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To form an immature HIV-1 capsid, 1,500 HIV-1 Gag (p55)
polypeptides must assemble properly along the host cell plasma
membrane. Insect cells and many higher eukaryotic cell types
support ef®cient capsid assembly1, but yeast2 and murine cells3,4

do not, indicating that host machinery is required for immature
HIV-1 capsid formation. Additionally, in a cell-free system that
reconstitutes HIV-1 capsid formation, post-translational assembly
events require ATP and a subcellular fraction5, suggesting a
requirement for a cellular ATP-binding protein. Here we identify
such a protein (HP68), described previously as an RNase L
inhibitor6, and demonstrate that it associates post-translationally
with HIV-1 Gag in a cell-free system and human T cells infected
with HIV-1. Using a dominant negative mutant of HP68 in
mammalian cells and depletion±reconstitution experiments in
the cell-free system, we demonstrate that HP68 is essential for
post-translational events in immature HIV-1 capsid assembly.
Furthermore, in cells the HP68±Gag complex is associated with
HIV-1 Vif, which is involved in virion morphogenesis and infec-
tivity. These ®ndings support a critical role for HP68 in post-
translational events of HIV-1 assembly and reveal a previously
unappreciated dimension of host±viral interaction.

Previously, we established a cell-free system for translation and
assembly of HIV-1 Gag polypeptides into immature HIV-1 cap-
sidsÐthe protein shells that protect the viral genome5,7. In this
system, ATP is required post-translationally for capsid assembly5.
Because HIV-1 Gag is not thought to bind ATP, a cellular protein is
probably involved. To determine whether a cellular nucleotide-
binding protein is associated with assembling HIV-1 Gag chains, we
examined whether antibodies directed against various ATP-binding
molecular chaperones co-immunoprecipitate radiolabelled Gag in
this system. Only one antibody (23c) co-immunoprecipitated Gag
under native conditions, but not after denaturation (which disrupts
protein±protein interactions). This antibody recognizes an epitope
(containing LDD-COOH) present in several eukaryotic proteins,
including the molecular chaperone TCP-1 (refs 8, 9). 23c failed to
co-immunoprecipitate other substrates translated in the cell-free
system, and recognized a 68K (relative molecular mass (Mr) of
68,000) wheatgerm protein by immunoblotting and immuno-
precipitation (see Supplementary Information Fig. 1).

Capsids formed during a cell-free assembly reaction closely
correspond to authentic, immature HIV-1 capsids by biochemical
and morphological criteria5. In the cell-free system, which uses
wheatgerm extract as a source of cellular factors, 750S completed
capsids are produced by means of a stepwise pathway of post-
translational, Gag-containing complexes (10S, 80S, 150S and 500S).
These complexes, which behave as true assembly intermediates5, are
absent during the synthesis phase of the reaction; they accumulate
after translation, and then diminish5,7. Co-immunoprecipitations,

using 23c, performed at different times during a pulse-chase
assembly reaction suggested that Gag associates with HP68 only
transiently, when assembly intermediates are at high levels, releasing
HP68 once assembly is completed (see Supplementary Information
Fig. 2). Co-immunoprecipitation of fractions produced by velocity
sedimentation of assembly reaction products revealed that Gag was
associated with HP68 in 80S and 500S (but not 10S or 750S) peak
fractions (see Supplementary Information Fig. 2). Hepatitis B virus
(HBV) core, which forms assembly intermediates and capsids that
are fully assembled in the cell-free system10, was not co-immuno-
precipitated by 23c (data not shown). Thus, HP68 associates
selectively with partially assembled, post-translational HIV-1
capsid assembly intermediates, but not with unassembled Gag,
fully assembled HIV-1 capsids, or HBV capsid assembly intermedi-
ates. These data suggest a speci®c role for HP68 in post-translational
events of HIV-1 capsid assembly.

Wheatgerm HP68 (WGHP68) was isolated from wheatgerm
extracts by immunoaf®nity puri®cation using 23c antibody, and
microsequenced. Degenerate oligonucleotides were used to amplify
a 2-kilobase (kb) complementary DNA from wheatgerm cDNA. The
deduced amino-acid sequence (see Supplementary Information
Fig. 3) was 71% identical to cDNA coding for the 68K human
RNase L inhibitor6 (termed here HuHP68). Both WGHP68 and
HuHP68 contain two ATP/GTP-binding motifs11 as well as the
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Figure 1 Anti-HuHP68 co-immunoprecipitates HIV-1 Gag in mammalian cells.

a±d, Native or denaturing (Denat.) immunoprecipitations (IP) on cell lysates using

anti-HuHP68b (HP) or non-immune serum (N), followed by immunoblotting with antibody

to HuHP68 (immunoblot (IB): HP) or Gag (IB: Gag). HIV-1 p24 and p55, 5% input cell lysate

(T), and 10 ml medium (T medium) are indicated. a, 293T cells transfected with

pBRUDenv, with or without RNase A treatment. b, Cos-1 cells expressing Gag. c, Cos-1

cells expressing Gag, an assembly-incompetent Gag mutant (p41), an assembly-

competent Gag mutant (p46), or control vector (native immunoprecipitation only).

d, ACH-2 cells chronically infected with HIV-1.
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LDD-COOH epitope. HuHP68 binds and inhibits RNase L6Ðan
interferon-dependent nuclease associated with polysomes12,13

whose activation results in viral RNA degradation14. Antisense
knockouts of RNase L inhibitor in cells that are infected with
HIV-1 block virion production by reducing levels of HIV-1 RNA
and HIV-1-speci®c proteins15. However, this fails to explain why
WGHP68 binds to post-translational intermediates during cell-free
HIV-1 capsid assembly. Thus, we investigated whether HuHP68
binds to and acts on fully synthesized Gag chains after translation in
cells, in addition to binding and inhibiting RNase L as described
previously6.

We generated polyclonal antisera that speci®cally recognize the
carboxy terminus of WGHP68 or HuHP68 (see Supplementary
Information Fig. 3). 293T cells were transfected with a plasmid
(pBRUDenv) encoding the entire HIV-1 genome except a region of
the envelope gene16. Af®nity-puri®ed antisera to HuHP68 that was
coupled to protein A beads (anti-HuHP68b) co-immunoprecipi-
tated HIV-1 Gag from cell lysates under native conditions, but not
after denaturation (Fig. 1a). Neither degradation of messenger RNA
with RNase A (Fig. 1a) nor disassembly of ribosomes with EDTA
(see below) affected HP68±Gag binding, indicating that this asso-
ciation does not require polysome integrity. Furthermore, HP68 did
not associate with incomplete, nascent Gag chains (data not
shown). Thus, HP68 appears to associate with Gag after translation.
In addition, HP68±Gag binding occurred in the absence of other
viral proteins, as seen in the cell-free system (see Supplementary
Information Fig. 1) and in cells that express p55 Gag and produce
immature HIV-1 virions17 (Fig. 1b). Furthermore, HP68 bound an
assembly-competent Gag mutant (p46) that lacks the p6 domain,
but did not bind the assembly-incompetent p41 Gag mutant that
lacks both the nucleocapsid (NC) and p6 domains5,18±21 (Fig. 1c).
Finally, HP68 associated with Gag in human T cells (ACH-2) that
were producing infectious HIV-1 (Fig. 1d). Thus, HP68±Gag
binding was seen in all of the HIV-1 capsid-producing systems
that we examined.

We con®rmed HP68±Gag co-association using immuno¯uores-
cence microscopy. In Cos-1 cells, Gag was expressed in a predomi-
nantly clustered pattern (Fig. 2b, e), probably representing Gag
localization to sites of virus formation at the plasma membrane.
HP68 labelling revealed a diffuse pattern in all cells not expressing
Gag (see Fig. 2a, two cells on the left), and a coarsely clustered
pattern in Gag-expressing cells (Fig. 2d). Merged images revealed
co-localization of HP68 with Gag in these clusters (Fig. 2c, f;
yellow). This recruitment of HP68 by Gag was seen in 100% of

cells displaying HIV-1 Gag clusters, but not in any cells expressing
the p41 assembly-incompetent Gag mutant (Fig. 2g±i).

To examine the function of HP68, we co-transfected truncated
WGHP68 that encoded a stop codon before the second nucleotide-
binding domain (WGHP68-Tr1) along with Gag expression plasmids
into Cos-1 cells. We chose WGHP68 because it can be distinguished
from endogenous HP68 using speci®c antisera. Furthermore, at low
levels of expression it is less effective as an RNase L inhibitor than
HuHP68 (data not shown), allowing post-transcriptional and post-
translational effects of HP68 to be dissociated. Increasing expression
of WGHP68-Tr1 resulted in a 4.7-fold dose-dependent decrease in
the amount of HIV-1 Gag in the medium (Fig. 3a). Gag and actin
levels in cell lysates remained unchanged (Fig. 3b), indicating that
the effect of WGHP68-Tr1 is not mediated by changes in Gag
synthesis or degradation, and that WGHP68-Tr1 is not toxic to
cells. Similar results were obtained when pBRUDenv and WGHP68-
Tr1 were co-expressed in human cells (Fig. 3c, d). The dose-
dependent decrease in p24 release was reversed on co-expression
of wild-type WGHP68 with these plasmids (data not shown). The
reduction in virion formation resulting from WGHP68-Tr1 expres-
sion while Gag levels are unchanged suggests that HP68 promotes
virion formation by a post-translational mechanism. Co-immuno-
precipitation of Gag with epitope-tagged WGHP68-Tr1 con®rmed
that WGHP68-Tr1 competes with wild-type HP68 for binding to
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Figure 2 Co-localization of HP68 with HIV-1 Gag in mammalian cells. Cos-1 cells were

transfected with pBRUDenv or pBRUp41Denv (truncated proximal to the nucleocapsid

domain in Gag), and double-label indirect immuno¯uorescence was performed. Cells

were labelled for HP68 (a, d, g; red), or Gag (b, e, h; green). Images were merged to show

overlap of HP68 and Gag labelling (c, f, i; yellow). Scale bars, 50 mm.
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Figure 3 Truncated HP68 blocks virion production. a±d, Cos-1 (a, b) or 293T (c, d) cells

co-transfected with varying amounts (mg) of plasmid expressing WGHP68-Tr1 and empty

vector, as indicated, plus plasmids for expression of HIV-1 Gag (a, b) or pBRUDenv (c, d).

Medium (a, c) was immunoblotted with Gag antibody (p55, p24), and reprobed with

antibody to light-chain tracer (LC). Cell lysates (b, d) were immunoblotted using WGHP68

antiserum (HP) or Gag antibody (p55, p24), and reprobed using actin antibody (actin).

White arrows indicate endogenous HP68; black arrows indicate WGHP68-Tr1 (a

cross-reacting band can also be seen). Graphs represent blots from three experiments

quanti®ed using sample dilution standard curves.
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HIV-1 Gag (data not shown).
The dominant negative effect of WGHP68-Tr1 on virion forma-

tion (Fig. 3) indicates an essential role for HP68 in post-transla-
tional events in virion formation, but does not distinguish between
HP68 acting on capsid assembly versus virus budding. For this, we
used biochemical manipulation of the cell-free system. As wheat-
germ extract does not contain functional RNase L6, HP68 in this
system does not act as an inhibitor of RNase L. Immunodepletion of
wheatgerm extract reduced levels of WGHP68 by 70% (data not
shown). Immunodepletion had no effect on Gag translation (Fig.
4a), but reduced the amount of 750S completed capsids by 60%
(Fig. 4b). Furthermore, the depleted reaction was arrested at the
500S assembly intermediate, with accumulation of 10S and 80S
intermediates, but no formation of 750S completed capsids (Fig. 4b,
c). The small amount of Gag seen in the 750S position using

depleted extract was due to a trail from the 500S complex that
enters the 750S region (Fig. 4b, c). Immunodepletion of HP68 had
no effect on HBV capsid assembly (data not shown). Addition of
puri®ed recombinant WGHP68±glutathione S-transferase (GST)
or HuHP68±GST to reactions programmed with immunodepleted
extract produced a threefold increase in the amount of 750S capsid,
restoring 750S capsids to levels seen in non-depleted extracts (Fig. 4c
and data not shown). This reconstitution had no effect on Gag
synthesis, indicating a post-translational action (Fig. 4a). Electron
microscopy con®rmed the absence of capsids in immunodepleted
reactions (data not shown) and their presence in reconstituted
reactions (Fig. 4d, e). Proteinase K digestion (Fig. 4f) revealed that the
500S capsid assembly intermediate (the end product of immuno-
depleted reactions) was protease-sensitive, whereas the 750S capsid
produced by standard or reconstituted reactions was relatively
resistant to protease treatment. This suggests that HP68-mediated
conversion of Gag into completed 750S immature capsids is
associated with a change in the conformation of the assembling
capsid complex.

If HP68 acts post-translationally on capsid assembly intermedi-
ates, then other HIV-1 proteins involved in virion morphogenesis
may also be associated with HP68. To test this, lysates of cells
expressing pBRUDenv were immunoprecipitated using anti-
HuHP68b (in the presence and absence of EDTA) and immuno-
blotted for speci®c viral and cellular proteins. In addition to
associating with Gag, HuHP68 associated with HIV-1 Gag-Pol
and Vif, but not with Nef, which is probably incorporated into
virions by direct association with the plasma membrane22±24 (Fig. 5a
and data not shown). Furthermore, neither actin nor RNase L were
co-immunoprecipitated using anti-HuHP68b (Fig. 5a). Co-immu-
noprecipitation of Gag-Pol and Vif was inhibited by pre-incubating
anti-HuHP68b with HuHP68 peptide, indicating the speci®city of
these interactions (Fig. 5b).

Our ®ndings support a model in which HIV-1 upregulates a
multifunctional cellular protein (HP68), exploiting it to promote
critical events at two different stages in the viral life cycle. In
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Figure 4 HP68 depletion±reconstitution. a, b, Graphs showing total Gag synthesized (a)

or amount of Gag in 750S completed capsids (b) from cell-free reactions programmed

with indicated wheatgerm extracts. Non-depleted; depleted, immunodepleted of HP68;

+GST, immunodepleted and reconstituted with GST alone; +WGHP68, depleted

and reconstituted with WGHP68±GST; +HuHP68, depleted and reconstituted with

HuHP68±GST. c, Amount of Gag in fractions from cell-free reactions in a that were

subjected to velocity sedimentation. d, e, Transmission electron microscopy of capsids

from immunodepleted cell-free reactions reconstituted with WGHP68±GST (d) or

immature capsids from transfected mammalian cells (e). Scale bar, 100 nm. f, Proteinase

K (PK) digestion of 500S and 750S fractions shown as percentage of Gag protected

relative to normalized controls.
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Figure 5 Anti-HuHP68 co-immunoprecipitates HIV-1 Vif but not Nef or RNase L. a, Cos-1

cells transfected with pBRUDenv or Gag plasmids were immunoprecipitated (IP) under

native or denaturing (Denat.) conditions using anti-HuHP68b (HP) or non-immune serum

(N), and immunoblotted (IB) with antibody to HuHP68 (HP), Gag, Vif, Nef, RNase L (RL), or

actin. T, Total (5% of input cell lysate used in immunoprecipitation (HP, 10%)). The top of

some actin lanes contain heavy chain cross-reacting to secondary antibody. b, Lysates of

pBRUDenv-transfected Cos-1 cells collected in 10 mM EDTA-containing buffer, and
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addition to acting post-transcriptionally by inhibiting RNase L6,15,
HP68 binds Gag after translation and promotes its assembly into
immature capsids. This is the ®rst report, to our knowledge, of a
cellular factor being essential for post-translational events in HIV-1
capsid assembly. Evidence for this post-translational mechanism
comes from genetic (dominant negative), biochemical (depletion±
reconstitution) and morphological (electron microscopy) studies
presented here. HP68 appears to act during conversion of assembly
intermediates into completed immature capsids, promoting a
conformational change that may be important for immature
capsid integrity or maturation. Thus, HP68 may act as a molecular
chaperone during capsid assembly. Data demonstrating that HP68
selectively associates with three viral proteins critical for assembly of
a fully infectious virion (Gag, Gag-Pol and Vif) provide further
support for a post-translational action. These ®ndings may help
with understanding species-speci®c restriction to virion formation
and the function of Vif, which acts during virion assembly by means
of an unidenti®ed host factor and is required for formation of
virions that are fully infectious in vivo25±28. M

Methods
Cell-free assembly reactions

Cell-free translations, pulse chase and velocity sedimentation were performed as
described5,7,10.

Puri®cation and sequencing of HP68

For puri®cation, 3 ml of wheatgerm extract supernatent (centrifuged in a Beckman
TL100.2 rotor, 15 min, 436,000g), was immunoprecipitated using 50 mg 23c antibody
(Stressgen). Immunoprecipitate was transferred to polyvinylidene di¯uoride membrane;
Coomassie staining revealed a single 23c-reactive protein (68K). This protein was
microsequenced (ProSeq), found to be amino-terminally blocked, and was treated with
cyanogen bromide and O-phthalaldehyde, which allowed Edman sequencing of two
proline-containing peptides.

cDNA ampli®cation

Degenerate oligonucleotides corresponding to WGHP68 39 sequence were synthesized:
59-ATGAATTC(ACTG)GG(ACTG)CG(GA)TA(GA)TT(ACTG)GT(ACTG)GG(GA)TC-39
and 59-ATGAATTC(ACTG)GG(CT)CT(GA)TA(GA)TT(ACTG)GT(ACTG)GG(GA)TC-
39. WGHP68 was ampli®ed by PCR, using wheatgerm cDNA (Invitrogen), 39 oligo-
nucleotide corresponding to the WGHP68 C terminus, and 59 oligonucleotide corre-
sponding to vector. This was performed multiple times, yielding a single 1.8-kb product
that was ligated by TA cloning (Invitrogen). Non-coding ends were obtained through
nested rapid ampli®cation of cDNA ends (RACE) PCR. From overlapping cDNA clones, a
complete sequence was obtained. The start was identi®ed by a Kozak consensus sequence
at the initiating methionine with two in-frame stop codons and no ATG codons
upstream29, and by homology to the human homologue in GenBank6.

Generation of antisera

Polyclonal rabbit antisera were generated against C-terminal peptides of human and
wheatgerm HP68 (see Supplementary Information Fig. 3) and 19 N-terminal residues of
human RNAse L. HuHP68 antisera was af®nity puri®ed against HuHP68 C-terminal
peptide and coupled to protein A, generating anti-HuHP68b.

Transfections, immunoprecipitation and immuno¯uorescence

Cells in 6-cm dishes were transfected using Gibco lipofectamine (Cos-1) or lipofectamine
plus (293T) with pCMVRev and PSVGagRRE-R (1 mg each) for HIV-1 Gag expression17,
with pBRUDenv (2 mg, Fig. 3; 4 mg, Figs 1 and 5) for expression of the nearly complete
HIV-1 genome16, or plasmids derived from these encoding indicated mutations.
WGHP68-Tr1 was constructed by ligating cDNA encoding WGHP68 amino acids 1±378
into Nhe1/Xba1 of pCDNA 3.1 (Invitrogen). Medium was collected 28 or 42 h after
transfection for immuno¯uorescence and immunoblotting, respectively. For immuno-
¯uorescence, cells were ®xed in paraformaldehyde, permeabilized with 1% triton, and
incubated with mouse HIV-1 Gag antibody (1:50) and af®nity-puri®ed HuHP68 anti-
serum (1:2,000), followed by Cy3- and Cy2-coupled secondary antibody (Jackson)
(1:200). We quanti®ed 178 cells. In Fig. 3, rat immunoglobulin-g was added to medium as
a tracer (10 mg ml-1) at collection; immunoblots were performed with Gag antibody
(Dako) at 1:500, WGHP68 antiserum at 1:500, or other antisera. Bands were quanti®ed
using an immunoblot standard curve generated with known sample dilutions.
For immunoprecipitations (Figs 1 and 5), cells from 6-cm dishes were collected in 300 ml
NP40 buffer5 (containing no magnesium and 10 mM EDTA, Fig. 5), and 100 ml was
immunoprecipitated with 50 ml anti-HuHP68b or beads coupled to non-immune serum.
In Fig. 1a, indicated lysates were treated with RNAse A (0.1 mg ml-1) at 22 8C for 15 min
before immunoprecipitation. In Fig. 1d, ACH-2 cells30 were stimulated with phorbol
myristate acetate (10 nM) for 24 h before collection. Unstimulated ACH-2 cells, producing
much lower levels of infectious virus, gave the same results (data not shown). In Fig. 5b,

anti-HuHP68b was pre-incubated with the HuHP68 peptide used to generate antisera and
was then dissolved in dimethylsulphoxide (200 mM), or in dimethylsulphoxide alone.

Immunodepletion±reconstitution

Wheatgerm extract (150 ml) was immunodepleted for 45 min at 4 8C with 100 ml beads
coupled to antibody to WGHP68. Cell-free reactions (15 ml) were programmed using
non-depleted wheatgerm or depleted wheatgerm. To some reactions containing depleted
wheatgerm, WGHP68±GST, HuHP68±GST or GST alone was added (2 ml of approxi-
mately 20 ng ml-1) at the start of the reaction. After 3 h at 26 8C, 1% NP40 was added and
reactions underwent velocity sedimentation (5 ml, 15±60% sucrose gradients, Beckman
ML550 rotor, 45 min, 129,000g). Thirty fractions, collected using a fractionator, were
analysed by SDS±polyacrylamide gel electrophoresis (PAGE) and autoradiography,
followed by densitometry of Gag in each lane. Graphs show average of three independent
experiments (6 s.e.m.). For the protease digestions, aliquots of 500S and 750S peaks were
incubated for 10 min at 22 8C with or without 0.1 mg ml-1 proteinase K, and analysed by
SDS±PAGE and autoradiography (quanti®cation as above).

WGHP68 and HuHP68 were subcloned into pGEX (Pharmacia) encoding N-terminal
GST fusion proteins. Expression was induced with 1 mM isopropyl b-D-thiogalacto-
pyranoside; sarcosyl (0.5%) and phenylmethylsulphonyl ¯uoride (PMSF) (0.75 mM) were
added after sonication. Supernatent (17,000 mg) was incubated with glutathione beads
and eluted with 40 mM glutathione in 50 mM Tris, pH 8.0.

Electron microscopy

Two cell-free reactions were programmed with HIV-1 Gag transcript and immunode-
pleted wheatgerm, and WGHP68±GST was added to one of the reactions. Cell-free
reactions and medium from Cos-1 cells were transfected to produce immature HIV-1
virus17, treated with 1% NP40 to remove envelopes, and centrifuged on 2 ml 20±66%
sucrose gradients (Beckman TLS55 rotor, 35 min, 135,000g). Fractions containing 750S
peaks5 were placed on Formvar-coated grids previously incubated with Gag antibody for
10 min, ®xed in half-strength Karnovsky's ®xative, stained with uranyl acetate, and
examined by transmission electron microscopy (Japan Electric Optics Laboratories 1010).
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The unfolded protein response (UPR), caused by stress, matches
the folding capacity of endoplasmic reticulum (ER) to the load of
client proteins in the organelle1,2. In yeast, processing of HAC1
mRNA by activated Ire1 leads to synthesis of the transcription
factor Hac1 and activation of the UPR3. The responses to activated
IRE1 in metazoans are less well understood. Here we demonstrate
that mutations in either ire-1 or the transcription-factor-encoding
xbp-1 gene abolished the UPR in Caenorhabditis elegans. Mam-
malian XBP-1 is essential for immunoglobulin secretion and
development of plasma cells4, and high levels of XBP-1 messenger
RNA are found in specialized secretory cells5. Activation of the
UPR causes IRE1-dependent splicing of a small intron from the
XBP-1 mRNA both in C. elegans and mice. The protein encoded by
the processed murine XBP-1 mRNA accumulated during the UPR,
whereas the protein encoded by unprocessed mRNA did not.
Puri®ed mouse IRE1 accurately cleaved XBP-1 mRNA in vitro,

indicating that XBP-1 mRNA is a direct target of IRE1 endonucleo-
lytic activity. Our ®ndings suggest that physiological ER load
regulates a developmental decision in higher eukaryotes.

IRE1 is a stress-activated endonuclease resident in the ER that is
conserved in all known eukaryotes. In yeast, Ire1-mediated uncon-
ventional splicing of an intron from HAC1 mRNA controls expres-
sion of the encoded transcription factor3 and is required for
upregulation of most UPR target genes6,7. UPR gene expression in
mammals relies largely on pancreatic ER kinase (PERK) and ATF6
(refs 8±11), which are absent from yeast. Furthermore, mammalian
IRE1 proteins activate Jun amino-terminal kinase by recruiting the
TRAF2 protein to the ER membrane independently of their endo-
nucleolytic activity12. It is unclear, therefore, whether IRE1 proteins
of higher eukaryotes also signal ER stress through processing of
HAC1-like mRNA targets. To address this issue we used a genetic
strategy to identify UPR regulatory genes in C. elegans, a simple
organism whose genome is predicted to encode homologues of all
three known proximal, stress-sensing components of the metazoan
UPR: IRE1, PERK and ATF6.

Caenorhabditis elegans has two homologues of the ER chaperone
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Figure 1 Identifying mutants in the C. elegans UPR. a, Fluorescent photomicrograph of

an untreated adult hsp-4::gfp(zcIs4)V transgenic animal. White arrowheads (in all panels)

track the outline of the body; arrows indicate the spermatheca. b, An hsp-4::gfp(zcIs4)V

animal treated with tunicamycin. c, Tunicamycin-treated ire-1(RNAi)II;hsp-4::gfp(zcIs4)V

animal. d, Untreated hsp-4::gfp(zcIs4)V; upr-1(zc6)X animal (note constitutive activation

of the UPR in the posterior gut). e, Untreated hsp-4::gfp(zcIs4)V; upr-1(zc6)X animal with a

second mutation in ire-1(zc14)II. f, Tunicamycin-treated ire-1(zc14)II; hsp-4::gfp(zcIs4)V

animal. g, Untreated hsp-4::gfp(zcIs4)V; upr-1(zc6)X animal with a second mutation in

xbp-1(zc12)III. h, Tunicamycin-treated xbp-1(zc12)III; hsp-4::gfp(zcIs4)V animal.

i, Tunicamycin-treated xbp-1(RNAi)III; hsp-4::gfp(zcIs4)V animal. j, Northern blot of hsp-4

RNA from untreated and tunicamycin-treated (Tm) wild-type (WT), ire-1(zc10)II or

xbp-1(zc12)III mutant animals. Integrity and loading of the RNA is revealed by ethidium

bromide staining of the ribosomal bands. rRNA, ribosomal RNA.
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