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Summary. Animal and plant cells contain a family of 
constitutively expressed HSP-70 cognate proteins that 
are localized in different subcellular locations and are 
presumed to play a role in protein folding and transport. 
Utilizing antibodies raised against the yeast endoplasmic- 
reticulum-localized HSP-70 cognate termed BiP/GRP- 
78, as well as antibodies raised against the E s c h e r i c h i a  

col t  HSP-70 protein DnaK, we have identified and char- 
acterized a large family of closely related proteins in 
wheat. One protein band of 78 kDa that is apparently 
closely related to yeast BiP was localized in the endoplas- 
mic reticulum. This band cross-reacted with the yeast BiP 
but not with the DnaK-specific antibodies. The yeast BiP 
antibodies also recognized a cytoplasmic protein of 
70 kDa that is probably related to the HSC-70 cognate 
proteins. These two proteins were further confirmed as 
HSP-70 cognates by their ability to bind to an ATP- 
agarose column. Probing of proteins from purified wheat 
mitochondrial preparations with the yeast BiP and 
DnaK-specific antibodies showed that this organelle con- 
tained a family of HSP-70-related proteins. The yeast BiP 
antibodies recognized two mitochondrial proteins of 60 
and 58 kDa, but failed to detect any protein in the size 
rang of 70 to 80 kDa. However, the presence of immuno- 
logically distinct proteins of 90 and 78 kDa, as well as 
of lower molecular weight from this family in the mito- 
chondria, was shown by probing with the DnaK-specific 
antibodies. A new protein of 30 kDa, cross-reacting with 
anti-yeast BiP antibodies, was detected only in develop- 
ing seeds, close to their maturity, The evolution of 
HSP-70 cognate proteins in wheat as shown in this study 
is discussed. 
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Introduction 

Cells of all examined organisms possess a group of genes 
that are specifically induced by heat and other types of 
stress. These genes code for a family of proteins termed 
heat shock proteins (HSP) (Rothman 1989). The most 
prominent members of this multigene thmily are the 
genes coding for 70-kDa proteins (HSP-70). These 
proteins were shown to be among the highest evolution- 
ary-conserved proteins between bacteria and eukaryotes, 
including animals and plants (Bardwell and Craig 1984; 
Rothman 1989; Marshall et al. 1990). The recent obser- 
vation that these proteins bind strongly to ATP has been 
used for their affinity" purification (Welch and Feramisco 
1985). One function proposed tbr this class of proteins is 
an ATP-dependent binding to improperly folded or de- 
natured proteins (Pelham 1986). Cloning and characteri- 
zation of a variety of HSP-70-related genes have shown 
that HSP-70 represents in fact a family of proteins con- 
taining members that are localized in various subcellular 
organelles. Moreover, these proteins were found to be 
either constitutively expressed or induced by heat and 
stress treatments (for review, see Rothman 1989). Munro 
and Pelham (1986) were the first to clone a cDNA coding 
for an HSP-70-related protein that possessed a signal 
peptide for transport into the endoptasmic reticulum 
(ER). This protein was shown to be identical to a previ- 
ously identified protein called the glucose-regulated 
protein (GRP-78), also known as the immunogtobulin's 
heavy chain binding protein (BiP). Haas and Wabl (1983) 
first identified BiP as being bound to immunoglobulin 
heavy chain in pre-B cells. It has subsequently been pro- 
posed that it associates transiently with normal, newly 
synthesized membrane and secretory, proteins (Gething 
et al. 1986; Kassenbrock et al. 1988), and permanently 
with undergtycosylated or mutant proteins that fail to 
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fold correctly (Bole e ta l .  1986; Gething e ta l .  1986; 
Dorner  e ta l .  1987). Vogel e ta l .  (1990) reported that  
yeast BiP appears as a catalyzer of  both  the impor t  of  
secretory proteins into the ER as well as of  their folding 
and assembly. Binding of  BiP to its substrate was shown 
to be abolished upon addi t ion of  ATP (Munro and Pel- 
ham 1986; F lynn et al. 1989). 

Another  member  of  the HSP-70 family that  is consti- 
tutively expressed was recently discovered in the cyto- 
plasm of  several eukaryot ic  organisms and was termed 
HSC-70. It was hypothesized that  this protein  is involved 
in the post- t ransla t ional  t ranspor t  of  proteins from the 
cytoplasm to different cellular organelles by binding to 
newly synthesized precursor  proteins,  thus preventing 
their misfolding pr ior  to t ranspor t  across the organelle 
membranes  (Rothman and Kornberg 1986). 

Recently, HSP-70-related proteins have also been dis- 
covered in mi tochondr ia  of  various organisms as well as 
in p lant  chloroplasts,  showing that  proteins from this 
family are p robab ly  ubiquitous in each of  the subcellular 
organelles. (Leustek et al. 1989; Marshal l  et al. 1990). 

Despite extensive character izat ion of  HSP-70 cognate 
proteins in animal  and yeast cells, much less is known 
about  their presence and function in higher plants. In the 
present report,  we show that  a large family of  HSP-70-re- 
lated proteins is present in various subcellular organelles 
of  wheat  cells. This family consists of  at least two im- 
munological ly distinct groups of  proteins,  some of  which 
have probab ly  been more conserved than others. 

Materials and methods 

Plant material 

Triticum aestivum cv Chinese Spring (CS) was grown under 
greenhouse conditions. Spikes at various days after pollination 
(DAP) were collected and stored at - 8 0  ~ Grains were sepa- 
rated from the spikes under liquid N 2. Shoots and roots were 
collected at 5 days after germination from etiolated seedlings 
grown in a growth chamber at 22 ~ 

Electrophoresis and western blotting 

SDS-PAGE was performed according to the method of Laemmli 
(1970) using 12.5% gels. For western blotting, proteins were 
transferred to nitrocellulose filters as described by Towbin et al. 
(1979). Specific binding was visualized using an alkaline-phos- 
phatase-conjugated goat antirabbit IgG preparation (Sigma 
Chemical Co., St. Louis/MO), according to the procedure of 
Burnette (1981). 

Two-dimensional PAGE 

Two-dimensional PAGE was performed according to the meth- 
od of O'Farrell (1975). One-dimensional PAGE separation was 
performed on isoelectric focusing (IEF) gels containing am- 
pholytes (LKB) at the pH range of 3 to 10 (0.3%) and 5-7 
(1.2%). The IEF gels were then separated on a two-dimensional 
12.5% SDS-PAGE. Visualization of the proteins was done by 
Coomassie Brilliant Blue R-250 staining. 

Protein extraction 

Developing grains, shoots, and roots were homogenized with a 
mortar and pestle in buffer A [0.1M TRIS-HC1 (pH 8.0), 
100 mM KC1, 50 mM MgAe, 1 mM DTT, 1 mM phenylmethyl- 
sulfonyl fluoride (PMSF)], and centrifuged at 4 ~ 14,000 x g 
for 10 min. The supernatant (termed S) was collected. The pellet 
was dissolved in buffer A containing 1% Triton-X-100 and cen- 
trifuged at 4 ~ 14,000 • g for 10 rain. The second supernatant 
was collected and termed P. The S and P proteins were then 
acetone-precipitated and stored at -20~  until used. Protein 
pellets were dissolved in S DS sample buffer [0.125 M TRIS-HC1 
(pH 6.8), 2.14 M/~-mercaptoethanol, 4% (w/v) SDS, 20% (w/v) 
glycerol, and 0.002% (w/v) Bromophenol blue], boiled at t00 ~ 
for 4 rain, and loaded directly onto the gels. 

Subcellular fractionation 

Subcellular fractionation of developing wheat grains (5 g) was 
performed as described by Nigam and Blobel (1989). For the 
immunoblotting studies, an attempt was made to use approxi- 
mately equivalent amounts of proteins. 

Affinity binding to ATP-agarose columns 

Developing wheat grains (25 g) were ground on ice with Poly- 
tron (five bursts of 30 s each) in buffer A at a tissue-to-buffer 
ratio of 1:3 and centrifuged at 4~ 260 x g for t0 rain. The 
supernatant was filtered through four layers of cheesecloth. The 
filtered homogenate was then centrifuged at 4 ~ 27,000 • g for 
40 rain to yield a high-speed supernatant and a pellet. The pellet 
was then dissolved in 5 ml of buffer A (pH 9.0), hand-homoge- 
nized, and centrifuged at 4 ~ 27,000 x g for 40 min The result- 
ing supernatant was adjusted to pH 7.8 using t M TRIS-HC1 
(pH 7.5). Both high-speed supernatant and the resulting pellet 
were applied directly to a 5-rot ATP-agarose column pre-equi- 
librated with buffer D containing 20 mM Tris acetate (pH 7.5), 
20 mM NaC1, 0.1 mM EDTA, 15 mM/~-mercaptoethanol, and 
3 mM MgCI 2. After loading, the column was washed with 
buffer D containing 0.1 M NaC1 and then with buffer D alone. 
The column was then developed with buffer D containing 3 mM 
ATP. Fractions were acetone-precipitated and analyzed by SDS- 
PAGE as described above. 

Results and discussion 

Identification o f  constitutively expressed HSP-70 
cognate proteins in wheat tissues 

Antibodies  raised against the HSP-70-related protein 
BiP/GRP-78 from ER of  yeast (anti-yeast BiP) were used 
to identify closely related proteins in wheat. Proteins 
f rom supernatant  (S) and membrane  pellets (P) of  devel- 
oping grains, shoots, and roots  were fract ionated on 
SDS-PAGE, and the gel was either stained or reacted in 
a western blot  against  anti-yeast  BiP antibodies.  Six ma- 
jor  cross-reactive bands were detected, with apparent  
molecular  masses of  78, 70, 62, 60, 58, and 30 k D a  
(Fig. 1). All  of  these proteins were related to the HSP-70 
family, since they were not  detected when the blot  was 
reacted against  a preimmune serum (data not  shown). 
Mos t  of  these yeast-BiP-related proteins were detected in 
all of  the tissues examined, but  their relative intensities 
varied among different tissues. The 30 k D a  band ap- 
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Fig. 1. Detection of HSP-70-related proteins in various wheat 
tissues. Plant material from developing grains at 7, 17, and 22 
DAP; shoots (L) and roots (R) were homogenized in buffer A, 
centrifuged, and the pellet was further extracted with detergent 
to yield supernatant (S) and membrane (P) protein fractions. 
The proteins were subjected to SDS-PAGE and the gel was 
either stained with Coomassie blue (lanes 1-10) or reacted in a 
western blot against yeast-BiP-specific antibodies (lane 11-20). 
MW markers are indicated on the left, while the molecular 
masses of specific HSP-70-related proteins are indicated on the 
right 

Fig. 2. ATP-agarose affinity chromatography of HSP-70-relat- 
ed proteins. Developing grains at 17 DAP were homogenized in 
buffer A. The supernatant proteins were applied to the column. 
After washing the column with buffer A containing 0.1 M NaC1 
(wash), the column was then eluted by 3 mM ATP and the 
fractions were analyzed by SDS-PAGE. The gels were either 
stained or reacted in a western blot against yeast-BiP-specific 
antibodies. MW markers are indicated on the left. Arrow on the 
right indicate the position of 78 kDa protein 

peared solely in developing grains of 22 DAP. The 70 kDa 
band was detected only in the supernatant (Fig. 1; lanes 
15, 17, 19) and therefore may reside in the cytoplasm. In 
contrast, a major part of the rest of the proteins appeared 
in the membrane fraction, indicating their localization 
within organelles. 

It has been previously shown that HSP-70-related 
proteins can bind ATP (Welch and Feramisco 1985). We 
therefore utilized this property to further characterize the 
wheat HSP-70-related proteins. Developing wheat grains 
were homogenized in buffer A and the soluble fraction 
(S) was applied directly to an agarose column containing 
covalently linked ATP. After extensive washing of the 
column with high salt and low salt buffers, it was then 
developed with 3 mM ATP. A sample from every other 
fraction eluting off the column was fractionated on SDS- 
PAGE, and the proteins were either visualized by 
Coomassie blue staining of the gel or reacted in a western 
blot with anti-yeast BiP antibodies (Fig. 2). While most 
of the cellular proteins were washed off by the high salt, 
several proteins were bound to the column and were 
found to coelute off the column in the presence of ATP. 
The major stained protein eluted from the column was a 
broad band with an apparent molecular mass in the 
range of 70 to 78 kDa. In addition, several other proteins 
with apparent molecular masses of 42, 40, 17, and 
16 kDa were also eluted (Fig. 2). The western blot de- 
scribed in Fig. 2 confirmed that the 70-78 kDa broad 
band belonged in fact to the HSP-70 family. The 42, 40, 
17, and 16 kDa proteins eluted from the column with 

ATP did not cross-react with anti-yeast BiP antibodies, 
and therefore may belong to other families of ATP-bind- 
ing proteins. We could not detect the 62, 60, and 58 kDa 
HSP-70-related proteins in the column eluants. Whether 
this is due to their low levels or their inability to bind 
ATP has not yet been determined. The 17 and 16 kDa 
proteins are probably GTP-binding proteins, since they 
were the only proteins that could also be eluted from the 
column with I mM GTP (data not shown). In order to 
test whether the broad 70 78 kDa band eluted from the 
ATP-agarose column consisted of more than one protein, 
proteins eluted from this column were separated on two- 
dimensional IEF SDS-PAGE (Fig. 3). Indeed, this broad 
band contained at least two ATP-binding proteins. In 
addition, the two-dimensional PAGE revealed that the 
40 kDa family consisted of approximately six proteins 
and that the low molecular mass bands corresponding to 
the GTP-binding proteins were separated into three ma- 
jor spots. 

We were next interested in studying whether the HSP- 
70-related proteins present within organelles could also 
bind ATP. In order to test this, the membrane pellet was 
washed at pH 9 and the resulting solubilized proteins 
were applied to the ATP-agarose column and subse- 
quently eluted with ATP. The pH 9 treatment is known 
to solubilize proteins that are localized within subcellular 
organelles (Bulleid and Freedman 1988). Eluted proteins 
(every other fraction) were fractionated on SDS-PAGE 
and stained with Coomassie blue (Fig. 4). In this experi- 
ment, the 78 kDa HSP-70 related protein was the only 
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Fig. 3. Two-dimensional separation of the 78 kDa HSP-70-re- 
lated proteins. Proteins purified by ATP-agarose column were 
analysed by a two-dimensional IEF SDS-PAGE. The gel was 
stained with Coomassie blue. MW markers are indicated on the 
left. The position of the 78 kDa proteins is indicated on the right. 
The "1 dim" lane represents a pattern of one-dimensional SDS- 
PAGE of the eluted proteins 

Fig. 5. Subcellular localization of HSP-70-related proteins from 
developing wheat grains at 17 DAP. Developing grains were 
homogenized and the homogenate was precipitated in two steps 
to yield nuclear (NP) and mitochondrial pellets (MP). The post- 
mitochondrial supernatant was then centrifuged over a sucrose 
cushion to yield an ER-rich sucrose pellet (P). Equivalent 
amounts of these proteins as well as from proteins extracted 
from purified mitochondria (MIT) were subsequently analyzed 
on SDS-PAGE or reacted in a western blot against anti-yeast 
BiP antibodies. MW markers are indicated on the left, molecular 
masses of specific HSP-70-related proteins are indicated on the 
right 

Fig. 4. ATP-agarose affinity chromatography of liSP-70 proteins 
present within organelles. Proteins from developing grains at 17 
DAP were homogenized in buffer A. Proteins extracted from the 
pellet at pH 9.0 were applied to the column. The column was 
washed and eluted as described in Fig. 2. The fractions were 
analyzed by SDS-PAGE. The gel was stained with Coomassie 
blue. MW markers are indicated on the left. Arrow on the right 
indicates the position of 78 kDa protein 

protein detected in the column eluate, indicating that  the 
70 k D a  as well as the other ATP-binding proteins of  
lower molecular  masses were localized in the cytoplasm. 

Subcellular compartmentalization of  HSP-70-related 
proteins in developing wheat grains 

In order to further characterize the subcellular localiza- 
t ion of  the HSP-70-related proteins,  developing grains at 
17 D A P  were subjected to subcellular fractionation.  

First,  homogenates  of  those grains were fract ionated by 
two steps of  precipi tat ion at 800 x g  and 10,000 xg ,  to 
yield nuclear and mitochondr ia l  pellets. The postmito-  
chondrial  supernatant  was loaded on a 1.3 M sucrose 
cushion and further fract ionated by centrifugation to 
yield a sucrose pellet that  is highly enriched in ER vesi- 
cles. Proteins from the nuclear and mi tochondr ia l  pellets, 
as well as from the ER-enriched sucrose pellet, were sep- 
arated by SDS-PAGE and then either stained or reacted 
in western blots with yeast BiP antibodies (Fig. 5). The 
cytoplasmic 70 k D a  protein was not  detected in any of  
these membranous  fractions, thus showing that  these 
preparat ions  were relatively free of  cytoplasmic contam- 
ination. However,  the rest of  the HSP-70-related proteins 
were clearly detected (Fig. 5). The 60 and 58 k D a  
proteins appeared mainly in the mi tochondr ia l  pellet 
(Fig. 5, lane 7), indicating their localization within this 
organelle. The 62 k D a  protein appeared with similar in- 
tensity in both  the nuclear and mi tochondr ia l  pellets, but  
not  in the ER-enriched sucrose pellet (Fig. 5, cf. lanes 6, 
7, and 8). Thus, al though it is apparent ly  not  localized 
within the ER, its exact organellar  localization could not  
be identified. 

The sucrose pellet showed a markedly  different pat-  
tern of  stained proteins than the rest of  the fractions 
(Fig. 5, cf. lanes 2, 3, and 4), indicating that  it was indeed 
highly enriched in ER microsomes. The fact that  the 60 
and 58 kDa  mitochondr ia l  proteins were not  detected in 
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Fig. 6. Antigenic relationships of the wheat HSP-70-1ike proteins 
and E. coli DnaK. Protein from purified mitochondria (MIT) 
and proteins from the ER-enriched fraction (P) were separated 
by SDS-PAGE and reacted in western blots against DnaK- 
specific antibodies. Molecular masses of specific HSP-70-related 
proteins are indicated on the left 

the sucrose pellet further confirmed the high purity of 
this ER fraction. The only yeast-BiP-related protein 
band that appeared in the sucrose pellet was that of the 
78 kDa thus showing its localization within the ER. The 
localization of the 78 kDa band within the ER was also 
confirmed by its cosedimentation with the ER marker 
enzyme, NADH cytochrome C reductase, in a metriza- 
mide density gradient analysis (data not shown). As ex- 
pected, the 78 kDa protein was also detected in the nucle- 
ar and mitochondrial pellets (Fig. 5, lanes 6, 7) that are 
known to contain ER membranes. In order to confirm 
the mitochondrial localization of the 60 and 58 kDa 
proteins, we compared the western blot pattern of 
proteins extracted from purified wheat mitochondria to 
those of the mitochondrial pellet fraction. The 60 and 
58 kDa BiP-related proteins that were enriched in the 
mitochondrial pellet of the subcellular fractions (Fig. 5, 
lane 7) were also the only detectable BiP-related bands in 
the western blot of purified mitochondria (Fig. 5, lane 9), 
indicating that no 78 kDa band reacting against yeast 
BiP antibodies was localized in this organelle. 

HSP-70-related proteins in the range of 70 kDa were 
previously identified in the mitochondria of animal and 
plant cells (Bardwell and Craig 1984; Craig et al. 1989; 
Jindal et al. 1989; Leustek et al. 1989; Amir-Shapira et al. 
1990). It was therefore possible that an approximate 70- 
kDa protein does exist in wheat mitochondria, but that 
it does not cross-react with the yeast-BiP-specific anti- 
bodies. To test this possibiltiy, proteins from purified 
wheat mitochondria and from the ER-enriched sucrose 
pellet were reacted in western blots against E. coli DnaK- 
specific antibodies. Interestingly, a major DnaK-related 
protein band with apparent molecular mass of ca. 
78 kDa was detected in purified wheat mitochondria, 

together with several other proteins of 90, 47, 45, 37, and 
31 kDa (Fig. 6, lane 1). In contrast, the 60 and 58 kDa 
yeast-BiP-related mitochondrial proteins were not react- 
ed with the DnaK antibodies (Fig. 6, lane 1). Thus, our 
data show that at least two small families ofimmunolog- 
ically distinct HSP-70-related proteins exist in the mito- 
chondria of wheat cells. The 60 and 58 kDa mitochondri- 
al proteins reacted with the yeast BiP antibodies are 
probably structurally distinct from the other six proteins 
reacted with the DnaK-specific antibodies. These two 
subfamilies were either diverged differently from the 
same ancestor or were evolved from another HSP-70-re- 
lated gene. We could not detect any interaction of the 
ER-localized 78 kDa protein with the DnaK-specific an- 
tibodies (Fig. 6, lane 2). This result indicates that this 
78 kDa protein is structurally distinct from the mito- 
chondrial 78 kDa protein. 

HSP-70-related proteins provide a powerful tool for 
evolutionary studies, since they represent a family of 
highly conserved proteins that are localized in different 
subcellular locations. A part of these proteins may still 
share some homology with HSP-70-related proteins 
derived from prokaryotic organisms. The fact that sever- 
al immunologically distinct families are present in differ- 
ent organelles, as well as even within the same organelle 
such as the mitochondria, shows that the pattern of their 
evolution appears to be very complex. Recently, a family 
of HSP-70-related proteins was also detected in chloro- 
plasts of higher plants (Amir-Shapira et al. 1990), but 
their immunological relationships have not yet been de- 
termined. Further cloning and molecular comparison of 
the various wheat HSP-70-related genes may provide 
more information concerning their structural and func- 
tional evolution. 

Acknowledgements. The authors are greatly indebted to Prof. E. 
Galun for helpful suggestions and discussions. We would like to 
thank Drs. J. Vogel and M. J. Gething for providing anti-yeast 
BiP antibodies, as well as Dr. H. Weissbach for providing anti- 
DnaK antibodies. We also wish to thank Mr. A. Blumenthal for 
providing purified wheat mitochondria, Ms. H. Gavish for help 
in 2D-PAGE analysis, and Dr. M. Volokita and Ms. R. Rubin 
for critical reading of the manuscript. G. G. is an incumbent of 
the Abraham and Jenny Fialkov Career Development Chair in 
Biology. 

References 

Amir-Shapira D, Leustek T, Weissbach H, Brot N (1990) HSP- 
70 proteins, similar to Escherichia coli DnaK, in chloroplasts 
and mitochondria of Euglena gracilis. Proc Natl Acad Sci~ 
USA 87:1749-1752 

Bardwell JC, Craig EA (1984) Major heat shock gene of 
Drosophila and the Escherichia coli heat inducible DnaK 
gene are homologous. Proc Natl Acad Sci USA 81:848-852 

Bole DG, Hendershot LM, Kearney JF (1986) Posttranslational 
association of immunoglobulin heavy chain binding protein 
with nascent chains in nonsecreting and secreting hybri- 
domas. J Cell Biol 102:1558-1566 



620 

Bulleid NJ, Fredman RB (1988) Defective co-translational for- 
mation of disulfide bonds in protein disulfide-isomerase-de- 
ficient microsomes. Nature 335:649-651 

Burnette WN (1981) "Western blotting": electrophoretic trans- 
fer of proteins from sodium dodecyl sulfate-polyacrylamide 
gels to unmodified nitrocellulose and radiographic detection 
with antibody and radioiodinated protein A. Anal Biochem 
112:195-203 

Craig EA, Kramer J, Shilling J, Werner-Washburne M, Holmes 
S, Kosic-Smithers J, Nicolet CM (1989) SSCI, an essential 
member of the yeast HSP-70 multigene family, encodes a 
mitochondrial protein. Mol Cell Biol 9:3000-3008 

Dorner AJ, Bole DJ, Kaufman RJ (1987) Reduction of endoge- 
nous GRP78 levels improves secretion of a heterologous 
protein in CHO cells. Mol Cell Biol 8:4063-4070 

Flynn G, Chappell TG, Rothman JE (1989) Peptide binding and 
release by proteins implicated as catalysts of protein assem- 
bly. Science 245:385-390 

Gething ML McCammon K, Sambrook J (1986) Expression of 
wild type and mutant forms of influenza hemagglutinin: the 
role of folding in intracellular transport. Cell 46:939-950 

Haas IG, Wabl M (1983) Immunoglobulin heavy chain binding 
protein. Nature 306:387-389 

Jindal S, Dudani AK, Singh B, Harley CB, Gupta RS (1989) 
Primary structure of human mitochondrial protein ho- 
mologous to the bacterial and plant chaperonins and to the 
65-Kda mycobacterial antigen. Mol Cell Biol 9:2279 2283 

Kassenbrock CK, Garcia PD, Walter P, Kelly RB (1988) Heavy- 
chain binding protein recognizes aberrant polypeptides 
translocated in vitro. Nature 333:90-93 

Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 
2227: 680- 685 

Leustek T, Dalie B, Amir-Shapira D, Brot N, Weissbach H 
(1989) A member of the HSP-70 family is localized in mito- 
chondria and resembles Escherichia coli DnaK. Proc Natl 
Acad Sci USA 86:7805-7808 

Marshall JS, DeRocher AE, Keegstra K, Vierling E (1990) Iden- 
tification of heat shock protein HSP-70 homologous in 
chloroplasts. Proc Natl Acad Sci USA 87:374-378 

Munro S, Pelham HRB (1986) An HSP-70-1ike protein in the 
ER: identity with the 78 kDA glucoe regulated protein and 
immunoglobulin heavy chain binding protein. Cell 46:291 - 
300 

Nigam SK, Blobel G (1989) Cyclic AMP- dependent protein 
kinase in canine pancreatic rough endoplasmic reticulum. J 
Biol Chem 264:16927-16932 

O'Farrell PH (1975) High resolution two-dimensional elec- 
trophoresis of proteins. J Biol Chem 250:4007-4021 

Pelham HRB (1986) Speculations on the functions of the major 
heat shock and glucose-regulated proteins. Cell 46:959-961 

Rothman JE (1989) Polypeptide chain binding proteins: cata- 
lysts of protein folding and related processes in cells. Cell 
59:591-601 

Rothman JE, Kornberg R (1986) An unfolding story of protein 
translocation. Nature 332:209-210 

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic trans- 
fer of proteins from polyacrylamide gels to nitrocellulose 
sheets, procedures and some applications. Proc Natl Acad 
Sci USA 76:4350-4354 

Vogel JP, Misra LM, Rose MD (1990) Loss of BiP/GRP78 
function blocks translocation of secretory proteins in yeast. 
J Cell Biol 110:1885 1895 

Welch JW, Feramisco JR (1985) Rapid purification of mam- 
malian 70,000-Dalton proteins: affinity of the proteins for 
nucleotides. Mol Cell Biol 5:1229-1237 


