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GAS translocation through polarized keratinocyte monolayers

Keratinocyte monolayers on Transwells were inoculated with GAS at a multiplicity of
infection of 10 per keratinocyte. Monolayers were incubated at 37 8C with 5% CO2. The
keratinocyte medium in the upper chamber was replaced 2 h after adding GAS, and the
Transwell inserts containing the keratinocytes were moved to new wells containing fresh
medium every 2 h to prevent overgrowth of translocated bacteria. We assessed translo-
cation by quantitative cultures of medium from the lower chamber at 2 h intervals.

Apligraf living skin equivalent (a gift from Organogenesis) was used as a model for
human skin14. Samples of skin equivalent were cut into rectangular sections, each
approximately 2.5 ´ 1.2 cm. Each section was placed on a 12 mm Transwell (3.0-mm pore
size; Costar) and the Transwell was placed on Todd Hewitt agar containing 5% sheep
blood. The apical surface of the skin equivalent was lightly brushed with a sterile cytology
brush to abrade the stratum corneum, exposing the underlying epidermal keratinocytes.
GAS was resuspended at 106 colony-forming units per 10 ml-1 in SFM supplemented with
0.3 mM calcium chloride, and inoculated onto the surface of the tissue. After inoculation,
we incubated tissue samples at 37 8C with 5% CO2 and no supplemental humidity.
Transwells containing the inoculated tissue samples were transferred to fresh blood agar
every 2 h. The blood agar plates were then incubated overnight at 37 8C for enumeration of
colony-forming units representing the number of organisms emerging from the basal
surface of the tissue.
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In eukaryotic cells, incorrectly folded proteins in the endoplasmic
reticulum (ER) are exported into the cytosol and degraded by the
proteasome1. This pathway is co-opted by some viruses. For
example, the US11 protein of the human cytomegalovirus targets
the major histocompatibility complex class I heavy chain for
cytosolic degradation2. How proteins are extracted from the ER
membrane is unknown. In bacteria and mitochondria, members
of the AAA ATPase family are involved in extracting and degrad-
ing membrane proteins3,4. Here we demonstrate that another
member of this family, Cdc48 in yeast and p97 in mammals, is
required for the export of ER proteins into the cytosol. Whereas
Cdc48/p97 was previously known to function in a complex with
the cofactor p47 (ref. 5) in membrane fusion6±8, we demonstrate
that its role in ER protein export requires the interacting partners
Ufd1 and Npl4. The AAA ATPase interacts with substrates at the
ER membrane and is needed to release them as polyubiquitinated
species into the cytosol. We propose that the Cdc48/p97±Ufd1±
Npl4 complex extracts proteins from the ER membrane for
cytosolic degradation.

We proposed that Cdc48/p97 may have a role in ER protein
degradation on the basis of several pieces of indirect evidence. First,
Cdc48 binds to Ufd1, Ufd2 and Ufd3 (refs 9±11), which are
involved in the degradation of ubiquitin-fusion proteins12.
Second, a complex of Cdc48, Ufd1 and Npl4 (a protein originally
identi®ed in a screen for nuclear transport defects13) functions in the
proteasome-dependent cleavage of ER membrane proteins that
serve as the precursors to two transcription factors (Spt23 and
Mga2)14. Third, both mammalian p97 and yeast Cdc48 interact with
the proteasome and a degradation substrate15,16. Finally, a large
fraction of both Cdc48 and p97 is associated with ER membrane
(ref. 6 and Y.Y., unpublished results).

To test directly the involvement of Cdc48 in ER protein degrada-
tion, we analysed the stability of misfolded ER proteins in CDC48
mutants of Saccharomyces cerevisiae. As a membrane protein
substrate we choose H±2Kb, a major histocompatibility complex
(MHC) class I heavy chain that in yeast is quickly degraded in a
proteasome-dependent manner17. Wild-type or cdc48-1 mutant
cells were pulse-labelled with [35S]methionine at a non-permissive
temperature and incubated with unlabelled methionine for differ-
ent time periods. Cell lysates were subjected to immunoprecipita-
tion with antibodies to H±2Kb. The results showed that H±2Kb was
much more stable in cdc48-1 mutant than in wild-type cells
(Fig. 1a). A signi®cant stabilization of H±2Kb was seen with
another CDC48 mutant (cdc48-3), even at permissive temperature
(Fig. 1b).

We tested the misfolded lumenal protein CPY*, an aberrant form
of carboxypeptidase Y (CPY), which is degraded by the ubiquitin-
proteasome pathway18. The stability of CPY* was analysed by
immunoblotting after inhibition of protein synthesis with cyclo-
heximide. Whereas CPY* was rapidly degraded in wild-type cells at
both 30 8C and 23 8C, the protein was signi®cantly more stable in
cdc48-1 cells (Fig. 1c), particularly at 23 8CÐthe restrictive tem-
perature for the mutant. The half-life of CPY* was also increased in
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cdc48-3 mutant cells (Fig. 1d). Together, these results show that the
degradation of both membrane and soluble ER proteins depends on
the function of Cdc48.

Next we tested the role of Ufd1 and Npl4, two known interaction
partners of Cdc48 (refs 14, 19), in the degradation of ER proteins. In
the ufd1-1 mutant both H±2Kb and CPY* were signi®cantly
stabilized (Fig. 2a, c). Similar results were obtained with NPL4
mutants even at permissive temperature (Fig. 2b; also compare
upper and middle row of panels d, e). When mutant cells expressed
the wild-type Npl4 protein, rapid degradation of CPY* was restored
(Fig. 2d, e, lower rows). These data indicate that Ufd1 and Npl4 also
have a role in ER protein degradation. Other Ufd proteins (Ufd2,
Ufd4 and Ufd5) do not seem to be involved, as deletion mutants did
not show any defects in ER protein degradation (Supplementary
Information Fig. 1).

In CDC48, UFD1 and NPL4 mutants, stabilized CPY* appears to
remain inside the ER as indicated by the fact that it remained
associated with the membrane and protected from added protease
(Supplementary Information Fig. 2). As Cdc48 interacts with Ufd1
and Npl4 (refs 14, 19), these data suggest that the complex is
required for the export of misfolded ER substrates. Consistent with
the observation that the accumulation of misfolded proteins in the
ER generally leads to the induction of the unfolded protein response
(UPR)17, b-galactosidase under the control of a UPR-element-
containing promoter was expressed in cdc48-3, ufd1-1 and npl4-2
mutants, but not in the corresponding wild-type strains (Fig. 2f).

Next we tested whether p97, the mammalian homologue of yeast
Cdc48, has a similar role in the export of ER proteins. Retrograde
translocation of MHC class I heavy chains, induced by the cyto-

megalovirus protein US11, was studied in permeabilized astro-
cytoma cells in the presence of a proteasome inhibitor to prevent
subsequent heavy chain degradation in the cytosol2,20.

To interfere with the function of p97, we generated a dominant
negative mutant similar to one used for the trypanosomal
homologue21. An ATP hydrolysis-defective mutant was constructed
by changing the glutamic acid residues at positions 305 and 578 in
rat p97Ðlocated within the Walker B motifs of the two ATPase
domainsÐto glutamine residues (QQ mutant). Wild-type p97 and
the QQ mutant were expressed as His-tagged proteins in Escherichia
coli, and puri®ed. As expected, the ATPase activity of the mutant
p97 was at least tenfold lower than that of wild-type p97, but the
interactions with Npl4/Ufd1 and p47 were maintained (Supple-
mentary Information Fig. 3).

Astrocytoma cells expressing US11 were pulse-labelled with [35S]-
methionine and permeabilized. Either wild-type or mutant p97 was
added at about threefold excess over endogenous protein (Supple-
mentary Information Fig. 4). After a chase incubation, the samples
were either analysed directly by immunoprecipitation with anti-
heavy-chain antibody, or ®rst fractionated into a pellet fraction
(containing the ER membranes) and a supernatant fraction (con-
taining cytosol) before analysis (Fig. 3a). In the absence of added
p97, MHC heavy chains are exported from the ER and deglycosyl-
ated in the cytosol2,20. Accordingly, deglycosylated chains appeared
during the chase (lane 2) and fractionated with the cytosol (lane 4),
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Figure 1 Cdc48 is required for ER protein degradation in S. cerevisiae. a, Stability of the

heavy chain H±2Kb analysed in pulse-chase experiments at 23 8C for wild-type (WT) and

cdc48-1 yeast cells. Transport of carboxypeptidase Y (CPY) from the ER via the Golgi to the

vacuole17 was not affected in the mutant (the different forms of CPY are indicated). The

graph shows quanti®cation of the experiment. b, Stability of H±2Kb analysed in WT and

cdc48-3 cells at 30 8C. The graph shows the mean of two experiments. c, Stability of CPY*

analysed in WT and cdc48-1 cells at the indicated temperatures by immunoblotting after

addition of cycloheximide. Immunoblotting with Sec61 antibodies was used to verify equal

loading. d, Stability of CPY* in WT and cdc48-3 cells at 30 8C. The same results were

obtained when isogenic WT and cdc48-3 strains, generated by three rounds of

backcrossing, were compared, or when oleic acid was added to the growth medium to

compensate for potential defects in lipid synthesis of this mutant (not shown).
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Figure 2 The Cdc48 interacting proteins Ufd1 and Npl4 are required for ER protein

degradation. a, Stability of H±2Kb analysed by pulse-chase experiments at 25 8C in wild-

type (WT) and ufd1-1 cells. The graph shows the quanti®cation of the experiment.

b, Stability of H±2Kb in WT, npl4-1 and npl4-2 cells. The graph shows quanti®cation of

the experiment. c, Stability of CPY* analysed in WT and ufd1-1 cells by immunoblotting

after addition of cycloheximide at 30 8C. Immunoblotting with Sec61 antibodies served as

a loading control. d, Stability of CPY* analysed in WT and npl4-1 cells. Where indicated,

the cells expressed the WT gene NPL4 on a plasmid. e, Stability of CPY* analysed in WT

and npl4-2 cells. f, Expression of b-galactosidase under a UPR-element-containing

promoter in mutant and corresponding WT strains, visualized by the appearance of blue.
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(S) fractions before immunoprecipitation (IP) with heavy chain (HC) antibodies. HC + CHO
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shows the relative amount of deglycosylated heavy chains accumulated during the chase

in two experiments. b, After the chase incubation as in a, proteinase K was added as

indicated, and the samples were subjected to immunoprecipitation with heavy chain

antibodies (top panel). HCDtail + CHO, glycosylated HC, the cytoplasmic tail of which has

been cleaved off. A portion of the samples was subjected to another round of

immunoprecipitation with ubiquitin (Ub) antibodies (lower panel). pUb-HC,

polyubiquitinated HC. c, As in a, with the indicated amounts of p47 added. d, Ubiquitinated

heavy chains in the membrane and supernatant fractions analysed by double

immunoprecipitation as in b. The table shows quanti®cation of the ubiquitinated heavy
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Figure 4 Association of p97 with MHC class I heavy chains. a, US11-expressing cells

were labelled and permeabilized in the presence or absence of His-tagged wild-type p97

(p97 (WT)). Where indicated, ATP was depleted. The samples were chase-incubated for

the indicated time period, solubilized and subjected to sequential immunoprecipitation (IP)

with His and heavy chain (HC) antibodies. HC + CHO and HC - CHO indicate glycosylated

and deglycosylated HC, respectively. b, As in a, but with both control and US11-

expressing cells. The graph shows the amount of p97-associated heavy chains relative to

the total amount, determined in separate immunoprecipitations (not shown). c, As in a, but

with a cell line expressing both US11 and HA-tagged heavy chain (HA/A2). The samples

were fractionated into a membrane pellet (P) and cytosol (S) fraction. Ten per cent of each

fraction was used for direct immunoprecipitation for heavy chains with HA antibodies

(lanes 1±12). Twenty per cent of each fraction was sequentially immunoprecipitated with
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immunoprecipitated with His antibodies. An aliquot was analysed by staining with

Coomassie blue (lanes 25±36), and the rest was subjected to a second
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polyubiquitinated and mono-ubiquitinated HC, respectively. d, As in c, except that both
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whereas the glycosylated chains remained in the ER (lane 3). The
addition of wild-type p97 had a moderate effect on retro-transloca-
tion of the heavy chain. On the other hand, mutant p97 strongly
inhibited the export of heavy chains (Fig. 3a). These chains
remained inside the ER as only their cytoplasmic tails were degraded
by added protease (Fig. 3b, compare lane 15 and lane 7).

We attempted to inhibit the function of p97 in ER protein
degradation by addition of p47, the cofactor required for membrane
fusion5. This protein competes with Ufd1 and Npl4 for p97
binding19 and decreases the ATPase activity of p97 (ref. 22). We
found that addition of puri®ed recombinant p47 to permeabilized
cells inhibited retro-translocation of MHC heavy chains (Fig. 3c).

Next we tested the effect of mutant p97 and of p47 on the
polyubiquitination of MHC heavy chains, a process that precedes
the release of the chains into the cytosol20,23. The material that was
immunoprecipitated with heavy chain antibodies was subjected to a
second round of immunoprecipitation with ubiquitin antibodies to
enrich for the small fraction of ubiquitinated heavy chains. In the
absence of added p97, polyubiquitinated chains accumulated
during the chase period and appeared in the cytosol fraction.
Wild-type p97 had little effect on polyubiquitination and the release
of these chains from the ER membrane. In contrast, the addition of
mutant p97 inhibited the release of ubiquitinated chains into the
cytosol but did not affect the total amount of ubiquitinated heavy
chains (Fig. 3d). The heavy chains accumulating on the membrane
carried fewer ubiquitin molecules than those in the cytosol (Fig. 3b,
d), suggesting that long ubiquitin chains are required for release of
the substrate from the membrane. As expected, the ubiquitinated
chains on the membrane were sensitive to protease treatment
(Fig. 3b). The release of polyubiquitinated heavy chains into the
cytosol was also inhibited by the addition of p47 (Supplementary
Information Fig. 5).

Finally, we investigated whether p97 associates with substrate.
His-tagged p97 protein was added to labelled permeabilized cells,
the membranes were solubilized in a mild detergent, and p97 was
precipitated with anti-His antibodies. A signi®cant proportion of
the MHC heavy chains was co-precipitated, even at the beginning of
the chase period, as demonstrated by a second immunoprecipita-
tion (Fig. 4a, lanes 4 and 5). Co-precipitation was reduced when
ATP was depleted (lane 6). In the absence of added p97 very little
material was co-precipitated (lanes 1±3). Similar results were
obtained with cells that express haemagglutinin (HA)-tagged
MHC heavy chains, using HA antibodies in the second
immunoprecipitation20 (Supplementary Information Fig. 6). The
association between p97 and MHC heavy chains was much more
pronounced in US11-expressing cells than in control cells (Fig. 4b,
lanes 6±10 compared with 1±5; see also quanti®cation graph).
Binding was not detected if p97 was added after solubilization of the
membranes (Supplementary Information Fig. 7). Cell fractionation
showed that p97 associated preferentially with heavy chains on the
membrane (Fig. 4c, lanes 43±48), despite the fact that most of the
added p97 was cytosolic (Fig. 4c, lanes 31±36). Polyubiquitinated
heavy chains were much less abundant on the membrane than in the
cytosol (Fig. 4c, lanes 21±24), yet only the ones on the membrane,
carrying fewer ubiquitin molecules, were found in association with
p97 (Fig. 4c, lanes 45 and 47). Although the ATP hydrolysis mutant
of p97 did not support release of substrate into the cytosol, it did
interact with heavy chains (Fig. 4d).

Taken together, our data indicate that the Cdc48/p97±Ufd1±
Npl4 complex is involved in ER protein degradation in yeast and
mammals. The AAA ATPase binds the substrate on the ER mem-
brane and releases it into the cytosol on ATP hydrolysis. Compro-
mising the function of Cdc48/p97 leads to the accumulation of
substrates in the ER lumen, although a small portion is found as
polyubiquitinated molecules on the membrane. Exactly how ubi-
quitination cooperates with Cdc48/p97-driven substrate release
remains to be clari®ed. Although p97 can recognize ubiquitin24,

we found that the ATPase was associated with both unmodi®ed and
modi®ed MHC class I heavy chains, suggesting that p97 binds
substrates either before or during polyubiquitination. On the basis
of our data, we propose that Cdc48/p97 is involved in extracting
proteins from the ER membrane. This function would be similar to
that of other members of the AAA family of ATPases, which contain
an additional protease domain (AAA proteases). FtsH in E. coli and
AAA proteases in mitochondria appear to grab a misfolded mem-
brane protein at one terminus and sequentially pull it out for
degradation3,4. The structure of p97 indicates that there are two
hexameric rings stacked on top of each other with a pore in the
middle25. One possibility is that the Cdc48/p97 ring is bound to the
ER membrane and pulls the polypeptide chain through its pore in
an ATP-dependent manner. This would be analogous to the
mechanism by which hexameric helicases move along single-
stranded nucleic acids26, or by which the hexameric ATPase rings
move polypeptides into the associated proteolytic chambers of the
eukaryotic proteasome or the bacterial ClpP27. M

Methods
Strains and plasmids

The wild-type strains used in this study were: W303a (MATa, his3-11, trp1-1, ura3-1,
ade2-1, leu2-3,-112, can1-100); BWG1-7a (MATa, his4-519, ura3-52, ade1-100, leu2-3,-
112), provided by E. Johnson as an isogenic strain for ufd1-1; S288C (MATa, ura3-52,
leu2¢1, trp1¢63), provided by P. Silver as an isogenic strain for npl4-1 and npl4-2; and
BY4742 (MATa, his3¢1, leu2¢0, lys2¢0, ura3¢0), obtained from Research Genetics as an
isogenic strain for ¢ufd2, ¢ufd3, ¢ufd4, ¢ufd5. MLY1763 (ade2-101, lys2-801, ura3-52,
cdc48-1), PSY2340 (MATa, ura3-52, leu2¢1, trp1¢63, npl4-1), PSY2341 (MATa, ura3-52,
leu2¢1, trp1¢63, npl4-2) and the rescue plasmid pPS402 containing the NPL4 gene were a
gift from P. Silver. WPY106 (MATa, ura3-52, leu2-3, cdc48-3) was provided by W. Prinz.
We backcrossed this strain three times to W303a to obtain an isogenic pair. PM373
(MATa, his4-519, ura3-52, ade1-100, leu2-3,-112, ufd1-1) was provided by E. Johnson.
Strains 13888 (MATa, his3¢1, leu2¢0, lys2¢0, ura3¢0, ¢ufd2), 15063 (MATa, his3¢1,
leu2¢0, lys2¢0, ura3¢0, ¢ufd3), 14859 (MATa, his3¢1, leu2¢0, lys2¢0, ura3¢0, ¢ufd4)
and 13716 (MATa, his3¢1, leu2¢0, lys2¢0, ura3¢0, ¢ufd5) were obtained from Research
Genetics. The pTS-A2 plasmid expessing H±2Kb was provided by H. Ploegh, and the
pRS306-prc1-1 plasmid encoding CPY* was a gift from T. Sommer. The pMCZ-Y plasmid
containing the UPRE-lacZ reporter was provided by R. Schekman.

Antibodies

Antibodies to MHC class I heavy chain, ubiquitin and HA (12CA5) have been described
previously20, as have those to CPY17 and to Kar2 and Sec61 (ref. 28). The anti-Cdc28
antibody was a gift from N. Bouquin and R. Li29. The His and p97 antibodies were
purchased from Qiagen and Research Diagnostics, respectively.

Pulse-chase labelling and cycloheximide chase analysis

Pulse-chase experiments and immunoprecipitations were performed essentially as
described17. Cells were grown at 30 8C to mid-log phase, and were labelled for 10 min at the
same temperature or shifted to non-permissive temperature for 20 min before labelling.
For cycloheximide chase experiments, cells with an absorbance of 10.0 at 600 nm were
resuspended in 2.5 ml YPD medium containing 100 mg ml-1 cycloheximide. Samples were
taken at the different time points and proteins were prepared for immunoblotting as
described12.

Cellular fractionation and protease protection experiments

Cells with an absorbance of 25 at 600 nm were taken at the indicated time points during
cycloheximide chase. Spheroplasts were made and homogenized as described30. Aliquots
of cell lysates were centrifuged for 10 min at 20,000g in a microcentrifuge, and the resulting
pellet and supernatant fractions were analysed by SDS±polyacrylamide gel electrophoresis
(PAGE) and immunoblotting. Parallel aliquots were treated with 0.5 mg ml-1 proteinase K
on ice for 30 min either in the absence or presence of 1% Triton X-100. We added 20 mM
phenylmethylsulphonyl ¯uoride (PMSF) to inhibit proteinase K before SDS±PAGE
analysis.

Puri®cation and characterization of p97

The p97 mutant was generated by mutating codons E305 and E578 to Q in plasmid pQE-
p97 (ref. 19) using the Stratagene Quickchange method. The sequence was con®rmed. Rat
liver p97 and recombinant p97 were puri®ed as described5,19. Binding experiments of p97
to glutathione S-transferase fusion proteins were carried out as before19. We measured the
ATPase activity of p97 as described22.

Experiments with mammalian cells

The experiments were essentially performed as described20. Brie¯y, astrocytoma cells
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expressing US11 were incubated for 5 min in the presence of 50 mM proteasome inhibitor
ZL3VS and 27.5 mCi [35S]methionine per 1.0 ´ 106 cells. After washing, the cells were
permeabilized by addition of 0.028% digitonin on ice in the presence of an ATP
regenerating system, and unless otherwise indicated, 6 mg p97 or p47 was added for 30 min
on ice. The samples were then incubated at 37 8C for different time periods, and separated
into membrane and supernatant fractions. Immunoprecipitation with heavy chain
antibodies and re-precipitation with ubiquitin antibodies were done as described20. When
ubiquitinated chains were analysed, deubiquitination was inhibited by addition of 20 mM
ubiquitin and 1 mM ubiquitin aldehyde during the chase. With the exception of the
experiment in Fig. 3d, 2 mM N-ethylmaleimide (NEM) was added during sample
preparation. To deplete ATP, the ATP regenerating system was omitted and 0.2 U ml-1

hexokinase and 50 mM glucose were added. To analyse p97-associated MHC heavy chains,
cell fractions were solubilized in 1% deoxyBig CHAP, 30 mM Tris/HCl pH 7.4, 150 mM
potassium acetate, 4 mM magnesium acetate, 1 mM ATP and protease inhibitors.
Immunoprecipitation was carried out with His antibodies followed by a second pre-
cipitation with heavy chain or HA antibodies. For protease protection experiments,
0.35 mg ml-1 proteinase K was added to the fractions and the incubation was carried out
for 15 min on ice before addition of 10 mM PMSF.

Received 14 June; accepted 22 October 2001.

1. Bonifacino, J. S. & Weissman, A. M. Ubiquitin and the control of protein fate in the secretory and

endocytic pathways. Annu. Rev. Cell Dev. Biol. 14, 19±57 (1998).

2. Wiertz, E. J. et al. Sec61-mediated transfer of a membrane protein from the endoplasmic reticulum to

the proteasome for destruction. Nature 384, 432±438 (1996).

3. Kihara, A., Akiyama, Y. & Ito, K. Dislocation of membrane proteins in FtsH-mediated proteolysis.

EMBO J. 18, 2970±2981 (1999).

4. Leonhard, K. et al. Membrane protein degradation by AAA proteases in mitochondria: extraction of

substrates from either membrane surface. Mol. Cell 5, 629±638 (2000).

5. Kondo, H. et al. p47 is a cofactor for p97-mediated membrane fusion. Nature 388, 75±78 (1997).

6. Latterich, M., FroÈhlich, K. U. & Schekman, R. Membrane fusion and the cell cycle: Cdc48p

participates in the fusion of ER membranes. Cell 82, 885±893 (1995).

7. Rabouille, C., Levine, T. P., Peters, J. M. & Warren, G. An NSF-like ATPase, p97 and NSF mediate

cisternal regrowth from mitotic Golgi fragments. Cell 82, 905±914 (1995).

8. Acharya, U. et al. The formation of Golgi stacks from vesiculated Golgi membranes requires two

distinct fusion events. Cell 82, 895±904 (1995).

9. Ghislain, M., Dohmen, R., Levy, F. & Varshavsky, A. Cdc48p interacts with Ufd3p, a WD repeat

protein required for ubiquitin mediated proteolysis in Saccharomyces cerevisiae. EMBO J. 15, 4884±

4899 (1996).

10. Koegl, M. et al. A novel ubiquitination factor, E4, is involved in multiubiquitin chain assembly. Cell 96,

635±644 (1999).

11. Hoppe, T. et al. Activation of a membrane-bound transcription factor by regulated ubiquitin/

proteasome-dependent processing. Cell 102, 577±586 (2000).

12. Johnson, E. S., Ma, P. C., Ota, I. M. & Varshavsky, A. A proteolytic pathway that recognizes ubiquitin

as a degradation signal. J. Biol. Chem. 270, 17442±17456 (1995).

13. DeHoratius, C. & Silver, P. A. Nuclear transport defects and nuclear envelope alterations are associated

with mutation of the Saccharomyces cerevisiae NPL4 gene. Mol. Biol. Cell 7, 1835±1855 (1996).

14. Hitchcock, A. L. et al. The conserved Npl4 protein complex mediates proteasome-dependent

membrane-bound transcription factor activation. Mol. Biol. Cell 12, 3226±3241 (2001).

15. Dai, R., Chen, E., Longo, D. L., Gorbea, C. M. & Li, C. C. Involvement of valosin-containing protein,

an ATPase co-puri®ed with Ikba and 26 S proteasome, in ubiquitin-proteasome-mediated degra-

dation of IkBa. J. Biol. Chem. 273, 3562±3573 (1998).

16. Verma, R. et al. Proteasomal proteomics: identi®cation of nucleotide-sensitive proteasome-inter-

acting proteins by mass spectrometric analysis of af®nity-puri®ed proteasomes. Mol. Biol. Cell 11,

3425±3439 (2000).

17. Casagrande, R. et al. Degradation of proteins from the ER of S. cerevisiae requires an intact unfolded

protein response pathway. Mol. Cell 5, 729±735 (2000).

18. Hiller, M. M., Finger, A., Schweiger, M. & Wolf, D. H. ER degradation of a misfolded luminal protein

by the cytosolic ubiquitin-proteasome pathway. Science 273, 1725±1728 (1996).

19. Meyer, H. H., Shorter, J. G., Seemann, J., Pappin, D. & Warren, G. A complex of mammalian Ufd1 and

Npl4 links the AAA-ATPase, p97, to ubiquitin and nuclear transport pathways. EMBO J. 19, 2181±

2192 (2000).

20. Shamu, C. E., Story, C. M., Rapoport, T. A. & Ploegh, H. L. The pathway of US11-dependent

degradation of MHC class I heavy chains involves a ubiquitin-conjugated intermediate. J. Cell Biol.

147, 45±57 (1999).

21. Lamb, J. R., Fu, V., Wirtz, E. & Bangs, J. D. Functional analysis of the trypanosomal AAA protein

TbVCP with Trans-dominant ATP hydrolysis mutants. J. Biol. Chem. 276, 21512±21520 (2001).

22. Meyer, H. H., Kondo, H. & Warren, G. The p47 co-factor regulates the ATPase activity of the

membrane fusion protein, p97. FEBS Lett. 437, 255±257 (1998).

23. Shamu, C. E., Flierman, D., Ploegh, H. L., Rapoport, T. A. & Chau, V. Polyubiquitination is required

for US11-dependent movement of MHC class I heavy chain from the ER into the cytosol. Mol. Biol.

Cell 12, 2546±2555 (2001).

24. Dai, R. & Li, C. C. Valosin-containing protein is a multi-ubiquitin chain-targeting factor required in

ubiquitin-proteasome degradation. Nature Cell Biol. 3, 740±744 (2001).

25. Zhang, X. et al. Structure of the AAA ATPase p97. Mol. Cell 6, 1473±1484 (2000).

26. Singleton, M. R., Sawaya, M. R., Ellenberger, T. & Wigley, D. B. Crystal structure of T7 gene 4 ring

helicase indicates a mechanism for sequential hydrolysis of nucleotides. Cell 101, 589±600 (2000).

27. Schmidt, M., Lupas, A. N. & Finley, D. Structure and mechanism of ATP-dependent proteases. Curr.

Opin. Chem. Biol. 3, 584±591 (1999).

28. Matlack, K. E., Misselwitz, B., Plath, K. & Rapoport, T. A. BiP acts as a molecular ratchet during

posttranslational transport of Prepro-a factor across the ER membrane. Cell 97, 553±564 (1999).

29. Thuret, J., Valay, J., Faye, G. & Mann, C. Civ1 (CAK in vivo), a novel Cdk-activating kinase. Cell 86,

565±576 (1996).

30. Deshaies, R. J. & Schekman, R. A yeast mutant defective at an early stage in import of secretory protein

precursors into the endoplasmic reticulum. J. Cell Biol. 105, 633±645 (1987).

Supplementary Information accompanies the paper on Nature's website
(http://www.nature.com).

Acknowledgements

We thank C. Shamu, R. Casagranda, A. Hitchcock and N. Bouquin for discussions;
D. Schoffnegger for experimental help; C. Shamu, W. Prinz, B. Tsai, D. Flierman, B.
DeDecker and D. Finley for critical reading of the manuscript; and G. Warren for support
and comments. Y.Y. is supported by the Helen Hay Whitney postdoctoral fellowship. H.M.
was supported by the National Institutes of Health (NIH) and Human Frontier Science
Program grants and T.A.R. by an NIH grant. T.A.R. is a Howard Hughes Medical Institute
Investigator.

Correspondence and requests for material should be addressed to T.A.R.
(e-mail: tom_rapoport@hms.harvard.edu).

.................................................................
phot1 and phot2 mediate blue light
regulation of stomatal opening
Toshinori Kinoshita*², Michio Doi*², Noriyuki Suetsugu³§,
Takatoshi Kagawa³k, Masamitsu Wada³§ & Ken-ichiro Shimazaki*

* Department of Biology, Faculty of Science, Kyushu University, Ropponmatsu,

Fukuoka 810-8560, Japan
³ Division of Biological Regulation and Photobiology, National Institute for Basic
Biology, Okazaki 444-8585, Japan

§ Department of Biological Sciences, Graduate School of Science,

Tokyo Metropolitan University, Tokyo 192-0397, Japan

kUnit Process and Combined Circuit, PRESTO, Japan Science and Technology
Corporation, 1-8, Honcho 4-chome, Kawaguchi, Saitama 332-0012, Japan
² These authors contributed equally to this work.

..............................................................................................................................................

The stomatal pores of higher plants allow for gaseous exchange
into and out of leaves. Situated in the epidermis, they are
surrounded by a pair of guard cells which control their opening
in response to many environmental stimuli, including blue
light1,2. Opening of the pores is mediated by K+ accumulation in
guard cells through a K+ channel and driven by an inside-negative
electrical potential3. Blue light causes phosphorylation and acti-
vation of the plasma membrane H+-ATPase that creates this
potential1,2,4±6. Thus far, no blue light receptor mediating stomatal
opening has been identi®ed7, although the carotenoid, zeax-
anthin, has been proposed2,8. Arabidopsis mutants de®cient in
speci®c blue-light-mediated responses have identi®ed7,9±14 four
blue light receptors, cryptochrome 1 (cry1), cryptochrome 2
(cry2), phot1 and phot2. Here we show that in a double mutant
of phot1 and phot2 stomata do not respond to blue light although
single mutants are phenotypically normal. These results demon-
strate that phot1 and phot2 act redundantly as blue light receptors
mediating stomatal opening.

Blue light responses of higher plants include de-etiolation,
phototropism, chloroplast relocation, and stomatal opening7. cry1
and cry2 mediate de-etiolation9, and phot1 and phot2 (nph1 and
npl1, respectively10) mediate phototropism11,12 and chloroplast
relocation12±14. These blue-light-mediated responses allow plants
to capture light energy ef®ciently, or to avoid damage from high
light intensity, thereby optimizing photosynthesis and growth
under various light conditions. Photosynthesis is regulated by
stomatal aperture.

We considered the phot1 protein and its homologue phot2 as
candidates for stomatal blue-light receptors because of their struc-
tural properties. The phot1 protein is a serine/threonine protein
kinase11 and mediates the increase in cytosolic Ca2+ in response to
blue light15. A serine/threonine protein kinase6 and an increase in
cytosolic Ca2+ (refs 2, 16) have both been reported to be involved in
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