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Association of Hsp47, Grp78, and Crp94 
With Procollagen Supports the Successive 
or Coupled Action of Molecular Chaperones 
Lucian0 R. Ferreira, Kathleen Norris, Timothy Smith, Carla Hebert, and John J. Sauk 

Department of Pathology, School of Dentistry, University of Maryland at Baltimore, 
Baltimore, Maryland 21201 

Abstract Hsp47, Grp78, and Grp94 have been implicated with procollagen maturation events. In particular, 
Hsp47 has been shown to bind to nascent procollagen a1 (I) chains in the course of synthesis and/or translocation into 
the endoplasmic reticulum (ER). Although, Hsp47 binding to gelatin and collagen has previously been suggested to be 
independent of ATP. Grp78 and Grp94 are known to dissociate from its substrates by an ATP-dependent release 
mechanism. The early association of Hsp47 with procollagen and its relatively late release suggested that other 
chaperones, Grp78 and Grp94, interact successively or concurrently with Hsp47. Herein, we examined how these 
events occur in cells metabolically stressed by depletion of ATP. In cells depleted of ATP, the release of Hsp47, Grp78, 
and Grp94 from maturing procollagen is delayed. Thus, in cells experiencing metabolic stress, newly synthesized 
procollagen unable to properly fold became stably bound to a complex of molecular chaperones. In that Hsp47, Grp78, 
and Grp94 could be recovered with nascent procollagen and as oligomers in ATP depleted cells suggests that these 
chaperones function in a series of coupled or successive reactions. 
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Until recently, it was generally felt that the 
amino-acid sequence contained all of the infor- 
mation necessary to specify the native conforma- 
tion of procollagen. Thus, registration of the 
three pro-a-chains was believed to occur follow- 
ing release of the nascent chains into the cis- 
terns of the endoplasmic reticulum (ER), by 
association, and disulfide bonding of the newly 
completed procollagen C-terminal extension pro- 
peptide regions. The growth of the triple-helix 
then proceeded from the C-propeptide site of 
association to the N-terminus of the molecule at 
a rate limited by cis-trans isomerization of the 
peptide bonds involving proline [Bachinger et 
al., 1980; Bruckner et al., 19811. In spite of this 
orderly scheme, questions regarding the effi- 
ciency of chain selection, cotranslational and 
post-translational processing remain to  be ex- 
plained. 

The discovery that the folding of certain newly 
synthesized proteins depends on molecular chap- 
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erones, or polypeptide chain binding proteins, 
provides a clue that would explain further how 
procollagen molecules are assembled [Ellis and 
van der Vies, 1991; Pelham, 19841. In this re- 
gard, it appears that while molecular chaper- 
ones themselves do not directly convey informa- 
tion for folding or higher ordered assembly, they 
appear to facilitate these processes by reducing 
incorrect folding pathways and insure that such 
events occur rapidly with high fidelity [Beck- 
mann et al., 19921. Studies in the cellular func- 
tions of chaperone proteins have usually focused 
on one class of components; however, an inte- 
grated view of the roles of the different chaper- 
one families in protein folding is now beginning 
to emerge [Langer et al., 1992; Hendrick et al., 
19931. 

Procollagen has been cross-linked with a num- 
ber of potential chaperones that include Grp94, 
Grp78, and shown to bind Hsp47, a specific 
collagen binding protein [Nakai et al., 19921. 
The early association of evolving nascent procol- 
lagen with Hsp47 indicates that Hsp47 may 
function as a primary molecular chaperone for 
al(1) chains of procollagen. Recently, we have 
also shown that antisense “knock out” of Hsp47 
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results in a slowing of the rate of translation of 
oll(1) chains [Sauk et al., 19941. In this report, 
we go on to reveal that cells metabolically 
stressed by depletion of ATP, release of Hsp47, 
Grp78, Grp94, and the procollagen processing 
enzyme protein disulfide isomerase (PDI) from 
procollagen is delayed. Since the association of 
Hsp47 with procollagen is not ATP dependent, 
it appears that there is overlap in the successive 
action of chaperones and that cellular stress a t  
one level of interaction produces a cascade effect 
on the entire integrated system of chaperones. 

MATERIALS AND METHODS 
Cell Culture and Metabolic Labeling 

Mouse 3T6 cells obtained from the American 
Type Culture Collection were used in all experi- 
ments. The cells were grown and maintained in 
plastic flasks using Dulbecco's Modified Eagles 
Medium (DMEM), 1.16 gilglutamine, 10% FBS, 
10 Fg/ml ascorbate, 100 units of penicillin, and 
100 pg/ml streptomycin at 37°C. In those in- 
stances when it was necessary to label proteins, 
the medium was removed and replaced with 
fresh methionine-free DMEM containing 35S- 
methionine (100 FCi/ml, New England Nuclear, 
Boston, MA) for varying periods (see figure leg- 
ends). 

For pulse-chase experiments, cells were incu- 
bated with 35S-methionine in DMEM lacking 
methionine, either under normal conditions, dur- 
ing metabolic stress, or 43°C heat shock. After 
the pulse label, the medium containing the label 
was removed and the cells further chased in 
DMEM. 

Effects of ATP Depletion In Vivo 

To assess the effects of ATP depletion, cells 
growing at 37°C were simultaneously treated 
with 20 pm of the mitochondria1 uncoupler, 
carbonyl cyanide m-chlorophenylhydrazone 
(CCCP), and 12.5 mm 2-deoxyglucose (2DG) in 
glucose free DMEM [Beckmann et al., 19921. In 
some cases, the cells were first treated with 100 
~ g m i u l  cycloheximide before ATP depletion. Af- 
ter a 2 h incubation at  37"C, the medium was 
removed and the cells were washed with DMEM 
lacking methionine, labeled with 35S-methio- 
nine for 2 h, and then harvested and analyzed. 
To examine the effects of ATP depletion on 
newly synthesized proteins, 3T6 cells growing at  
37°C were pulsed for 20 min with 35S-methio- 
nine. Afterwards, the label was removed and the 

cells further incubated in 20 pm CCCP and 12.5 
mM 2DG in glucose free DMEM for either 30 or 
60 min. The cells were then harvested in lysis 
buffer, clarified by centrifugation, and analyzed 
by native immunoprecipitation. 

Gelatin Binding Assay 

Cells labeled with 35S-methionine were main- 
tained in Dulbecco's modified medium as de- 
scribed above. After extraction with lysis buffer 
(1% Nonidet p40, 0.15 M NaC1, 50 mM Tris- 
HC1, pH 8.0, 5 mM EDTA, 2 mM N-ethylma- 
leimide, and 2 mM phenylmethyl sulfonyl fluo- 
ride) on ice for 20 min, the samples were then 
centrifuged at  12,OOOg for 20 min and the super- 
natant mixed with 200 pl of a 50% (viv) suspen- 
sion of gelatin-Sepharose 4B (Pharmacia) as 
described by Nakai et al. [19891. Some samples 
were supplemented with 50 KM ATP or ATPyS 
(Boehringer Mannheim, Indianapolis, IN) (50 
mM Tris-HC1, pH 7.5, 50 mM NaC12, and 2 mM 
MgC12) for 2 h. The gelatin-Sepharose beads 
were then collected by centrifugation, washed 
twice with lysis buffer, and once with 10 mM 
Tris-HC1 buffer (pH 6.8). Samples for gel electro- 
phoresis were suspended in Laemmli SDS- 
PAGE buffer and heated at 90°C for 5 min 
before loading onto 4-20% polyacrylamide gradi- 
ent slab gels after the method of Laemmli 119701. 
The gels were fixed, dried, and autoradiographed 
using the method of Bonner and Laskey [19741. 

Isolation of Intact Polysomes and Nascent 
Procollagen 

Dense polysomes were prepared after a modi- 
fied protocol of Kirk, Evans, and Veis [19871. In 
essence, Mouse 3T6 cells were grown to near 
confluence as described above and protein syn- 
thesis was blocked by the addition of cyclohexi- 
mide (100 Fg/ml) for 10 min. In some instances 
cross-linking with DSP was used to determine 
the near neighbors of polysome associated pro- 
teins [Sauk et al., 19941. The cells were sus- 
pended in buffer A (0.2 M Tris-HC1, pH 7.4,0.24 
M KC1, 0.0075 M MgC12, 0.1 mg/m; cyclohexi- 
mide, 0.2 mg/ml heparin, 2 mM DTT, 0.05% Na 
deoxycholate, 0.16 mg/ml PMSF, and 0.78 
mg/ml benzamidine) and Triton X-100 was then 
added to a final concentration of 2%. The cells 
were homogenized with a loose fitting Dounce 
homogenizer and maintained on ice for 10 rnin 
to ensure detergent lysis. The homogenate was 
centrifuged at 10,OOOg for 30 rnin to remove 
nuclei and cellular debris. The resulting super- 
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natant was collected and the volume adjusted to  
5 ml with buffer A. The supernatant (2.5 ml) 
was then layered on top of 1 ml of 1 M sucrose 
layered over 1.5 ml of 2 M sucrose. The samples 
were centrifuged for 12 h in a Beckmann SW 55 
Ti rotor at 100,OOOg. Polysomes were collected, 
washed with water suspended in Q-Sepharose 
buffer (0.02 M Tris-HC1, pH 7.4, 0.24 M KC1, 
and 0.0075 M MgC12), and applied to a 3 ml 
Q-Sepharose Fast Flow column (Pharmacia, Pis- 
cataway, NJ) as described by Bergman and Kuehl 
[1977] and modified by Kirk, Evans, and Veis 
[1987]. The resulting flow through fraction con- 
tained t-RNA-free nascent chains. The retained 
t-RNA bound material was eluted with 1.0 M 
NaCI. 

lmmunoprecipitation and Analysis by Gel 
Electrophoresis 

For immunoprecipitation, samples were sus- 
pended in an equal volume of 2 x immunoprecipi- 
tation buffer [0.2 m Tris-HC1, 0.3 M NaC1, 2% 
Triton X-100, 2% deoxycholate, and 0.2% SDS, 
pH 7.2, containing apyrase (Sigma Chemical 
Co., St. Louis, MO) to  deplete ATP]. The samples 
were centrifuged for 5 min at 10,OOOg in an 
Eppendorf centrifuge and a 50 ~1 sample of the 
radiolabeled supernatant was added to a mix- 
ture of Protein A-Sepharose and antibody (poly- 
clonal anti-Hsp47 [Sauk et al., 19921; mono- 
clonal anti-Grp78, and anti-Grp94, Affinity 
BioReagents, Neshanic Station, NJ) in PBS- 
azide. The samples were then incubated at 4°C 
with constant shaking and then centrifuged at 
10,OOOg for 10 min. The resulting immunopre- 
cipitates were then washed twice with PBS- 
azide. The final pellets were suspended in 2 x gel 
electrophoresis sample buffer, heated for 10 min 
at 90°C, and then centrifuged to remove Protein 
A-Sepharose. Samples of the supernatants were 
counted in a scintillation counter and another 
sample analyzed by PAGE and autoradiography 
as described above. 

RESULTS 

We and others have shown that Hsp47 tena- 
ciously binds gelatin-Sepharose, even in the pres- 
ence of high ionic concentrations of salt, and 
that Hsp47 only dissociated from this matrix by 
lowering the pH of elution buffers below pH 
<6.3 [Saga et al., 1987; Shroff et al., 19931. 
Although, the association of Hsp47 with colla- 
gen is suggested to  be unaffected by the addition 
of ATP [Nakai et al., 19921. Nevertheless, it still 
is not clear whether Hsp47 is dependent on the 

energy from ATP to effect any of its chaperone 
functions. To begin to address this question the 
effect of ATP depletion and supplementation 
was investigated utilizing gelatin-Sepharose 
binding. These studies showed that when mouse 
3T6 fibroblast cell lysates were either depleted 
of ATP with apyrase (Sigma Chemical Go., St. 
Louis, MO), or supplemented with exogenous 
ATP or ATPyS, the degree of Hsp47 associated 
with gelatin-Sepharose remained unchanged 
(Fig. 1). 

Next, we examined the effects of intracellular 
ATP depletion on the association of Hsp47 and 
other chaperones with procollagen. To accom- 
plish this, mouse 3T6 cells were pulse-labeled 
with 3%-methionine and one group of plates was 
immediately harvested. In the remaining plates, 
the label was removed and the cells incubated 
for periods up to 60 min at 37"C, either in the 
presence or absence of CCCP and 2DG. After 
pulse-chase labeling, the cells were harvested 
and the lysates subjected to immunoprecipita- 
tion using anti-Hsp47 and anti-procollagen anti- 
bodies. In control cells labeled for 20 min at 

Fig. 1. Binding of Hsp47 to gelatin-Sepharose-4B beads. 35S- 
methionine-labeled mouse 3T6 cells were lysed and incubated 
with gelatin-Sepharose [Nakai et al., 19891. After washing 
samples were treated by the following: Lane a, 50 FM of ATP 
(50 m M  Tris-HCI, pH 7.5, 50 mM NaCI); lane b, 50 )IM of 
ATPyS (50 mM Tris-HCI, pH 7.5, 50 mM NaCI); lane c, Apyrase 
(50 mM Tris-HCI, pH 7.5, 50 rnM NaCI; lane d, control (50 mM 
Tris-HCI, p H  7.5, 50 m M  NaCI). Mean relative optical density of 
three separate experiments ? standard deviation of mean. 
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37"C, pro-al(1) chains were observed to coprecipi- 
tate with Hsp47. Upon allowing the 37°C pulse- 
labeled cells a cold chase period, significantly 
less pro-al(1) chains were observed to coprecipi- 
tate indicating that there is a transient associa- 
tion of newly synthesized procollagen with Hsp47 
with pro al(1) chains (Fig. 2). However, differ- 
ent results were observed in cells depleted of 
ATP. First, when cell lysates were immunopre- 
cipitated with anti-Hsp47 or procollagen antibod- 
ies, a number of newly synthesized proteins 
including procollagen were found to  coprecipi- 
tate with Hsp47. These proteins included PDI, 
Grp78, and Grp94. However, in contrast to the 
situation with normal cells, the proteins synthe- 
sized were still found associated with Hsp47 
after 60 min chase period (Fig. 2 a,b). 

Previously it had been noted that under condi- 
tions where Hsp7O proteins become stably com- 
plexed to their targets, the corresponding reduc- 
tion in the available levels of free Hsp7Os induced 
a stress response [Beckmann et al., 19921. Ac- 
cordingly, we examined whether such treatment 
would constitute a general response and include 
Hsp47. For these experiments, mouse 3T6 cells 
were incubated with CCCP + 2DG for 2 h at  
37°C. To some cells cycloheximide was added 
either concurrently, or 2 h before the addition of 

the ATP depleting agents. The rationale here 
was to  inhibit the levels of newly synthesized 
proteins before the ATP depletion. Thus, there 
would be few pro-al(1) chains available, subse- 
quent depletion of ATP might not result in any 
significant reduction of free Hsp47, and the cells 
might not respond by induction of a stress re- 
sponse. After appropriate incubation to deplete 
intracellular ATP, the culture medium contain- 
ing the various agents was removed, the cells 
extensively washed with DMEM, and then sub- 
jected to  a metabolic labeling with 35S-methio- 
nine. After 2 h labeling period, the cells were har- 
vested and the radiolabeled proteins analyzed by 
immunoprecipitation followed by SDS-PAGE. 

These studies revealed that in the presence of 
CCCP + 2DG, cells immunoprecipitated with 
anti-Hsp47 yielded immune precipitates that 
contained Hsp47, PDI, Grp78, Grp94, and pro- 
collagen (Fig. 3a). When these lysates were im- 
munoprecipitated with anti-Grp78 antibodies, 
Hsp47, and procollagen were similarly recov- 
ered in the immunoprecipitates (Fig. 3b). How- 
ever, the levels of procollagen represented only a 
small fraction of the procollagen precipitated 
with anti-Hsp47. Also, when cycloheximide and 
the ATP-depleting agents were added concur- 
rently, the levels of Hsp47, Grp78, Grp94, and 
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Fig. 2. Total cellular procollagen and procollagen immunopre- 
cipitated with Hsp47. 3T6 cells were pulse labeled with 35S- 
methionine. The samples were chased in DMEM cold medium 
in the presence and absence of CCCP + 2DC for up to 60 min. 
At each time point cells were harvested, lysed, and immunopre- 
cipitated with anti-Hsp47 antibodies and anti-procollagen anti- 
bodies. The resulting immune precipitates were analyzed by 
SDS-PACE followed by autofluorography. The relative optical 
density of the bands corresponding to a1 (I) procollagen were 
estimated using a densitometer. The results represent the mean 
values and standard deviations from three experiments. I 0 1  in- 

dicate a1 (I) procollagen immunoprecipitated with anti-procolla- 
gen I antibodies; [.I indicate a1 (I) chains immunoprecipitated 
with anti-Hsp47 antibodies; [MI a1 ( I )  chains immunoprecipi- 
tated with procollagen antibodies, cells treated with CCCP + 
2DC; [@I  a1 (I) procollagen immunoprecipitated with anti- 
Hsp47, cells treated with CCCP + 2DC. Lane a, cell homog- 
enate derived from cells treated with CCCP + 2DC, precipi- 
tated at 60 min with anti-Hsp47 antibodies; Lane b, control 
cells immunoprecipitated after 60 min with anti-Hsp47 
anti bodies. 
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Fig. 3 A,B: Mouse 3T6 cells were incubated in the presence of 
20 JLM CCCP and 12.5 m M  2DG in glucose free medium for 2 h 
to deplete intracellular ATP. To some cells cycloheximide was 
added either before ATP depletion or alternatively added concur- 
rently with CCCP + 2DC. One set of samples was subjected to 
a 43"C/90 min heat-shock in the absence of other treatments, 
labeled with 35s-methionine for 2 h at 37°C. The cells were then 

PDI were diminished along with procollagen 
(Fig. 3). Thus, treatment with cycloheximide 
before ATP depletion resulted in reduction in 
procollagen production and an absence of a stress 
response with Hsp47. Interestingly, when the 
ATP depleted supernatants from anti-Hsp47 im- 
munoprecipitations were precipitated with anti- 
grp78 antibodies, additional Hsp47 and Grp94 
were recovered with Grp78 (Fig. 4). 

Next, cells were treated with ap-dipyridyl to 
inhibit prolyl and lysyl hydroxylation resulting 
in conformational changes that result in the 
retention of procollagen in the ER. Some cells 
were then treated with CCCP + 2DG to  deplete 
the intracellular stores of ATP. The cells were 
then lysed and immunoprecipitated with anti- 
Hsp47 or procollagen I antibodies. These stud- 
ies showed increased quantities of Hsp47 and 
procollagen co-precipitating in a,a-dipyridyl 
treated cells. However, when the cells were de- 
pleted of ATP with CCCP + 2DG for 1 h follow- 
ing labeling, a number of additional proteins 
including Grp78, and Grp94 were co-precipi- 
tated with Hsp47 and procollagen (Fig. 5). 

In order to ascertain whether these molecular 
chaperones were associated with nascent a1U) 
chains, dense polysomes were fractioned and 
subjected to Q-Sepharose Fast Flow chromatog- 

harvested, lysed, and immunoprecipitated with anti-Hsp47 or 
anti-Crp78 antibodies. Lane designations are the same in A and 
B. Lane a, 37°C control; lane b, cells treated with CCCP + 2DG 
for 2 h; lane c, cells incubated with cycloheximide for 2 h; lane 
d, cells treated with cycloheximide for 4 h; lane e, cells treated 
with CCCP + 2DG and cycloheximide added concurrently; lane 
f, cells heat-shocked 43"C/90 min. 

a b c  

Pro a1 (I)+ 

t G r p  94 
t G r p  78 

P D b  
t H s p  47 

Fig. 4. 3T6 cells treated with CCCP + 2DG for 2 h and then 
labeled for 2 h with 35S-methionine. Lane a, sample immunopre- 
cipitated with anti-Hsp47 antibodies; lane b, 35S-methionine 
Hsp47 eluted from gelatin-Sepharose as a molecular marker; 
lane c, supernatant from lane a immunoprecipitated with anti- 
Grp78 antibodies contain oligomers of Grp78/Crp94/Hsp47 
that are separated by SDS-PACE. 

raphy. This resulted in two major pools of procol- 
lagen. One pool consisted of elongating procolla- 
gen bound to peptidyl t-RNA that was initially 
retained and a second pool recovered as the flow 
through (FT). The FT pool consisted of recently 
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c G r p  94 

+Grp 78 
PDI- 

+Hsp 47 

Fig. 5. 3T6 cells labeled with 35S-methionine in the presence 
and absence of up-dipyridyl, and CCCp + 2DC. The samples 
were then immunoprecipitated with anti-Hsp47 antibodies. 
Lane a, control cells; lane b, cells treated with CCCP + 2DC; 
lane c, apdipyr idyl  treated cells; and lane d, a,a-dipyridyl 
treated cells depleted with CCCP + 2DC. Proteins adjacent to 
arrows were verified by Western blots. 

completed nascent chains and nearly completed 
pN al(1) chains disrupted during column frac- 
tionation. Immunoprecipitation with anti-procol- 
lagen antibodies revealed that Hsp47 co-immu- 
noprecipitated with PDI and al(1) procollagen 
chains in the FT fraction. Meanwhile, Grp78 
and Grp94 were associated with peptidyl t-RNA 
associated procollagen following cross-linking 
with DSP (Fig. 6). 

DISCUSSION 

Generally, constitutively expressed Hsps, par- 
ticularly members of the Hsp7O family, interact 
transiently with other proteins during their 
translation and translocation [Beckmann et al., 
19901. Indirect evidence indicates that such in- 
teractions are sensitive to  ATP and likely occur 
as the polypeptide is being synthesized [Beck- 
mann et al., 1990, 19921. In that Hsp47, Grp78, 
and Grp94 are associated with peptidyl t-RNA 
procollagen, a similar relationship between pro- 
collagen and its molecular chaperones appears 
to exist. 

However, Hsp47 is unique in that it continues 
to bind to procollagen even in the presence of 
ATP. Also, Hsp47 binds mature collagen as effec- 
tively as it binds denatured collagen [Nakai, 
1989, 19921 and its release can apparently only 
be effected by lowering of pH [Nakai et al., 

Fig. 6.  Chaperone and procollagen associated with dense 
polysomes in 3T6 cells. Cells were labeled with 35S-rnethionine 
for 20 min and protein synthesis blocked by the addition of 
cycloheximide for 10 min. The cells were immediately cross- 
linked with DSP and polysomes prepared after the method of 
Kirk and Veis [1987]. Lane a is the flow through fraction from 
Q-Sepharose fractionation of the polysomes immunoprecipi- 
tated with anti-procollagen antibodies. Lane b is the retained 
fraction that is eluated with 1 M NaCI, dialyzed and immunopre- 
cipitated with anti-procollagen antibodies. 

19921. This has lead t o  the speculation that the 
dissociation mechanism of Hsp47 from procolla- 
gen is mediated in an intermediate compart- 
ment between the ER and Golgi. Support for 
this is based on a) the demonstration that procol- 
lagen and Hsp47 distribution in odontoblasts 
has localized a fraction of Hsp47 to vesicles 
between the ER and Golgi [Shroff et al., 19931, 
b) that Hsp47 has been shown to possess an 
ER-retention signal [RDEL] at the COOH termi- 
nus that salvages Hsp47 following its dissocia- 
tion from procollagen [Hirayoshi et al., 1991; 
Takechi et al., 1992; Hosokawa et al., 19931, and 
c) treatment by Brefeldin A inhibits the dissocia- 
tion of Hsp47 from procollagen [Ripley et al., 
1993; Sauk et al., 19901. 

Although Hsp47 is tightly associated with pro- 
collagen, the use of chemical crosslinkers has 
revealed other ER resident proteins as near 
neighbors of procollagen and Hsp47. These ER 
residents have included protein disulfide isomer- 
ase (PDI), Grp78, and Grp94 [Nakai et al., 19921. 
In the studies reported here, mouse 3T6 cells 
pulse labeled for 20 min then chased in the 
presence of CCCP + 2DG revealed that the 
interaction of newly synthesized proteins with 
Hsp47 was less transient following ATP deple- 
tion than reported previously [Nakai et al., 19921. 
Furthermore, Grp78, Grp94, and PDI were com- 
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monly collected in the immune complexes follow- 
ing immunoprecipitation, without employing 
chemical cross-linking. These data support the 
idea that under conditions of stress that deplete 
the cell of its energy, newly synthesized proteins 
are unable to  assume their properly folded state 
and remain bound to  their chaperones and some 
of their processing enzymes. 

The studies examining the effects of the pro- 
tein synthesis inhibitor cycloheximide, in both 
normal cells and cells depleted of ATP, indicated 
that treatment with cycloheximide for 2 h, and 
the drug then removed, reduced de novo expres- 
sion of Hsp47, Grp78, and Grp94. We speculate 
that in the absence of newly synthesized procol- 
lagen, the levels of available chaperone probably 
reach maximal levels such that the cell now no 
longer requires new expression of the chaper- 
one. Whereas, in cells lacking cycloheximide the 
levels of chaperones persist and are immunopre- 
cipitated with procollagen. 

Our studies examining the effects of ATP 
depletion verify that in vivo the release of Grp78 
and Grp94 proteins from their protein targets, 
including procollagen, requires ATP [reviewed 
in Welch, 19901. However, since the release of 
Hsp47 from newly synthesized procollagen was 
also effectively blocked by depletion of intracellu- 
lar ATP levels. These data further suggest that 
Hsp47, along with Grp78 and Grp94 and possi- 
bly other molecular chaperones, forms com- 
plexes or close associations that facilitate the 
maturation of procollagen by a series of coupled 
or adjacent reactions. Furthermore, in that 
Hsp47 is associated early in the translation of 
procollagen and is released as a late event in the 
export from the ER, this indicates that there is 
probably an overlap in the action of these chap- 
erones. 

Constitutive Hsp7O has been shown to exist in 
oligomeric forms [reviewed in Kim et al., 19921, 
and the amount of these oligomers increased by 
depleting the ATP content of the protein solu- 
tion and dissociated to  monomers in the pres- 
ence of ATP [ E m  et al., 19921. Carlino et al. 
[ 19921 similarly demonstrated that Grp78 disso- 
ciated to form monomers in the presence of 
ATP. Our data indicates that with ATP deple- 
tion oligomerization of a number of molecular 
chaperones, including Hsp47, Grp78, and Grp94, 
occurs. Furthermore, it appears that these oligo- 
meric forms are probably induced by ATP- 
driven conformational change in these proteins. 

Although the exact sequence of interactions 
has yet to be established, clues as to  the organi- 
zation of these ER residents and their interac- 
tion with procollagen can be gleaned from poly- 
some associated nascent procollagen chains and 
by examining the fate of specific mutant procol- 
lagens. For example, when polysomes isolated 
from 3T6 cells were fractionated by Q-Sepha- 
rose chromatography, immunoprecipitation of 
the FT fraction with anti-procollagen antibodies 
or anti-Hsp47 antibodies yields p r o d )  chains, 
PDI and Hsp47. In contrast, the retained frac- 
tion (RT) similarly treated produced elongating 
nascent chains of procollagen crosslinked with 
Grp78, Grp94, and Hsp47. Also, mutations in 
the genes that encode the chains of type I procol- 
lagen and result in the production of abnormal 
molecules that cause various forms of osteogen- 
esis imperfecta have been informative. In par- 
ticular, examination of the procollagen pro- 
duced by fibroblasts harboring a 4.5 kilobase 
deletion in an allele of COLlA2 has revealed 
that type I molecules were produced that as- 
sumed triple helical conformations more slowly 
and possessed amino-terminal ends lacking pro- 
tease resistance. These abnormal molecules were 
stably associated with PDI. Also, although not 
identified, the published autoradiograms con- 
tained a - 47 k Mr protein that might represent 
Hsp47 [Chessler and Byers, 19921. The associa- 
tion of PDI here was believed to do so in its role 
as a subunit of proyl-4-hydroxylase [Bassuk and 
Berg, 1989; Kao et al., 1979). Thus, it appears 
that PDI binds to  the triple helical domain of 
procollagen before the formation of the triple 
helix and has low affinity for the molecule after 
helix formation. Interestingly, neither BiP 
(Grp78) nor Grp94 was stably associated with 
this mutant form of procollagen. In contrast, 
three strains of osteogenesis imperfecta fibro- 
blasts with unique mutations in the carboxyl- 
terminal of proal(1) that impair proa chain asso- 
ciation were noted to become stably associated 
with BiP and Grp94 [Chessler and Byers, 19931. 
These data suggested that BiP synthesis in- 
creased in response to the synthesis of procul(1) 
chains with a defect that impairs, but does not 
totally disable, chain association. Interestingly, 
carboxyl-terminal mutations that completely 
prevent incorporation of the affected chains into 
trimers or result in rapid turnover of the af- 
fected chains did result in increased BiP accumu- 
lation [Chessler and Byers, 19931. In that BiP 
binds poorly to peptides that contain proline and 
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lysine [Flynn et al., 19911, this chaperone ap- 
pears to  interact with procollagen at C-terminal 
subunit interfaces similarly to its role in immu- 
noglobulin [Gething and Sambrook, 19901. 

Thus, we speculate that among the ER resi- 
dent proteins, Hsp47 has a primary role as a 
procollagen chaperone. As we have suggested 
previously, Hsp47 probably interacts with lumi- 
nal extensions of ER membrane proteins and 
procollagen near or at the lumen channel orifice. 
Accordingly, Hsp47 may be an acceptor for na- 
scent translocating procollagen, maintaining the 
emerging peptide in an unfolded conformation 
until polymer assembly is completed. This would 
prevent aberrant or premature folding from oc- 
curring until polymer assembly is concluded. 
Alternatively, Hsp47 may also prove to interact 
with integral membrane proteins during translo- 
cation to activate the translocation apparatus 
[Sauk et al., in press]. PDI may function either 
as an oligosaccharyl transferase [Bassuk and 
Berg, 1989; Geetha-Habib et al., 1988; Freed- 
man, 19891 and a component of the translation1 
translocation machinery [reviewed in Gilmore, 
19931, and then as an ingrdient of prolyl hydroxy- 
lase [Bassuk and Berg, 1989; Kao et al., 1979; 
Chessler and Byers, 19931. Furthermore, it ap- 
pears that Grp78 (BiP) and Grp94 interacts 
with procollagen towards the end of chain elon- 
gation probably at or near the C-terminal inter- 
faces. 

The idea that a successive series of chaper- 
ones is necessary for protein processing, folding, 
and polymer assembly is not unique to procolla- 
gen and integrated views of the roles of different 
chaperone families in protein folding is begin- 
ning to surface. For example, Bip and Grp94 
have been localized in the same complex with 
immunoglobulin chains [Melnick et al., 19921. 
Also, in Escherichia coli DnaK (Hsp7O) recog- 
nizes the folding polypeptides as an extended 
chain and cooperates with DnaJ in stabilizing an 
intermediate conformational state lacking or- 
dered tertiary structure. Dependent on GrpE 
and ATP hydrolysis, the protein is then trans- 
ferred to  GroEL (Hsp6O) which acts catalyti- 
cally in the production of the native state [Langer 
et al., 19921. Recently, the control of folding and 
membrane translocation by binding of the chap- 
erone DnaJ to nascent polypeptides in eukaryotes 
has also been shown to cooperate closely possi- 
bly successively with Hsp7O [Hendrick et al., 
19931. Although the destiny of many procollagen 
mutations is reflected in the phenotypes of colla- 

gen conditions such as osteogenesis imperfecta. 
The molecular fate of cellular stresses produced 
by gene mutations or metabolic insult and the 
successive events surrounding procollagen matu- 
ration pathways remain to be determined. 
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