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Abstract

The P3H1/CRTAP/PPIB complex is essential for prolyl 3-hydroxylation and folding of procollagens in the endoplasmic
reticulum (ER). Deficiency in any component of this ternary complex is associated with the misfolding of collagen and the
onset of osteogenesis imperfecta. However, little structure information is available about how this ternary complex is assem-
bled and retained in the ER. Here, we assessed the role of the KDEL sequence of P3H1 and probed the spatial interactions of
PPIB in the complex. We show that the KDEL sequence is essential for retaining the P3H1 complex in the ER. Its removal
resulted in co-secretion of P3H1 and CRTAP out of the cell, which was mediated by the binding of P3H1 N-terminal domain
with CRTAP. The secreted P3H1/CRTAP can readily bind PPIB with their C-termini close to PPIB in the ternary complex.
Cysteine modification, crosslinking, and mass spectrometry experiments identified PPIB surface residues involved in the
complex formation, and showed that the surface of PPIB is extensively covered by the binding of P3H1 and CRTAP. Most
importantly, we demonstrated that one disease-associated pathological PPIB mutation on the binding interface did not affect
the PPIB prolyl-isomerase activity, but disrupted the formation of P3H1/CRTAP/PPIB ternary complex. This suggests that
defects in the integrity of the P3H1 ternary complex are associated with pathological collagen misfolding. Taken together,
these results provide novel structural information on how PPIB interacts with other components of the P3H1 complex and
indicate that the integrity of P3H1 complex is required for proper collagen formation.
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Gly-X-Y motif that is required for the formation of its triple-
helical tertiary structure [1, 2]. Its precursor procollagen is
synthesized and folded into a heterotrimer with two al and
one o2 chains through multiple steps involving many differ-
ent proteins in the rough endoplasmic reticulum (rER) [3-5].

Briefly, after translocation of a growing polypeptide
chain of procollagen into the rER, proline residues become
4-hydroxylated by prolyl 4-hydroxylase. 4-Hydroxylation of
proline residues increases the stability of the triple helix and
is a key element in its folding [6—8]. The chain selection
and association for triple helix formation are determined by
carboxyl-terminal propeptides in fibrillar collagens [9, 10].
Premature association between procollagen chains is thought
to be prevented by chaperones such as protein-disulfide
isomerase, BiP/GRP78, GRP94, HSP47, and FKBP65, and
by collagen-modifying enzymes until the biosynthesis of
the individual chain is complete [11]. Additional modifi-
cations include the 3-hydroxylation of proline residues by
the P3H1/CRTAP/PPIB complex [12], the hydroxylation of
lysine residues by lysyl hydroxylases [13], and glycosylation.
The chains are then selected, and trimers are formed by asso-
ciation of the carboxyl-terminal propeptides with disulfide
bonds between the chains. Triple helix formation proceeds
from the carboxyl-terminal end toward the amino-terminal
end in a zipper-like fashion [10]. The folded procollagen is
subsequently shipped to the Golgi apparatus for packing and
secretion. The rate-limiting step in this process is believed
to be the cis—trans isomerization of peptide bonds catalyzed
by peptidyl-prolyl cis—trans isomerase PPIB [14]. Overall,
these modification enzymes, cofactors, and chaperones coor-
dinately function together as “folding machines” to allow
proper procollagen formation.

Mutations in the COL1A1 or COL1A2 genes that encode
the two type I procollagen alpha chains often result in
defects in procollagen formation and the subsequent onset
of osteogenesis imperfecta (OI) [15-17]. Individuals with
Ol are characterized by fragile bones with high susceptibil-
ity to fracture. However, over the last decade, deficiencies
in the molecular chaperones or modification enzymes of
procollagen synthesis such as FKBP10 [18], HSP47 [19,
20], and the collagen prolyl 3-hydroxylation complex P3H1/
CRTAP/PPIB have also been associated with OI in humans
[21]. Many knock-out mouse models have also confirmed the
importance of these proteins for proper procollagen forma-
tion [22-24].

The P3H1/CRTAP/PPIB ternary complex was first puri-
fied from chicken embryos by gelatin affinity columns [12].
Laser light scattering and velocity sedimentation analysis
have shown that the three proteins form a 1:1:1 complex.
P3H1, which is known to hydroxylate a single residue
(Pro986) in type I collagen chains, consists of two major
domains: a carboxyl-terminal dioxygenase domain that con-
tains the enzymatic activity of the complex and a unique
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amino-terminal domain containing four-cysteine (CXXXC)
repeats. CRTAP is believed to be the helper protein of the
complex and shares homology with P3HI, but it does not
contain the common dioxygenase domain [25, 26]. It has
been suggested that CRTAP and the N-terminal domain of
P3H1 may function as a disulfide isomerase in the ER [27].
Null mutations in either P3H1 or CRTAP gene result in a
substantial decrease of both proteins but no reduction in the
amount of PPIB. Therefore, it has been suggested that P3H1
and CRTAP are mutually stabilized within the ER, with the
absence of either protein resulting in the absence of both
proteins [28]. PPIB is the third component of the complex
and is an abundant ER-resident peptidyl-prolyl cis—trans
isomerase that catalyzes the rate-limiting step in procollagen
folding [14]. Interestingly, amongst all three components of
the ternary complex, only P3H1 has a KDEL ER-retrieval
sequence at its C-terminus. It has been shown that truncation
of the C-terminal 18 amino acids of P3H1, including this
KDEL sequence, results in the loss of the P3H1 complex in
the ER and is associated with non-lethal OI [29].

As it is not well understood how this ternary complex
is retained within the ER, and little structural information
is available about how PPIB binds P3H1 and CRTAP, we
investigated the role of the P3H1 KDEL sequence by gener-
ating various P3H1 truncations and probed the interactions
of PPIB within the ternary complex through cysteine modi-
fication and crosslinking experiments. Our results allow us
to build an initial model showing the spatial interrelationship
of the three components of P3HI complex. More impor-
tantly, we assessed the effect of pathological PPIB mutations
on the formation of the P3H1 ternary complex and showed
the integrity of P3H1 ternary complex which is required for
collagen formation.

Materials and methods
Materials

The full-length cDNA of human P3HI and CRTAP was
amplified from the total RNA of human control fibroblasts
as described previously [30], and the full-length cDNA of
PPIB was purchased from Addgene. The primary antibod-
ies used in this study were rabbit anti-GAPDH (Abcam
Catalog: ab9485), rabbit anti-Leprel (Abcam Catalog:
ab154799), rabbit anti-CRTAP (Abcam Catalog: ab183720),
rabbit anti-PPIB (Proteintech Catalog: 11607-1-AP), and
anti-6 X His-tag (Proteintech Catalog: HRP-66005). The
chemical crosslinker Sulfo-GMBS was purchased from
Thermo Fisher, and mPEG-2000 for cysteine modifications
was purchased from Iris Biotech GmbH. All columns for
protein purification were purchased from GE Healthcare.
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Cloning, mutagenesis, expression, and purification
of recombinant proteins

The ¢cDNASs of human P3H1, human CRTAP, and human
PPIB were sub-cloned into the mammalian expression vec-
tor pCEP4 (Invitrogen, Karlsruhe, Germany). All variants
(Fig. 1) were constructed by PCR mutagenesis using the
KOD Plus mutagenesis kit (TYOBO). Notably, a P3H1
variant with its KDEL sequence at C-terminus truncated
was named as PD4. His-tags were added at the C-terminal
tails of various P3H1 or CRTAP or PPIB variants (Fig. 1).
HEK 293E cells were cultured in DMEM supplemented
with 10% FBS at 37 °C and 5% CO,. The day before trans-
fection, 20 mL of HEK 293E cells at 6 x 10° cells/mL
were plated in a 150 mm dish. Aliquots (15 pg) of expres-
sion construct DNA were diluted in 1 mL of serum-free
medium, as were 45 pg aliquots of Polyethylenimine (PEI)
with molecular weight ~ 40,000 Da (Polyscience). Diluted
DNA was combined with the diluted PEI and incubated at
room temperature (RT) for 30 min. The DNA-PEI com-
plexes were subsequently added to each dish. After 4 h of
incubation, the transfection medium was replaced by the
Freestyle-293 medium (Thermo Fisher), and the culture
medium was harvested after 72 h. PD4/CRTAP, PD4-His/
CRTAP, and PD4/CRTAP-His complex in the culture
medium was partially purified by a 5-mL Q FF column
and eluted with buffer congaing 0.5 M NaCl and 10 mM
Tris—HCI, pH 7.4. Samples were dialyzed against PBS
(Phosphate-Buffered Saline) overnight and then concen-
trated before use. The purity of the partially purified PD4/
CRTAP complex was assessed to be approximately 80%

Fig.1 Schematic representation

pure by SDS-PAGE and the concentrations were estimated
by the Nanodrop 2000C spectrophotometer using a calcu-
lated coefficient according to the amino acid sequences of
PD4 and CRTAP.

The PPIB variants were sub-cloned into the E. coli
expression vector pE-Sumo3, where the PPIB was
expressed as a Sumo-fusion protein with a His-tag at
the N-termini of Sumo. The expression constructs were
transformed into BL21 (DE3) cells and grown in 2XTY
at 37 °C until the optical density at 600 nm reached 0.6.
Isopropyl-p-p-thiogalactopyranoside (IPTG) was then
added to a final concentration of 0.5 mM, and the culture
was further incubated in a shaker at 25 °C for another 12 h.
The cells were collected by centrifugation, re-suspended
in ice-cold buffer A (20 mM Tris—HCI, pH 7.4, 0.5 M
NaCl, and 20 mM imidazole), and disrupted by a high-
pressure cell breaker. The supernatant of the cell lysate
was loaded onto a 5-mL HiTrap FF column and eluted
by a 0.02-0.2 M imidazole gradient. The peak fractions
were then collected. To remove the Sumo-tag, the fusion
proteins were digested by His-tagged protease SENP2 and
dialyzed against buffer A overnight. Then, the proteins
were reloaded onto a 5-mL HisTrap FF column to remove
the Sumo-tag and protease, and the recombinant PPIB was
concentrated and stored at — 80 °C before use. PPIB vari-
ants where the surface-exposed PPIB residues K35, T49,
D67, Q71, T81, S85, K113, Q119, D131, H134, E145,
T155, and E184 based on PDB 1CYN were mutated to
cysteines individually were prepared similarly. All PPIB
variants used for the protein crosslinking and modification
experiments were based on the PPIB (C170S) backbone.
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Western analysis

For western blot analysis, cells were cultured in 6-well
plates and transfected with various combinations of P3H1,
PD4, CRTAP, and PPIB expression plasmids (Fig. 2)
using lipofectamine 2000 reagent (Invitrogen) according
to the manufacturer’s instructions. As the expression vec-
tor pCEP4 is 10.4 kb long, all the expression constructs
are of similar sizes (pCEP4-P3H1, 12.5 kb; pECP4-
CRTAP, 11.6 kb, pCEP4-PPIB, 11 kb). The day before
transfection, 2 mL of HEK 293E cells at 5x 10> cells/
mL were plated in each well of the 6-well plate. Aliquots
of 2.4 pg total expression construct DNA (e.g., Fig. 2
lane 1: 0.8 pg pCEP4-P3H1 DNA and 1.6 pg pCEP4 vec-
tor; lane 5: 0.8 pg pCEP4-P3H1, 0.8 pg pCEP4-CRTAP,
and 0.8 pg pCEP4 vector; lane 10: 0.8 pg pCEP4-P3H1,
0.8 pg pCEP4-CRTAP, and 0.8 pg pCEP4-PPIB) were
diluted in 100 pL of serum-free medium, as were 10 pL
lipofectamine 2000 reagent (Invitrogen). The diluted
DNA was then combined with the diluted lipofectamine
2000 and incubated at room temperature for 15 min. The

DNA-lipofectamine 2000 complexes were subsequently
added to each well. Freestyle-293 medium was applied
after transfection and the culture medium were collected
after 36 h. We measured the transfection efficiency in our
study using pCEP4-GFP as a control plasmid. The effi-
ciency is about 70% when assessed by GFP fluorescence
measurement (Supplemental Fig. 1a). Cells were collected
with cold PBS and lysed in radio-immunoprecipitation
assay (RIPA) buffer consisting of 50 mM Tris—-HCI, pH
7.4, 0.5% Nonidet P-40, 0.25% Nadeoxycholate, 150 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na;VO,, 1 mM
NaF, and protease inhibitor cocktail (Sigma). The samples
of culture medium and cell lysate were prepared in reduc-
ing SDS-loading buffer and the loadings were normal-
ized according to cell numbers and corresponding culture
medium. It was estimated that proteins from about 10,000
HEK 293E cells or corresponding culture medium were
loaded on each lane of SDS gel for western blot analysis.
The primary antibodies used for the western blot analy-
sis were rabbit anti-GAPDH (1:5000), rabbit anti-P3H1
(1:5000), rabbit anti-CRTAP (1:5000), rabbit anti-PPIB
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Fig.2 The role of KDEL in co-translocation of P3HI/CRTAP. a
Transfection of various combinations among P3H1, PD4, CRTAP,
and PPIB into cells, followed by the analysis of the media and cell
lysates by western blot. Wild-type P3H1 and CRTAP were almost all
retained in the cells in HEK 293E cell lines (lanes 1, 3, 5, and 10).
Substantial amount of the PD4 was secreted into the medium (lane
2), while large amount of CRTAP was secreted along with PD4 (lanes
6 and 11). This shows the importance of the KDEL sequence in the
retention of both P3H1 and CRTAP in ER. GAPDH in the cells was
blotted as a loading control. b The full-length of PD4-His, the N-ter-
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minal segment of PD4 (PD4-N-His), and the C-terminal dioxygenase
domain of PD4 (PD4-C-His) were transfected alone or with CRTAP.
The samples were analyzed by SDS-PAGE and western blot. Both
domains of P3H1 could be secreted into the culture medium, and
CRTAP was mostly retained in the cells; however, when co-expressed
with PD4-His (lane 5) or PD4-N-His (lane 6), substantial amount of
CRTAP was secreted into the medium. Little CRTAP was detected in
the medium when it was co-expressed with PD4-C-His (lane 7). All
experiments were performed >3 times independently
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(1:2000), and anti-6 x His-tag (1:10,000) antibody. The
bands from western blot were quantified by densitometry
with the Image J System.

Gel filtration analysis

For assessing the complex formation, a mixture containing
0.5 pM PD4/CRTAP or PD4-His/CRTAP or PD4/CRTAP-
His with 1.5 pM Sumo-PPIB in 500 pL PBS was loaded onto
a Superpose 6 gel filtration column (25 mL bed volume),
and chromatographed in 10 mM Tris pH 7.4 and 100 mM
NaCl at a flow rate of 0.5 mL/min. Fractions were collected
and analyzed by 10% SDS-PAGE and western blot. The
gel filtration column was calibrated using a mixture of thy-
roglobulin (669 kDa), ferritin (440 kDa), BSA (67 kDa), and
ribonuclease A (13.7 kDa) according to the manufacturer’s
instructions.

Modification of the free thiol group by mPEG

For the thiol group modification experiment, mPEG (Meo-
PEG-mal-2000, Iris Biotech GmbH) stock solutions were
prepared at 1 mM in water. The single-cysteine PPIB vari-
ants based on the PPIB C170S backbone were first reduced
with 1 mM dithiothreitol (DTT) and buffer exchanged by
a desalting column (1.5 mL) to remove excess DTT. The
variants at 200 nM were then incubated alone or with 1 pM
PD4/CRTAP complex on ice for 30 min in 100 pL PBS.
The mixture was subsequently treated with 50 pM mPEG
at room temperature for 30 min. The reaction was quenched
by adding 2 mM DTT, and the samples were analyzed by
SDS-PAGE and Western blot.

Chemical crosslinking

The surface-exposed free thiols of the PD4/CRTAP complex
were first blocked by incubation with 10 mM iodoacetamide
in PBS, and the samples were buffer exchanged by a desalt-
ing column (1.5 mL) to remove excess iodoacetamide. For
the crosslinking experiment, 2 pM PD4/CRTAP complex
was first incubated with 250 pM N-maleimidobutylody sul-
fosuccinimide ester (Sulfo-GMBS, Thermo Fisher, 7.3 A
spacer arm) in 1 mL PBS for 30 min at RT, and then, excess
reagent was removed using a desalting column. Subse-
quently, 5 pM of PPIB variants with thiol group activated by
DTT as above were mixed with 1 pM Sulfo-GMBS-modified
PD4/CRTAP in 100 pL PBS and incubated for 2 min at RT.
The reaction was stopped by the addition of 5 pL of 1 M
DTT. The samples were analyzed by reducing SDS-PAGE
and Western blot where 2.5% BSA was used to block the
nitrocellulose membrane.

LC-MS/MS analysis

To identify the crosslinked peptides derived from the P3H1
complex, the crosslinked samples were digested as previ-
ously described [31]. The peptides were lyophilized using
a SpeedVac (ThermoSavant) and re-suspended in 10 pL
0.3% formic acid/5% acetonitrile. All mass spectrometric
experiments were performed on an Orbitrap LUMOS mass
spectrometer connected to an Easy-nL.C 1200 via an Easy
Spray (Thermo Fisher Scientific). The peptide mixtures were
loaded onto a 15 cm by 0.075 mm inner diameter column
packed with C18 2-pm Reversed Phase resins (PepMap
RSLC) and eluted within 60 min using a linear gradient from
95% solvent A (0.1% formic acid/2% acetonitrile/98% water)
to 35% solvent B (0.1% formic acid/100% acetonitrile) at a
flow rate of 300 nL/min. The spray voltage was set to 2 kV
and the temperature of the ion transfer capillary was 275 °C.
One full MS scan from 350 to 1500 m/z was acquired at high
resolution = 120,000 (defined at m/z=400), and then, the
20 most abundant multiply charged ions by filter dynamic
exclusion were followed by EthCD fragmentation at resolu-
tion= 15,000 (defined at m/z=400).

A database with lysine containing peptides derived from
P3HI1 and CRTAP linked with D67C of PPIB peptides by
Sulfo-GMBS was generated and the MS/MS ion spectra
were analyzed using the database by pLink 2.3.1 [32] to
identify the crosslinked peptides. The pLink search param-
eters were as follows: precursor mass tolerance 10 p.p.m.,
fragment mass tolerance 20 p.p.m.; crosslinker composi-
tion: C(8)H(7)N(1)O(3), and monocomposition: C(8)H(9)
N(1)O(3) (crosslinking alpha sites C and beta sites K, linker
mass 165.043, monolink mass 167.058), fixed modifica-
tion carbamidomethyl (C), variable modification oxidation
(M), deamidated (Q), and deamidated (R), peptide length
minimum 6 amino acids and maximum 60 amino acids per
chain, peptide mass minimum 600 and maximum 6000 Da
per chain, and enzyme trypsin three missed cleavage sites
per chain. The result filter tolerance was set to 10 p.p.m., and
separate FDR < 1% at the spectral level.

Prolyl-isomerase activity assay

The prolyl-isomerase activities were measured by a chymo-
trypsin-coupled PPlase assay [33, 34], which is rate-lim-
ited by the cis—trans isomerization of the Ala-Pro peptide
bond of the synthetic Suc-AAPF-pNA substrate. The assay
mixture contained 50 mM HEPES buffer pH 8.0, 100 mM
NaCl, 50 pg a-chymotrypsin (Sigma-Aldrich), 25 pM Suc-
AAPF-pNA (5 mM stock dissolved in trifluoroethanol sup-
plemented with 0.45 M LiCl), and appropriate amounts of
enzyme. The assay buffer was mixed with chymotrypsin
and subsequently with cyclophilin. The reaction was initi-
ated inside a cuvette with the addition of the peptide. The
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increase in absorbance at 390 nm was monitored at 8 °C
using a spectrophotometer. Under these conditions, the
cis—trans isomerization of the prolyl bond was a single expo-
nential process, and its rate constant was determined using
GraFit software.

Pull-down assay

To assess the binding between PPIB variants and PD4/
CRTAP, 500 pL of 40 nM SUMO-PPIB variants in pull-
down buffer (50 mM sodium-phosphate, pH 7.4, 300 mM
NaCl, 0.01% Tween-20) were loaded onto to 2 pLL Ni mag-
netic beads and the beads were washed three times with
300 pL pull-down buffer, to remove excess Sumo-PPIB.
Then, 50 nM of PD4/CRTAP in 500 pL pull-down buffer
was incubated with the beads for 30 min RT. The beads were
then washed three times as above and the bound proteins
were eluted with 50 pL pull-down buffer containing 300 mM
imidazole. The samples were analyzed by SDS-PAGE and
western blot using corresponding antibodies.

Results

The KDEL sequence of P3H1 is essential
for intracellular localization of P3H1 and CRTAP

P3H]1, originally isolated as the matrix proteoglycan lep-
recan, could be purified from chicken embryos as a P3H1/
CRTAP/PPIB ternary complex [12]. Here, we confirmed that
endogenous P3H1, CRTAP, and PPIB protein in human der-
mal fibroblasts-adult (HDF-a, Sciencell, USA) cell lysates
formed complexes as all three proteins could be immunopre-
cipitated with anti-CRTAP antibody (Supplemental Fig. 1b),
which is consistent with the previous observations [22].
P3H1 is the only component in the complex with a KDEL
sequence. To examine the role of this KDEL sequence on
the distribution of the complex, we generated a P3H1 mutant
without the KDEL sequence, named PD4 (Fig. 1). Various
combinations of P3H1, PD4, CRTAP, and PPIB were then
co-transfected into HEK 293E cells. Proteins secreted in
the medium or retained in the cells were analyzed by SDS-
PAGE and western blot respectively (Fig. 2). To more accu-
rately quantify the ratio of protein present in the medium
and the cells, the cell lysate and corresponding amount of
culture medium were also analyzed on a same gel by western
blot (Supplemental Fig. 2a). The results showed that the
wild-type P3H1 was retained within the cell as expected,
while about 20% of total PD4 was detected in the culture
medium (Fig. 2a, lanes 1, 2; Supplemental Fig. 2a). When
co-expressed with CRTAP, about 60% of total PD4 was
detected in the medium (lane 6). Even more (about 70%)
PD4 was detected in the medium when it was co-expressed
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with CRTAP and PPIB. This suggests that complex forma-
tion stabilizes P3H1 during secretion, which is in line with
the previous findings that P3H1 and CRTAP are mutually
stabilized in the ER [28].

CRTAP has a signal peptide sequence and has no KDEL
sequence, but it is predominantly retained in the cells when
expressed alone (Fig. 2a, lane 3) and only trace amount of
CRTAP could be detected in the medium (Supplemental
Fig. 2¢). It is also mostly retained in cells when co-expressed
with P3H1 or PPIB (Fig. 2a, lane 5 and 9). However, when
co-expressed with PD4 for 36 h, about 60% CRTAP was pre-
sent in the medium (Fig. 2a, lane 6; Supplemental Fig. 2a).
This indicates that PD4 binds to CRTAP and brings CRTAP
out of the cell. As the expression levels of endogenous P3H1
complex proteins in HEK 293E are extremely low when
compared with the overexpressed proteins (Supplemental
Fig. 1c), and also the ration of the overexpressed P3H1 com-
plex is similar to that of endogenous proteins (Supplemental
Fig. 1d). Therefore, it is unlikely that the endogenous forms
would play a significant role in the distribution of overex-
pressed P3H1 complex proteins.

It has been shown that PPIB is an abundant protein in the
ER and secretory pathways, and is released in biological
fluids [35]. Here, we show that overexpressed PPIB was also
present in both cells and the medium (Fig. 2a, lane 4), and its
distribution was only slightly affected by the co-expression
of P3H1 or CRTAP. However, significantly more PPIB was
present in the medium when it was co-expressed with PD4
and CRTAP (Fig. 2a, lane 11, Supplemental Fig. 2a).

Overall, these data indicate that the KDEL sequence
keeps P3H1 within the cell and CRTAP is inherently an
ER retention protein, even though it does not have a KDEL
sequence. The removal of P3H KDEL sequence resulted
in co-secretion of overexpressed P3H1 and CRTAP into
the medium, which suggests a direct physical interaction
between P3H1 and CRTAP, independent of PPIB.

P3H1 binds CRTAP through its N-terminal domain

It has been suggested that P3H1 and CRTAP are mutually
stabilized in the ER [28], but little is known about how they
bind to each other. Since PD4, when co-expressed with
CRTAP, could bring CRTAP out of the cell and into the
culture medium, we assessed which part of PD4 was respon-
sible for the co-translocation of PD4 and CRTAP. PD4 was
split into two parts: the N-terminal domain (residue 1-446)
with an added His-tag, termed PD4-N-His, which shares a
high similarity with CRTAP, and the C-terminal dioxyge-
nase domain (447-732) with an added His-tag termed PD4-
C-His (Fig. 1). The full-length PD4 and its truncations were
then expressed alone or co-expressed with CRTAP in cells.
The culture medium and cells were harvested after 36 h and
analyzed by western blot as above. The results showed that
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PD4-His and PD4-N-His were secreted into the medium
and most PD4-C-His was secreted (Fig. 2b, lanes 1-3). The
doublet bands of PD4-C-His are due to heterogeneity in
N-glycosylation of residues N470 and N546 of P3HI, and
replacement of these residues with glutamines resulted a
single band of this domain (Supplemental Fig. 3). CRTAP
was predominantly retained in cells when expressed alone
or co-expressed with PD4-C-His (Fig. 2b, lanes 4, 7); how-
ever, large amounts of CRTAP were detected in the culture
medium when it was co-transfected with PD4 or PD4-N-
His (Fig. 2b, lanes 5, 6). This indicates that the secretion of
CRTAP observed here is mediated by the N-terminal domain
of P3H1. Therefore, P3H1 most likely binds CRTAP through
its N-terminal domain.

A His-tag added at the carboxyl terminus of P3H1
or CRTAP impedes the binding of PPIB

As PD4 and CRTAP could be secreted into the medium as
a complex, this provides an attractive method for prepar-
ing recombinant P3H1 complex for further study. We first
tested if the secreted PD4 and CRTAP can form a ternary
complex with recombinant PPIB in vitro. PD4/CRTAP
complex was purified by ionic exchange column from the
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Fig.3 The role of the C-termini of P3H1 and CRTAP in forming a
complex with PPIB. a Partially purified PD4/CRTAP was mixed
with Sumo-PPIB and then analyzed by a Superose 6 gel filtration
column with eluted fractions analyzed by coomassie-stained SDS-
PAGE. This shows that PPIB can readily form ternary complex with
the secreted PD4/CRTAP and was eluted in the early peak with PD4/
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expression medium of HEK 293E cells transfected with
PD4 and CRTAP, and then mixed with recombinant PPIB
fusion protein Sumo-PPIB (with a His-tag at the N-terminus
of Sumo), which was purified from an E. coli expression
system. The mixture was loaded onto a gel filtration chro-
matography column, where higher molecular weight spe-
cies were eluted off from the column earlier. As a result,
PD4 and CRTAP were co-eluted with Sumo-PPIB in a peak
corresponding to the molecular weight of the ternary com-
plex (Fig. 3a). The later peak corresponded to that of free
Sumo-PPIB when sumo-PPIB was analyzed on the same
column (Supplemental Fig. 4b). Therefore, PD4 and CRTAP
secreted in the medium by HEK 293E cells can readily form
a ternary complex with PPIB and the P3H1 complex could
be co-purified by this approach.

To fine-tune the purification procedure, we also tested
whether other constructs with His-tags directly added
at the C-termini of P3H1 or CRTAP could yield the ter-
nary complex in a similar way. To our surprise, neither of
these constructs could be purified by the same procedure.
To confirm this, the partially purified co-expressing PD4/
CRTAP, PD4-His/CRTAP, or PD4/CRTAP-His (Supple-
mental Fig. 4a) were mixed with Sumo-PPIB, respectively,
and then analyzed directly by gel filtration with the elution
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or PD4/CRTAP-His were mixed with Sumo-PPIB and then directly
analyzed by gel filtration. The elution positions of PD4, CRTAP, and
Sumo-PPIB were analyzed by SDS-PAGE and western blot. Complex
formation in fraction 13 and 14 was observed from PD4/CRTAP/
Sumo-PPIB in b, as seen in a, but not from the mixture of Sumo-
PPIB with PD4-His/CRTAP (c) or PD4/CRTAP-His (d). All experi-
ments were performed > 3 times independently
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positions of P3H1, CRTAP, and PPIB assessed by western
blot. As shown in Fig. 3b, about 50% of Sumo-PPIB was
eluted in the early fractions corresponding to the ternary
complex when mixed with PD4 and CRTAP. This is con-
sistent with the above gel (Fig. 3a). However, no such early
peak of Sumo-PPIB was observed with PD4-His/CRTAP
(Fig. 3c) or PD4/CRTAP-His (Fig. 3d). This suggests that
the His-tags added at the C-termini of P3H1 or CRTAP pre-
vent the ternary complex formation. Therefore, it is likely
that the C-termini of P3H1 and CRTAP are in close prox-
imity to PPIB in the ternary complex, and the extension
of these C-termini thus blocks PPIB binding. As PD4-His
(where the KDEL sequence was replaced by six histidines)
is only two residues longer than wild-type P3H1, this further
emphasizes the closeness of the KDEL sequence with PPIB
in the ternary complex. Nevertheless, the binding of PD4
on CRTAP/PPIB does not exclude the possibility that the
KDEL sequence could form certain stabilizing interactions
with CRTAP and/or PPIB in the normal P3H1 complex.

Mapping the surface area of PPIB that interacts
with P3H1/CRTAP

PPIB is a peptidyl—prolyl cis—trans isomerase involved in
the folding of the procollagen triple helix, and its crystal
structure is known. However, little structural information
exists about P3H1 and CRTAP. As PPIB readily formed a
ternary complex with PD4 and CRTAP in vitro, we assessed
which part of the PPIB surface is involved in binding to
P3H1 or CRTAP. First, based on the crystal structure of
PPIB complexed with a peptide inhibitor (PDB 1CYN) [36],
we randomly selected ten surface-exposed hydrophilic resi-
dues (Asp, Glu, Lys, Ser, and Thr) across the whole PPIB
surface and three residues (Q71, Q119, and H134) nearby
the substrate-binding pocket of PPIB, and mutated them
individually to cysteines. We expected that replacement of
these solvent accessible residues would not disturb the over-
all fold of the protein. These PPIB mutants were purified
and then assessed for the accessibility of these cysteines for
specific modification by mPEG in the presence or absence
of PD4/CRTAP. Any cysteine exposed on the protein sur-
face should be readily modified by mPEG, with each modi-
fication resulting in an increase in the molecular weight of
2000 Da. Thirteen single-cysteine PPIB variants were tested
and analyzed by western blot (Fig. 4a). The results showed
that the cysteines in different positions of PPIB, except
T155C, were exposed on the surface and could be modified
by mPEG as expected. In the presence of PD4 and CRTAP,
cysteines of eight PPIB variants, including K35C, D67C,
T81C, K113C, D131C, E145C, and E184C, were not modi-
fied by mPEG, indicating that these residues are covered
by the binding of PD4 and CRTAP (Fig. 4b). Only about
50% of T49C could be modified by mPEG. This indicates
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that T49 is only partially exposed in the ternary complex.
Other residues such as S85C, Q71C, Q119C, and H134C
seemed unaffected by the binding of PD4 and CRTAP. As
Q71, Q119, and H134 are located in the substrate-binding
pocket of PPIB, this indicates that PPIB in the ternary com-
plex retains its ability to bind its substrate, consistent with
the prolyl-isomerase function of P3H1 complex.

Since the T155C variant by itself could not be modified
by mPEG, we reexamined the crystal structure of PPIB and
found that T155 is involved in crystal packing. This part of
the PPIB molecule is stabilized in this particular exposed
conformation by a neighboring PPIB molecule in the crys-
tal lattice. Therefore, it is likely that T155 is not surface
exposed in solution, as seen in the crystal structure. Interest-
ingly, in the presence of PD4 and CRTAP, it became par-
tially accessible for modification (Fig. 4a, lane 19), indicat-
ing certain conformational changes around this area of PPIB
upon ternary complex formation.

Overall, the cysteine mapping experiment showed that
the PPIB surface is extensively covered by the binding of
P3H1 and CRTAP, while the PPIB substrate-binding pocket
in the ternary complex is available for its prolyl cis—trans
isomerase function (Fig. 4b).

Chemical crosslinking of PPIB variants to the PD4/
CRTAP complex

To gain further insight into the detailed interaction between
PPIB and PD4/CRTAP, we carried out a crosslinking experi-
ment utilizing the single-cysteine PPIB variants prepared
above and the dual-specific crosslinking reagent Sulfo-
GMBS, which modifies amine groups and thiol groups
simultaneously (Fig. 5a). Here, the partially purified PD4/
CRTAP from the culture medium (Supplemental Fig. 4a)
was first treated with iodoacetic amine to block any free
thiol groups of these two proteins and then mixed with
Sulfo-GMBS. This allowed specific modifications of amine
groups of the surface lysine residues of PD4/CRTAP com-
plex. Subsequently, the modified PD4/CRTAP complex was
desalted to remove excess Sulfo-GMBS and then incubated
with PPIB variants. Once the ternary complex was formed,
amine-linked GMBS on PD4 or CRTAP could specifically
react with the free thiols of PPIB within a 7.3 A radius
(Fig. 5b). The reactions were terminated after 30 min, and
samples were analyzed by western blot using P3H1 and
CRTAP antibodies, respectively. This two-step crosslinking
strategy with removal of excess crosslinking reagents would
avoid non-specific crosslinking amongst the complex com-
ponents. Also we confirmed that pre-modified PD4/CRTAP
complex retains the ability to form ternary complexes with
PPIB (Supplemental Fig. 5).

As the crosslinked PD4 or CRTAP have higher molecular
weights, it was clear from the gel that PPIB D67C, T81C,
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Fig.4 Probing the surface area of PPIB that interacts with the PD4/
CRTAP complex. a PPIB variants with residues Lys35, Thr49,
Asp67, GIn71, Thr81, Ser85, Lys113, GInl119, Aspl31, His134,
Glul45, Thrl55, and Glul84 mutated to cysteine individually, were
mixed with mPEG in the absence or presence of the co-expressed
PD4/CRTAP. The samples were then analyzed by western blot.
mPEG is a cysteine-specific alkylation reagent with each modifica-
tion of PPIB (PPIB-mPEG), resulting in an increase in the molecu-
lar weight of 2000 Da. PPIB variants (S85C, Q71C, Q119C, and
H134C), where their modification is not affected by the presence of

K113C, D131C, and H134C could be readily crosslinked
to PD4, and other PPIB variants such as T49C and Q119C
could also be linked, but to a lesser extent (Fig. 5¢). Simi-
larly, crosslinking also occurred between CRTAP and PPIB
variants such as D67C, T81C, K113C, Q119C, D131C,
H134C, and E184C. It seemed that K35C, Q71C, S85C,
E145C, and T155C could not be crosslinked to either PD4
or CRTAP, while T49C could only be linked to PD4 and
E184C could only be linked to CRTAP (Fig. 5¢). Most inter-
estingly, Q119C and H134C, two of the residues in the PPIB
substrate-binding pocket, could be crosslinked to both PD4
and CRTAP. This indicates that both P3H1 and CRTAP bind
closely to the rims of the PPIB substrate-binding pocket.
To identify the direct linkage between the residues of
PPIB and PD4/CRTAP, we performed tryptic digests and
liquid chromatography (LC)-mass spectrometry analysis
of the crosslinked products from PPIB D67C and T81C,

PD4/CRTAP, are labeled in blue. PPIB variants (K35C, D67C, T81C,
K113C, DI131C, E145C, and E184C), where their modification is
inhibited by the presence of PD4/CRTAP, are labeled in orange.
T49C and K113C could be partially modified by mPEG in the pres-
ence of PD4 and CRTAP. T155C is resistant to the mPEG modifi-
cation. b The positions of selected residues on the surface of PPIB
structure are colored according to their accessibility in the P3HI
ternary complex. PPIB inhibitor CsA binds PPIB in the substrate-
binding pocket and is shown in sticks (green). T49C is located in the
backside of the current viewpoint

respectively. A database of potential crosslinked peptides by
GMBS between the cysteines of PPIB and lysines of PD4
or CRTAP was generated and scanned for fragments across
the mass spectrometry peaks. Although no crosslinked pep-
tides from PPIB T81C could be found, crosslinked peptides
from PPIB D67C were identified. The cysteine from peptide
CFMIQGGDFTR (67-77) of PPIB was linked with K406
of the P3H1 peptide RLQEKQKSER (402-411) (Fig. 5d),
K363 of the P3H1 peptide ESAKEYRQR (360-368) (Sup-
plemental Fig. 6a), or K120 of CRTAP peptide RAHCLKR
(115-121) (Supplemental Fig. 6b), with corresponding ions
highlighted. This indicates that D67 of PPIB is within 7.3 A
distance from K363 and K406 of P3H1 and K120 of CRTAP
in the ternary complex. As both K363 and K406 are located
in the N-terminal domain of P3H]1, this further indicates the
involvement of the P3H1 N-terminal domain in the binding
of both CRTAP and PPIB in the ternary complex.
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Fig.5 Chemical crosslinking of PPIB variants to the PD4/CRTAP
complex. a Sulfo-GMBS is a water-soluble amine-to-sulfhydryl
crosslinker with a short spacer arm (7.3 A). b Sulfo-GMBS conju-
gates with the free amines of PD4 and CRTAP through its N-hydrox-
ysuccinimide ester. Once PPIB is added, the maleimide group of
sulfo-GMBS will form a covalent linkage with a nearby cysteine
residue of PPIB variant. ¢ The PD4/CRTAP were incubated with
Sulfo-GMBS, and then mixed with the PPIB variants according
to the procedure in b, and samples were analyzed by western blot.
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The high-molecular-weight species represent the crosslinked PD4—
PPIB or CRTAP-PPIB complex. The crosslinking data are summa-
rized in Fig. 6a according to the relative density of the bands. d The
crosslinked sample of PD4/CRTAP with PPIB D67C was digested
with trypsin and analyzed by LC-mass spectrometry with Sulfo-
GMBS containing peptides identified. The PPIB D67C was found to
crosslink with K406 of P3H1 or K363 of PD4 or K120 of CRTAP
(Supplemental Fig. 6)
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These results are summarized in Fig. 6 with an illustration
showing the relative positions of the three components of
the P3H1 complex. The PPIB residues involved in binding
to P3H1 and CRTAP are also mapped onto the surface of the
PPIB structure (Fig. 6b).

Pathological mutations of PPIB impede P3H1
complex formation

It has been well documented that mutations in the PPIB gene
are associated with OI. Most of these mutations result in
the truncation of PPIB with the subsequent loss of the PPIB
protein. However, two pathological point-mutations of PPIB,
Gly6Arg and Gly137Asp, have been reported recently. The
first mutation is associated with hyperelastosis cutis (HC)
in the American quarter horse, resulting in a delay in the
folding and secretion of procollagen [37]. The second muta-
tion was identified from a Chinese family with autosomal

a
PPIB variants ~ Accessibility ~ P3H1 CRTAP
K3s5C B - -
T49C B ++
D67C B st +
Q71C E - -
T81C B +++ ++
S85C E - -
K113C B -+ ++
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D131C B +++ ++
H134C E +H+ ++
E145C B - -
E184C B - it

B: buried; E: exposed; +: crosslinked; -: not crosslinked
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Fig.6 Summarized PPIB intramolecular interactions in the P3H1 ter-
nary complex. a Accessibility of PPIB surface residues in the P3H1
ternary complex was derived from Fig. 4, and the crosslinking infor-
mation was derived from Fig. 5c. b The key residues of PPIB tested
here are highlighted on the surface of PPIB structure showing their
accessibility and crosslinking property. The buried PPIB residues
upon ternary complex formation are shown in blue spheres. The resi-
dues crosslinked to P3H1 (T49, D67, T81, K113, Q119, D131, and

recessive OI [38]. Both residues are located around the
PPIB-binding surface in the ternary complex, and Gly6 in
particular is a surface-exposed residue located at the N-ter-
minal strand close to residue Glu184 in the PPIB C-terminus
(Fig. 6b). It was not very clear on how these two mutations
would cause the defect in the folding of procollagen, so we
prepared these two PPIB mutants and assessed their pepti-
dyl—prolyl cis—trans isomerase activity and their ability to
form a ternary complex with P3H1 and CRTAP.

PPIB isomerization activity assays showed that PPIB-
G6R has a similar activity as PPIB-WT with a k_, /K of
1.09x 10’M"!s’!, consistent with a previous report [39].
However, PPIB-G137D has a k., /K, of 0.024 x 10’M's,
which is about 45-fold lower (Fig. 7a). Subsequently, we
assessed the ability of these PPIB variants to form ternary
complex with P3H1 and CRTAP. Ni-chelating beads loaded
with Sumo-PPIB variants were mixed with the partially
purified PD4/CRTAP. After incubation, the beads were

D Exposed in P3H1 ternary complex
o Buried in P3H]1 ternary complex

H134) are marked in green, and the residues crosslinked to CRTAP
(D67, T81, K113, Q119, D131, H134, and E184) are marked in
orange. D67 was identified to be close to K363 and K406 (green dot-
ted box) of P3HI1, and the K120 (orange dotted box) of CRTAP. ¢
A working model showing relative spatial positions of each compo-
nent in the P3H1/CRTAP/PPIB complex. The C-termini of P3H1 and
CRTAP are labeled as red dots
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Fig. 7 Characterization of pathological PPIB mutants. a The kinet-
ics of PPIB variants in cis/trans isomerization of the Suc-AAPF-pNA
substrate were measured by following the absorbance at 390 nm in a
spectrophotometer at 8 °C with spectra shown (Supplemental Fig. 7).
The rate of cis—trans transition in the substrate was plotted against

the concentrations of PPIB variants with the calculated k., /K., val-

ues listed at the bottom. The activity of PPIB-G137D is very low
and little activity could be detected when its concentration is below
20 nM. The break in the x-axis is between 15 and 100 nM. PPIB-
G6R has similar catalyzing activity as the wild-type PPIB; however,
the PPIB-G137D mutant is about 45 times less active. b The binding

extensively washed, and the bound proteins were analyzed
by SDS-PAGE and western blot. As shown in Fig. 7b, PPIB-
WT could readily pull down PD4 and CRTAP (lane 2) which
is consistent with gel filtration results that secreted PD4/
CRTAP can readily form ternary complexes with PPIB
(Fig. 3b). However, the PPIB-G6R mutant pulled down a
significantly lesser amount of PD4 and CRTAP (lane 3)
and no PD4 or CRTAP could be pulled down PPIB-G137D
mutant (lane 4). These data suggest that these two pathologi-
cal mutations largely abolished the ability of PPIB to form a
ternary complex with P3H1 and CRTAP, and this defect of
PPIB mutants likely plays a key role in the onset of patho-
logical collagen misfolding-related diseases.

Discussion

Recent investigations have revealed that the “brittle bone”
phenotype in Ol is caused not only by dominant mutations
in collagen type I genes, but also by recessively inherited
mutations in genes responsible for the post-translational
processing of type I procollagen as well as for bone forma-
tion [22, 40-43]. Deficiencies in genes that encode proteins
of P3H1 ternary complex are associated with diminished
Pro986 hydroxylation and misfolding of procollagen. As
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of PPIB variants towards P3H1 and CRTAP was assessed by a pull-
down assay. PPIB variants immobilized on Ni magnetic beads were
incubated with partially purified PD4/CRTAP. The bound proteins
were then analyzed by SDS-PAGE and western blot using antibodies
against P3H1 and CRTAP, respectively. Lane 1, immobilized Sumo
protein as a control; lane 2, Sumo-PPIB-WT; lane 3, Sumo-PPIB
G6R; lane 4, Sumo-PPIB G137D. The two pathological mutations
G6R and G137D largely abolished the ability of PPIB to form ternary
complexes with P3H1 and CRTAP (lane 3, 4). All experiments were
performed >3 times independently. Error bars represent mean + SEM

P3H1/CRTAP/PPIB complex can function as a molecular
chaperone, a proline 3-hydroxylase, and a disulfide isomer-
ase [27, 44], it is not clear which function(s) of the P3H]1
complex or other unknown functions of the ternary com-
plex, are indispensable during procollagen folding. Many
questions regarding this complex remain. For example, how
is this ternary complex retained within the ER where only
P3H1 has a KDEL sequence? Why does it preferentially
hydroxylate the single Pro986 of procollagen? Which func-
tion of this ternary complex is most important during the
folding of procollagen? How do these proteins bind to each
other to form the ternary complex? Is the integrity of this
complex required for its functions? Here, we have addressed
some of these questions.

Retention of the P3H1 complex within the ER

Recently, in a unique non-lethal OI case, a mutation in P3H1
was found to result in the truncation of the C-terminal 18
amino acids of P3H1, including the KDEL ER-retrieval
sequence. Although it appeared that this truncation resulted
in the loss of the P3H1 complex in the cell [29], it is unclear
if this is solely because of the loss of these four residues
(KDEL). Since P3H1 is the only component of the P3H]1
complex with a KDEL sequence, we, therefore, assessed
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the role of this sequence in the retention of the complex in
the cell through mutagenesis studies. Our data show that
most P3H1 was expressed in the intracellular compartments,
while the P3H1 mutant PD4 with KDEL deleted could be
secreted into the culture medium, suggesting that the KDEL
sequence is essential for P3H]1 intracellular localization.

Furthermore, we found that large amounts of CRTAP
were also secreted out of cells when co-expressed with PD4,
while most CRTAP is retained in the ER when expressed
alone or co-expressed with normal P3HI1. Trace amount
of CRTAP could be detected in the culture medium of
HEK293E cells overexpressing CRTAP. Similarly, only
trace amount of CRTAP could be detected in the medium
from HEK293E and fibroblast-derived HT 1080 cells (data
not shown). This is in line with the previous observation
with osteoblasts and osteoclasts [22] where trace amount of
CRTAP could be detected in the medium. It is also some-
what consistent with a previous report that small amount
(~10%) of CRTAP could be detected in the culture medium
of fibroblast cells [28]. The difference in the amount of
secreted CRTAP in the medium is unclear and could be
due to differences in the cell lines. Nevertheless, these data
indicate that CRTAP is mainly an ER-resident protein, even
though it does not have a KDEL sequence and its signal
peptide is not very efficient in directing CRTAP secretion.
In addition, we confirm that the ER-retrieval sequence at
the carboxyl terminus of P3H1 is indispensable for P3H1/
CRTAP intracellular localization.

Intermolecular interactions of the P3H1 complex

Although it has been reported previously that P3H1 and
CRTAP are mutually stabilized in the prolyl 3-hydroxy-
lation complex, and that the absence of either one results
in the degradation of the other; the specific binding areas
between these two proteins have been unclear. Here, based
on the co-secretion of P3H1 with CRTAP after the removal
of the KDEL sequence, we discovered that this co-secretion
is mediated by the N-terminal domain of P3H1 (Fig. 2b). As
this domain has a four-cysteine repeat (CXXC), homologous
to that of CRTAP, this suggests that the CXXC motifs of
both P3H1 and CRTAP may not only function as a disulfide
isomerase, but also play an important role in their special
interdependent relationship.

As the secreted P3H1/CRTAP can readily form ternary
complex with PPIB in vitro, this allows us to map the bind-
ing surface of PPIB in the ternary complex. Cysteine modi-
fication and crosslinking experiments showed that the PPIB
surface is largely covered by bound P3H1/CRTAP but with
the substrate-binding site vacant. This agrees with a previous
finding that cyclosporine A (CsA) can bind to and inhibit
the activity of PPIB, yet CsA binding on PPIB does not
interfere with the interaction between P3H1 and PPIB [24].

The delineated physical interactions of PPIB with P3H1
and CRTAP through crosslinking and mass spectrometry
experiments showed that the residue D67 of PPIB is close
to K363 and K406 of P3H1, as well as K120 of CRTAP. As
both K363 and K406 of P3H1 are located in the N-terminal
domain of P3H1, this further implies the importance of this
CXXC domain in P3H1 complex formation. In addition, by
serendipity, we found that a slight extension at the C-termini
of P3H1 or CRTAP blocked the formation of the complex
with PPIB, indicating potential interactions of PPIB with the
C-terminal parts of P3H1 and CRTAP. This provides novel
spatial information on how these three proteins bind each
other and allows us to build an initial model showing the
assembly of the P3H1 ternary complex (Fig. 6).

Implication of pathological mutations on P3H1
ternary complex function

It is well documented that deficiencies in any component of
the P3H1 ternary complex are associated with pathological
dysregulation of collagen formation; however, the relative
contribution of losing this complex’s 3-hydroxylation, PPI-
ase, or collagen chaperone activities to the phenotype of
recessive Ol is not clear. None of the pathological mutations
on either P3H1 or CRTAP identified so far are informative
in distinguishing the roles of the P3H1 complex during pro-
collagen formation, as the absence of one protein results
in the absence of the other, ultimately leading to the loss
of the whole complex in the ER. The lack of hydroxyla-
tion of a single site, Pro986, in the triple-helical domain of
the ol chain was originally thought to be part of the causa-
tive disease mechanism, but a recent knock-in mouse model
with an inactive P3H1 mutant showed that the bone develop-
ment of these mice is largely unaffected, even though they
lack hydroxylation at Pro986 in procollagen [45]. It is also
consistent with some PPIB-deficient patients with normal
hydroxylation of Pro986 [46]. This seems to indicate that
Pro986 hydroxylation is dispensable during procollagen
formation, and that its absence is unlikely to be the major
disease-causing factor. Thus, other functions of P3H1 and
CRTAP or the ternary complex, apart from hydroxylation,
are essential for the proper folding of procollagen.

The effect of pathological PPIB mutations on collagen
formation are rather complex. Mutations in PPIB often lead
to a marked reduction in the amount of stable PPIB protein
produced, but they have different effects on the levels of
P3H1 and CRTAP. This leads to variation in the amount of
Pro986 hydroxylation in the a1 chain by skin fibroblasts [24,
42, 46, 47]. The underlying mechanisms seem to vary, as
well. In some cases, PPIB deficiencies are associated with a
delay in the type I procollagen chain association and result in
perinatal lethal-to-moderate OI phenotypes, while, in other
cases, a PPIB deficiency has a limited effect on the folding
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of procollagen and cartilage formation [46, 47]. Neverthe-
less, these phenotypes in patients can be attributed to the
loss of PPIB isomerase activity and/or to the loss of other
functions of PPIB, such as interactions with other binding
partners, including P3H1 and CRTAP as described here.

One natural PPIB mutant PPIB-G137D associated with
Ol is characterized here, and it shows impaired isomerase
activity and an abolished binding affinity towards the P3H1/
CRTAP complex. This is not so surprising as Gly137 is
located in the hydrophobic core of PPIB protein, replace-
ment of this residue with a polar aspartic acid is expected
to affect the packing of this mutant and ultimately affects its
function (Fig. 6b). Again, both defects of PPIB-G137D in
isomerase activity and in the formation of a complex with
P3H1 and CRTAP likely contribute to the phenotype of
PPIB-G137D observed, and it is hard to tell which defect
plays a major role. Most informatively, however, the other
pathological PPIB mutant (PPIB-G6R) examined here has
normal isomerase activity, but an impaired ability to form
a ternary complex with P3H1 and CRTAP. This mutant is
associated with a delay in procollagen folding and secretion
[37]. Clearly, the phenotype observed most likely arises from
defects in PPIB functions other than as isomerase. Although
it was suggested that this procollagen folding defects might
be caused by its impaired binding towards P domain of cal-
reticulin, the binding affinity measurements did not give
conclusive support [37]. Notably, the interaction between
P domain of calreticulin and PPIB is relatively weak with a
K, about 10 pM [48], while the interaction between P3H1/
CRTAP and PPIB is much stronger with a K in the nanomo-
lar range according to our pull-down assay (Fig. 7). Given
the overwhelming evidences showing the key role of P3H1
complex in collagen formation and the finding here that
PPIB-G6R mutation significantly disrupted the interaction
between PPIB and P3H1/CRTAP, we believe that it is the
loss of the integrity of the P3HI ternary complex, not the
loss of PPIB isomerase activity or the loss of calreticulin
P domain binding of PPIB-G6R, that caused the collagen
folding defects in HC horses. The normal functions of P3H1/
CRTAP as proline hydroxylase together with normal activ-
ity of PPIB as isomerase in HC horses are insufficient for
the proper folding of procollagen and it is the intact ter-
nary complex that plays a critical role during procollagen
formation. Although how three components of the ternary
complex synchronize their functions during the procollagen
folding needs to be further defined, it has been proposed that
the complex functions as a chaperone or by positioning PPIB
onto the carboxyl end of the collagen helix, where folding
is initiated [46]. Clearly, further investigation is required
to unravel the underlying mechanisms of this molecular
machinery.

Overall, the data presented here provide novel spatial
information about the binding interactions of PPIB in the

@ Springer

P3HI1 ternary complex, and the detailed characterization
of pathological PPIB mutants indicates that the integrity of
the P3HI ternary complex is critical for proper folding of
procollagen.
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