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Expression of the double-stranded RNA-activated protein kinase (PKR) is induced by interferons, with PKR
activity playing a pivotal role in establishing the interferon-induced antiviral and antiproliferative states. PKR
is directly regulated by physical association with the specific inhibitor, P58™X, a cellular protein of the
tetratricopeptide repeat (TPR) family, and K3L, the product of the corresponding vaccinia virus gene. P58'"X
and K3L repress PKR activation and activity. To investigate the mechanism of P58'"X- and K3L-mediated
PKR inhibition, we have used a combination of in vitro and in vivo binding assays to identify the interactive
regions of these proteins. The P58 .interacting site of PKR was mapped to a 52-amino-acid aa segment (aa
244 to 296) spanning the ATP-binding region of the protein kinase catalytic domain. The interaction with PKR
did not require the C-terminal DNA-J homology region of P58'"¥ but was dependent on the presence of the
eukaryotic initiation factor 2-a homology region, mapping to the 34 aa within the sixth P58"" TPR motif.
Consistent with other TPR proteins, P58''X formed multimers in vivo: the N-terminal 166 aa were both
necessary and sufficient for complex formation. A parallel in vivo analysis to map the K3L-binding region of
PKR revealed that like P58', K3L interacted exclusively with the PKR protein kinase catalytic domain. In
contrast, however, the K3L-binding region of PKR was localized to within aa 367 to 551, demonstrating that
each inhibitor bound PKR in unique, nonoverlapping domains. These data, taken together, suggest that P58
and K3L may mediate PKR inhibition by distinct mechanisms. Finally, we will propose a model of PKR
inhibition in which P58™X or a P58™X complex binds PKR and interferes with nucleotide binding and
autoregulation, while formation of a PKR-K3L complex interferes with active-site function and/or substrate

association.

Eukaryotic protein kinases are regulated by a variety of
mechanisms, including but not limited to transcriptional acti-
vation (55), association with activating subunits (19), and phos-
phorylation (64). The relationship between the mammalian
cyclin-dependent kinases (CDKs) and their cognate cellular
inhibitors of the p21/p27 (29, 65) and p16/p18 (27) families
defines a less common mechanism of protein kinase regulation.
This mechanism involves inhibition of catalytic activity by the
direct physical association with a specific inhibitory protein (1).
Direct physical interaction between CDK inhibitors and CDK
or the CDK-cyclin complex occurs during the cell cycle and in
response to growth-regulating signals, with complex formation
necessary for CDK inhibition (29, 56). Similarly, activity of the
double-stranded RNA (dsRNA)-activated serine/threonine
protein kinase, PKR, is regulated in part by association with
specific inhibitory proteins, including a cellular inhibitor, pre-
viously referred to as P58 (51, 66), which we now designate
P58™¥ (for 58-kDa inhibitor of protein kinase). PKR is unique
among protein kinases in that, in addition to being regulated by
a cellular inhibitor, it is the target for regulation by virally
encoded inhibitory molecules (37).

Constitutively expressed at low levels, PKR plays a pivotal
role in the regulation of mRNA translation (30, 36, 60, 68). As
one of over 30 interferon-inducible genes, PKR is a key par-
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ticipant in the establishment of the interferon-mediated cellu-
lar antiviral and antiproliferative responses (37, 38, 70). By
binding dsRNA, PKR undergoes a conformational change and
becomes autophosphorylated (22), an event that may be me-
diated by PKR homodimerization (48, 75). Once activated, the
kinase phosphorylates serine 51 on the alpha subunit of eu-
karyotic initiation factor 2 (eIF2-a) which leads to a limitation
in functional eIF2 and a resultant block in protein synthesis
initiation (60). The role of PKR is best understood in viral
systems in which virus-specific RNAs, with intrinsic secondary
structure, have the potential to activate the kinase (36). Eu-
karyotic viruses must therefore suppress PKR activity or oth-
erwise encounter declines in protein synthesis rates resulting in
inhibition of viral replication (38). Thus, many viruses have
developed mechanisms to repress PKR activity (reviewed in
reference 38). Examples include the adenovirus-encoded VAI
RNA, which forms an inhibitory complex with PKR by func-
tioning as a competitive inhibitor of dSRNA binding (39). Both
reovirus and vaccinia virus encode virus-specific dsSRNA-bind-
ing proteins which function to sequester dSRNA activators of
PKR (14, 34). In addition, the 88-amino-acid (aa) K3L gene
product of vaccinia virus, K3L, and the tat gene product of
human immunodeficiency virus type 1 form a physical complex
with PKR resulting in inhibition of kinase activity during viral
infection (13, 59, 69). Mutant vaccinia virus lacking K3L pos-
sesses an interferon-sensitive phenotype due, in part, to a fail-
ure to inactivate PKR, thereby resulting in a dramatic reduc-
tion in virus production (7).

Influenza virus encodes a novel mechanism to repress PKR
activity: virus infection results in the activation of the cellular
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58-kDa PKR inhibitor known as P58, herein designated as
P58™FX (40, 51-53). P58™X is a member of the tetratricopep-
tide repeat (TPR) family of proteins (25, 51), possessing nine
tandemly arranged TPR motifs, which are known to mediate
both homotypic and heterotypic protein-protein interactions
(47). In addition, P5S8™X possesses a C-terminal DNA-J motif,
which likewise has been implicated in mediating protein-pro-
tein interactions (71). P58'P¥ is constitutively expressed in
mammalian cells (44, 51) but resides in an inactive complex
with a specific inhibitor termed I-P58'7¥ (53). Like K3L, acti-
vated P58 forms a physical complex with PKR, resulting in
inhibition of both PKR phosphorylation and activity (66). Both
P58™X and K3L have limited homology to elF2-a, suggesting
that they may utilize a common mechanism of PKR inhibition.
While the mechanism of kinase inhibition by each of these
PKR inhibitors is currently unknown, it has been proposed that
K3L inhibits PKR by functioning as a protein kinase pseudo-
substrate, blocking the PKR-eIF2-a substrate interaction (7, 8,
13).

To begin to understand the mechanisms of cellular and
virus-mediated regulation of PKR, we have undertaken a
structural analysis of the PKR-P58""% and PKR-K3L interac-
tions, as well as an assessment of PS8™ homotypic interac-
tions. We can now demonstrate that P58"* forms a stable
complex with PKR in vivo. In addition, we found that, like
other TPR proteins, P58™¥ is capable of self-association,
forming stable homotypic complexes in vivo. The association
with PKR was mapped to within the sixth TPR repeat motif of
P58'PK. While the N terminus of P58 was not required for
interaction with PKR, it was required for self association.
Thus, the P58"% domains which mediate homotypic and the
PKR heterotypic interaction are independent. Finally, we
found that P58™% bound to a discrete region of the PKR
protein kinase catalytic domain, which was distinct from the
region which interacted with the vaccinia virus PKR-inhibitory
protein, K3L.

MATERIALS AND METHODS

Plasmids and constructs. Construction of the PKR mutants PKR A362-367 in
pCDNAlneo (Invitrogen) and of PKR K296R, PKR 1-296, and PKR 244-551 in
pET11a (Novagen) and pCDNAIneo was previously described (4, 17, 41, 43).
For construction of GALA4 transcriptional activation domain (AD) and GAL4
DNA-binding domain (BD) fusions, the Ndel linker sequence, ccatatgg, was
ligated into the Smal site of pGAD424 (AD) and pGBT9 (BD; Clontech) to
generate pGAD425 and pGBT10, respectively. Plasmid inserts encoding PKR
K296R, PKR 1-296, and PKR 244-551 were released from pET11a by cleaving
with restriction enzymes Ndel and BamHI. The resultant inserts were gel purified
and cloned into Ndel-BamHI-digested pGAD425 to yield pAD-PKR K296R,
pAD-PKR 1-296 and pAD-PKR 244-551, respectively. A BamHI fragment en-
coding the N-terminal 242 aa of PKR was introduced into the BamHI site of
pGAD424 to produce pAD-PKR 1-242. pAD-PKR 367-551 was constructed by
cleaving pAD-PKR 244-551 with restriction enzyme EcoRI and religating the
cleaved plasmid to produce an in-frame fusion deleting aa 244 to 366. Construc-
tion of pAD-PKR 244-366 was facilitated by cloning the EcoRI fragment from
pAD-PKR 244-551 into EcoRI-digested pGAD424. To construct pAD-PKR
244-296, nucleotides (nt) 729 to 887 of the PKR coding region (61) were ampli-
fied from pAD-PKR 242-551 by PCR using the restriction site-linked oligonu-
cleotide primers pair 5’ gagatcgaattcceccatatggeacccaga 3’ (sense primer; Ndel
site underlined) and 5’ acgcggctgeagetatttaataacgtaagtctttecgtc 3’ (antisense
primer; PstI site underlined). Following amplification, the PCR product was
cleaved with Ndel and PstI and subsequently cloned into Ndel-PstI-digested
pGAD425. pGST-P58'FK encodes bovine wild-type P58'PX (P58'PK) fused to
glutathione S-transferase (GST) in pGEX2T (72). Production of pBD-P58'PK
was as follows. The coding region of human P58'""Xwt was amplified by PCR
using the sense oligonucleotide primer 5’ atgaattcatggtggceeccggeteeg 3’ (EcoRI
linker underlined), corresponding to P58™% nt 1 to 19, and the antisense primer
5’ cgecggatecggtttaattgaagtggaattt 3’ (BamHI linker underlined), corresponding
to P58"K nt 1498 to 1518. Following amplification, the PCR product was cleaved
with restriction enzymes EcoRI and BamHI and ligated into EcoRI-BamHI-
cleaved pGAD424 and pGBT9 to produce pAD- and pBD-P58'FX. To eliminate
the possibility of PCR-generated mutations, the internal BstXI-BamHI fragment
was released from pBD-P58'P¥ and replaced with the BstXI-BamHI fragment
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from pCDNA1neo-P58'PX (2) to generate pBD-P58'Xwt. The construction of
the P58'FX mutants 8-1 (aa 1 to 166), 8-2 (aa 1 to 277), and 9-1 (aa 168 to 504)
has been described elsewhere (51). P58"P¥ mutant P58'PX/ATPR6 (aa 222 to 255
deleted) in pCDNA1neo was a gift from N. Tang and is described in a separate
report (73). Plasmid inserts encoding P58 mutants 8-1, 8-2, and P58'P¥/
ATPRG6 were recovered by carrying out internal BstXI-BamHI digests. The re-
sulting DNA fragments were gel purified and cloned into BstXI-BamHI-digested
pAD- and pBD-P58'FX to give the respective AD and BD plasmids of 8-1, 8-2,
and P58'PX/ATPR6. DNA encoding P58'"PX mutant 9-1 was recovered by Ndel-
BamHI digestion and cloned into Ndel-BamHI-digested pGAD425 and pGBT10
to give pAD- and pBD-9-1, respectively. Plasmid pBD-K3L encodes the entire
open reading frame of the vaccinia virus (Wisconsin strain) K3L gene product
K3L, fused to the GAL4 BD and was a generous gift from R. Jagus.

In vitro transcription and translation. Transcripts encoding full-length and
mutant PKR and P58'PX were generated essentially as described previously (41),
using the T7 promoter of pPCDNAIneo or pET15b (Novagen). Linear transcripts
encoding full-length PKR (K296R), PKR aa 1 to 296 or 244 to 551, or the PKR
A362-367 mutant (aa 362 to 367 deleted) were generated from the corresponding
EcoRV-digested pPCDNA1neo construct. Transcripts encoding PKR aa 1 to 242
and 1 to 384 were generated by linearizing pCDNA1Ineo-PKR K296R at the
PKR-internal restrictions sites BanI and Mael, respectively. Transcripts encoding
full-length P58""Xwt and P58'P¥ deletion mutant 8-1 were generated from the
respective Xbal-digested pPCDNA1neo constructs. Transcripts from P58 mutant
9-1 were derived from BamHI-cleaved pET15b. Transcript integrity was moni-
tored by agarose gel electrophoresis.

Two micrograms of each in vitro transcription product was used to program a
rabbit reticulocyte lysate in vitro translation system (Promega) in the presence of
[**S]methionine as described previously (41). To verify that the translation prod-
ucts were of the expected sizes, an aliquot of each was analyzed by sodium
dodecyl (SDS)-sulfate polyacrylamide gel electrophoresis (PAGE) and fluorog-
raphy. Translation product abundance was quantitated by scintillation counting
of the trichloroacetic acid-precipitable material from each translation reaction.

In vitro binding assays. Protein complex formation in vitro was determined by
a GST pull-down assay. Overnight cultures of Escherichia coli harboring
pGEX2T (GST) or pGEX2T-P58""% (GST-P58'"%) were induced with isopro-
pylthiogalactopyranoside for 3 h, and extracts were prepared essentially as de-
scribed previously (72) except that the cells were resuspended in binding buffer
(phosphate-buffered saline, 20 pg of aprotinin per ml, 10 pg of leupeptin per ml,
1 mM phenylmethylsulfonyl fluoride [pH 7.2]) prior to sonication. For analysis of
protein interaction, 2.5 X 10° cpm of the indicated *>S-labeled in vitro translation
product was added to increasing amounts of GST and GST-P58'FX recombinant
E. coli extracts in a final volume of 500 pl of binding buffer. After 15 min at 30°C,
50 ul of glutathione-agarose beads (50% solution in binding buffer) was added,
and the mixture was incubated for 1 h on a 4°C rotator. Following incubation, the
reaction mixtures were pelleted in a 4°C microcentrifuge and washed five times
with cold binding buffer in the presence of 0.1% Triton X-100. Following the
final wash, the glutathione-agarose beads were resuspended in 2X SDS-PAGE
sample buffer and incubated in a 100°C bath for 5 min. After a brief centrifu-
gation, supernatants were subjected to SDS-PAGE on 14% acrylamide gels. In
vitro translation products which bound to GST or GST fusion proteins were
visualized by autoradiography of the dried gel.

DNA sequence analysis. The reading frames of all plasmid constructs were
verified by nucleotide sequence analysis using the dideoxy method of either the
Sequenase kit (version 2.0; Upstate Biotechnology Inc.) or the Applied Biosys-
tems dye terminator system. The insert of construct pAD-PKR 244-296 was
sequenced in its entirety to ensure that no mutations were introduced during the
cloning process.

Yeast strains and the yeast two-hybrid assay. The yeast two-hybrid system (21)
was used to assay for in vivo protein-protein interactions. Saccharomyces cerevi-
siae Hf7c [MATa ura3-52 his3-200 lys2-801 ade2-101 trp1-901 leu2-3,112 gal4-542
8al80-538 LYS2::GALI-HIS3 URA3::(GAL4 17-mers);-CYCI-lacZ; Clontech]
was transfected with the indicated combination of AD and BD plasmids via the
lithium acetate method (6). All colonies which contained expression constructs
were tested for respective fusion protein expression by immunoblot analysis prior
to the two-hybrid assay (see below). The apparent strength of protein-protein
interactions as measured in the yeast two-hybrid system is subjected to reporter
gene promoter bias of the interacting partners, with identification of specific
interactions clearly dependent upon the choice of reporter gene used (20). To
minimize this limitation, we chose to use the dual-reporter system of histidine
(His) and B-galactosidase (B-Gal) contained in yeast strain Hf7c. In this strain,
physical interaction of AD and BD fusion proteins results in the induction of His
and B-Gal reporter gene expression. Transfectants were plated onto synthetic
defined (SD) medium lacking tryptophan and leucine but containing histidine
(+His medium) and incubated for 3 days at 30°C. The resultant colonies were
streaked onto SD lacking tryptophan, leucine, and histidine in the presence of
3-aminotriazole (3-AT) (—His medium) and allowed to grow at 30°C for 2 to 4
days to deplete endogenous histidine stores. Colonies were then replica plated
onto +His and —His plates and allowed to incubated for 3 days at 30°C, after
which the plates were scored for growth. Using 3-AT, a competitive inhibitor of
His biosynthesis (42), we found we could alter the stringency of the selection
process for interaction. Thus, all cotransfectants were plated onto —His media
containing titrated amounts of 3-AT to use the highest possible stringency for
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FIG. 1. Structural representation of domain structures of wild-type (wt) PKR
(above) and PKR deletion constructs (below). RBD1 and RBD2 denote the
positions of the dsRNA-binding motifs 1 and 2, respectively. 264 denotes the
amino acid position marking the beginning of the protein kinase catalytic domain
in which the positions of the conserved protein kinase homology regions (28) are
labeled I to XI. Positions of terminal amino acids are indicated.

each assay (data not shown). Data are reported from the high-stringency (highest
3-AT concentration which supported growth) plates only. Liquid B-Gal assays
using the fluorogenic substrate 4-methylumbelliferyl-B-D-galactoside (MUG;
Sigma) were carried out on yeast cotransfectants and controls as described
previously (12, 24) except that yeast cells were lysed by the glass bead method
(see below). Data are reported as the mean increase MUG activity over that of
control cotransfectants containing the AD and BD vectors only.

Immunoblot analysis. Expression of GAL4 fusion constructs in yeast trans-
fectants was verified by immunoblot analysis using the indicated antibodies and
enhanced chemiluminescence (Amersham) as described previously (2, 3). Yeast
protein extracts were prepared from 5-ml cultures of each yeast transfectant.
Overnight cultures of yeast transfectants in liquid SD medium were transferred
to 5 ml of YPD medium at a final optical density at 600 nm of 0.2 and incubated
at 30°C until the cultures reached a final optical density at 600 nm of 0.8
(approximately 6 to 8 h). Cells were harvested by centrifugation, resuspended in
1.5 ml of water containing 0.1 mM phenylmethylsulfonyl fluoride, transferred to
a microcentrifuge tube, and pelleted in a microcentrifuge. Cell pellets were
resuspended in an equal volume of chilled 2X SDS sample buffer and acid-
washed glass beads (Sigma) in the presence of 0.1 mM phenylmethylsulfonyl
fluoride. Cells were lysed by vortexing three times, each in 30-s bursts, with
chilling between each burst. Following lysis, extracts were placed in a 100°C bath
for 5 min. Equal volumes of recombinant extracts were separated by SDS-PAGE
and blotted to nitrocellulose membranes for immunoblot analysis.

RESULTS

PKR and P58'X¥ form a physical complex in vivo. Earlier
work from the laboratory had demonstrated that P58 inhib-
ited PKR activity in vitro, likely through protein-protein inter-
actions (51-53, 66). To determine whether P58'™* and PKR
interact in vivo and to precisely map the interactive sites, the
following series of experiments were performed. The PKR and
P58™X constructs shown in Fig. 1 and 5, respectively, were
expressed as GAL4 AD and BD fusion proteins in yeast cells
and tested for in vivo complex formation in the yeast two-
hybrid assay (21). Since wild-type PKR is growth suppressive in
S. cerevisiae (17), the full-length AD-PKR construct was gen-
erated from a catalytically inactive mutant, PKR K296R (17,
61). Immunoblot analysis revealed that AD-PKR K296R and
BD-P58"%wt constructs were efficiently expressed in trans-
fected yeast clones (Fig. 2A). We used growth on —His me-
dium as our assay for determining interactions in the two-
hybrid system. In this assay, growth on —His medium is
supported only when the two hybrid proteins interact and in-
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FIG. 2. Full-length PKR and P58'F¥ physically interact in vivo. (A) Expres-
sion of full-length PKR and P58'FX constructs in yeast strains. Shown is immu-
noblot analysis of extracts prepared from yeast transfectants containing either
BD-P58"Xwt (lane 1), BD vector (pGBT9 control; lane 2), AD vector
(pGADA425 control; lane 3), or AD-PKR K296R (lane 4). The autoradiogram
shows blots which were probed with P58""X-specific monoclonal antibody 2F8 (2)
(lanes 1 and 2) or a PKR-specific monoclonal antibody (49) (lanes 3 and 4).
Positions of molecular size standards are indicated in kilodaltons. (B) Two-
hybrid analysis of full-length PKR and P58'F¥. Yeast strain Hf7c was transfected
with the indicated expression constructs, and resulting clones were replica plated
onto +His (top) and —His plates (bottom) as described in Materials and Meth-
ods. The —His plate contains 10 mM 3-AT. Cotransfection plasmid combination
are as follows: 1, AD T antigen (Tag) (pTD1 [54])/BD-P53 (pVA3 [35]); 2,
pAD-PKR K296R/pBD-P58"Xwt; 3, pAD-PKR K296R/BD vector (pGBT9 con-
trol); 4, pAD-PKR K296R/BD-P53 (pVA3); 5, pAD-PKR K296R/BD-lamin
(pLAM 5’ [6]); 6, AD vector (pGAD425 control)/pBD-P58'P¥wt; 7, AD-Tag
(pTD1)/pBD-P58'F¥wt; 8, AD-lamin (pLam 5')/pBD-P58'F¥wt. Here and in all
other figures, P58'PK is represented by P58.
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TABLE 1. Summary of B-Gal activities obtained from PKR-P58'"%
and control yeast two-hybrid cotransfectants

GALA4 construct combination

Sp act? Fold
BD AD (MUG units) increase”

Vector Vector 5.0
P58 Kwt Vector 7.0 1.4
Vector PKR K296R 13.5 2.7
Vector PKR 1-296 5.0 1.0
PKR K296R PKR 1-296 111.0 22.2
P58 Kwt PKR K296R 114.0 22.8
P58 Kwt PKR 1-242 6.5 1.3
P58™PKwt PKR 244-551 449.0 89.8
P58 Kwt PKR 1-296 414.0 82.8
P58 Kwt PKR 244-366 488.0 97.6
P58 Kwt PKR 367-551 13.5 2.7
P58 Kwt PKR 244-296 100.0 20.0
PKR K296R 8-1 13.0 2.6
PKR K296R 8-2 117.0 23.4
PKR K296R ATPR6 5.0 1.0

“ Yeast transfectants were grown in liquid medium and assayed for B-Gal
activity as described previously (12, 24). Values represent the mean of two
experiments for each combination.

®Fold increase over the values obtained from cotransfectants harboring the
control AD (pGAD425) and BD (pGBT9) plasmids.

duce transcription from the /is reporter gene. As an additional
level of selectivity for two-hybrid protein interactions, we in-
cluded 3-AT, a competitive inhibitor of imidazole glycerol
phosphate (IGP) dehydratase (42) in the culture medium.
Growth in the presence of 3-AT selects for interactions which
induce His biosynthesis significantly above basal levels suffi-
cient to overcome the 3-AT block. Such interactions will be of
higher affinity and stability than interactions which do not
support growth in the presence of 3-AT. We found that yeast
clones coexpressing either the AD-PKR K296R or BD-
P58™ wt construct in combination with the respective control
constructs failed to grow on —His medium (Fig. 2B), while
clones coexpressing AD-PKR K296R and BD-P58"%wt con-
structs grew on —His medium. To confirm these results, we
carried out liquid B-Gal assays on the yeast cotransfectants. As
summarized in Table 1, cotransfection of AD-PKR K296R and
BD-P58"*wt resulted in a strong induction of B-Gal activity,
approximately equal to that of the PKR dimerization control
combination of AD-PKR 1-296/BD-PKR K296R (18, 63) but
significantly higher than that of the respective control cotrans-
fections. These results collectively indicate that PKR and
P58™FX interact in vivo.

PKR contains two basic regions within the amino-terminal
242 aa which participate in the binding of activating dsRNAs
(26). Additionally, the PKR dsRNA-binding motifs may facil-
itate PKR homodimerization and interaction of PKR with
other dsRNA-binding proteins by formation of a dsRNA
bridge (18, 63). Using a series of AD-PKR deletion mutants
(Fig. 1), coexpressed with BD-P58™wt, we next proceeded to
map the P58™X interactive site(s) on PKR. As shown in Fig.
3A, all AD-PKR mutant constructs were expressed in the cor-
responding yeast transfectants. A PKR deletion mutant, pos-
sessing the dsRNA-binding domains (without the catalytic do-
main), AD-PKR 1-242, failed to grow on —His medium (Fig.
3B) and failed to induce B-Gal activity above basal levels (Ta-
ble 1), indicating that this construct did not interact with BD-
P58 Xwt. However, mutant AD-PKR 244-551, which includes
the catalytic domain but lacks the dsSRNA-binding domains,
interacted specifically with BD-P58™¥wt, as determined by
growth on —His medium (Fig. 3B) and induction of B-Gal
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FIG. 3. Expression of PKR deletion mutants and interaction with P58'FK.
(A) Expression of AD-PKR deletion constructs in yeast transfectants. Extracts
from yeast transfectants harboring AD-PKR 1-242 (lane 1), AD-PKR 1-296 (lane
2), AD-PKR 244-551 (lane 3), AD-PKR 367-551 (lane 4), AD-PKR 244-366
(lane 5), AD-PKR K296R (control; lane 6), and AD vector (pGADA425 control;
lane 7) were subjected to immunoblot analysis using a GAL4 AD-specific mono-
clonal antibody (Clontech). Not shown is AD-PKR 244-296, which we were
unable to detect by this analysis. Positions of molecular size standards are
indicated in kilodaltons. (B) Specific interaction of P58'""%wt with PKR deletion
mutants. Yeast cells containing the empty GAL4 BD control vector pGBT9
(BD-vector) or BD-P58'"Xwt (depicted in Fig. 5) were transformed with the
indicated AD-PKR mutants (Fig. 1) and replica plated onto +His medium (left)
and —His medium containing 8 mM 3-AT (right). As an extra control, cells
expressing BD-P58""Xwt were transformed with the empty GAL4 AD control
vector pGADA425 (AD-vector; bottom row). Growth on —His is indicative of
interaction.

activity (Table 1). The lack of growth on —His medium exhib-
ited by cotransfectants containing the BD vector control dem-
onstrates the specificity of the PKR-P58™X interaction. These
results demonstrate that (i) interaction with P58™¥ in vivo is
independent of the PKR dsRNA-binding domains and (ii)
P58™X interacts exclusively with the carboxyl-terminal 307 aa
which comprise the PKR protein kinase catalytic domain.
P58 interacts with the nucleotide-binding and autoregu-
latory region of the PKR protein kinase catalytic domain. To
further define the PS8 interactive region of PKR, we tested
PKR deletion mutants containing discrete regions of the pro-
tein kinase catalytic domain for interaction with P58'P¥ in vivo.
The yeast two-hybrid assay revealed that deletion mutants AD-
PKR 1-296 and AD-PKR 244-366 specifically interacted with
BD-P58™%wt, as determined by growth in —His medium (Fig.
3B) and specific induction of B-Gal activity (Table 1). Trans-
fectants co-expressing AD-PKR 367-551 and BD-P58™%wt
failed to grow on —His medium and did not induce B-Gal
activity above basal levels (Fig. 3B and Table 1), indicating that
P58™X binding is independent of the PKR carboxyl-terminal
184 aa. Construct AD-PKR 367-551 did, however, mediate
interaction with vaccinia virus K3L (see below), demonstrating
that this PKR construct was effectively synthesized and trans-
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FIG. 4. In vitro binding analysis of the PKR-P58'""¥ interaction. (A) Auto-
radiogram from SDS-PAGE analysis of PKR in vitro translation products. Ap-
proximately 10° cpm of [3*S]methionine-labeled in vitro translation product from
PKR 1-551 (K296R; lane 1), 1-242 (lane 2), 244-551 (lane 3), 1-384 (lane 5), and
A362-367 (lane 6) were run on a 12.5% acrylamide gel and subjected to auto-
radiography. Position of molecular size standards are indicated in kilodaltons. (B
to D) Binding analysis of PKR translation products. Each panel shows an auto-
radiogram from SDS-PAGE analysis of PKR in vitro translation products se-
lected by binding to GST or GST-P58'PX, As indicated above each set of lanes,
increasing amounts of E. coli extract containing either GST or GST-P58""% (20
or 50 pl) were incubated with equal counts of [**S]methionine-labeled in vitro
PKR translation products. (B) PKR K296R (lanes 1 to 4) and PKR 1-384 (lanes
5 to 8); (C) PKR 244-551 (lanes 1 to 4) and PKR 1-242 (lanes 5 to 8); (D) PKR
A362-367. Positions of molecular size standards are shown in kilodaltons at left
of each panel.

ported to the nucleus in transfected cells. It is noteworthy that
AD-PKR 1-242 did not interact with BD-P58'""%wt, while AD-
PKR 1-296, which possesses an additional 54 aa (Fig. 1), did
interact. Thus, to this point, all BD-P58"*wt-interacting con-
structs of AD-PKR shared 52 aa in this region (aa 244 to 296).
This region of PKR includes the nucleotide-binding domain
essential for protein kinase activity (protein kinase catalytic
domain conservation regions I and II [reviewed in reference
28]), including the glycine-rich domain and the invariant lysine
residue which cooperatively participate in binding ATP (9, 10,
74). In addition, this region contains a potential site of auto-
phosphorylation, threonine 258, critical for kinase activation
(57). To determine if PKR aa 244 to 296 defined the P58'"X-
binding motif, we tested construct AD-PKR 244-296 for in vivo
interaction with BD-P58"™%wt. As demonstrated by growth on
—His medium (Fig. 3B) and induction of B-Gal activity (Table
1), construct PKR 244-296 was alone capable of a specific
interaction with P58'X, directly demonstrating that P58™%
physically associates with structures spanning the nucleotide-
binding and autoregulatory region of PKR.

To confirm and extend the results of the in vivo binding
assays, we carried out an in vitro analysis of PKR-P58™X in-
teractions by using a GST pull-down assay. In this assay, the
binding of a labeled, in vitro-translated protein to a GST fusion
protein, present within a crude E. coli extract, is analyzed.
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FIG. 5. Structural representation of P58'PX and P58 two-hybrid expres-
sion constructs. The nine tandemly arranged TPR domains are shown as 34-aa
blocks. The regions of eIF2-a and DNA-J homology are shown by differential
shading. The positions of terminal amino acids are indicated.

Various PKR deletion mutants (Fig. 1) were translated in vitro
in the presence of [>**S]methionine and reacted with crude
extracts from E. coli expressing GST (as control) or GST-
P58™FX, After confirmation of the full-length synthesis of each
PKR translation product by SDS-PAGE analysis (Fig. 4A), the
GST pull-down assay was carried out with approximately
equimolar levels of input material (Fig. 4B to D). Analysis of
the bound proteins, which remained after glutathione-agarose
selection and washing steps, revealed that the full-length con-
trol, PKR K296R, formed a stable complex with GST-P58™*
but not GST alone (Fig. 4B, lanes 1 to 4). PKR 1-384, which
lacks the C-terminal 167 aa (Fig. 4B, lanes 5 to 8), and PKR
244-551, which lacks the dsSRNA-binding motifs (Fig. 4C, lanes
1 to 4), bound specifically to GST-P58™%, Conversely, PKR
1-242 failed to mediate complex formation with GST-P58'X,
as previously shown (66) (Fig. 4C, lanes 5 to 8). The structur-
ally related eIF2-a kinases PKR, TIK (33), GCN2 (67), and
HCR (15) all possess a conserved 6-aa motif, between conser-
vation regions 5 and 6 (17, 28) of their respective protein
kinase catalytic domains, corresponding to PKR aa 362 to 367
(LFIQME [Fig. 1]). The conservation of this motif among the
elF2-a kinases has led to speculation that this motif may play
a role in substrate interaction, perhaps by mediating interac-
tion with elF2-a (17). To determine whether this motif is
important in mediating interaction with P58"F%, we extended
our in vitro binding analyses to include an assessment of
P58 binding using the PKR mutant which lacks the
LFIQME motif. As shown in Fig. 4D, deletion of this region of
PKR had no effect on P58 binding, as in vitro-translated
mutant PKR specifically bound to GST-P58™¥ but not GST
alone. These results collectively indicate that the PKR-P58™%
interaction is mediated by sequences independent of the ami-
no-terminal regulatory domains and the LFIQME sequences.
Instead complex formation in vitro is dependent on structures
within the first six PKR protein kinase catalytic domain con-
servation regions.

Interaction with PKR in vivo requires TPR domain 6 within
the eIF2-a homology region of P58™X, Using our in vivo bind-
ing assay, we next set out to map the PKR-interacting do-
main(s) of P58™X, P58™X is composed of several structural
motifs (Fig. 5), including nine TPR motifs as well as a C-
terminal DNA-J motif, both known to mediate protein-protein
interactions (47, 71). In addition, the region spanning P58"¥
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FIG. 6. Interaction with PKR requires P58'"PX TPR motif 6. (A) Immunoblot
analysis of BD-P58'FX yeast two-hybrid constructs. Extracts from the indicated
yeast transfectants were separated by SDS-PAGE, transferred to membranes,
and probed with the P58 _specific monoclonal antibody 2F8 (2). Lane 1, BD
vector (pGBT9 control); lane 2, BD-8-1; lane 3, BD-8-2; lane 4, BD-ATPRG6; lane
5, BD-P58'"%wt (control). Positions of molecular size standards are shown in
kilodaltons. (B) Specific interaction of full-length PKR K296R with P58'PK
deletion mutants. Yeast cells were cotransfected with the indicated BD-P58""%
constructs (indicated at the left and right) and the empty pGADA425 control
plasmid (AD vector) or the full-length PKR mutant, AD-PKR K296R. Trans-
fectants were replica plated onto +His medium (left) and —His medium with 5
mM 3-AT (right) and assayed for growth.

TPR motifs 5 to 7 possesses limited homology to the natural
PKR substrate, elF2-a, including the PKR—eIF2-a consensus
phosphorylation tripeptide, ELS. This region corresponds to
aa 49 to 51 and 239 to 241 of elF2-a and P58, respectively
(17, 51). This elF2-a homology region (aa 207 to 303) is es-
sential for P58™*-mediated PKR inhibition in vitro (51, 66) as
well as in vivo (73). Thus, we hypothesized that the P58'"%-
PKR interaction is mediated through structures located within
the P58™X eIF2-a homology region. To test this, we prepared
a series of BD-P58'P¥ deletion mutants (Fig. 5) which were
transfected in yeast strains expressing either the negative AD
control vector, pGAD425, or the full-length PKR K296R mu-
tant fused to the GAL4 AD. P58™X mutant constructs were
expressed to approximately equal levels in yeast transfectants
(Fig. 6A). Two-hybrid analysis revealed that transfectants co-
expressing AD-PKR K296R and BD-8-2 (lacking the P58
carboxyl-terminal 227 aa) exhibited His prototrophy (Fig. 6B)
and B-Gal induction (Table 1), indicating that the PS8"¥ car-
boxyl-terminal 227 aa, including the DNA-J motif, were not
essential for interaction with PKR in vivo. To determine if
structures within the amino-terminal 166 aa were sufficient to
mediate the P5S8PX-PKR association, we also tested P58FK
mutant BD-8-1 for interaction with AD-PKR K296R. Coex-
pression of BD-8-1 and AD-PKR K296R in the two-hybrid
assay failed to induce either growth on —His medium or B-Gal
expression, indicating that the P58 amino terminus was not
sufficient to mediate interaction with PKR (Fig. 6B and Table
1).

)Since we recently found that the middle portion of P58'X,
which includes the eIF2-a homology region (spanning TPR
motifs 5, 6, and 7), was important for P58 function in vivo
(73), we next tested whether this same region mediated
P58™E_PKR interactions. It is noteworthy that TPR domain 6
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FIG. 7. Vaccinia virus K3L interacts with the PKR protein kinase catalytic
domain. (A) Expression of BD-K3L in yeast transfectants. Extracts from BD-
K3L (lane 1) or BD vector (control; lane 2) yeast transfectants were subjected to
immunoblot analysis using a polyclonal antiserum raised against GST-K3L (gift
from J. Tartaglia). Positions of molecular size standards are shown in kilodaltons
at the left. (B) Specific interaction of K3L and PKR. Yeast cells expressing
BD-K3L were cotransfected with the AD-PKR constructs indicated at the left.
Cotransfectants were replica plated on +His medium (left) and —His medium
with 12 mM 3-AT (right). Growth on —His medium is indicative of interaction.

(aa 220 to 254) includes S241 of the ELS consensus tripeptide
and that deletion of this region alone abrogates P58™X func-
tion (73). It is therefore conceivable that P58 could function
as a PKR substrate analog, serving as a homing signal to
mediate interaction with PKR. We tested whether this region
of P58™% was required for in vivo interaction with PKR by
coexpressing AD-PKR K296R with BD-P58'%/ATPR6. Im-
munoblot analysis confirmed that construct BD-P58™%/
ATPRG6 was efficiently expressed in yeast (Fig. 6A). Impor-
tantly, BD-P58™*/ATPR6 failed to interact with PKR (Fig.
6B), as determined by failure of the corresponding clones to
grow on —His medium or induce B-Gal expression (Table 1).
Taken together, these results indicate that PKR interacts with
the elF2-a homology region of P58™* and that sequences
within P58"™% TPR domain six, possibly including the ELS
tripeptide, are required for this interaction to occur.
Vaccinia virus K3L forms a complex with the PKR protein
kinase catalytic domain in vivo. To gain additional insights
into mechanisms of PKR down regulation, we turned our at-
tention to the vaccinia virus-encoded PKR inhibitor, K3L.
Vaccinia virus encodes a mechanism to repress the deleterious
effects associated with activation of PKR in virally infected
cells (7, 8, 38). Others have convincingly shown that the 88-aa
product of the vaccinia virus K3L gene, K3L, forms a physical
complex with the kinase in vitro and in vivo, leading to dra-
matic reductions in PKR activity (13, 18). Exhibiting a 28%
amino acid identity with the amino terminus of eIF2-a (8),
K3L has been proposed to inhibit PKR by functioning as an
elF2-a pseudo-substrate (8, 13). To examine the K3L interac-
tive sites on PKR, full-length K3L was expressed in transfected
yeast cells as a BD-K3L fusion protein (for immunoblot anal-
ysis, see Fig. 7A), along with several PKR mutants (Fig. 7B).
Coexpression of BD-K3L with AD-PKR K296R or AD-PKR
244-551 resulted in growth on —His medium and a strong
induction of B-Gal activity (Table 2), confirming that K3L and
PKR interact in vivo (13, 18). These data demonstrate that the
PKR protein kinase catalytic domain was sufficient to mediate
this interaction. The K3L interactive domain was mapped to
within aa 367 to 551 of the PKR catalytic domain, as deter-
mined by selection on —His medium and induction of B-Gal of
BD-K3L transfectants coexpressing AD-PKR 367-551 (Fig. 7B
and Table 2). BD-K3L transfectants coexpressing the remain-
ing PKR catalytic domain constructs AD-PKR 244-366 and
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TABLE 2. Summary of B-Gal activities obtained from PKR-K3L,
P58PK_P58'PK and control yeast two-hybrid cotransfectants®

GALA4 construct combination

Sp act Fold
BD AD (MUG units) increase

K3L Vector 13.0 2.6
K3L PKR K296R 635.0 127.0
K3L PKR 1-242 8.5 1.7
K3L PKR 1-296 4.5 1.0
K3L PKR 244-296 9.0 1.8
K3L PKR 244-551 364.0 72.8
K3L PKR 244-366 11.0 22
K3L PKR 367-551 912.5 182.5
P58"PKwt 8-1 327.5 65.5
P58 Kwt 8-2 366.0 73.2
P58 wt 9-1 10.0 2.0

“Each value is the mean of two experiments. See Table 1 footnotes for
experimental details.

AD-PKR 244-296 failed to grow on —His medium or induce
B-Gal above basal levels. Similarly, and consistent with a pre-
vious report (18), the amino-terminal PKR constructs, AD-
PKR 1-242 and AD-PKR 1-296, did not mediate interaction
with BD-K3L, as transfectants coexpressing these constructs
failed to grow on —His medium and lacked 3-Gal activity. Our
previous analysis indicated that P58™X interacted with con-
structs AD-PKR 1-296, AD-PKR 244-366, and AD-PKR 244-
296 (Fig. 3), demonstrating that these proteins were efficiently
expressed and localized to the nucleus of transfected cells.
Thus, the failure of BD-K3L to interact with these AD-PKR
constructs cannot be attributed to poor expression or failure to
localize to the yeast cell nucleus. Collectively, these results
demonstrate that like P58™%, K3L interacts exclusively with
the PKR protein kinase catalytic domain. However, unlike
P58™X which associates with structures within protein kinase
catalytic domain homology region II (PKR aa 244 to 296), the
K3L interactive region of PKR broadly maps to a nonoverlap-
ping domain within the carboxyl-terminal 184 aa, correspond-
ing to protein kinase catalytic domain homology regions VI to
XI (28), which are predicted to participate in substrate recog-
nition and binding (10, 28, 74).

P58'PX can self-associate in vivo. Structural three-dimen-
sional modeling predicts that the individual TPR motifs in
TPR-containing proteins functionally cooperate to mediate in-
tra- and intermolecular interactions by assuming a TPR-spe-
cific “knob-in-hole” structure (25, 31, 47). Thus, one would
predict that multimerization is a characteristic of this protein
family. Indeed, the structurally related TPR proteins Cdcl6,
Cdc23, and Cdc27 of S. cerevisiae participate in TPR-depen-
dent interactions in vivo, including homodimerization and for-
mation of an essential mitotic heterotrimeric complex (46). To
determine if P58™X formed homotypic complexes in vivo, we
coexpressed various AD-P58'¥ deletion constructs with BD-
P58™Xwt in yeast cells and subjected the transfectants to the
two-hybrid assay. Immunoblot analysis confirmed that con-
structs AD-8-2, AD-8-1, and AD-9-1 were expressed at approx-
imately equal efficiencies (Fig. 8A). Coexpression of AD-8-2
and BD-P58™%wt resulted in growth on —His medium (Fig.
8B) and a strong induction of B-Gal activity (Table 2), indi-
cating that (i) P58, like other TPR proteins, is capable of
homotypic interaction in vivo and (ii) P58™* homotypic inter-
action does not depend upon the P58'PX carboxyl-terminal 227
aa, including structures located in the P5S8"™* DNA-J motif. To
further define the region of homotypic interaction, we tested
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FIG. 8. P58'PK gelf-associates in vivo. (A) Expression of AD-P58'PX mutant
constructs in yeast transfectants. Extracts from the indicated yeast transfectants
were subjected to immunoblot analysis using either the P58 -specific mono-
clonal antibody 2F8 (lanes 1 to 4) or the GAL4 AD-specific monoclonal antibody
(lanes 5 to 7). Lanes 1 and 5, AD vector (pGAD425 control); lane 2, AD-8-1;
lane 3, AD-8-2; lane 4, BD-P58'"Xwt (control); lane 6, AD-PKR K296R (con-
trol); lane 7, AD-9-1. Positions of molecular size standards are indicated in
kilodaltons. (B) Self-association of P58'"¥. Cells were cotransfected with the
indicated AD-P58'PX constructs (indicated at the left and right) and the BD
control plasmid pGBT9 (BD-vector) or BD-P58'"Kwt and replica plated onto
+His medium (left) and —His medium with 10 mM 3-AT (right). Interaction was
determined by growth on —His medium.

P58'PK deletion construct AD-8-1, possessing only the P58
amino-terminal 166 aa (Fig. 5), for the ability to interact with
BD-P58™%wt in vivo. Coexpression of AD-8-1 with BD-
P58"™Xwt resulted in growth on —His medium (Fig. 8B), which
was confirmed by analysis of B-Gal activity (Table 2). We next
tested the reciprocal construct, AD-9-1, which lacks the amino-
terminal 167 aa of P58™X, for the ability to interact with
BD-P58™¥wt. As shown in Fig. 8B and Table 2, deletion of the
amino-terminal 167 aa of P58™X prevented homotypic inter-
action in vivo, as clones coexpressing AD-9-1 and BD-
P58 wt failed to induce reporter gene expression, deter-
mined by lack of growth on —His medium and low B-Gal
activity. BD vector control cotransfectants did not grow on
—His medium (Fig. 8B). Taken together, these data demon-
strate that P58 can form specific homotypic complexes in
vivo in which the amino-terminal 166 aa are both necessary and
sufficient for mediating this homotypic interaction. Inclusion of
P58"™X TPR domains 1 to 3, as well a portion of TPR domain
4 (Fig. 5), within the amino-terminal 166 aa suggests that
formation of a P58'* complex may be a TPR domain-medi-
ated event.

DISCUSSION

PKR and P58' each play an important role in the regula-
tion of viral gene expression in virus-infected cells. PKR is a
component of the host interferon defense mechanisms de-
signed to restrict virus replication (37, 38). However, to coun-
teract these effects, viruses have evolved strategies to down
regulate PKR. Influenza virus accomplishes this by activating
the cellular PKR inhibitor, P5S8™¥ (40, 51, 52). Several studies
also have ascribed a tumor suppressor role to PKR, as coex-
pression of dominant negative PKR mutants leads to malig-
nant transformation of mammalian cells (5, 43, 62). In accor-
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FIG. 9. Locations of the interactive domains of PKR and P58'F¥. (A) Wild-
type (wt) PKR. PKR interaction with the adenovirus VAI RNA has been
mapped to dsRNA-binding domain-inclusive N-terminal regulatory region (39,
41, 58). The P58'PX and K3L interactive domains both localize to nonoverlapping
regions within the PKR protein kinase catalytic domain (shaded). The P58'P%-
interacting domain spans aa 244 to 296, which include protein kinase catalytic
domain homology regions I and II (28) as well as a preceding region important
for PKR activation (57). The K3L-interacting domain lies within aa 367 to 551,
including kinase homology domains VI to XI. Bars indicate positions of the
interactive domains. (B) P58'PX. Complex formation and interaction with PKR
are mediated by distinct nonoverlapping domains within P58™X. Homotypic
complex formation is mediated by structures within the amino-terminal 166 aa
which include TPR domains 1 to 3 as well as a portion of TPR domain 4.
Interaction with PKR maps to the 34 aa within TPR motif 6 (shown in black),
which includes the eIF2-a consensus ELS tripeptide corresponding serine 51 of
elF2-a (51). Bars indicate the region spanning the interactive domains.

dance with these data, P58 possess oncogenic potential, in
that overexpression in NIH 3T3 cells leads to malignant trans-
formation, possibly via a P58™%-mediated inhibition of the
PKR tumor suppressor phenotype (2). Thus, mechanisms
which regulate activity of PKR can have dramatic effects on the
cell by influencing the growth-suppressive and antiviral activity
of the enzyme. Finally, PKR has been implicated in the control
of other pathways, including transcriptional activation (45) and
induction of apoptosis (50). The diverse roles played by PKR
prompted the current study, which was designed to determine
the molecular mechanisms of kinase inhibition.

We found that P58™ and K3L interacted with the PKR pro-
tein kinase catalytic domain, indicating that the PKR dsRNA-
binding domains were dispensable for these interactions. This
finding is in accordance with our previous results showing that
a full-length mutant PKR, deficient in dsRNA binding, could
still interact with PS8™¥ (66). This finding contrasts dramati-
cally with observations regarding adenovirus-encoded VAI
RNA, which interacts with the PKR amino-terminal regulatory
domains (39, 41, 58) and functions to inhibit PKR through
competitive inhibition of dsSRNA binding. Our results localize
the minimal P58 interactive site(s) on PKR to the 52-aa
region comprising aa 244 to 296 (Fig. 9A). This P58 inter-
active domain of PKR covers protein kinase catalytic domain
homology regions I and II (reviewed by Hanks et al. [28]),
which contain the glycine-rich motif GxGxxG and the invariant
lysine residue (K-296) which participate in nucleotide binding.
It is tempting to speculate that by binding to this region of the
kinase, P58™X could mediate its inhibitory effects by interfer-
ing with the nucleotide binding reaction either directly or in-
directly by inducing PKR steric alterations. Additionally, the
former effect could also interfere with critical regulatory phos-
phorylation events, which include autophosphorylation of
T-258 within the P58'X interactive region of PKR (57). While
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it is not known at this time if P58 binds to monomeric
and/or multimeric forms of PKR, binding of P58™* to PKR
could prevent formation of an active PKR complex or, alter-
natively, disrupt preformed active PKR homotypic complexes,
thus inhibiting the crucial PKR autoactivation step which may
be a prerequisite for PKR function.

In contrast to P58'FX, the interaction between PKR and K3L
was localized to PKR aa 367 to 551 (Fig. 9A), indicating that
these inhibitors employ divergent mechanisms of PKR inhibi-
tion. This region of PKR does not include the complete
LFIOME motif conserved among the elF2-a kinase family
(17), which has been postulated to mediate the K3L-PKR
interaction. This finding suggests that this motif is not essential
for K3L binding and thus may not be part of a consensus
substrate recognition site. Similarly, the LFIQME motif was
not essential for P58™X-PKR interactions. On the basis of the
crystal structures of various eukaryotic protein kinases, PKR
aa 367 to 551 localize to within the large lobe of the general-
ized three-dimensional structure predicted for the PKR pro-
tein kinase catalytic domain, while aa 244 to 296 occupy a
distinct region of the small lobe involved in nucleotide binding
(10, 74) and autophosphorylation. The large lobe of the eu-
karyotic protein kinase catalytic domain is largely responsible
for substrate recognition and binding, although certain con-
served residues contribute to nucleotide binding as well (74).
Thus, K3L, which shares homology with the amino terminus of
elF2-a (8), may inhibit PKR function by blocking the PKR-
substrate interaction. Functioning as a high-affinity PKR pseu-
do-substrate, K3L could essentially irreversibly bind to the
substrate recognition site of PKR to render the kinase inactive.
Identification of the precise PKR substrate-binding site will
allow for further definition of the mechanisms by which K3L
mediates inhibition of PKR.

The PKR-interactive region of P58"™¥ was independent of
both the amino- and carboxyl-terminal regions of the inhibitor
and was mapped to the P58'P¥ eIF2-o homology domain (Fig.
9B). Homology with elF2-a, within the PKR interactive re-
gion, is limited to approximately 31% amino acid identity (in-
cluding gaps) over a 97-aa region (51). This region includes the
PKR consensus elF2-a phosphorylation motif, ELS (P58 aa
239 to 241), which localizes to P58 TPR domain 6. Impor-
tantly, we also recently found that TPR domain 6 is critical for
P58™X function inside the cell (73). P58'% TPR domain 6
contains the ELS tripeptide, suggesting that P58™* may func-
tion as a pseudo-substrate, binding to the PKR substrate-bind-
ing domain and blocking interaction with the natural PKR
substrate eIF2-a, an event which would require the presence of
S-241 to functionally mimic eIF2-a.. However, in direct conflict
with this notion, we previously found that a P58 S241A
mutant was still able to inhibit PKR activity (51), indicating
that S-241 was not essential for function. Taken together, these
results suggest that, rather than functioning as a PKR pseudo-
substrate, the sequences within P58"™* TPR domain 6 com-
prise a PKR homing signal which serves to direct P58 to the
kinase. It is worth noting other TPR proteins which form
heterotypic protein-protein interactions mediated specifically
by the TPR domains. For example, the Cyc8-Tupl interaction
in yeast strains is TPR specific, mediated by the Cyc8 TPR
domains (76). Interestingly, this interaction required a specific
combination of Cyc8 TPR motifs, indicating that these do-
mains are not functionally redundant. Similarly, the interaction
between the human nuc2 and retinoblastoma protein required
a crucial nuc2 TPR domain (16).

In addition to interacting with PKR, P58 can self-associ-
ate, forming a homotypic complex in the two-hybrid assay.
However, we cannot formally exclude the possibility that the
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P58™X homotypic interaction seen in the two-hybrid assay is
actually mimicking an intramolecular association rather than a
true intermolecular event. In either case, while interactions
with PKR were exclusive of the amino-terminal region of
P58' (spanning complete TPR motifs 1 to 4 and a portion of
TPR motif 5), we found that this region was both necessary and
sufficient to mediate P58™X self-association in our two-hybrid
assay (Fig. 9B). Other TPR proteins have the ability to mediate
homotypic interactions in vivo. Perhaps the best-characterized
interactions between TPR proteins are those between Cdcl6,
Cdc23, and Cdc27, which form a complex essential for mitosis
(46). In this case, complete complex formation could be
mapped to an essential TPR domain in Cdc27. Mutations in
this region of Cdc27 did not affect self-association or the ability
to associate with Cdc16 but instead reduced interactions with
Cdc23. These studies collectively indicate that TPR proteins
can participate in both homotypic and heterotypic protein-
protein interactions, including those directly mediated by TPR
domains. Self-association of P58 is mediated by aa 1 to 166,
composed of TPR domains 1 to 3 (and a portion of TPR
domain 4), suggesting that P58™¥ self-association is similarly a
TPR-mediated event. Currently, we do not know the signifi-
cance of the P58™ self-association or whether P58'PX intra-
or intermolecular complex formation is required for PKR
binding and/or kinase inhibitory activity. Conceivably, P58F%
self-association could impart other, yet undefined functions to
P58'PK,

P58™K itself is regulated by complex formation with its own
inhibitor, I-P58'F¥ (52). It is only after specific events, such as
infection by influenza virus (40) or biochemical fractionation
(53), that the latent PKR inhibitory activity of P58™* is un-
masked as a result of dissociation from its inhibitory complex.
While the molecular mechanisms of P58™* regulation are still
unknown, we have recently isolated a novel cDNA encoding a
P58™X.interacting protein which has limited homology to
mammalian isoforms of heat shock protein 90 and possesses
P58™X_regulatory properties (23). Studies are in progress to
define the role of this novel P58 interaction. Currently, we
propose a model for the regulation of PKR by P58 whereby
the PKR-inhibitory activity of P58 is activated by dissocia-
tion from an inhibitory complex. Active P58, whether sin-
gularly or as a P58™® homotypic complex, binds to PKR within
the nucleotide-binding and regulatory region, defined by PKR
aa 244 to 296, with a resultant inhibition of PKR activity. It is
tempting to speculate that P58 is a component of the stress/
heat shock response pathway and that influenza virus has
evolved mechanisms to intersect with this pathway to ensure its
efficient gene expression and replication.
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