
Heat shock protein 47 and 65-kDa FK506-binding protein
weakly but synergistically interact during collagen folding in
the endoplasmic reticulum
Received for publication, June 14, 2017, and in revised form, August 18, 2017 Published, Papers in Press, August 31, 2017, DOI 10.1074/jbc.M117.802298

Yoshihiro Ishikawa, Paul Holden, and Hans Peter Bächinger1

From the Department of Biochemistry and Molecular Biology, Oregon Health and Science University and Shriners Hospital for
Children, Research Department, Portland, Oregon 97239

Edited by Amanda J. Fosang

Collagen is the most abundant protein in the extracellular
matrix in humans and is critical to the integrity and function of
many musculoskeletal tissues. A molecular ensemble compris-
ing more than 20 molecules is involved in collagen biosynthesis
in the rough endoplasmic reticulum. Two proteins, heat shock
protein 47 (Hsp47/SERPINH1) and 65-kDa FK506-binding pro-
tein (FKBP65/FKBP10), have been shown to play important
roles in this ensemble. In humans, autosomal recessive muta-
tions in both genes cause similar osteogenesis imperfecta phe-
notypes. Whereas it has been proposed that Hsp47 and FKBP65
interact in the rough endoplasmic reticulum, there is neither
clear evidence for this interaction nor any data regarding their
binding affinities for each other. In this study using purified
endogenous proteins, we examined the interaction between
Hsp47, FKBP65, and collagen and also determined their binding
affinities and functions in vitro. Hsp47 and FKBP65 show a
direct but weak interaction, and FKBP65 prefers to interact with
Hsp47 rather than type I collagen. Our results suggest that a
weak interaction between Hsp47 and FKBP65 confers mutual
molecular stability and also allows for a synergistic effect during
collagen folding. We also propose that Hsp47 likely acts as a hub
molecule during collagen folding and secretion by directing
other molecules to reach their target sites on collagens. Our
findings may explain why osteogenesis imperfecta-causing
mutations in both genes result in similar phenotypes.

The rough endoplasmic reticulum (rER)2 is a core subcellular
compartment for the synthesis and secretion of proteins into
the extracellular space (1, 2). Some secreted proteins form the
extracellular matrix as a scaffold upon which cells may grow
and build the connective tissues required for development and
homeostasis in our body. Collagen is the most abundant extra-

cellular matrix protein in humans and plays critical roles in
tissues of our musculoskeletal system such as bone, cartilage,
tendon, and also skin (3–5). Its biosynthesis is one of the most
complex processes in the rER and �20 different molecules are
involved in this process. These molecules include molecular
chaperones, enzymes, and posttranslational modifiers (6, 7)
and have collectively been termed a molecular ensemble (8).
Two molecules, Hsp47 (coded by SERPINH1) and FKBP65
(FKBP10), have been shown to play important roles in this
ensemble, and human mutations in both genes result in auto-
somal recessive osteogenesis imperfecta (OI), a skeletal disor-
der characterized by brittle bones and fractures (9 –11).

Hsp47 was discovered in the late 1980s as a 47-kDa collagen-
binding and heat shock protein (12). In a Hsp47 knock-out
mouse model, the lack of Hsp47 caused a malfunction of type IV
collagen in the basement membrane zone resulting in embry-
onic lethality at E11.5 (13–15). Various cell biology, molecular
biology, biochemical, and biophysical approaches have since
shown that Hsp47 is a collagen-specific molecular chaperone
(16, 17). FKBP65 is an rER resident peptidyl-prolyl cis/trans
isomerase (PPIase) and was shown to have a direct involvement
in collagen folding and quality control in vitro (18, 19).
Recently, enzyme assays using short peptides showed that the
PPIase activity of FKBP65 was increased toward hydroxypro-
line-containing substrates compared with proline-containing
substrates (18). FKBP65 null mice also displayed connective
tissue defects at various embryonic stages and died at birth (20).
Moreover, human mutations in FKBP65 not only caused OI but
also other connective tissue disorders, Bruck syndrome and
Kuskokwim syndrome (21, 22). In addition, tropoelastin was
proposed as a substrate for FKBP65 (23, 24), whereas the func-
tion is still not clear in vivo.

Protein-protein interactions in the rER have been broadly
mapped, and this is termed an interactome (25, 26). Within this
interactome there is a range of affinities between the compo-
nents that determine the stability and function. Two examples
of tight complexes in the molecular ensemble for collagen bio-
synthesis are the tetramer formed by two protein disulfide
isomerase (PDI) and two prolyl 4-hydroxylase (P4H) molecules
and the 1:1:1 trimeric complex of prolyl 3-hydroxylase 1
(P3H1), cartilage associated protein (CRTAP), and cyclophilin
B (CypB) (8, 27, 28). These two complexes require tight inter-
actions for P4H and CRTAP, because these molecules tend to
be insoluble and lack an ER retention signal (29 –32). Without
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this interaction these molecules may be susceptible to precipi-
tation or aberrant secretion. On the other hand, transient or
weak interactions are sufficient for the interplay between
enzymes and chaperones to function in protein folding and
secretion (33, 34). Recently, multiple proteins that are involved
in collagen biosynthesis in the rER were reported to interact
with Hsp47 (35–37). Although FKBP65 is one of these proteins,
it is unknown whether this binding is direct, how strong its
binding affinity is, and what kind of functions this binding
imparts on collagen biosynthesis. Hence, to characterize the
interaction between Hsp47 and FKBP65, biochemical and bio-
physical experiments were performed using purified endoge-
nous proteins. We analyzed the interaction between the two
proteins and collagen and also determined affinities and spe-
cific functions in vitro.

Results and discussion

Characterization of direct binding between Hsp47 and FKBP65

Several published studies have suggested that Hsp47 and
FKBP65 interact in the rER; however, none of these studies
provide clear and direct evidence for this binding (35, 36, 38).
To clarify this matter, we first performed immunoprecipitation
experiments using rER fractions extracted from chick embryos
prepared following a previously established protocol to isolate
rER vesicles (39) with slight modifications. These rER fractions
contain enriched amounts of endogenous Hsp47 and FKBP65
as described previously (19, 40, 41). Fig. 1 showed that a mono-
clonal antibody against Hsp47 co-precipitated FKBP65 from
embryonic chick rER extract (Fig. 1, lane 4). Purified chick
FKBP65 was used as a control for Western blotting analysis
(Fig.1, lane 2). Although the result from Fig. 1 confirmed that
Hsp47 could associate with FKBP65 in the rER, it was still not
clear if this association was due to direct binding or was an
indirect association as both proteins recognized collagen as a
substrate in the rER. Next, direct binding studies were carried
out using purified endogenous chick Hsp47 and FKBP65 (Fig.
2A). Hsp47 and FKBP65 were prepared and mixed with the
same molar concentrations in the following experiments
because it was shown that equal amounts of endogenous Hsp47
and FKBP65 were co-eluted from gelatin Sepharose columns
(19, 41, 42). Circular dichroism (CD) spectra were obtained for
each protein alone and when mixed together in solution. As
shown in Fig. 2B, differences in the CD spectra were seen when
Hsp47 and FKBP65 proteins were mixed, indicating that small
structural changes occur due to the interaction between Hsp47
and FKBP65. Specifically, the curve of the experimental mix-
ture of Hsp47 and FKBP65 shows a decreased CD signal below
220 nm when compared with the theoretical curve created by
the addition of the individual spectra of Hsp47 and FKBP65.
Now, having clear evidence of a direct interaction, we next
wanted to determine the binding affinity between Hsp47 and
FKBP65. To achieve this, surface plasmon resonance (SPR) was
performed using FKBP65 immobilized to a chip. Injected
Hsp47 clearly interacted with FKBP65 and also showed a con-
centration-dependent binding (Fig. 2C). However the equilib-
rium dissociation constant (Kd) showed that the binding of
Hsp47 to FKBP65 was weaker than that to the SH3 domain of

TANGO1 or to collagens, which were previously identified as
binding partners of Hsp47 in the rER (Table 1).

Binding between Hsp47 and FKBP65 conferred stability on
both proteins

Molecular chaperones generally prevent aggregation of fold-
ing intermediates and can stabilize protein structures. To
determine if the interaction between Hsp47 and FKBP65 con-
fers mutual stability, we measured thermal transition curves by
CD as a function of temperature. The thermal transitions in Fig.
3C showed a very sharp transition at �60 °C for Hsp47, indi-
cating a highly cooperative unfolding of its structure. On the
other hand, a broader transition was observed at �50 °C for
FKBP65. This is likely due to the fact that FKBP65 is composed
of multiple domains, four FKBP domains and two EF-hands,
which do not denature in a cooperative way. Interestingly, the

Figure 1. Western blot analysis using an anti-FKBP65 antibody on pro-
teins immunoprecipitated from chicken rER extracts by an Hsp47 anti-
body. Proteins immunoprecipitated from chicken rER extracts using a mono-
clonal Hsp47 antibody were electrophoresed on a Novex NuPAGE Bis-Tris
4 –12% gel under reducing conditions. Proteins were transferred to a PVDF
membrane and subsequently analyzed by Western blotting using a poly-
clonal FKBP65 antibody. Lane 1, chicken rER extract (immunoprecipitate
input); lane 2, purified chicken FKBP65; lane 3, immunoprecipitate using pro-
tein G-Sepharose alone; lane 4, immunoprecipitate using protein G-Sephar-
ose plus Hsp47 mAb. The arrow highlights the position of FKBP65. * and ** are
protein G and preincubated BSA bands from the protein G-Sepharose. The
black line spacing denotes irrelevant lanes that were eliminated from the
image.
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transition curve of the experimental mixture of Hsp47 and
FKBP65 shows a smaller transition than the theoretical curve
created by the addition of the individual curves of Hsp47 and
FKBP65 (Fig. 3C). This is likely due to aggregation and precip-
itation of Hsp47, which did not occur in the presence of
FKBP65 (Fig. 3, A and B). To confirm that the observation
from CD is correct, turbidity measurements were performed
using a UV-visible spectrophotometer. The protein solution
was monitored at 230 nm because at this wavelength not only
turbidity, but also the unfolding transition of the proteins,
can be observed (43). FKBP65 alone showed only a small

change in absorption above 85 °C (Fig. 3D). In contrast,
Hsp47 behaved differently in the presence and absence of
FKBP65 (Fig. 3D). The absorbance of Hsp47 alone rapidly
increased at 70 °C, indicating aggregation and then dropped
between 80 °C and 95 °C due to either unfolding or sedimen-
tation of the aggregates inside the cell. However, the mixture
of Hsp47 and FKBP65 showed a gradually decreasing signal
with relatively large error bars. This drastic change con-
firmed that Hsp47 did not form aggregates in the presence of
FKBP65, and that is consistent with the CD result in Fig. 3B.
Hsp47 seemed to unfold without forming aggregates in the
presence of FKBP65. Therefore, in vivo, FKBP65 could pro-
tect the folding-unfolding intermediates of Hsp47 and pre-
vent Hsp47 from forming aggregates (Fig. 3). Hsp47 belongs
to the serine protease inhibitor (SERPIN) superfamily and
has distinct functions from other SERPINs: Hsp47 does not
have protease inhibitory activity and is also not secreted
from cells (17, 44). Hsp47 is sensitively up-regulated by heat
shock stress (12, 17), and SERPINs have been reported to
polymerize under mildly denaturing conditions (heat, low
pH, or chaotropic agents or in combination) (45– 47).

In the case of FKBP65, the stability has been shown to be
affected by the presence or absence of calcium (48). The ER is
the main subcellular compartment for calcium storage, and a
depletion of calcium in the ER is linked to ER stress, initiation of
the unfolded protein response, and various diseases (49, 50).
The two EF-hand motifs, which bind to a calcium ion and con-
stitute the carboxyl-terminal end of FKBP65, stabilize FKBP65
because structural defects of the EF-hands, caused by muta-
tions or loss of calcium, result in intracellular degradation of
FKBP65 (48). To determine the direct effect of calcium on the
stability of FKBP65 in vitro, a time course experiment was per-
formed using purified FKBP65 in the presence and absence of
calcium. Full length FKBP65 (arrowhead in Fig. 4A) almost
completely disappeared by 72 h in the absence of calcium due to
degradation by residual proteases. Conversely in the presence
of calcium, FKBP65 appeared to be more resistant to proteoly-
sis, as minimal degradation was apparent even by 72 h (Fig. 4A).
Thus the calcium-binding EF-hand motifs of FKBP65 clearly
play an important role for molecular stability in vitro as well as
at the cellular level. To assess if Hsp47 could compensate for the
function of calcium and provide stability, another time course
experiment with Hsp47 in the absence of calcium was per-
formed. Hsp47 partially prevented FKBP65 from proteolysis
(left gel in Fig. 4B). Interestingly, the M237T human mutation in
Hsp47 leads to a reduction in not only the Hsp47 protein level
but also the level of FKBP65 in the cell (36). Evidently, the inter-
action between Hsp47 and FKBP65 leads to an improvement of
their individual molecular stabilities resulting in mutual pres-
ervation under physiological stress conditions in the rER. To
demonstrate the specific nature of this functional interaction,
we also tested CypB in a similar experiment. CypB, which is a
rER resident PPIase and has been shown to interact with
FKBP65 by co-immunoprecipitation from whole cell extracts
(51), did not protect FKBP65 from proteolysis (right gel in
Fig. 4B).

Figure 2. Determination of a direct interaction between Hsp47 and
FKBP65. A, purified endogenous chick Hsp47 and FKBP65 were electro-
phoresed on a Bolt 4 –12% Bis-Tris Plus Gel and stained with GelCode Blue
Stain Reagent. B, CD spectra of 0.6 �M chick Hsp47 (open circles) and 0.6 �M

chick FKBP65 (closed circles). Red and blue curves indicate the theoretical sig-
nal derived from addition of individual Hsp47 and FKBP65 signals, and the
experimental signal from a mixture of Hsp47 and FKBP65, respectively. C,
direct binding kinetics were measured by SPR analysis using a BIAcore X
instrument. Various concentrations of Hsp47 were run over the FKBP65 chip.
The following binding curves are shown: 0.5 �M (green), 1.0 �M (red), and 2.0
�M (blue) Hsp47. An antibody against FKBP65 (magenta line) was used as a
positive control.

Table 1
The binding affinities between Hsp47, FKBP65, and collagens
The results are shown as the mean � S.D.

Interaction Kd References

�M

Hsp47-FKBP65 3.7 � 2.2a Fig. 2C
FKBP65-type I collagenb 24.7 � 11.3c Fig. 5D
Hsp47-type I collagenb 4.08 � 2.8 Ref. 53
Hsp47-collagens 0.94d Refs. 53 and 64
Hsp47-SH3 of TANGO1 0.26 � 0.09 Ref. 37

a Data were calculated by a global fit of the concentration-dependent measure-
ments using the Langmuir model.

b Type I collagen was treated by pepsin.
c Data were calculated by a steady state fit from the concentration-dependent

measurements.
d0.94 �M is the average Kd value between Hsp47 and type I, II, III, IV, V, VI, and X

collagens from Refs. 53 and 64.
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Does the binding between Hsp47 and FKBP65 influence
collagen folding?

Both Hsp47 and FKBP65 play important roles in collagen
biosynthesis as a part of molecular ensemble (8, 15, 20). Forma-
tion of the collagen triple helix is accelerated by rER resident
PPIases in a process that has been termed Ziploc-ing the struc-
ture (18, 52). FKBP65 was shown to be involved in this process,
but its PPIase activity is marginal, and higher protein concen-
trations are required to observe this effect (18, 41). To deter-
mine if the interaction between Hsp47 and FKBP65 enhances
their functions, we monitored collagen folding in the presence
and absence of Hsp47, FKBP65, and mixtures of the two. Type

III collagen was prepared as a substrate to perform in vitro
collagen refolding experiments using CD as described previ-
ously (18, 53). Interestingly, in the presence of mixtures of
Hsp47 and FKBP65, type III collagen showed a faster rate of
refolding and a higher amount of final folded product, whereas
each individual protein alone did not affect collagen refolding at
the chosen concentrations (Fig. 5A). This result suggests that
when the two proteins associate, Hsp47 may enhance the PPI-
ase activity of FKBP65 and/or provide increased accessibility to
collagen. To determine the binding orientation toward colla-
gen, SPR was performed using type I collagen immobilized on a
chip. FKBP65 showed binding to Hsp47 without competing

Figure 3. Thermal stability of Hsp47 and FKBP65. The thermal stabilities of Hsp47 and FKBP65 and a mixture of Hsp47 and FKBP65 were measured using
circular dichroism and absorbance measurements. The final concentrations of Hsp47 and FKBP65 were 0.6 �M and 0.5 �M for CD and absorbance measure-
ments, respectively. A, pictures of the protein solutions were taken at the beginning (4 °C) and the end (80 °C) of the thermal transition experiment. B, images
showing aggregates of Hsp47 that are magnified views of areas a and b from A. The arrows highlight aggregates of Hsp47. C, the thermal transition of Hsp47
(green), FKBP65 (magenta), and an experimental mixture of Hsp47 and FKBP65 (cyan) was monitored as a function of temperature by circular dichroism at 220
nm. The yellow curve indicates the theoretical signal derived from addition of individual Hsp47 and FKBP65 signals. D, the protein aggregation and/or unfolding
transition of Hsp47 (green), FKBP65 (magenta), and an experimental mixture of Hsp47 and FKBP65 (cyan) was monitored as a function of temperature by
absorbance (turbidity) at 230 nm. All curves were averaged from a minimum of three measurements, and error bars indicating S.D. are shown at each 5 °C
interval.
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with the binding of Hsp47 to collagen as shown by an increase
in binding of the experimental mixture compared with the the-
oretical curve (Fig. 5B). This suggests that the binding between
Hsp47 and FKBP65 occurs at a different site than the Hsp47-
collagen– binding site, which was determined by X-ray crystal-
lography (54). This binding manner is similar to the interaction
of collagen, Hsp47, and the SH3 domain of TANGO1 at ER exit
sites (37). However, the binding affinity of Hsp47 to FKBP65 is
weaker than that of Hsp47 to the SH3 domain of TANGO1
(Table 1); therefore, FKBP65 is replaced by the SH3 domain of
TANGO1 at ER exit sites.

Does the binding between Hsp47 and FKBP65 influence
collagen quality control?

Next, we examined if this interaction affected molecular
chaperone function, because both Hsp47 and FKBP65 have
been characterized as molecular chaperones that recognize col-
lagen triple helices, stabilize newly formed structures, and also
prevent premature aggregation in the rER. The collagen fibril
formation assay has been an established method to evaluate
whether molecules or chemicals have the ability to bind and
chaperone collagens (53, 55, 56). Fibril formation of type I col-
lagen was delayed in the presence of Hsp47 or FKBP65 as
described previously (Fig. 5C and Refs. 19 and 57). Surprisingly,

the mixture of Hsp47 and FKBP65 did not show any additional
delay as expected according to the theoretical curve but did
eventually overlap with the curve of Hsp47 alone (Fig. 5C). To
understand this result, the binding affinity between FKBP65
and type I collagen was calculated by SPR using FKBP65 immo-
bilized on a chip (Fig. 5D). FKBP65 showed binding to type I
collagen, but its Kd was weaker than the interaction between
Hsp47 and FKBP65 (Fig. 5D and Table 1). This result is consis-
tent with the reversed experiment that FKBP65 barely bound to
type I collagen immobilized on a chip (Fig. 5B). These observa-
tions explain the results from the fibril formation assay (Fig.
5C). In conclusion, the difference in binding affinities makes
FKBP65 preferentially bind to Hsp47 despite the fact that
FKBP65 is capable of recognizing triple helical collagen as a
chaperone. A schematic diagram of this model is shown in
Fig. 6A.

Figure 4. Molecular stability of FKBP65. Purified FKBP65, indicated by the
arrowhead, was incubated at room temperature A, in the absence (�CaCl2) or
presence (�CaCl2) of calcium, or B, in the presence of Hsp47 (�Hsp47) or
CypB (�CypB). Aliquots were removed at 12-h intervals and electrophoresed
on NuPAGE Novex Bis-Tris 4 –12% gels under reducing conditions followed
by staining with GelCode Blue Stain Reagent. The black line spacing denotes
irrelevant lanes that were eliminated from the image. These results indicate
that the interaction between Hsp47 and FKBP65 leads to an improvement of
their individual molecular stabilities.

Figure 5. The effect of FKBP65 on collagen folding in the presence of
Hsp47. A, kinetics of the refolding of full-length type III collagen in the pres-
ence of Hsp47 and/or FKBP65 monitored by CD at 220 nm is shown. The
concentration of type III collagen, FKBP65, and Hsp47 were all 0.2 �M. The
refolding curves shown are in the absence (black) and presence of Hsp47 (red)
and FKBP65 (blue). The mixture of Hsp47 and FKBP65 with (green) and without
(magenta) type III collagen are also shown. B, SPR analysis was carried out
using a BIAcore X instrument to determine the binding orientation of Hsp47
and FKBP65 to the collagen chip. The open and closed circles are Hsp47 (0.05
�M) and FKBP65 (0.2 �M), respectively. Red and blue curves indicate the theo-
retical signal derived from the addition of individual Hsp47 and FKBP65
curves and the experimental curve from a mixture of both Hsp47 and FKBP65,
respectively. C, fibril formation of type I collagen. A stock solution of type I
collagen in 50 mM acetic acid was diluted to a final concentration of 0.1 �M.
Fibril formation in the absence (black) and presence of 0.2 �M Hsp47 (red) and
0.2 �M FKBP65 (blue) is shown. 0.2 �M decorin was used as a positive control
(green). The squares and circles indicate the theoretical signal derived from the
addition of individual FKBP65 and Hsp47 signals, and the experimental signal
from a mixture of FKBP65 and Hsp47, respectively. D, direct binding kinetics
were measured by SPR analysis using a BIAcore X instrument. Various concen-
trations of pepsin-treated type I collagen were run over the FKBP65 chip. The
following binding curves are shown: 0.1 �M (green), 0.2 �M (red), 0.3 (blue) and
0.4 �M (magenta) Hsp47. All curves in A–D are averaged by a minimum of
three measurements. These results indicate that FKBP65 preferentially inter-
acts with Hsp47 rather than type I collagen, and the interaction between
Hsp47 and FKBP65 creates a synergistic function for collagen folding.
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The role of the binding of Hsp47 to FKBP65 in the rER

As mentioned earlier, tight interactions are required for two
molecular complexes, the PDI2/P4H2 tetramer and the P3H1-
CRTAP-CypB complex. Conversely, we have determined that
Hsp47 and FKBP65 do interact but do not form a tight complex
(Fig. 2C and Table 1). As also mentioned earlier, both Hsp47
and FKBP65 play crucial roles during collagen biosynthesis. In
addition, Hsp47 was recently identified as an anchor molecule
between collagens and TANGO1 at ER exit sites (37), and this
interaction plays a crucial role for loading collagens into special
COPII vesicles for secretion. FKBP65 was also proposed to
associate with lysyl hydroxylases and CypB inside the cell (51,
58, 59); however, no binding affinities were determined in these
studies. These observations suggest that the weak interaction
between Hsp47 and FKBP65 reflects their multifunctional roles
through binding to other protein components of the molecular
ensemble for collagen biosynthesis in the rER. Therefore,
Hsp47 likely acts as a hub molecule during collagen folding and
secretion by directing other molecules to reach their target sites
on collagens. When FKBP65 is located on this hub, it could
become a propagation center for triple helix formation and
accelerate the rate of folding. In this model FKBP65 would then
be replaced by TANGO1 at ER exit sites. A schematic diagram
of this hypothesis is described in Fig. 6B. Although FKBP65 has
been proposed to be a collagen molecular chaperone responsi-
ble for the stabilization of collagen triple helices cooperatively
with Hsp47, this chaperone function in the rER may actually be
predominantly fulfilled by Hsp47 (Figs. 5C and 6A). FKBP65
may provide a functional redundancy for molecular chaperone
activity under certain stress conditions or loss of Hsp47. The
P3H1-CRTAP-CypB complex and FKBP22 are also involved in
collagen biosynthesis as PPIases and molecular chaperones;
however, it is not clear how temporally aligned and/or coordi-
nated Hsp47, FKBP65, FKBP22, and the P3H1-CRTAP-CypB
complex facilitate collagen folding and quality control. Further
studies are required to elucidate these intricate processes. In
conclusion, Hsp47 and FKBP65 interact in the rER creating a
synergistic function for molecular stability and collagen fold-
ing. This could explain why OI causing mutations in both genes

demonstrate phenotypic similarities. In addition, although
FKBP65 is relatively abundant at embryonic stages (19, 40, 41),
there is little FKBP65 expressed in adult tissues (60). This cor-
relates with the amount of newly synthesized collagens (61, 62).
Further analyses are required to determine the individual bind-
ing affinities in the protein-protein interactome of the molecu-
lar ensemble in the rER. This could help us to understand the
more detailed mechanisms of post-translational modifications
and collagen biosynthesis in the rER.

Experimental procedures

Immunoprecipitation using embryonic chicken rER fraction

Chicken rER fraction was prepared following a previously
published protocol (39) with slight modifications. The pellet of
enriched rER vesicles (3 g) was resuspended in 10 ml of TBS
containing 1 mM CaCl2, 0.1% (v/v) Tween 20, and EDTA-free
protease inhibitor mixture (Roche Applied Science). The
extract was centrifuged for 1 h at 125,000 � g in a 45-Ti rotor
(Beckman), and the supernatant was removed and kept. A
1.5-ml aliquot of supernatant was incubated at 4 °C overnight
with 20 �l of protein G-Sepharose (GE Healthcare) which was
precoupled with 20 �g of monoclonal anti-Hsp47 (ADI-SPA-
470, Enzo Life Science) for 2 h at 4 °C after preincubation with
0.1% (w/v) BSA for 30 min at 4 °C. The beads were washed twice
with 1.5 ml of TBS and eluted with 2� SDS-PAGE sample
buffer containing DTT by heating to 95 °C for 5 min. The eluted
proteins were separated by SDS-PAGE followed by transfer to
PVDF and Western blotting using a rabbit polyclonal anti-
FKBP65 antibody, which was generated in our laboratory using
purified chicken FKBP65 as an immunogen.

Protein purifications

Hsp47 and FKBP65 were purified from 17-day-old chicken
embryos using methods described previously (19, 40). Type I
and III collagens were purified from pepsin digests of mouse tail
tendon and fetal bovine calf skin using methods described pre-
viously (63).

Figure 6. Schematic diagram of the interactions between collagen, Hsp47, and FKBP65 and a proposed model of collagen folding in the rER. A,
illustration of the interactions between three proteins; collagen, Hsp47, and FKBP65. The length of the arrows indicates the strength of the association (green)
and dissociation (red) between molecules. B, graphical representation of the combined effects of Hsp47 and FKBP65 on collagen folding. I, triple helix formation
is initiated from the carboxyl-terminal end; II, Hsp47 binds to the newly formed triple helix; III, FKBP65 is recruited to Hsp47 at the triple helix propagation site
and accelerates the rate of folding; IV, FKBP65 is replaced by the SH3 domain of TANGO1 at the ER exit site for the loading of collagen into a special COPII vesicle.
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Circular dichroism measurements

CD spectra were recorded on an Aviv 202 spectropolarime-
ter (Aviv, Lakewood, NJ) using a Peltier thermostatted cell
holder and a 1-mm path length cell (Starna Cells, Atascadero,
CA). Protein concentrations were determined by amino acid
analysis as described previously (63). The spectra represent the
average of at least 10 scans recorded at a wavelength resolution
of 0.1 nm. The proteins were measured in 5 mM Tris/HCl
buffer, pH 7.5, containing 30 mM NaCl and 0.05 mM CaCl2 at
4 °C. The thermal transition curves were measured at 220 nm in
5 mM Tris/HCl buffer, pH 7.2, containing 30 mM NaCl and 0.05
mM CaCl2. Transition curves were monitored as a function of
temperature with a heating rate of 10 °C/h. The protein con-
centrations of FKBP65 and Hsp47 were 0.6 �M for both
wavelength and thermal transition measurements.

Turbidity measurements

The final protein concentrations of FKBP65 and Hsp47 were
0.5 �M, and the proteins were prepared in 25 mM Tris/HCl
buffer, pH 7.5, containing 150 mM NaCl and 1 mM CaCl2. The
states of protein aggregation and unfolding were monitored at
230 nm as a function of temperature with a heating rate of
10 °C/h. Measurements were performed from 15 °C to 95 °C
in a Cary 4 Series UV-visible spectrophotometer (Agilent
Technologies).

Stabilization of FKBP65 in the presence and absence of
calcium and proteins

The effects on stability of FKBP65 in the presence of calcium
and exogenous proteins were tested by time course experi-
ments. FKBP65 (0.2 �M) was gently agitated at 25 °C in the
presence or absence of 2.5 mM CaCl2 in TBS. To test the effect
of exogenous proteins, FKBP65 (0.2 �M) was mixed with 0.3 �M

Hsp47 or cyclophilin B and gently agitated in the absence of
CaCl2 at 25 °C. In each experiment aliquots were removed at
12-h intervals up to 72 h and electrophoresed on NuPAGE
Novex Bis-Tris 4 –12% gels under reducing conditions followed
by staining with GelCode Blue Stain Reagent.

Surface plasmon resonance analysis

SPR experiments were carried out using a BIAcore X instru-
ment (GE Healthcare). Purified FKBP65 and type I collagen
were immobilized on CM5 sensor chips by amide coupling. The
approximate coupled protein concentrations were 2.3 ng/mm2

(2300 response units (RU)) of FKBP65 and 6.0 ng/mm2 (6000
RU) of type I collagen. RNase A (3.0 ng/mm2 (3000 RU)) was
coupled to the reference channel in the FKBP65 chip to block
nonspecific binding to the dextran matrix. The experiments
were performed at 20 °C in HBS-P (10 mM Hepes, pH 7.4, con-
taining 150 mM NaCl and 0.005% Surfactant P20) containing 1
mM CaCl2 and using a flow rate of 5 �l/min for the Hsp47-
FKBP65 chip and 10 �l/min for the type I collagen-FKBP65
chip and the Hsp47/FKBP65-type I collagen chip. All curves are
the average of at least three replicates, and three independent
measurements were performed. For analysis of binding affinity,
the curves were fitted with the Langmuir-binding model and
the steady-state affinity model for Hsp47-FKBP65 and type I

collagen-FKBP65, respectively (BIAevaluation software; GE
Healthcare). A polyclonal antibody against FKBP65 (12172-1-
AP, ProteinTech) was used as a positive control for binding to
the FKBP65 chip.

Refolding of full-length type III collagen measured by circular
dichroism

Refolding of full-length native type III collagen was moni-
tored by circular dichroism measurements at 220 nm. The col-
lagen was denatured for 5 min at 45 °C and then added into
precooled reaction buffer (50 mM Tris/HCl, pH 7.5, containing
0.2 M NaCl and 1 mM CaCl2) in the presence and absence of
Hsp47 and/or FKBP65 for 4500 s at 25 °C. The final concentra-
tion of type III collagen, FKBP65, and Hsp47 were all 0.2 �M. All
curves shown are the average of at least three independent
measurements.

Type I collagen fibril formation assay

Stock solutions of type I collagen in 50 mM acetic acid were
diluted to a final concentration of 0.1 �M in 0.1 M sodium bicar-
bonate buffer, pH 7.8, containing 0.15 M NaCl and 1 mM CaCl2.
Measurements were performed at 34 °C in a Cary 4 Series UV-
visiblespectrophotometer(AgilentTechnologies),andtheabsor-
bance (light scattering) was monitored at 313 nm as a function
of time. All curves are the average of at least three independent
measurements. Recombinant human decorin (143-DE-100,
R&D systems) was used as a positive control.
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