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ABSTRACT The interferon-induced double-stranded
RNA-activated protein kinase, PKR, likely contributes to both
the antiviral and the antiproliferative effects of interferon. We
previously found that influenza virus avoids the translational
inhibitory effects of activated PKR by activating a cellular
inhibitory protein, termed P58'K, based on its M, of 58,000.
P58'PK js a member of the tetratricopeptide family of proteins
and possesses significant homology to the conserved J region
of the DnaJ family of heat shock proteins. We earlier hypoth-
esized that P58'PX was kept in an inactive state with its own
inhibitor (termed I-P58'PX) in uninfected cells. We therefore
attempted the purification and characterization of I-P58'PK,
The following data suggest that we have identified the molec-
ular chaperone, hsp40, as I-P58™PK, (i) The MonoP-purified
I-P58'PK protein reacted with hsp40 antibody. (ii) This prep-
aration demonstrated high specific activity in an in vitro
functional assay containing only purified recombinant and
native components. (iii) Purified, recombinant hsp40 protein
inhibited P58'PK in an identical in vitro assay. (iv) Finally, we
demonstrate that hsp40 directly complexes with P58PK in
vitro, suggesting the inhibition occurs through a direct inter-
action. Our data, taken together, provide evidence for a novel
intersection between the heat shock and interferon pathways,
and suggest that influenza virus regulates PKR activity
through the recruitment of a cellular stress pathway.

The interferon (IFN)-induced, serine—threonine protein ki-
nase, PKR, is a critical component of the host defense response
against virus infection (1, 2). PKR becomes autophosphory-
lated and activated in response to double-stranded RNA
(dsRNA) and functions to block protein synthesis by phos-
phorylating the « subunit of eukaryotic initiation factor 2
(eIF-2a) (3). Translational regulation by PKR may play a role
in growth regulation, as expression of PKR has been found to
be growth-suppressive in yeast (4). Furthermore, expression of
a dominant negative PKR mutant has been shown to transform
NIH 3T3 cells, suggesting that PKR may function as a tumor
suppressor protein (5-7). The kinase has also been hypothe-
sized to play a role in inducing apoptosis (8) and regulating
adipocyte differentiation (9). The platelet-derived growth
factor signal transduction pathway has been found to require
the activity of PKR in the induction of immediate early gene
transcription (10). Finally, PKR has been suggested to be a
regulator of the NF-kB signal transduction pathway (11).
Several cellular regulators of PKR have been previously
described (12), but the best characterized is P58™K (IPK,
inhibitor of protein kinase) (13). P58'PK was first identified as
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a PKR inhibitor that is activated during influenza virus
infection. P58'PK has since been purified, cloned, and exten-
sively characterized (13, 14). P58"K is a member of the
tetratricopeptide repeat family of proteins, containing 9 tan-
demly arranged 34 amino acid repeats. Tetratricopeptide
repeat domains are predicted to form amphipathic helices
which may play a role in protein—protein interaction (15).
Several tetratricopeptide repeat proteins have been identified
thus far, but few have been assigned functional roles (for a
review, see ref. 16). In addition to the tetratricopeptide repeat
motifs, the C-terminal portion of P58'P¥ shares homology with
the J domain of the DnaJ heat shock protein of Escherichia
coli, placing P58'™K within the heat shock family of proteins
(17). Finally, we found P58 to display oncogenic properties,
possibly through its ability to down-regulate PKR (18).

The P58'PK_PKR regulatory pathway is highly complex.
Evidence that P58'PK is regulated by its own inhibitor, earlier
defined as I-P58™K, includes the following: (i) P58™X activity
was undetectable in uninfected cells; (if) P58™K activity, but
not physical protein levels, increased upon influenza virus
infection; (iii) P58™K activity was unmasked in uninfected cell
extracts after biochemical fractionation with ammonium sul-
fate (P58FK activity was found in the 40-60% ammonium
sulfate fraction); and (iv) P58'FK activity was repressed by
adding back the 60-80% ammonium sulfate fraction (which
contains I-P58'PK activity) (19). Given the above observations,
we hypothesized that infection by influenza virus released
P58™PK from I-P58'PK| thus allowing P58'PK to directly act on
PKR and inhibit the protein kinase. The goal of the present
study was to identify I-P58™X using biochemical purification
and in vitro functional assays for I-P58™X function. We can now
report that the molecular chaperone, hsp40, also known as
hdj-1, both inhibits and interacts with P58FPK  strongly sug-
gesting that the cellular stress pathway participates in PKR
regulation during influenza virus infection.

MATERIALS AND METHODS

Cells and Bacterial Strains. Madin—Darby bovine kidney
(MDBK) cells were grown in monolayer cultures in 850-cm?
roller bottles at 37°C in DMEM supplemented with 10% calf
serum/2 mM L-glutamine/10 mM Hepes buffer. IFN-treated
extracts were prepared as described (20). Glutathione S-
transferase (GST)-tagged P58'PK (GST-P58!PK) was prepared
as described (13). For the binding experiments, full-length

Abbreviations: IFN, interferon; dsRNA, double-stranded RNA; elF-
2a, « subunit of eukaryotic initiation factor 2; MDBK cells, Madin—
Darby bovine kidney cells; GST, glutathione S-transferase; FPLC, fast
protein liquid chromatography; mA AT, mitochondrial aspartate ami-
notransferase; NEpHGE, non-equilibrium pH gel electrophoresis;
S-100, 100,000 X g supernatant.
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human hsp40 was expressed from the T3 promoter of pBlue-
script (Stratagene) harbored in E. coli strain XL-1.

Purification of I-P58'PK, Monolayer MDBK cells (2 X 101%)
were harvested at ~90% confluency as described (21). Cyto-
plasmic extracts were centrifuged at 100,000 X g for 1 h in a
Beckman Ti 70.1 rotor. The supernatant (S-100) was fraction-
ated by ammonium sulfate precipitation as described (21) and
assayed for I-P58'FPK activity. The active fraction was applied to
a MonoQ HR 10/10 fast protein liquid chromatography
(FPLC) anion-exchange column (Pharmacia). Proteins were
eluted batch-wise with 300 mM and 500 mM KCI. Fractions
were dialyzed into buffer B and assayed for I-P58'PK activity.
The active fraction was resuspended into buffer A (75 mM
Tris*CH3COOH, pH 9.3) and dialyzed against the identical
buffer. The dialysate was applied to a MonoP HR 5/20 FPLC
chromatofocusing column (Pharmacia). Proteins were eluted
on a linear pH gradient of 9.3-6.0 with 10% Polybuffer-96
(Pharmacia) adjusted to pH 6.0. Fractions were collected, and
pooled protein peaks were dialyzed into buffer B [20 mM
TrissHCI/100 mM KC1/0.1 mM EDTA/1 mM DTT/0.1 mM
phenylmethylsulfonyl fluoride (PMSF)/5% glycerol] and as-
sayed for the ability to inhibit P58'PK activity.

In Vitro Assays for I-P58'PK Activity. Two assays were
developed to detect I-P58™PK activity, one using crude and
partially purified components and a second using highly pu-
rified components. The assay using crude components was
used to screen for I-P58PX activity in the ammonium sulfate
and MonoQ fractions and is described in ref. 19.

The assay using purified components was used to test for
I-P58PK activity in the MonoP fractions and in the purified
mitochondrial aspartate aminotransferase (mAAT) and hsp40
preparations. Fractions were mixed with GST-P58PX purified
from E. coli for 10 min at 30°C. PKR, purified from IFN-
treated Daudi cells, was added, and the reaction was incubated
at 30°C for 10 min. The total reaction volume was 30 ul in
buffer with final concentrations as follows: 2 mM Hepes, pH
7.5/16.7 mM Tris'HC1/56.7 mM KCl/40 mM NaCl/2 mM
MgCly/2 mM MnCl,/1 mg/ml BSA/1.4 mM DTT/6 ug/ml
aprotinin/0.02 mM PMSF/0.05 mM EDTA/6.6% glycerol/2
mM ATP. Poly I:C dsRNA was added at a final concentration
of 0.1 pg/ml, in addition to 5 uCi (1 Ci = 37 GBq) of
[y-3?P]ATP, and the reaction was incubated at 30°C for 10 min.
Calf thymus histone protein IIA (10 ng) was added in the
presence of 10 puCi [y->?P]ATP, and the reaction was incubated
at 30°C for 20 min. We earlier found a perfect correlation
between the ability of PKR to phosphorylate histones and its
natural substrate, eIF-2« (20). The reaction was stopped with
the addition of 30 ul of stop buffer [2X protein disruption
buffer (150 mM Tris-HCI, pH 6.8/2.6M 2-mercaptoethanol/
3.7% SDS/18.5% glycerol/17 mM EDTA/20 ug/ml RNase A)
at 60°C], boiled for 5 min, and analyzed by SDS/PAGE (14%
gel). The degree of substrate phosphorylation was visualized
by autoradiography and quantified by PhosphorImager analysis.

mAAT and hsp40. Recombinant purified hsp40 was kindly
provided by R. Morimoto (Northwestern University, Evan-
ston, IL) and was prepared as described (22). Polyclonal
antiserum to hsp40 was prepared using recombinant protein as
immunogen (unpublished data). Recombinant mA AT protein
was kindly provided by Marino Martinez-Carrion (University
of Missouri, Kansas City, KS) and purified as described (23).
The mAAT antibody was provided by P. D. Berk, prepared as
described (24).

Western Blot Analysis of PS8'PX, In vitro kinase reactions
were performed as described above (without [y-32P]ATP).
Proteins were separated by SDS/PAGE and transferred to a
nitrocellulose filter, according to the procedure of Towbin and
coworkers (25). Filters were blocked in PBS containing 5%
nonfat dry milk and subsequently probed with monoclonal
antibodies specific for P58PK (2F8 and 9F10) at 1:25 each (26).
Blots were washed 4 times with 0.1% Tween 20 in PBS and
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hybridized with secondary antibody, goat anti-mouse IgG
conjugated to horseradish peroxidase (GIBCO/BRL). Blots
were washed repeatedly with 0.3% and 0.1% Tween 20 in PBS,
and the signal was visualized by enhanced chemiluminescence
(Amersham).

Two-Dimensional Non-Equilibrium pH Gel Electrophoresis
(NEpHGE). Analyses were carried out essentially as described
by O’Farrell and coworkers (27). Protein samples were pre-
pared as follows. Lammeli sample buffer (6X) was added to a
final concentration of 0.5X, and samples were boiled for 5 min.
RNase A (1 pg) was added, and samples were incubated at
room temperature for 15 min and then boiled for 2 min. RNase
A (10 png) and 10 ug BSA were then added as pH markers, and
3 ul of 3 M 2-mercaptoethanol was added. Samples were
lyophilized in a Speed Vac (Savant). Lyophilized samples were
resolubilized with 30 ul of NEpHGE sample buffer [9.5 M
urea/2.0% Nonidet P-40/5% 2-mercaptoethanol/2% Serval-
yte ampholines, pH 2-11 (Serva)] and incubated for 10 min at
30°C. Samples were loaded onto 1.5 mm X 15 cm tube gels (5%
acrylamide/0.2% bis-acrylamide/2% Servalytes, pH 2-11/2%
Nonidet P-40/8 M urea), overlaid with 0.5X NEpHGE sample
buffer, and electrophoresed in a Hoefer DE-102 Tube Gel
Electrophoresis Apparatus for 2400 volt-hours. After the first
dimension run, the tube gels were extruded and layered onto
al.5mm X 14 cm slab gel, overlaid with 0.5% SeaKem agarose
(FMC) containing 0.2X Lammeli sample buffer, and analyzed
by SDS/PAGE (12.5% gel).

InVitro Transcription and Translation. hsp40 plasmid DNA
was prepared using a Wizard Mini-Prep Kit (Promega) as per
the manufacturer’s protocol. Full-length capped hsp40 tran-
script was prepared in a mMessage mMachine Large Scale In
vitro Transcription Kit (Ambion, Austin, TX) using the T3
promoter of pBluescript. A linear transcript was generated by
cleavage at a Hindlll site immediately downstream of the
hsp40 coding sequence. Transcript length and purity were
examined by use of PAGE on a 5% acrylamide 7.5 M urea
denaturing gel. Message-dependent rabbit reticulocyte lysate was
prepared as described (28). The in vitro transcribed product (140
ng) was used to program the recitulocyte lysate in the presence
of [**S]methionine as described (28). The amount of translated
product was determined by scintillation counting of trichloroace-
tic acid-precipitable protein. The translated product was also
visualized by SDS/PAGE and autoradiography.

GST-P58™PK Binding Assays. P58'™X-hsp40 binding assays
were performed using GST-tagged P58™PK as a substrate for
binding in vitro translated hsp40. Binding experiments were
performed as described in ref. 26.

RESULTS

Purification of the Cellular Inhibitor of P58'PK. As men-
tioned earlier, we accumulated preliminary data that suggested
a protein inhibitor of P58'PX existed in uninfected cells (19).
We attempted to purify this regulator using standard biochem-
ical purification and two independent in vitro functional assays.
The procedure for the purification is described in Materials and
Methods. Briefly, cytoplasmic extracts, prepared from approx-
imately 2 X 10' cells, were subjected to centrifugation at
100,000 X g. The S-100 supernatant was further fractionated
by ammonium sulfate precipitation. The 60—80% ammonium
sulfate fraction was found to inhibit P58 (data not shown;
Table 1) and was further purified using a MonoQ FPLC
anion-exchange column. The MonoQ fractions were then
tested for their ability to inhibit P58, Fractions were mixed
with partially purified P58'P¥ (present in the 40-60% ammo-
nium sulfate fraction). After a brief incubation, these compo-
nents were mixed with extracts prepared from IFN-treated 293
cells (as a PKR source). PKR was immunoprecipitated from
the mix and assayed for activity. An inhibitor of P58'P¥ would
be expected to reverse the P58PX-mediated inhibition of PKR,
resulting in a stimulation of PKR activity and enhanced histone
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Table 1. Summary of the purification of the inhibitor of P58
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Volume, Protein,* Total activity,T Specific alctivity,fF Purification, Yield,
Purification step ml mg units/mg -fold %
Cytoplasmic extract 265.00 1439.00 — — —
100,000 X g 255.00 1201.00 — — —
Ammonium sulfate 16.50 110.00 44.9 1.0 100
MonoQ FPLC 28.00 55.00 58.4 1.3 65
MonoP FPLC 9.46 0.036 12364 275 9

*Protein was measured by the Micro BCA protein assay (Pierce) except for the MonoP fractions in which protein was estimated from silver-stained

gels.

TOne unit of activity is defined as the amount of protein required to cause 1% restoration of PKR activity in the presence of PS8IPK,
Specific activity for the MonoP fraction was corrected for the activity of GST-P58IPK relative to the 40-60% ammonium sulfate PS8'PK used in

previous fractions.

phosphorylation. The 100 mM KCI MonoQ flow-through
fraction contained the highest I-P58PK activity, restoring
nearly 60% of PKR function (Fig. 1B).

The active fraction was then applied to a MonoP FPLC
chromatofocusing column. The eluted fractions were then
tested for I-P58™PK inhibitory activity using the alternative in
vitro assay, composed of purified proteins. The second assay
was developed as the crude component assay was unsuitable
for screening the highly purified MonoP fractions. Conversely,
the assay using purified components could not be used with the
ammonium sulfate or MonoQ fractions because of contami-
nating kinases and phosphoproteins. Again we were testing for
a reversal of P58™K-mediated inhibition of PKR and thus a
restoration of PKR activity. The dose-dependent activity was
found to reside exclusively in the pH = 9.3-9.0 fraction (Fig.
2A and data not shown). Only 50 ng of the MonoP fraction was
required to completely inhibit P58'PX and restore essentially all
the PKR activity. Restoration of PKR activity by the MonoP
fraction required preincubation with recombinant P58'PK,
suggesting that the protein was not acting on PKR itself (data
not shown). Control experiments, performed in the absence of
dsRNA, showed that this MonoP fraction did not activate PKR
(Fig. 24). Furthermore, Western blot analysis, using P58'PK
monoclonal antibodies, showed that the reduction of P58PK
activity was not due to proteolysis (Fig. 2B). The active
fractions throughout the purification were analyzed both for
their specific activity (Table 1) and for their polypeptide
content (Fig. 1A4). The specific activity of the inhibitor of
P58PK increased from approximately 45 units per mg of
protein in the 60-80% ammonium sulfate fraction to 12,364
units per mg in the MonoP fraction, reflecting a 275-fold
increase during the purification procedure. Significantly, one
major protein (M; = 38,000) present in the highly active
MonoP fraction was detected by silver staining.

Identification of I-P58'PK, To determine its identity, the
MonoP purified protein was digested with the protease LysC,
and the peptide fragments were subjected to microsequence
analysis. Three of three peptide fragments were 100% identical
to the bovine mA AT (data not shown). In accordance with our
MonoP analysis, mAAT is known to have an isoelectric point
of ~9.0 and M, of ~40,000 (29). However, when we tested
purified mA AT in our in vitro assay, we were unable to inhibit
P58PK and restore PKR activity (Fig. 3D). Given these results,
and the well documented enzymatic functions and subcellular
localization of mA AT (30), we explored the possibility that we
had copurified mAAT with the bona fide inhibitor of P58PK,
Several observations led us to consider a member of the heat
shock family of proteins, specifically the eukaryotic Dnal
homolog, hsp40. First, the homology of P58'PK to the Dnal
protein family suggests that P58'PX, and thus any coregulator,
may be involved in the stress response. Second, heat shock
proteins interact primarily through direct binding, which is
consistent with our evidence of how P58FX acts and how it is
presumably regulated (31). Finally and most importantly, the
hsp40 protein has a M, of 38,000 and pI of ~9.0, essentially

identical to the protein identified in our MonoP purified
fraction (32).

Initially, we reacted hsp40 antibody with the MonoP purified
fraction in a Western blot analysis. We found that the 38-kDa
protein band reacted with the hsp40 antisera. As expected,
antisera to mAAT also reacted with the polypeptide, and
quantitative Western blot analysis showed mAAT present in a
50-fold higher amount (Fig. 34 and data not shown). This is
consistent with the observation that peptide sequence infor-
mation was obtained exclusively from mA AT, as the copurified
protein would represent a significantly smaller proportion of
the purified fraction. Because the proteins were indistinguish-
able by one-dimensional electrophoresis, we attempted to
identify the two proteins by two-dimensional NEpHGE
(NEpHGE), an established technique for hsp40 analysis (Fig.
3B) (33). Using Western blot analysis, we were able to distin-
guish the more abundant and basic mAAT from hsp40,
unequivocally demonstrating the presence of the two proteins
in our purified preparation. The two-dimensional NEpHGE
positions of the proteins were confirmed using purified hsp40
and mAAT (data not shown).

Definitive proof that hsp40, not mAAT, was [-P58PK re-
quired comparison of their functional activity in our in vitro
assay. Therefore, we obtained highly purified recombinant
hsp40 and mAAT. The purity of the two protein preparations
was confirmed by silver staining of the SDS/polyacrylamide
gel (Fig. 3C). Using our in vitro assay, which included native
PKR and recombinant GST-P58PX we found that highly
purified, recombinant hsp40 reversed P58'PX inhibition of
PKR in a dose-dependent manner (Fig. 3D). Importantly,
purified mAAT (tested at up to 10-fold higher amounts than
hsp40) failed to inhibit P58FK activity. The lack of mAAT
function also suggests that the I-P58'FK specific activity in
Table 1 is severely underestimated due to the relatively low
concentrations of hsp40 in our purified preparation. However,
this apparent low yield is not surprising considering published
reports that suggest hsp40 is a relatively non-abundant protein
(34, 35). Similar to our native purified preparation, recombi-
nant hsp40 failed to activate PKR in the absence of dsRNA
(data not shown) and was unable to block P58'PK activity unless
preincubated with P58'PK before addition of PKR (Fig. 44).
Finally, it was critical to determine whether decreased P58PK
function was due to hsp40-induced P58'PX proteolysis. hsp40
did not induce the degradation of recombinant P58PK ag
determined by Western blot analysis (Fig. 4B). The stoichi-
ometry of the hsp40-mediated inhibition of P58'PX deserves
comment. While virtually equimolar amounts of P58'K are
required for PKR inhibition, we found that picogram quanti-
ties of hsp40 were sufficient to inhibit nanogram amounts of
P58PK, We feel this may indicate that hsp40 is able to disrupt
secondary or tertiary structures within P58'PK, consistent with
the role of hsp40 as a molecular chaperone. Furthermore, the
recent observation that P58'PK is able to homooligermize
would suggest that even disruptions of quaternary structure
could have a drastic effect on P58'FX activity (36).
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FiG. 1. Purification of the I-P58'PK inhibitor from uninfected
MDBK cells. (4) Polypeptide analysis of the fractions containing
I-P58!PK activity. From left to right, the crude cytoplasmic cell lysate,
100,000 X g supernatant (S-100), 60—-80% ammonium sulfate, 100 mM
KCI MonoQ FPLC flow through, and pH = 9.3-9.0 MonoP FPLC
cluate fractions were analyzed by SDS/PAGE (12% gel) with the
proteins visualized by silver staining. Positions of molecular weight
markers are shown on the left. (B) In vitro histone phosphorylation
assay examining I-P58!PK activity in the MonoQ FPLC fractions. To
demonstrate P58PK activity, IFN-treated extracts were treated with
buffer alone (PKR) or with the 40—-60% ammonium sulfate fraction
(source of P58PK)  followed by the PKR immunoprecipitation and
kinase assay as described in Materials and Methods. To test for I-P581PK
activity, the 40-60% ammonium sulfate fraction was prereacted with
the indicated amounts of the flow through (100 mM) MonoQ or high
salt batch eluted fractions (300 mM or 500 mM). IFN-treated extracts
were then added, and PKR was subsequently immunoprecipitated and
assayed. The 100% PKR activity was defined by incubation with buffer
alone (PKR), and 0% activity was defined as PKR activity remaining
after incubation with P58!PX alone (40-60% ammonium sulfate). The
percentage of restoration of PKR activity (due to inhibition of P58PK
activity) was quantified by PhosphorImager analysis of histone phos-
phorylation, as shown at the bottom of B.

Although hsp40 antibody recognized our purified MonoP
fraction and recombinant highly purified hsp40 inhibited
P58PK activity in vitro, we cannot rule out that I-P58'PK is not
hsp40 itself, but a highly related protein, which is therefore
reactive with the antibody and possesses inhibitory activity due
to conserved hsp40 functional domains. Unequivocal demon-
stration that I-P58'PK is hsp40 requires microsequencing the
homogeneously purified protein, a goal currently not attain-
able due to the mAAT contamination and the relatively low
hsp40 yields.
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FIG. 2. Analysis of I-P58!PK activity in the MonoP purified fraction.
(A) I-P58PK activity using an in vitro assay and purified components.
(Left) Restoration of PKR activity in an in vitro assay using dsRNA,
purified native PKR (0.1 ug), GST-P58PK (0.075 pg), and the pH =
9.3-9.0 MonoP fraction (protein amounts are indicated on top of the
panel). The MonoP fraction was preincubated with P58PK before PKR
addition, as described in detail in Materials and Methods. PKR activity, as
measured by histone phosphorylation, was quantified by PhosphorImager
analysis. The 100% activity is defined as the activity of PKR alone (PKR),
and 0% activity was defined as PKR activity after mixing with GST-
P58IPK (GST-P58PK). The percentage of PKR restoration is shown at the
bottom. (Right) The same experiment minus dsRNA. (B) Decreased
P58IPK activity is not due to P58IPK proteolysis. GST-P58IFK was incu-
bated with buffer alone (Control) or with the indicated amounts of the
pH = 9.3-9.0 MonoP fraction under reaction conditions identical to those
in the in vitro functional assay described A. The reaction was analyzed by
SDS/PAGE and Western blot analysis using P58'PK-specific monoclonal
antibody.

P58PK Interacts with hsp40 in Vitro. Since we originally
hypothesized that the inhibition of P58™¥ occurred by a direct
interaction, we carried out an in vitro analysis of P58™K_hsp40
binding using a GST pull-down experiment. hsp40 was trans-
lated in vitro, in the presence of [*>S]methionine and reacted
with crude extracts from E. coli expressing GST (as a control)
or GST-P58™K, Analysis of the bound proteins, which re-
mained after glutathione-agarose selection and washing steps,
revealed that the full-length hsp40 translation product formed
a stable, titratable complex with GST-P58™PX, but not signif-
icantly with GST alone (Fig. 5). It should be noted that this
assay was also used to map the PKR-P58'PK interactive
domains, and that these experiments show that GST-P58'PK
displays specificity in binding (26). These data indicate that the
binding of hsp40 to P58'PK is specific and are consistent with
the idea that complex formation is required for the hsp40
inhibition of P58™PK, 1t remains to be determined whether a
stable interaction between hsp40 and P58PK can be detected
inside the cell.

DISCUSSION

Translational regulation in influenza virus-infected cells may
be analogous to translational control during conditions of heat
shock or stress. In influenza virus-infected cells, there is a
dramatic shutoff of cellular protein synthesis leading to the
selective translation of viral mRNAs (1). In heat shocked or
stressed cells, there similarly is often a complete cessation of
“normal” cellular protein synthesis and a subsequent redirec-
tion of the translation of exclusively heat shock mRNAs (37).
One might speculate that, in both virus-infected and stressed
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FiG. 3. The MonoP purified preparation contains both hsp40 and
mAAT. (4) Western blot analysis of the active MonoP fraction. The
MonoP fraction (0.5 pg) was analyzed by one-dimensional SDS/
PAGE, followed by Western blot analysis. The blot was first probed
with hsp40 -pecific (a-hsp40) antibody and then stripped and reprobed
with antisera specific for mAAT (a-mAAT). (B) Analysis of pH =
9.3-9.0 MonoP fraction by NEpHGE and Western blotting. The
MonoP fraction (0.5 pg) was electrophoresed in two dimensions by
NEpHGE as described in Materials and Methods. The second-
dimension gel was transferred to a nitrocellulose membrane and
probed with antisera to hsp40 for Western blot analysis (Upper). The
same blot was then stripped and reprobed with antisera to mAAT
(Lower). To demonstrate the differential migration, the position of the
reciprocal protein is indicated by an area marked by dotted lines. (C)
Characterization of purified hsp40 and mAAT. Purified recombinant
hsp40 or mA AT was electrophoresed on a 12% polyacrylamide gel and
subjected to silver staining. Positions of molecular weight markers are
indicated at the left. (D) In vitro assay measuring the ability of purified
hsp40 or mAAT to inhibit P58'PK function. The in vitro assay was
performed as described in Fig. 24. The amounts of purified hsp40 and
mAAT, which were both preincubated with GST-P58!PK, are indicated
at the top of the figure and the percentage of PKR restoration is
indicated at the bottom of the figure, with 100% and 0% PKR activity
defined as in Fig. 24.

cells, protein synthesis is initially inhibited through the tran-
sient activation of PKR and phosphorylation of eIF-2«. This
report suggests that in the case of influenza virus infection,
P58PK normally bound to hsp40, dissociates from hsp40 and
interacts with PKR to block elF-2a phosphorylation and
restimulate protein synthesis. Whether a specific influenza
viral gene product causes the dissociation of hsp40 and P58™PK
remains to be determined. The restart of mRNA translation in
virus-infected cells during “recovery” is restricted to viral
mRNAs, likely due to the cis-acting sequences present in the
5’ untranslated region which recruit cellular and/or viral
trans-acting factors (38, 39). We currently do not know
whether the PKR/P58FX/hsp40 pathway plays a role in the
regulation of the translation of heat shock mRNAs, which also
have unique elements within the 5’ untranslated region hy-
pothesized to play a role in their selective translation (39). It
is clear, however, that heat shock induces an transient increase
in eIF-2a phosphorylation, at least in certain cell lines (40).
The regulatory pathways involving PKR and P58PK are likely
more intertwined with stress control given the recent discovery
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F1G. 4. Characterization of I-P58'PX hsp40 activity. (4) Preincu-
bation of hsp40 with P58'PK is required for I-P58'PK activity. The in
vitro assay was performed with purified components as described in the
legend to Fig. 24. In the experiments performed without preincuba-
tion, GST-P58'PK and PKR were mixed before the addition of hsp40
to the in vitro reaction. (B) Hsp40 does not induce the degradation of
GST-P58PK, GST-P58!PK was either untreated or incubated under
the precise in vitro assay conditions with the indicated amounts of
hsp40. The reaction was analyzed by SDS/PAGE and Western blot
analysis using P58'PK specific monoclonal antibody, as described in
Materials and Methods. The faster-migrating protein is a breakdown
product of the GST-P58!PK fusion protein and does not appear to
contribute to the reaction.

of a novel hsp90-related protein which was identified as an
additional P58™PK interactive and inhibitory protein by a yeast
two-hybrid library screen (M. Gale and M. Katze, unpublished
work).

In addition to PKR, there are two other protein kinases
which phosphorylate eIF-2« on serine 51, HRI (heme regu-
lated inhibitor of translation), present predominantly in re-
ticulocytes, and GCN2 of Saccharomyces cerevisiae. Like PKR,
there is evidence that both of these kinases are regulated by
stress (41). The yeast GCN2 kinase is stimulated by deprivation
of amino acids or purines. In addition to inhibiting general
protein synthesis, GCN2 plays a role in selective translation
and specifically stimulates translation of GCN4, a transcrip-
tional activator of amino acid biosynthetic genes. HRI is an

GST  GST-PsgPK

| hspd0
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gg: S == == “— hsp40
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FI1G. 5. hsp40 complexes with P58!PK jn vitro. Increasing amounts
of E. coli extracts containing either GST or GST-P58PK were incu-
bated with equal counts of [>>S]methionine labeled, in vitro translated
hsp40 product. After addition of glutathione-agarose beads and
appropriate washings, the bound material was subjected to SDS/
PAGE on 14% acrylamide gels. The in vitro translated starting
material is shown in the right lane (hsp40), and the full-length product
is indicated by the arrow. It should be noted that the two protein bands
visible in the input lane react specifically with hsp40 antisera, indi-
cating the smaller product is a result of either internal initiation or
partial degradation (data not shown). Molecular weight markers are
indicated on left.
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elF-2a kinase that is activated in rabbit reticulocytes by heme
deprivation and stress conditions that elicit a heat shock
response. Furthermore, both hsp90 and the EC1 antigen
(possibly in conjunction with hsp70) bind to HRI, although the
molecular details regarding these interactions and their roles
in HRI regulation remain unclear (42).

This report is not the first example of viruses regulating or
using components of the stress pathway to aid in their repli-
cation. Perhaps the most elegant example has been docu-
mented in the bacteriophage system. Infection leads to an
increased synthesis of stress proteins, such as GroEL and
DnakK, in spite of a general decrease in total protein synthesis
(43). These stress proteins interact with viral components and
aid in the correct assembly and replication of a variety of
bacteriophages such as lambda, T4, and T5 (43). In regard to
eukaryotic viruses, there is substantial evidence that many
viruses induce a stress response in host cells as detected by
increased levels of particular stress proteins or their cognate
mRNAs. In most cases, the induced stress proteins have been
shown to be members of the hsp60, hsp70, and hsp90 families
(31). In some cases, a direct association between stress proteins
and viral components has been demonstrated in virus-infected
cells. Seeger and colleagues observed that hepatitis B virus
requires hsp90 as an essential host factor for virus replication
(44). Other work has shown that an hsp60 related protein, but
not other heat shock proteins, was associated with purified
HIV and SIV virions (45). It is also notable that the HIV gag
protein binds to cyclophilins, the expression of which is
induced by heat shock and which appears to play a role in the
stress response (46). Finally, our data suggest that influenza
virus recruits hsp40 as a mechanism for down-regulating the
potential lethal effects of PKR on viral replication.

In closing, we found that hsp40 functions as a P58'PX inhibitor
and in this way modulates the activity of PKR and mRNA
translation. hsp40 is a eukaryotic homologue of the bacterial
Dnal heat shock protein. Morimoto and colleagues have directly
shown that hsp40 can serve as a molecular chaperone, partici-
pating in the proper folding and assembly of selected polypeptides
(47). Evidence also has been presented which shows that hsp40
interacts with the translational machinery and may play an
important role in the biogenesis of proteins, inducing the proper
folding of polypeptides as they emerge from ribosomes (48).
Work on a yeast hsp40 homologue, ydj-1, now suggests another
novel role for hsp40; hsp40 may influence the signal transduction
and steroid signaling properties of hsp90 (49). Early related work
by Edwards et al. also implicated heat shock as a mechanism for
modulating steroid receptor activity (50). Indeed, it has been
revealed that steroid receptor may require hsp40, in addition to
hsp90 and hsp70, for assembly and maintenance of the apore-
ceptor in the absence of ligand and for proper folding of the
activated receptor after ligand binding (51, 52). It is intriguing that
hsp40, like PKR, has therefore been implicated in two areas of
gene regulation, translational control and signal transduction.
The common player in these pathways is P58PK, which has been
found to interact with both proteins. The evidence presented in
the current report therefore points to potential roles for P58PK
not only in signal transduction, but also in the regulation of
protein synthesis under conditions of cellular stress.
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