferase activity
obtained is represented on the y axis. The proteins assayed for interaction with
wt DRBD are indicated below the bars. wt/VP16, negative control (relative
luciferase activity obtained with wt DRBD-GAL4 and VP16 vector alone); wt/wt,
positive control (luciferase activity obtained with wt DRBD-VP16 and wt
DRBD-GALA4 as a percentage of the activity obtained with wt/wt, considered
100%); —, the activity of cells transfected with VP16 and GAL4 vectors alone.
Each experiment was repeated six times, and the averages of individual values
with standard error bars are presented. (C) Western blot analysis. COS-1 cell
extracts were examined by Western blot analysis using a MAb against PKR
(Ribogene); 100 pg of total protein was loaded in each lane. Lane 1, vectors
VP16 and GALA4 only; lane 2, wt DRBD-VP16 and wt DRBD-GALA4; lane 3, wt
DRBD-VP16 and K60A DRBD-GALA4; lane 4, K6OA DRBD-GAL4 and VP16
vector. Positions of the hybrid proteins GAL4 DBD-DRBD and VP16 AD-
DRBD are indicated on the right.

mammalian two-hybrid assay), the K60A mutant was in fact
three times more efficient in dimerization than the wt protein
(Fig. 2B). Western blot analysis confirmed that the mutant and
wt proteins were expressed at comparable levels (Fig. 2C). The
observed enhanced dimerization activity of the K60A mutant
supports our hypothesis since this mutation extended the hy-
drophobic side of the a helix (Fig. 1). To further test our
hypothesis, we generated six other mutants in which hydropho-
bic residues on the putative dimerization face of the a helix
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were individually replaced with the charged residue E. Since
we anticipated a lowering of the dimerization activity by these
specific mutations, they were introduced in the background of
K60A, which dimerized better than the wt protein, to create a
more demanding situation. As shown in Fig. 3A, each of these
mutations strongly reduced the dimerization activity of the
proteins, and three, at residues 63, 67, and 75, entirely abro-
gated the activity. All of these residues are conserved in the
various dsRNA-binding proteins (Fig. 1). These three muta-
tions were selected for further detailed investigation. As ex-
pected, the same mutations, when tested in the background of
the wt protein instead of K60A, were equally crippling (Fig.
3C). Western blot analysis ascertained that all proteins were
expressed at comparable levels in transfected cells (Fig. 3B and
D). These results strongly suggest that, as hypothesized, the
hydrophobic side of the a helix mediates dimerization of the
protein.

In vitro dimerization activity of the mutants. To ascertain
that mutants A63E, A67E, and L75E had lost their dimeriza-
tion activity, an in vitro protein-protein interaction assay was
performed. **S-labeled, Flag-tagged wt PKR and nontagged
DRBD proteins were synthesized by in vitro translation. The
Flag-tagged wt PKR protein was mixed individually with each
DRBD protein, and a coimmunoprecipitation assay was per-
formed with anti-Flag MAb-agarose. The nontagged DRBD
proteins can be coimmunoprecipitated with Flag-wt PKR only
if they interact with it. As shown in Fig. 4, the wt DRBD bound
efficiently to Flag-PKR and could therefore be coimmunopre-
cipitated with it by anti-Flag MAb-agarose (lane 7). In con-
trast, A63E DRBD, A67E DRBD, and L75E DRBD (lanes 8
to 10) could not be coimmunoprecipitated with Flag-PKR,
confirming that they had lost the ability to interact with wt
PKR. The specificity of the coimmunoprecipitation was ascer-
tained by the fact that wt DRBD alone could not be immuno-
precipitated with anti-Flag MAb-agarose (lane 12). These re-
sults confirmed further that mutations A63E, A67E, and L75E
lead to a loss of dimerization activity.

Role of dimerization in dsRNA binding. We have previously
shown that dimerization of PKR does not require dsRNA
binding (50, 52). Here, using the new mutants, we examined
the converse, i.e., whether dimerization is absolutely required
for dsRNA binding. The results shown in Fig. 5 demonstrated
that the two properties are independent. The A67E mutant
was as efficient as the wt protein in dsSRNA binding, although
it was incapable of dimerization. The two other dimerization-
defective mutants, A63E and L75E, were defective in dSRNA
binding. The mutations in the latter probably altered the struc-
ture of this region such that both properties of the protein were
independently affected. This possibility is supported by the
observation made by McMillan et al. (40) that dSRNA binding
is drastically reduced upon replacement of L75 by A. The
full-length A63E and L75E mutant proteins showed similar
defects in dsRNA binding, and the full-length A67E mutant
retained about 70% of its dSRNA-binding activity (data not
shown).

In the next series of experiments, we investigated whether
dimerization of DRBD can enhance dsRNA binding, although
it is not essential. For this purpose, an exogenous dimerization
domain, provided by the DBD of the GALA4 protein, was fused
to DRBD. The DBD is known to contain a motif that mediates
dimerization of the GALA4 protein (6). The GAL4 dimerization
domain was fused to the amino termini of the wt, A63E, and
L75E proteins. To confirm the expected dimerization upon the
addition of the GAL4 dimerization domain, the different pro-
teins were expressed in Escherichia coli, purified, and tested for
cross-linking by dimethylsuberimidate (Fig. 6A). As expected,
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FIG. 3. Dimerization activity of mutants within the hydrophobic face of the « helix. (A) Dimerization activity of DRBD mutants in the K60A background. Specific
hydrophobic residues on the hydrophobic side of the « helix in DRBD were mutated to E residues in the K60A background. These mutants were tested for dimerization
activity in COS-1 cells with the K60A DRBD as described for Fig. 2B. All double-mutant DRBDs were in the GAL4 vector, and K60A DRBD was in the VP16 vector.
Vector control, activity obtained with K6OA DRBD-GAL4 and VP16 vector alone. (B) Western blot analysis. COS-1 cell extracts were examined by Western blot
analysis using a MAb against PKR (Ribogene); 100 pg of total protein was loaded in each lane. Lane 1, wt DRBD-VP16 and wt DRBD-GALA4; lane 2, K60A
DRBD-VP16 and K60A DRBD-GALA4; lane 3, K6OA DRBD-VP16 and K60A,A63E DRBD-GALA4; lane 4, K6OOA DRBD-VP16 and K60A,A66E DRBD-GALA4; lane
5, K60A DRBD-VP16 and K60A,A67E DRBD-GALA4; lane 6, K6OOA DRBD-VP16 and K60A,L70E DRBD-GAL4; lane 7, K60A DRBD-VP16 and K60A,I74E
DRBD-GALA4; lane 8, K6OA DRBD-VP16 and K60A,L7SE DRBD-GALA4; lane 9, K6OA DRBD-GALA4 and VP16 vector alone. Positions of the hybrid proteins GAL4
DBD-DRBD and VP16 AD-DRBD are indicated on the right. (C) In vivo dimerization activity of the three most defective point mutants in the wt DRBD background.
Mutants A63E, A67E, and L75E were generated in the wt DRBD background and tested for dimerization activity in COS-1 cells with the wt DRBD as described for
Fig. 2B. All mutant DRBDs were in the GAL4 vector, and the wt DRBD was in the VP16 vector. (D) Western blot analysis. COS-1 cell extracts were examined by
Western blot analysis using a MADb against PKR (Ribogene); 100 pg of total protein was loaded in each lane. Lane 1, wt DRBD-VP16 and wt DRBD-GALA4; lane 2,
wt DRBD-VP16 and A63E DRBD-GAL4; lane 3, wt DRBD-VP16 and A67E DRBD-GALA4; lane 4, wt DRBD-VP16 and L75SE DRBD-GALA4; lane 5, wt DRBD-GAL4

and VP16 vector.

the wt protein dimerized. The L75E mutant did not dimerize
on its own but dimerized efficiently when fused to the GAL4
DBD. These results confirmed by an independent assay that
the L75E mutant is indeed defective in dimerization and that
the GAL4 dimerization domain functions as expected. The
dsRNA-binding properties of the different mutants were ex-
amined in assays using in vitro-synthesized radiolabeled pro-
teins (Fig. 6B). The GAL4 dimerization domain by itself did
not bind dsRNA, and the wt DRBD bound it efficiently. Both
A63E and L75E DRBD proteins were individually incapable of
binding dsRNA, whereas the corresponding GALA4 fusion pro-
teins bound dsRNA, albeit inefficiently. Surprisingly, the
dsRNA-binding activity of the wt protein was also increased
more than twofold upon addition of the GAL4 dimerization
domain. These results suggest that dimerization, although not
required for dsRNA binding, enhances this property. They also
suggest that the A63E and the L75E mutants probably retained
an intrinsic ability to bind dsRNA, although this property was
not detectable without the artificial enhancement by the addi-
tion of the GAL4 DBD.

Dimerization and enzyme activity. To determine if the
DRBD-mediated dimerization of PKR is essential for its en-
zyme activity, appropriate mutations were introduced to the
full-length PKR protein. The different mutant proteins were
synthesized in vitro, immunoprecipitated, and tested for the
ability to phosphorylate eIF2a (Fig. 7). The wt protein had a
constitutive level of activity, but the three dimerization-defec-
tive mutants were inactive. Addition of dsRNA activated the
wt protein fourfold but had no effect on the mutant proteins.
This result was expected for the A63E and L75E mutants since
they cannot bind dsRNA. The A67E mutant, however, can
bind dsRNA efficiently, although it cannot dimerize. These
results strongly indicate that dsSRNA cannot activate PKR un-
less the protein is capable of dimerization. In contrast to the
dsRNA activation results, heparin could activate the three
mutants and the wt protein about threefold. Thus, the three
mutant proteins are capable of activation, and the introduced
mutations had not caused gross distortions in the structures of
these proteins.

The above results suggested that heparin activation of PKR
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FIG. 4. In vitro dimerization activity of the mutants. >*S-labeled, Flag
epitope-tagged wt PKR and DRBD proteins were in vitro translated in rabbit
reticulocyte lysate. Equal amounts of the two proteins to be tested for interaction
were mixed and incubated at 30°C for 30 min with anti-Flag MAb-agarose in 50
wl of immunoprecipitation buffer. The proteins remaining bound to agarose
beads after extensive washing were analyzed by SDS-PAGE followed by fluo-
rography. Lanes 1 and 7, Flag-tagged wt PKR and wt DRBD; lanes 2 and 8,
Flag-tagged wt PKR and A63E DRBD; lanes 3 and 9, Flag-tagged wt PKR and
A67E DRBD; lanes 4 and 10, Flag-tagged wt PKR and L75E DRBD; lanes 5 and
11, Flag-tagged wt PKR alone; lane 6 and 12, wt DRBD alone. The positions of
PKR and DRBD are indicated by arrows. Lanes 1 to 6 show total proteins from
reticulocyte lysate, and lanes 7 to 12 show immunoprecipitated proteins.

does not require dimerization of the protein. It remained pos-
sible, however, that binding of heparin to PKR caused dimer-
ization of the protein through a different domain. To test this
possibility, we used an in vitro PKR-PKR interaction assay. In
this assay, a Flag-tagged PKR protein is cotranslated with
untagged PKR. They are immunoprecipitated with a Flag an-
tibody, and the presence of the untagged protein in the immu-
noprecipitate is monitored by gel electrophoresis. As shown in
Fig. 8, untagged wt PKR could not be immunoprecipitated
with anti-Flag MAb-agarose (lane 3) but coimmunoprecipi-
tated only in the presence of Flag-tagged PKR (lane 4), thus
validating the assay. Lane 5, representing Flag-tagged PKR
alone immunoprecipitated with anti-Flag MAb-agarose, shows
a single band corresponding in position to the Flag-tagged wt
PKR. Coimmunoprecipitation in the presence of heparin
(lanes 6 to 8) gave results identical to those obtained in the
absence of heparin. In contrast, the L75E mutant did not
coimmunoprecipitate with the Flag-tagged counterpart either
in the presence or in the absence of heparin (lanes 12 and 14),
confirming that this mutant is incapable of dimerization. We
concluded, therefore, that heparin can activate PKR in its
monomeric form whereas dSRNA cannot.

120

dsRNA Binding

wt AG3E AG67E L75E

FIG. 5. dsRNA-binding activity of dimerization-negative mutants. The wt
DRBD and point mutants were tested for poly(I-C)-agarose binding activity; 4 i
of in vitro-translated 3°S-labeled proteins was bound to poly(I-C)-agarose beads.
Proteins which remained bound to beads after washing were analyzed by SDS-
PAGE followed by fluorography. Equal amounts of the total translation mix were
also loaded for all samples. Phosphorlmager analysis was done to quantify
binding activity. The fraction of bound protein was calculated as radioactivity in
the bound protein band/total radioactivity assayed. The dsRNA binding of wt
DRBD was considered 100%, and values for other point mutants are presented
as a percentage of that value.
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FIG. 6. (A) Chemical cross-linking of L75E DRBD and GAL4 DBD-L75E
DRBD. The L75E DRBD and GAL4 DBD-L75E DRBD proteins were ex-
pressed as hexahistidine-tagged fusion proteins from pET15b (Novagen) and
purified on Ni-Sepharose; 4 g of purified proteins was cross-linked and ana-
lyzed as described for Fig. 2A. (B) dsRNA-binding activity of the DRBD mutant
proteins. The wt and point mutant DRBDs and their GAL4 DBD hybrids were
tested for poly(I-C)-agarose binding activity as described for Fig. 5. The dsRNA
binding of wt DRBD was considered 100%, and values for other point mutants
are presented as a percentage of that value.

Comparison of the dimerization, dsSRNA-binding, and ki-
nase activities of K60A and A67E mutants. The properties of
the wt, K60A, and A67E proteins are summarized in Fig. 9.
The dimerization activity presented in this figure was derived
from the mammalian two-hybrid assays; similar conclusions
were drawn from coimmunoprecipitation of in vitro-translated
proteins. The dsRNA-binding values were determined from
the poly(I-C)-agarose binding abilities of in vitro-translated
proteins. The kinase activity values were from their abilities to
phosphorylate elF2 in the presence of dsSRNA. Both mutants
were enzymatically inactive, but for different reasons: the
K60A mutant could dimerize but not bind dSRNA, whereas the
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FIG. 7. elF2 phosphorylation activities of the point mutants of PKR. In
vitro-translated full-length PKR proteins (5 wl) were immunoprecipitated with 1
ul of polyclonal antiserum and protein A-Sepharose. The eIF2a phosphorylation
assay was performed with the immunoprecipitated proteins on protein A-Sepha-
rose beads as described in Materials and Methods either in the absence of any
activator or in the presence of poly(I-C) (2 pg/ml) or heparin (10 U/ml). Phos-
phorylated elF-2 was analyzed by SDS-PAGE followed by autoradiography. The
intensities of the bands were quantitated by densitometric scanning.
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FIG. 8. Effect of heparin on PKR dimerization. Flag-tagged and nontagged
wt and L75E PKR proteins were synthesized by cotranslation in the reticulocyte
lysate; 5 pl of in vitro-translated, **S-labeled proteins were immunoprecipitated
with Flag MAb-agarose either in the absence (lanes 3 to 5, 11, and 12) or in the
presence (lanes 6 to 8, 13, and 14) of heparin (10 U/ml). The immunoprecipi-
tated proteins were analyzed by SDS-PAGE on an 8% gel followed by fluorog-
raphy. Lanes 1, 3, and 6, nontagged wt PKR alone; lanes 2, 4, and 7, cotranslated
nontagged wt PKR and Flag-tagged wt PKR; lanes 5 and 8, Flag-tagged wt PKR
alone; lanes 9, 11, and 13, nontagged L75E PKR alone; lanes 10, 12, and 14,
cotranslated nontagged L75E PKR and Flag-tagged L75E PKR. Lanes 1, 2, 9,
and 10 represent total proteins; lanes 3 to 8 and 11 to 14 represent immunopre-
cipitated (IP) proteins. Positions of nontagged and Flag-tagged proteins are as
indicated.

A67E mutant could not dimerize but could bind dsRNA effi-
ciently.

Dimerization and cellular functions of PKR. To determine
whether the dimerization property of PKR is required for the
enzyme’s in vivo functions, we chose the yeast system. It has
been shown that wt PKR can inhibit the growth of S. cerevisiae
(8, 54), and this growth inhibition phenotype can be rescued by
the coexpression of DRBD. We wanted to examine similar
properties of the dimerization-defective mutants. However, it
was first necessary to confirm that these mutants fail to dimer-
ize in vivo in yeast. A two-hybrid transcriptional activation
assay in yeast was set up for this purpose. Because wt PKR is
growth inhibitory in yeast, the K296R mutant, which is enzy-
matically inactive but can dimerize and bind dsRNA, was used
in lieu of the wt protein. As shown in Fig. 10A, the K296R
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FIG. 9. Dimerization, dsSRNA-binding, and kinase activities of K60A and
A67E mutants and the wt protein. Activities of the mutants are presented as
percentages of the wt level, considered 100%. Dimerization activities were cal-
culated from mammalian two-hybrid assays using DRBD, dsRNA-binding activ-
ities were calculated from the poly(I-C)-agarose binding assays of in vitro-trans-
lated DRBD, and kinase activities were calculated from the ability of PKR and
its mutants to phosphorylate eIF2. Data from three different sets of experiments
in each category were averaged to compile the graph; the primary data used
included some derived from Fig. 2, 3, 5, and 7 as well as data not shown.
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FIG. 10. (A) Interaction assay of point mutants of PKR in yeast cells. Plas-
mids expressing the mutant PKR proteins as a GAL4 DBD hybrid and a plasmid
expressing K296R PKR as a GAL4 AD hybrid were cotransformed in yeast strain
HEF7C. The colonies were selected on Leu- and Trp-deficient plates and grown in
liquid synthetic medium lacking these two amino acids. After 2 days, the cells
were harvested and lysates were prepared for B-galactosidase activity assay. The
bars represent averages from three separate experiments. (B) Western blot
analysis. Yeast cell extracts were examined by Western blot analysis using a MAb
against PKR (Ribogene); 150 pg of total protein was loaded in each lane. Lane
1, pGBT9 vector and pGAD424 vector; lane 2, K296R/pGBT9 and K296R/
pGAD424; lane 3, K296R/pGBT9 and A63E/pGAD424; lane 4, K296R/pGBT9
and A67E/pGAD424; lane 5, K296R/pGBT9 and L75E/pGAD424. The arrows
represent positions of the hybrid proteins.

mutant interacted with itself strongly, but none of the three
mutants showed any interaction with this protein. Thus, the
newly identified dimerization-defective mutant PKR proteins
were also defective, as expected, in vivo. To ensure that the
mutant proteins were expressed in yeast, a Western blot anal-
ysis was performed with the yeast extracts. All of the hybrid
proteins were found to be expressed at comparable levels (Fig.
10B).

For testing antigrowth effects in yeast, we selected four mu-
tants: K60A, which can dimerize but does not bind dsRNA;
AG67E, which binds dsRNA but cannot dimerize; A63E, which
is defective in both activities; and the double mutant
K60A,A63E, which is also devoid of both properties. As re-
ported previously, wt PKR strongly inhibited cell growth but
the K296R mutant did not (Fig. 11A). The A67E mutant did
not inhibit cell growth, suggesting that the dimerization but not
the dsRNA-binding ability of the protein is required for this
property. In accord with this conclusion, the K60A mutant,
which cannot bind dsRNA but dimerizes very efficiently, inhib-
ited cell growth. However, once the ability to dimerize was
eliminated by introducing the A63E mutation in the K60A
background, the protein no longer inhibited cell growth. The
A63E mutant, which is devoid of both dimerization and
dsRNA-binding activities, also was found to be unable to in-
hibit growth. Western blot analysis with anti-PKR antibody was
done to compare the levels of expression of different PKR
mutants (Fig. 11B). As expected, the inactive mutants were
expressed at slightly higher levels (lanes 2, 5, 6, and 7) than wt
PKR (lane 4). Surprisingly, the K60A mutant, although growth
inhibiting, was expressed better than wt PKR. This result in-
dicates that K60A is less functional than the wt protein al-
though it still inhibits cell growth. The results presented here
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FIG. 11. (A) Growth characteristics of the yeast strains carrying PKR point
mutants. Growth of transformed yeast strains containing pYES2 alone (dia-
monds), wt PKR/pYES2 (closed squares), K296R/pYES2 (closed triangles),
K60A/pYES2 (open triangles), A63/pYES2 (open circles), K60A,A63E/pYES2
(open squares), and A67E/pYES2 (closed circles) was assayed in synthetic me-
dium lacking uracil and containing 2% galactose. (B) Western blot analysis.
Yeast cell extracts were examined by Western blot analysis using a MAD against
PKR; 100 pg of total protein was loaded in each lane. Lane 1, pYES2 vector
alone; lane 2, K296R/pYES2; lane 3, K60OA/pYES?2; lane 4, wt PKR/pYES2; lane
5, A63E/pYES2; lane 6, K60A,A63E/pYES2; lane 7, A67E/pYES2. The arrow
represents the position of the PKR protein.

demonstrate that the dimerization property of PKR pro-
foundly affects its ability to inhibit yeast cell growth.

The same general conclusion was confirmed by the rescue
assay shown in Fig. 12A. In this assay, yeast cell growth was
inhibited by expressing a low level of wt PKR, and the rescue
of the slow-growth phenotype by concomitant high-level ex-
pression of wt or mutant DRBD was monitored. As expected,
wt DRBD was very efficient in rescue, as was the K60A mutant.
In contrast, the A67E and K60A,A63E mutant DRBDs were
ineffective in rescuing the slow-growth phenotype. A Western
blot analysis was performed to ascertain that the mutant pro-
teins were expressed at nearly equal amounts in yeast cells
(Fig. 12B). The results presented in Fig. 12 indicate that the in
vivo activity of DRBD, as measured by its ability to alleviate
PKR'’s antigrowth action, requires retention of its dimerization
property.

DISCUSSION

PKR is an important cellular enzyme that regulates a diverse
array of biological processes. Because its synthesis is induced
by IFNs, viral dsRNA activates it, and synthesis of many viral
proteins is inhibited as a consequence of its activation, PKR is
considered an important component of the antiviral machinery
of IFNs. This role of PKR is underscored by the fact many
mammalian viruses combat PKR’s action by encoding or in-
ducing the synthesis of different PKR inhibitors (24, 58). Re-
cent studies have made it amply clear, however, that PKR has
cellular functions beyond its role in inhibiting viral protein
synthesis. Its role in transcriptional signal transduction was
revealed by the finding that it can activate NF-kB (30, 31, 36).
Observed defects in cytokine signaling pathways in PKR-
knockout cells confirmed the pleiotropic nature of its action
(31). Its possible involvement in the regulation of cell growth
has been suggested by a variety of observations: expression of
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FIG. 12. (A) Assay for rescue of growth-suppressive phenotype of wt PKR by
coexpression of DRBD mutants. Yeast strain INVSc1 expressing wt PKR from
a modified pRS314 vector with Trp as the selection marker was grown in syn-
thetic medium containing 2% glucose. The competent cells prepared from this
strain were transformed with 1 pg of plasmids encoding wt and mutant DRBDs
from pYES2, with Ura as the selection marker. The colonies were selected on
medium lacking tryptophan and uracil. Growth of transformed yeast strains
containing wt PKR/pRS314+ alone (diamonds) or with wt DRBD/pYES2
(closed squares), K60A DRBD/pYES2 (open triangles), K60A,A63E DRBD/
pYES?2 (open squares), and A67E DRBD/pYES2 (closed circles) was assayed in
synthetic medium lacking tryptophan and uracil and containing 2% galactose.
(B) Western blot analysis. Yeast cell extracts were examined by Western blot
analysis using a MAb against PKR; 100 wg of total protein was loaded in each
lane. Lane 1, wt PKR/pRS314 and pYES2 vector alone; lane 2, wt PKR/pRS314
and K60A DRBD/pYES?2; lane 3, wt PKR/pRS314 and wt DRBD/pYES?2; lane
4, wt PKR/pRS314 and K60A,A63E DRBD/pYES2; lane 5, wt PKR/pRS314 and
A67E DRBD/pYES2. The arrows represent the positions of the PKR and
DRBD proteins.

wt PKR retards the growth of not only mammalian (29) but
also yeast (8) cells, and expression of catalytically inactive
mutants of PKR or its inhibitor, P58, oncogenically transforms
NIH 3T3 cells (1). The underlying mechanisms, however, re-
main unclear. The crucial substrate that mediates cell growth
regulation by the enzyme and its relevant cellular activators
remain unidentified. Adding to the complexity are the facts
that (i) like other protein kinases, PKR can have multiple
substrates and (ii) in addition to dsRNA, polyanionic mole-
cules such as heparin can activate the enzyme. Moreover, PKR
can possibly affect the functions of other dsSRNA-binding pro-
teins by either acting as a sink of dsSRNA or forming het-
erodimers with them (10). We and others have generated a
variety of PKR mutants devoid of a subset of the protein’s
properties for the purpose of analyzing PKR’s cellular actions
(18, 39, 40, 50-52). This study adds to this endeavor an impor-
tant set of new mutants that are defective in dimerization.
Experiments using the new mutants have allowed us to make
several significant conclusions regarding the mechanisms of
PKR activation and its action. First, we demonstrated that the
hydrophobic side of the amphipathic « helix in the first DRBD
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of PKR mediates its dimerization. Second, we established that
PKR dimerization and dsRNA binding are independent of
each other, although the same region of the protein can me-
diate both processes. Third, our data showed that dimerization
is required for activation of PKR by dsRNA but not by hepa-
rin. Finally, we demonstrated that the dimerization property of
PKR s crucial for its antigrowth effects in yeast.

We have previously reported that PKR is a dimeric molecule
and that its dimerization is mediated partly by a domain near
the amino terminus that physically overlaps the DRBD (50).
This observation was supported by results reported by others
(10, 47, 63). The dimerization region of PKR contains two
homologous motifs that are involved in dsSRNA binding, al-
though residues outside of these motifs also affect this process
(18, 48, 52). Parts of similar motifs present in two other
dsRNA-binding proteins, RNase III and Staufen, can form
a-helical structures, as shown by NMR analyses (5, 27). The
corresponding putative o helix in PKR is amphipathic, with
one side consisting of mostly hydrophobic residues and the
other partially overlapping side consisting of mostly charged
residues. Mutation studies from several laboratories have
shown that many of these charged residues are required for
dsRNA binding (18, 39, 40, 52). In the present study, we tested
the complementary function of this a helix in mediating pro-
tein-protein interaction. We postulated that the hydrophobic
side of the helix mediates this interaction and experimentally
tested this hypothesis by introducing appropriate mutations.
Substitution of K60 by A extended the hydrophobic surface
and, as expected from our hypothesis, enhanced dimerization
of the protein. On the other hand, substitution of different
hydrophobic residues with glutamic acid reduced protein-pro-
tein interactions. The effects were not uniform, however, indi-
cating that all hydrophobic residues on the o helix do not
contribute equally to the dimerization property of the protein.
Nonetheless, the new mutational data along with published
results strongly support the notion that the two sides of the «
helix mediate primarily two different functions: the hydropho-
bic side mediates protein-protein interactions, and the charged
side mediates protein-RNA interactions.

The next major issue addressed in this report is the possible
interdependence of dsSRNA binding and dimerization. Such an
interdependence has been demonstrated for RNA binding by
the human immunodeficiency virus type 1 Rev protein, which
is also an oligomer (45, 64). Previous studies by us and others
(47, 50, 52, 63) indicated that dsSRNA binding is not essential
for dimerization of PKR, although another report presented
results to the contrary (10). In this study, our previous conclu-
sion was reinforced by the behavior of the K60A protein, which
was known to be defective in dSRNA binding. It dimerized
more efficiently than the wt protein. Reciprocally, the A67E
mutant, though unable to dimerize, bound dsRNA as effi-
ciently as the wt protein. Because the same region of the
protein is involved in both processes, there were several mu-
tations that affected both interactions. The observed properties
of the K60A and the A67E mutants, however, firmly support
the notion that the dsRNA-binding and dimerization proper-
ties of the protein are not interdependent. Further experi-
ments revealed that artificial enhancement of dimerization can
enhance the dsSRNA-binding ability of the mutants and the wt
protein. This observed enhancement can be explained by in-
voking stabilization of the dSRNA-protein complex as a con-
sequence of the presence of two RNA-binding sites on a
dimeric protein, as opposed to only one site on a monomeric
protein. The binding of dsSRNA by the wt protein is strong per
se but was further enhanced by artificially enhanced dimeriza-
tion of the protein. For the A63E and the L75E mutants,
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FIG. 13. A model for PKR activation. The dimerization and dsSRNA-binding
domain of the protein is shown as a circle. The hydrophobic side of the « helix
within this domain is shaded black, and the charged side is shaded gray. The
catalytic domain of the protein is shown as a filled square in the inactive state and
as an open oval in the active state. Dots on the stems denote ATP-binding sites,
either accessible (open dots) or not accessible (solid dots) to ATP. “P” denotes
phosphorylation of the protein, and squiggly lines denote dsRNA. Inactive PKR
monomers and dimers exist in equilibrium. The dimerization is mediated by
interactions between the hydrophobic sides of the « helix. dSRNA can bind to the
charged side of either monomers or dimers, but only the latter leads to a
conformational change, ATP binding, intermolecular autophosphorylation, and
acquisition of enzyme activity. Heparin, on the other hand, binds to monomers
and causes a different conformational change leading to ATP binding, intramo-
lecular autophosphorylation, and enzyme activation.

dsRNA binding was too weak to be detected under our exper-
imental conditions, but dimerization brought the two weak
binding sites together and produced detectable levels of
dsRNA binding. We and others have noted previously that
dsRNA binding promotes oligomerization of the protein by
virtue of a single dsSRNA molecule binding to more than one
molecule of protein (35, 48). Thus, the two processes, dimer-
ization and dsRNA binding, are mutually helpful, but neither is
absolutely needed for the other.

When the new PKR mutants were used for activation anal-
yses, interesting patterns emerged. None of the dimerization-
defective mutants could be activated by dsRNA; they also
lacked the basal activity of the wt protein. The A67E mutant,
although capable of dsRNA binding, could not be activated by
dsRNA because of its dimerization defect. Thus, dimerization
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is absolutely required for activation of the protein by dsRNA.
These mutant proteins were, however, capable of activation by
heparin. This activation occurred in the monomeric state since
even in the presence of heparin, the L75E mutant did not
dimerize. The above observations led us to propose a model
for PKR activation (Fig. 13). According to this model, there is
in cells an equilibrium between monomeric and dimeric inac-
tive PKR. Dimerization is mediated by the hydrophobic side of
an amphipathic « helix present near the amino terminus of the
protein, although residues present outside this o helix can also
influence this process (52). dsRNA binds to the other side of
the same a helix of both the monomeric and dimeric mole-
cules, but only the dimeric molecule is activated. The activa-
tion process follows conformational changes that can be de-
tected by biophysical measurements (7). It also makes the
ATP-binding site accessible, resulting in autophosphorylation
of the protein (3, 16). Monomeric proteins, such as the A67E
mutant, can bind dsRNA, but the activation process is not
completed. Further studies of such a mutant will be required
for delineating the exact step in the activation process that is
defective. It is conceivable that the conformation change still
occurs but the autophosphorylation does not take place be-
cause it is an intermolecular process and thus requires dimer-
ization of the protein. If this scenario is true for dSRNA acti-
vation, it apparently does not apply to the mode of activation
by heparin. Our previous studies demonstrated that heparin
could activate PKR mutants that are devoid of the dsRNA-
binding and dimerization domain (51). Results presented here
demonstrate that the same is true for three monomeric mu-
tants of full-length PKR. Furthermore, unlike dsSRNA binding,
heparin binding did not cause oligomerization of the protein.
These observations suggest that heparin can not only bind
monomeric PKR but also activate it by a process that neces-
sarily involves intramolecular phosphorylation. The general
conclusion that activations of PKR by dsRNA and heparin
involve quite distinct mechanisms is supported by several ad-
ditional observations reported in the literature. Heparin has
been shown to bind to PKR on sites distinct from the DRBD
(51), and heparin-activated PKR cannot phosphorylate the
K296R mutant, suggesting that heparin activates intramolecu-
lar autophosphorylation whereas dsSRNA activates intermolec-
ular autophosphorylation (17). Also, heparin-activated PKR
probably is phosphorylated on fewer sites than the dsRNA-
activated PKR, as judged by its radioactivity and mobility (our
unpublished observations).

The last issue addressed in our study was the contribution of
the dimerization property of PKR to its cellular antigrowth
effects. For this set of in vivo experiments, we chose yeast over
mammalian cells for a number of reasons: yeast strains provide
a null background with no endogenous PKR, and they are
more amenable to experimental manipulations to achieve reg-
ulated expression of transfected genes; moreover, effects of
PKR and its mutants on yeast cell growth have been studied
extensively by several laboratories (8, 11, 54), and thus the
properties of our new dimerization-defective mutants could be
interpreted in the context of a substantial body of literature.
First, we established that the three dimerization-defective mu-
tants were also incapable of interacting with PKR in vivo in
yeast strains (Fig. 10). Two of these mutants with different
properties were selected for further studies; both A67E and
AG63E are dimerization defective, but A67E can still bind
dsRNA. As observed by others (8, 54), expression of wt PKR
inhibited yeast growth severely whereas expression of the en-
zymatically inactive mutant K296R had no effect (Fig. 11).
Curiously, the K60A mutant, which does not bind dsRNA but
dimerizes efficiently, also inhibited cell growth appreciably (40,
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54). When the A63E mutation was introduced to the K60A
background, the growth-inhibiting effect was abolished, indi-
cating that the dimerization property is the crucial determi-
nant. Similarly, the A63E single mutant, which is devoid of
both dimerization and dsRNA binding, was not growth sup-
pressive in yeast. The same conclusion was reinforced by anal-
ysis of the A67E mutant, which, in contrast to K60A can bind
dsRNA but not dimerize. Thus, among the three mutants
tested, the growth inhibition phenotype accompanied the
dimerization phenotype. It is worth noting in this context that
all three new mutants, but not the K296R mutant, are capable
of activation by heparin. It therefore appears that the potential
to be enzymatically active is not sufficient for the growth inhi-
bition phenotype but the dimerization property of the protein
is essential. The same conclusion was supported by the rescue
experiment (Fig. 12). Growth inhibition by wt PKR was res-
cued by wt DRBD, which can both dimerize and bind dsRNA.
The K60A DRBD was more efficient than the wt DRBD be-
cause it dimerizes better (Fig. 2B). If this dimerization prop-
erty was destroyed (K60A, A63E, and A67E), the rescue ac-
tivity was also abolished. Thus, dimerization ability, not
dsRNA binding, of the DRBD protein was crucial for the
rescue phenotype, a conclusion supported by two earlier stud-
ies (40, 54).

After completion of this study, Tan et al. (59a) reported the
characterization of a second dimerization domain of PKR lo-
cated between residues 244 and 296. The existence of such a
domain was indicated in our earlier study where we observed
that PKR mutants missing the DRBD interacted with wt PKR,
albeit weakly (50). Thus, it appears that PKR, like many pro-
teins (59a), has more than one dimerization domain. In the
physiologically relevant context of the full-length protein, the
two domains may synergize to form a more stable dimer. Given
the experimental data from our studies and that of Tan et al.,
it is also conceivable that initial dimerization through the
DRBD is essential for making the internal site available for
protein-protein interactions. Such a model can explain the
observed properties of the A67E mutant as reported in this

paper.
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