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Recessive mutations in the cartilage-associated protein (CRTAP), leucine proline-enriched proteoglycan 1
(LEPRE1) and peptidyl prolyl cis– trans isomerase B (PPIB) genes result in phenotypes that range from
lethal in the perinatal period to severe deforming osteogenesis imperfecta (OI). These genes encode
CRTAP (encoded by CRTAP), prolyl 3-hydroxylase 1 (P3H1; encoded by LEPRE1) and cyclophilin B
(CYPB; encoded by PPIB), which reside in the rough endoplasmic reticulum (RER) and can form a complex
involved in prolyl 3-hydroxylation in type I procollagen. CYPB, a prolyl cis– trans isomerase, has been
thought to drive the prolyl-containing peptide bonds to the trans configuration needed for triple helix for-
mation. Here, we describe mutations in PPIB identified in cells from three individuals with OI. Cultured
dermal fibroblasts from the most severely affected infant make some overmodified type I procollagen mol-
ecules. Proa1(I) chains are slow to assemble into trimers, and abnormal procollagen molecules concentrate
in the RER, and bind to protein disulfide isomerase (PDI) and prolyl 4-hydroxylase 1 (P4H1). These findings
suggest that although CYPB plays a role in helix formation another effect is on folding of the C-terminal
propeptide and trimer formation. The extent of procollagen accumulation and PDI/P4H1 binding differs
among cells with mutations in PPIB, CRTAP and LEPRE1 with the greatest amount in PPIB-deficient cells
and the least in LEPRE1-deficient cells. These findings suggest that prolyl cis–trans isomerase may be
required to effectively fold the proline-rich regions of the C-terminal propeptide to allow proa chain
association and suggest an order of action for CRTAP, P3H1 and CYPB in procollagen biosynthesis and
pathogenesis of OI.
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INTRODUCTION

About 90% of individuals with osteogenesis imperfecta [OI
(MIM 166200, 166210, 259420 and 166220)] are heterozy-
gous for mutations in one of the two genes, COL1A1
(MIM120150) and COL1A2 (MIM 120160), that encode the
two chains, proa1(I) and proa2(I), respectively, of type I pro-
collagen. In the last few years, it has been recognized that
many of the remaining affected individuals are homozygous
or compound heterozygous for mutations in genes that
encode proteins that provide chaperone functions during mol-
ecular assembly or contribute to the complex array of post-
translational modifications of type I procollagen. At last
count, seven of these genes have been identified in humans
with recessively inherited forms of OI [OI with mutations in
cartilage-associated protein (CRTAP), MIM 610682; OI with
mutations in leucine proline-enriched proteoglycan 1
(LEPRE1), MIM 610915; OI with mutations in peptidyl
prolyl cis– trans isomerase B (PPIB), MIM 259440; OI with
mutations in serine protease inhibitor 1 (SERPINH1), MIM
600943; OI with mutations in FK506 binding protein 10
(FKBP10), MIM 610968; Bruck syndrome with mutations
in procollagen-lysine, 2 oxoglutarate 5 dioxygenase 2
(PLOD2), MIM 609220; and OI with mutations in transcrip-
tion factor Sp7 (SP7)/osterix (OSX), MIM 606633], and it is
likely that there are more in the discovery pipeline. Three of
these genes, CRTAP (1,2) (which encodes cartilage-associated
protein or CRTAP, MIM 123841), LEPRE1 (3–5) (prolyl 3-
hydroxylase 1 or P3H1, MIM 610339) and PPIB (6,7) (cyclo-
philin B or CYPB, MIM 123841), encode proteins involved in
prolyl 3-hydroxylation and prolyl cis–trans isomerization and
act in the rough endoplasmic reticulum (RER) during and fol-
lowing the synthesis of the proa chains of type I procollagen.
Mutations in these genes, as with those in the dominant genes
(COL1A1 and COL1A2) that substitute glycine residues in the
triple-helical domain of the chains of type I procollagen,
produce in-frame deletions or insertions within the triple-
helical domain or result in slow chain association, can
produce type I procollagen molecules that undergo excessive
post-translational modification, at least in cultured dermal fibro-
blasts. Three additional genes, FKBP10 (which encodes FK506
binding protein, 65 kDa or FKBP65, MIM 607063) (8),
SERPINH1 (heat shock protein 47 HSP47, MIM 600943) (9)
and PLOD2 (lysyl hydroxylase 2 LH2, MIM 601856) (10,11),
which all encode RER proteins, appear to act later in the
pathway so that the procollagens produced by cultured fibro-
blasts have chains with the normal levels of modification. The
recently identified seventh gene, SP7/OSX (12), is a transcrip-
tion factor involved in the specification of the osteoblast lineage.

The ‘overmodification’ of the triple-helical domain usually
represents an increase in the proportion of Y-position (in the
canonical Gly-X-Y triplet of the triple-helical domain) lysyl
residues that undergo hydroxylation and subsequent glycosyla-
tion (13). In the case of mutations that alter sequence within
the triple-helical domain, overmodification is asymmetrically
distributed N-terminal to the site of the substitution(s) and
reflects the C- to N-terminal end winding of the trimer
(14,15). Substitutions result in delayed winding and prolonged
access of the modifying enzymes to the chains. Mutations that
alter residues in the C-terminal propeptide of either proa chain

can delay chain association and result in overmodification
along the full length of the triple helix.

Most mutations in genes that encode members of the prolyl
3-hydroxylation complex, CRTAP, LEPRE1 and PPIB, result
in excess post-translational modification, by fibroblasts in
culture, along the length of the triple helix as well as variable
hydroxylation of the prolyl residue at position 986 of the triple
helix of the proa1(I) chain (1–7). The link between these two
processes remains unclear. We have now identified three
families in which mutations in PPIB result in increased post-
translational modification of the triple-helical domain of the
chains of type I procollagen. In cultured dermal fibroblasts
from one of these families, we found that overmodification
is related to slow incorporation of proa1(I) chains into
trimers, which provides a mechanistic explanation for the OI
phenotype seen in these families. These findings suggest that
another role for the prolyl cis–trans isomerase, CYPB, is to
facilitate folding of the proline-rich regions of the C-terminal
propeptide to allow proa chain association and is important in
procollagen biosynthesis.

RESULTS

Collagens produced by cells with mutations in PPIB are
overmodified but have normal thermal stability

Cultured cells from each proband (see Fig. 1 for the pedigrees
and radiographs) produced some overmodified type I procolla-
gen, the chains of which had delayed mobility both in the
secreted proteins and in the proteins retained in the cells
(Fig. 2A), similar to those seen in molecules produced by
cells with mutations in CRTAP, LEPRE1 (1–3) and in two
(6) but not one other (7) cell strain with mutations in PPIB.
The thermal stability of type I collagen molecules made by
P2 fibroblasts was similar to the molecules made by control
cells (Fig. 2B); this is in contrast to slightly increased
thermal stability observed in molecules made by cells from
individuals with mutations in LEPRE1 (3) and CRTAP (see
Supplementary Material in 7) and decreased stability observed
with mutations that alter the triple-helical domains of the proa
chains of type I procollagen (16). Mutations that alter
sequences in the C-terminal propeptide of proa1(I) chains
result in delayed chain assembly, overmodification of the
chains but normal thermal stability (17), similar to what we
observed with the P2 cells.

Mutations identified in PPIB and consequences for mRNA
and protein

We sequenced COL1A1, COL1A2, CRTAP and LEPRE1
from each cell strain and found no mutations. Because
CRTAP and P3H1 (encoded by CRTAP and LEPRE1,
respectively) can form a complex with CYPB (encoded by
PPIB) (1,18) and because type I procollagen produced by
cells from these individuals was overmodified, similar to
that seen in cells with mutations in CRTAP and LEPRE1,
we determined the sequence of the coding regions and
flanking intron regions for the PPIB gene in all three indi-
viduals. P1 and her sister were homozygous for a 10 bp
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deletion (c.414_423del, p.Ser139ThrfsX21, Fig. 3P1, A) that
resulted in a premature termination codon (PTC) that desta-
bilized the mRNA, leading to significant nonsense-mediated
mRNA decay (Fig. 3P1, B). The remaining small amount of
mutant mRNA in P1 would result in a shortened protein of

158 amino acids (full length is 216 amino acids) with the
last 20 amino acids being different from normal
(Fig. 3P1, C, serrated part of the line diagram). No such
CYPB species was detected by western blot analysis using
a polyclonal antibody (Proteintech) to a full-length

Figure 1. Pedigrees and radiographs for individuals with autosomal recessive OI due to PPIB mutations. (Family 1) II-4 at 3 days: X-rays from the second
affected child at 3 days of age show diminished calvarial mineralization; thin, beaded ribs; fractured humerus; short, bowed and undermodeled long bones
of the leg. There was no overt platyspondyly. Radiographs from the first affected child (II-3) at 4 months of age demonstrated the lack of calvarial mineralization;
undermineralized, broad and beaded ribs; pronounced platyspondyly; short, bowed and undermodeled long bones of the upper and lower extremities. (Family 2)
Radiographs of II-2 at 2 weeks of age showed the near absence of calvarial mineralization; very short, beaded ribs; platyspondyly; undermineralized, short and
bent femora. (Family 3) At 9 years of age, the femora in II-1 were broad and poorly modeled, and calvarial mineralization was near normal. By 12 years of age,
there was thinning of the femoral cortex, which continued to be apparent at 16 years of age. Scoliosis had been present at early ages and was stable by age 16
years.
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recombinant protein (Fig. 3P1, D). Each parent was hetero-
zygous for the mutant allele.

P2 and his sibling were compound heterozygotes for a
maternally derived single-nucleotide deletion (c.120delC and
p.Val42SerfsX16) that led to a PTC and nonsense-mediated
mRNA decay, and for a paternally derived missense mutation
(c.313G . A, p.Gly105Arg; Fig. 3P2, A and B). The protein
synthesized from the second allele was unstable, shown by
western analysis using a polyclonal antibody (Abcam) directed
against a region within residues 150 to the C terminus of
human CYPB (Fig. 3P2, C), and at least some of the small
amount of remaining protein was mislocalized to the Golgi,
shown by immunocytochemical analysis with the same anti-
body (see below).

P3 was apparently homozygous for a splice donor
mutation (c.343 + 1G . A, IVS3 + 1G . A, p.Gly115de-
lins10) that led to inclusion of 27 bp of intron 3 in a pro-
portion of the transcripts that produced a stable mRNA. In
the remaining transcripts, there was exon 3 skipping
(unstable mRNA) (Fig. 3P3, A). The protein produced by
the stable mRNA was not detected by western blot using a
polyclonal antibody (Thermo Scientific) directed against a
synthetic peptide corresponding to residues 194–208 of
human CYPB (Fig. 3P3, B). Parental cells were not available
to confirm their heterozygosity.

Mutations in PPIB do not destabilize CRTAP or P3H1

Some of the CYPB in the RER is in the form of a stable
complex with CRTAP and P3H1 in a 1:1:1 ratio; however, a
large portion is not part of this complex when ER-derived pro-
teins are bound to and then eluted from a gelatin-Sepharose
column (18) (see also the Supplementary Material in 1). To
determine if the same 1:1:1 interaction was present in
cellulo, we immunoprecipitated proteins derived from
control fibroblasts with an antibody to either P3H1 or
CRTAP. Antibodies to P3H1 or CRTAP brought down both
proteins, consistent with the recognized interaction (1,18,19),
but neither brought down CYPB (Fig. 4A). The discrepancy
between our results and those using gelatin-Sepharose could
be explained if the interaction of CYPB with CRTAP:P3H1
covers the epitope-binding region of the immunoprecipitation
(IP) antibodies or if the interaction is more dynamic within
this biological context and is not captured at a level we can
visualize by immunostaining of protein complexes. Null
mutations in either CRTAP or LEPRE1 led to loss or signifi-
cant reduction in the interacting protein partner but no
reduction in the amount of CYPB in the cell (Fig. 4B) and con-
firms the observations of others (4,7). Null mutations in PPIB
(P1) led to the loss of the PPIB mRNA and protein products,
but did not affect the stability of either CRTAP or P3H1 as
measured by immunostaining (Fig. 4B); this contrasts with
studies in mice which showed a substantial reduction in
P3H1 protein but not CRTAP protein in Ppib2/2 fibroblasts
(20) and in the cell strain reported by Barnes et al. (7) which
showed a reduction in both CRTAP and P3H1. In cells from
P2, there was little staining of CYPB, consistent with
nonsense-mediated mRNA for one allele and protein instabil-
ity in the other. Most of the small amount of remaining CYPB
in those cells was mislocalized to the Golgi where it
co-localized with Golgi-specific proteins (Fig. 5B) and
would not be available to function as expected in the RER
(see below). We could not see the Golgi localization of
CYPB in cells from the heterozygous father with the same
missense mutation, apparently because of the amount of
normal protein from the other allele. Cells from P3 had a
very small amount of stable mRNA, but no CYPB protein
was detected by western or immunocytochemical analysis
(Fig. 5A and B) using a polyclonal antibody directed against
a synthetic peptide corresponding to residues 194–208 of
human CYPB (the 10 amino acid insertion occurs at glycine
115), which indicated that the inserted peptide probably inter-
fered with stability.

Effect of PPIB mutation(s) on prolyl 3-hydroxylation at
986 varies

The P3H1:CRTAP:CYPB complex is involved in 3-
hydroxylation of the X-position prolyl residue at 986 of the
proa1(I) triple-helical domain. Null mutations in either
CRTAP or LEPRE1 lead to virtually complete loss of this
modification (1–4). We measured Pro986 3-hydroxylation
in proa1(I) chains synthesized by fibroblasts from P2 and
mesenchymal stem cells (MSCs) from P3 (Supplementary
Material, Fig. S1); fibroblasts from P1 were unavailable for
this study. In P2, �30% of the target residue was

Figure 2. Overmodification and normal thermal stability of collagen in the
presence of PPIB mutations. (A) SDS–PAGE of medium and cell layer col-
lagens from individuals P1, P2, P3 and a control (C) showed delayed electro-
phoretic mobility of a population of a1(I) and a2(I) chains, following pepsin
treatment of the samples to remove the propeptide extensions. (B) The thermal
stability of type I collagen from P2 cells is similar to type I collagen made by
controls cells.
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hydroxylated in cultured cells; similar levels were reported
by van Dijk et al. (6) from cultured fibroblasts from individ-
uals with null mutations in PPIB. In contrast, Ppib2/2 mice
showed complete absence of Pro986 3-hydroxylation (20).
These studies were done with collagen isolated from mouse

bone and cartilage samples. In fibroblasts from both parents
of P2 (F2 and M2), the extent of 3-hydroxylation of
Pro986 was normal (data not shown). The cells from P3
hydroxylated normally, similar to levels reported by Barnes
et al. (7).

Figure 3. Molecular basis of autosomal recessive OI due to mutations in PPIB. (P1) (A) Homozygosity for deletion of 10 bp in exon 4 (c.414_423del), shown
schematically in the cDNA diagram, led to a reading frame shift and creation of a PTC 61 nt downstream in exon 4 located 41 nt from the final exon–exon
boundary in mRNA. The mRNA is predicted to undergo significant NMD. (B) RT–PCR products synthesized with primers in exons 3 and 5 that yield a
343 bp product for the control, after 20, 25 and 30 cycles for a control, P1, and a 1:1 mix of the control and P1 cDNA. After 25 cycles, when the PCR was
still in the linear phase, the estimated ratio of control to P1 product was 9:1. (C) The remaining small amount of mutant mRNA in P1 would result in a shortened
protein of 158 amino acids (full length is 216 amino acids) with the last 20 amino acids being different from normal (serrated part of the line diagram).
(D) Western blot analysis using a polyclonal antibody directed against a full-length recombinant protein of human CYPB did not detect the predicted shortened
fragment or a full-length fragment (see Materials and methods). (P2) (A) Compound heterozygosity for c.120delC (maternal allele) and c.313G . A,
p.Gly105Arg (paternal allele). The single-nucleotide deletion resulted in a reading frame shift and a PTC 49 nt downstream in exon 2. (B) In genomic DNA
(gDNA), P2 is heterozygous A/G at c.313, whereas in cDNA only the A allele is present because mRNA from the G allele that harbors the c.120delC mutation
is rapidly degraded. (C) Western blot using a polyclonal antibody directed against a region within residues 150 to the C-terminus of human CYPB showed only a
very small amount of CYPB protein derived from the stable mRNA in P2, whereas the amount in the cells from the carrier parents (F2-father, M2-mother)
appeared to be close to normal. (P3) (A) Homozygosity for an intron 3 splice donor site mutation (c.343 + 1G . A, IVS3 + 1G . A) yielded two products
from each allele. In the first, 27 nucleotides of intron 3 were retained in the mature mRNA due to the use of a strong cryptic splice donor site starting at
IVS3 + 28 (gtatgt), which resulted in removal of one glycine residue (p.Gly115) and insertion of 10 new amino acids that are shown in single letter code:
DNHRSSGPRR. In the second, exon 3 (94 nt) was skipped, which resulted in a reading frame shift and a PTC in exon 4 that was predicted to lead to NMD
(HD, heteroduplex). (B) Western blot analysis using a polyclonal antibody directed against a synthetic peptide corresponding to residues 194–208 of human
CYPB did not detect any CYPB protein.
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Mutations in CRTAP, LEPRE1 and PPIB result in
differential retention of type I procollagen in the RER
bound to protein disulfide isomerase and/or prolyl
4-hydroxylase 1

Some of the type I procollagen molecules produced by cells
with mutations in PPIB are retained in the cell layer
(Fig. 2A). In P2 cells, the retained procollagen was localized
principally in the RER (Fig. 6A), cells from P1 and P3 were
not available for this study. Control cells, in contrast, had
some staining in the RER but significant accumulation of
type I procollagen in the Golgi (Fig. 6B). Cells with null
mutations in CRTAP retained less procollagen than the PPIB
defective cells and more than those with null mutations in
LEPRE1. To identify the manner in which these chains were
retained in the RER, we used antibodies to protein disulfide
isomerase (PDI) or prolyl 4-hydroxylase 1 (P4H1) to precipi-
tate proteins and used LF9 (21) (directed against an epitope in
the N-terminal telopeptide of proa1(I) chains) to measure the
proa1(I) chains or type I procollagen molecules bound to PDI
and/or P4H1 (Fig. 7A). The proportion of proa1(I) chains
brought down by the PDI and P4H1 antibodies differed
among cell strains. The amount bound was greatest in the
PPIB-deficient cells, less in the CRTAP null cells, even less
in the LEPRE1 null cells, and virtually none in control cells
(Fig. 7C). These findings suggest that mutations in these
genes affect procollagen processing at different stages of
assembly and transport from the RER.

Mutation of PPIB results in slow chain association and
delayed type I collagen trimer formation and secretion

Steinmann et al. (22) showed that treatment of chick tendon
fibroblasts with cyclosporin A (CsA) resulted in the synthesis
of type I procollagen molecules that were slightly overmodi-
fied and took �5 min longer than that in untreated cells to

attain a protease-resistant conformation in the triple-helical
domain. They suggested that this reflected a delay in the
cis–trans isomerization of prolyl-containing peptide bonds
in the triple-helical domain. However, a similar outcome
would be expected if the nascent proa chains were slow to
associate. To determine if the loss of CYPB from the RER
of P2 fibroblasts interfered with proa chain association, we
pulsed cells with [35S]-cysteine/methionine for 10 min,
chased the label for up to 20 min, precipitated type I procolla-
gen and free proa1(I) chains with LF9 (21) and separated
the precipitated proteins by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE). We used the
antibody to separate the [35S]-cysteine/methionine-labeled pro-
collagen and proa chains from the other labeled proteins. In
P2 fibroblasts, the ratio of radiolabel in free proa1(I) chains to
that in trimers was higher than in control cells during the first
10 min of chase (Fig. 8A and B). Treatment of control fibroblasts
with CsA, an inhibitor of CYPB, delayed chain association and
trimer formation in control cells (Fig. 8C and D) using the same
experimental protocol. To be sure that antibody precipitation did
not skew the molecular population we observed, we repeated the
studies using short label with [3H]-proline (see Materials and
methods) and examined the ratio of free proa1(I) chains to
trimers in control and P2 cells (Fig. 9A and B) and in control
cells with and without CsA treatment (Fig. 9C and D). Trimer
formation was delayed in P2 cells and in control cells treated
with CsA. Cells were not available from P1 and P3 for these
studies. Trimer secretion in P2 fibroblasts (which depends on
both trimer formation and helix propagation) was delayed in
the short chase period (Fig. 8A) and in cells pulsed for 1 h and
then chased for up to 2 h (Fig. 8E and F). In the latter, only
60% of trimers were secreted into the medium from P2 fibro-
blasts compared with greater than 90% secreted from control
fibroblasts during the study interval. We did not examine the be-
havior of proa2(I) chains to determine if they followed the same
time course of incorporation into trimers.

Figure 4. Mutations in PPIB and loss of CYPB do not destabilize CRTAP or P3H1. (A) Analysis of P3H1, CRTAP and CYPB protein interactions in control
cells. The proteins in the entire cell lysate or proteins brought down with antibody to P3H1or CRTAP were separated by SDS–PAGE on 10% polyacrylamide
gels and then stained with a pool of antibodies to P3H1 (from Kevin McCarthy), CRTAP (from Roy Morello, see Materials and methods) and CYPB (Abcam).
Although CYPB is present in the lysate, it is not brought down at a detectable level by antibodies to the two other proteins. (B) Effects of mutations in PPIB,
CRTAP and LEPRE1 on stability of other proteins in the complex. In cells with mutations in PPIB that resulted in loss (P1 and P3) or reduction (P2) in the CYPB
protein (antibodies used for CYPB analysis for each proband are indicated in the Results section), the stabilities of CRTAP and P3H1 were unaffected. Parents of
P2 (M2 and F2) showed a reduced amount of CYPB protein as expected. In cells with mutations in either CRTAP or LEPRE1, there is a marked reduction or
complete loss of the normal protein partner, whereas levels of CYPB remained unaffected. GAPDH was used as a loading control.
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DISCUSSION

These three families bring to six the number of families
described with mutations in PPIB, the gene that encodes
CYPB. In one of the families described here (P2), the clinical
picture is consistent with OI type II; in the second (P1), it is
consistent with a very severe OI type III picture; and in the
third (P3), the phenotype is similar to a moderately severe
deforming OI type III/IV. In the two individuals described
by van Dijk et al. (6), the three affected individuals, one
from one family and two from the second, all had very
severe clinical pictures consistent with the OI type II/III pre-
sentations. In the first family (6), the mRNA was unstable in
cultured cells, whereas in the second, a small amount of the
mRNA was stable but the encoded protein appeared to be
unstable. In the family reported by Barnes et al. (7), the clini-
cal picture was moderately severe in one child and more
involved in the second. They were both homozygous for a
mutation that converted a methionine codon to one for argi-
nine at a position that may be the initiator codon for at least
some transcripts (23,24). They reported that although more
than half of the mRNA was stable, no protein product could
be detected. Thus, in all the reported individuals, the mutations
in PPIB lead to a marked reduction in the amount of stable
CYPB produced but variation in the amount of 3-
hydroxylation in the proa1(I) chains synthesized by skin fibro-
blasts in vitro. The variation remains unexplained, as do the
reported differences in electrophoretic mobilities of the
chains of type I procollagen (one possibility is the difference
in culture conditions and/or the amount of urea in the electro-
phoretic gels—the 2 M urea in the system we use enhances the
separation). The discrepancy between the human phenotypic
spectrum and the consistently milder phenotype in Ppib2/2
(20) mice (apparently normal in the perinatal period,
reduced body size and weight and development of kyphosis
with death at 40–50 weeks of uncertain cause) is also not
well understood. Finally, the isolated skin disorder (hereditary
equine regional dermal asthenia), which occurs in the absence
of a bone phenotype in the American Quarter Horse and

apparently results from homozygosity for a missense mutation
in equine PPIB, may be explained by the location of the amino
substitution near the N-terminal end of the mature protein, but
further studies need to be done (25).

The mechanisms by which mutations in PPIB, CRTAP and
LEPRE1 result in OI remain poorly understood. Originally,
lack of hydroxylation of the single substrate site Pro986 in
the triple-helical domain of a1(I) chains was thought to be
part of the causative disease mechanism (1,2), but the
normal hydroxylation of Pro986 in one of our probands (P3)
and in one reported by Barnes et al. (7) with PPIB mutations
makes this less likely to be disease causing on its own. Weis
and colleagues (26,27) suggest that 3-hydroxyproline plays a
role in fibril formation and that additional modified sites in
the triple-helical domains of other fibrillar collagens may be
important in this function. It is not clear if variation in the
extent of prolyl 3-hydroxylation could modify the OI pheno-
type in individuals with mutations in PPIB as the studies are
limited to collagens produced by cultured fibroblasts and do
not include bone or other tissue collagens.

Ishikawa et al. (28) found that the three protein complex of
CRTAP:P3H1:CYPB prevented aggregation and facilitated
refolding of chemically denatured nuclear-encoded mitochon-
drial proteins, citrate synthase and bovine rhodanese. Those
studies provide evidence of a chaperone function that is not
altered by the inhibitor of prolyl cis–trans isomerase, CsA.
They found, in addition, that the ability of the complex to
induce prolyl cis–trans isomerization in a short synthetic
peptide is inhibited by the drug. Furthermore, both the
complex and the isolated CYPB facilitated refolding of heat-
denatured type III collagen, consistent with the concept that
prolyl cis–trans isomerization played a role in the increased
rate of regain of triple helix. Finally, the three protein
complex, but not CYPB alone, prevented fibril formation
suggesting that continued presence of the protein complex in
the RER could reduce biologically harmful intracellular
fibril formation. CYPB is known to be part of other chaperone
complexes within the RER including a large multiprotein
complex in which CYPB interacts with a number of

Figure 5. Abnormal CYPB protein in P2 fibroblasts mis-localizes to the Golgi. (A) Immunocytochemistry with antibodies against CYPB and an RER marker
showed CYPB protein localized to the RER in control fibroblasts, reduction in CYPB in P2 fibroblasts (antibody used for P2 listed in the Results section) and loss
of CYPB in P3 fibroblasts (antibody used for P3 listed in the Results section). (B) Staining with CYPB and a Golgi marker showed the abnormal CYPB protein
produced by P2 fibroblasts mis-localized to the Golgi (indicated by a white asterisk). In the P3 fibroblasts, CYPB was not evident.
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proteins—that include PDI, binding immunoglobulin protein
(BiP) and calreticulin (29). Although this and other chaperone
complexes might facilitate folding and protect isolated chains
from aggregation, we think that CYPB may play an additional
role in early events in proa chain folding and the initial events
in trimer formation.

Our data indicate that in the absence of CYPB (but with
normal amounts of CRTAP and P3H1) association of
proa1(I) chains (we did not study proa2(I) chains separately)
into trimers in the very early phases of molecular assembly is
slowed. In addition, we found that CsA, an inhibitor of the
prolyl cis–trans isomerase function of CYPB, mimicked the
effect of the genetic loss of CYPB on incorporation of
proa1(I) chains into trimers. These studies suggest that the
delay in creating a protease-resistant trimer in the presence
of CsA observed by Steinmann et al. (22) is due, at least in
part, to delayed chain association. An additional effect on
helix propagation cannot be excluded but the similar delay
produced by both the drug and the mutations argues for a
role for CYPB in facilitating chain association.

Mutations in COL1A1 that alter residues in the C-terminal
propeptide region of the proa1(I) chain can result in defective
chain association and lead to lethal OI (17,30). These mutations
do not involve prolyl residues but induce conformational
changes that slow the rate at which the proa chains can be incor-
porated into trimers. The C-terminal propeptides of the proa
chains of type I procollagen have four cysteine residues that
form defined pairs of intra-chain disulfide bonds important for
the stabilization of the structures involved in chain–chain rec-
ognition (31). The folded propeptide, stabilized by disulfide
bonds, must form before trimerization can occur. Adjacent to
the first and the last of these four cysteines, which form one
set of intra-chain disulfide bonds, there are regions of grouped
prolyl residues (Fig. 10A; these do not appear adjacent to the

other pair of cysteines that stabilize an internal loop). Although
the lack of an experimentally determined structure for this
region makes structural predictions difficult, the measured
delay in chain association that accompanies the loss of CYPB
and its prolyl cis–trans isomerase function makes this region
a compelling target of interest (see Fig. 10B for proposed
model). The longer delay in chain association caused by
COL1A1 mutations that alter the C-terminal propeptide is
reflected in greater overmodification of type I procollagen but
normal thermal stability, like that seen with PPIB mutations.
These findings are consistent with the concept that these two
classes of mutations act through a common mechanism, i.e.
delay in chain association, which may be shorter in the
CYPB-deficient cells because of redundancy for cis–trans iso-
merases and an intrinsic rate of isomerization.

Neither the genetic loss of CYPB nor its inhibition by CsA
abrogate proa chain association but can delay it by several
minutes. The cis–trans isomerization of prolyl peptide
bonds occurs in the absence of enzymatic assists at a rate esti-
mated to be once per second. The trans configuration is
slightly more stable. Both the natural rate of isomerization
and the redundancy afforded by the presence of other func-
tional isomerases probably accounts for the observations that
overmodification may affect only some type I procollagen
molecules in these cells.

This model extends the domains of the chains of type I pro-
collagen in which prolyl cis–trans isomerization may be rel-
evant. Type I procollagen contains a triple-helical region of
1014 amino acids in which glycine is in every third position
(Gly-X-Y) and about one-third of the X and Y residues are
proline and 4-hydroxyproline, respectively. The ring structure
in prolyl residues constrains the adjacent peptide bonds to
assume a cis or trans configuration. Following protein syn-
thesis, most prolyl peptide bonds are in the trans

Figure 6. Retention of type I procollagen in the RER differs among cells with mutations in PPIB, CRTAP and LEPRE1 (A and B). Type I procollagen is selec-
tively retained in the RER in cells with mutations in PPIB, whereas cells with mutations in CRTAP or LEPRE1 distribute the molecules between the RER and the
Golgi. In contrast, the majority of type I procollagen is located in the Golgi in control cells.
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conformation, which is also the configuration required in the
collagen triple helix (32). Shortly after CYPB was identified,
Bächinger et al. (33) showed that the purified enzyme could
accelerate refolding of denatured type III collagen peptides.
Consistent with this idea, Sarkar et al. (34) found that a
small proportion of bonds in type I procollagen was in the
cis configuration and so could destabilize individual mol-
ecules. Steinmann et al. (22) then showed that inhibition of
CYPB with CsA slowed the rate at which protease-resistant
triple helix formed in type I procollagen in isolated chick
tendon cells and that the stable collagens were overmodified
but had normal thermal stability. All groups interpreted
these results to indicate that facilitated formation or stabiliz-
ation of the trans conformation of the prolyl peptide bonds
was essential to normal triple helix propagation. Because
prolyl-containing peptide bonds in the nascent chains appear
to be primarily in the trans configuration, it is not clear that
refolding studies are sufficient to determine that cis–trans iso-
merization alone would be a limiting factor in triple helix for-
mation in cellulo and exclude chain association as a factor.

The key post-translational 4-hydroxylation of the more than
100 Y-position prolyl residues raises the melting temperature
of the triple helix from 278C to 418C and permits folding in
the RER (35). P4H1 appears to have a high preference for sub-
strates in which the target prolyl residues have peptide bonds
in the cis conformation (36). In a model proposed by Gorres
and Raines (37), the unhydroxylated ring has an endo-pucker
that provides the optimal conformation for enzyme activity.
Although the traditional view is that CYPB is a cis � trans
isomerase, the preferred cis conformation for 4-hydroxylation
suggests that in this context CYPB may act as a trans � cis
isomerase. Following 4-hydroxylation, the proline ring
assumes an exo-pucker that leads to release from the
enzyme and, perhaps a non-enzyme dependent, shift to the
trans conformation of the peptide bond. The refolding of

already hydroxylated chains may benefit from the cis–trans
isomerization, whereas the in cellulo function may target
trans–cis modification.

In the cells that have mutations in PPIB, not only is
proa1(I) chain association delayed, but type I procollagen
accumulates in the RER. The retention of type I procollagen
is mediated, at least in part, by interaction with PDI and/or
its partner, P4H1. PDI catalyzes the formation, reduction
and isomerization of disulfide bonds. P4H1 is an enzymati-
cally active moiety responsible for the 4-hydroxylation of
prolyl residues in the triple-helical domain of type I procolla-
gen and is stabilized by PDI. Antibodies to both proteins bring
down the chains of type I procollagen in cells with mutations
in PPIB and CRTAP. Very little is brought down in control
cells and the LEPRE1 null cells. Because the amount of type
I procollagen brought down by the P4H1 antibody is similar
to the amount brought down by PDI in each of the cell
types, distinguishing between procollagen molecules that are
bound in the triple-helical domain by the P4H1/PDI complex
or bound only to PDI at the C-propeptide in molecules that
presumably have exposed cysteine residues is difficult and
further studies are ongoing. Nonetheless, these results indicate
that the processing of proa chains and trimers is affected early
in the absence of CYPB and later with mutations in the
CRTAP and LEPRE1. Finally, these findings provide a link
between disease mechanisms with some mutations in type I
procollagen genes and mutations in PPIB, CRTAP and
LEPRE1 that may lead to common approaches to therapy.

MATERIALS AND METHODS

Subject selection and clinical features

The three families were identified as part of a systematic
search for causative genes for OI. All families met the

Figure 7. Type I procollagen binds to PDI and P4H1 in the RER. (A) Proteins in lysates of cells with mutations in PPIB (P2), CRTAP or LEPRE1 were pre-
cipitated with antibodies to PDI or P4H1 and then stained with antibodies to proa1(I) (LF9). The greatest proportion of available proa1(I) chains bound by PDI
and P4H1 was seen in the PPIB mutant cells with decreasing amounts in CRTAP, LEPRE1 mutant cells and the least bound in control cells, quantitated in (C).
(B) PDI precipitated by antibody to P4H1 in cells from individuals with mutations indicated in (A).
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following criteria: (i) fibroblasts or other mesenchymal cells
from affected individuals made overmodified type I collagen,
(ii) cells were part of the Repository for Heritable Connective
Tissue Disorders at the University of Washington and (iii) a
waiver of consent or an appropriate consent for study was
on file. In each, no mutations were identified by sequence
analysis of both type I collagen genes, CRTAP and LEPRE1.
Seven samples were screened for mutations in PPIB, the
majority of which was selected because of recurrence in the
family or a high likelihood of consanguinity.

Family 1. The parents were from a small town in Mexico but
were not aware of being related. During the third pregnancy
(Fig. 1, P1), sonographic studies of the fetus were consistent
with a severe form of OI or other skeletal dysplasia and cul-
tured fibroblasts taken from the child at birth produced type
I collagen molecules with delayed electrophoretic mobility
indicating overmodification (Fig. 2A, P1). The infant had a
very small chest and died from respiratory failure and pneu-
monia at 4 months of age (radiographs in Fig. 1, P1). Analysis
of type I collagen genes, CRTAP and LEPRE1 identified only

Figure 8. Proa1(I) chains in P2 fibroblasts and control cells treated with CsA are slow to assemble and secretion of type I procollagen is delayed. (A and C) Cells
were labeled for 10 min with [35S]-methionine and cysteine, immunoprecipitated with the LF9 antibody directed to the N-terminal propeptide of proa1(I) chains,
and then analyzed by SDS–PAGE under non-reducing conditions. (B and D) P2 fibroblasts and control fibroblasts treated with 5 mM CsA had more free proa1(I)
for up to 10 min compared with controls, and trimers accumulated in the cell over a longer period. (E) Cells were labeled with [3H]-proline for 60 min, chased for
up to 2 h with proteins harvested every 20 min. The protein lysates were analyzed by SDS–PAGE under non-reducing conditions. (F) The relative amount of
type I procollagen trimers in the medium was far greater in control cells than in the P2 cells. Only the trimers are shown in all four gels.
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normal sequences. A second child (II-4) was similarly affected
(radiographs in Fig. 1). Analysis of PPIB identified a causative
mutation in both affected siblings. Additional fibroblasts from
P1 were not available for further studies.

Family 2. One affected infant (Fig. 1, II-2) born to non-
consanguineous parents died shortly after birth. A second
pregnancy was identified as affected by analysis of cultured
chorionic villi sample cells and electively terminated (P2,

Figure 9. Proa1(I) chains in CsA-treated control fibroblasts and P2 fibroblasts are slow to assemble. (A) Control and P2 fibroblasts were labeled for 15 min with
[3H]-proline, the cells lysed and the proteins analyzed by SDS–PAGE under non-reducing conditions. Density of the protein bands were quantitated using
ImageJ software. (B) P2 fibroblasts had more free proa1(I) at each time point compared with control fibroblasts, and P2 trimers were slow to assemble compared
with trimers in control cells. (C) Control fibroblasts were labeled the same as in (A) then treated with 5 mM CsA or EtOH alone. (D) Fibroblasts treated with 5 mM

CsA had more free proa1(I) at each time point compared with control fibroblasts with no drug treatment, and trimers were slow to form in the drug-treated cells
compared with control cells.
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II-4). Cultured fetal fibroblasts produced type I collagen mol-
ecules with delayed electrophoretic mobility indicating over-
modification (Fig. 2A, P2). Analysis of type I collagen
genes, CRTAP and LEPRE1 identified only normal sequences.
There were three unaffected children born to the parents.

Family 3. The affected child (P3) was adopted from Vietnam,
and the initial sample was obtained as part of an analysis of
bone marrow-derived MSCs (38). The MSCs produced type
I collagen molecules with delayed electrophoretic mobility
indicating overmodification (Fig. 2A, P3) but analysis of
type I collagen genes, CRTAP and LEPRE1 identified only

normal sequences. She had five siblings, two of whom had
similar bony alterations but had stayed in Vietnam. Parents
were not known to be related and neither parent was affected.
Her clinical presentation was consistent with OI type III–IV
with broad long bones that were not well modeled and ulti-
mately required intramedullary rodding for stability (radio-
graphs in Fig. 1, P3). She is in her late teens, often uses a
wheelchair at school, but is ambulatory at home and is devel-
opmentally normal.

Analysis of collagen produced by cultured fibroblasts
(P1 and P2) or MSCs (P3)

Cells were cultured and type I collagen was analyzed as pre-
viously described by Bonadio et al. (39).

Analysis of candidate genes

Genomic DNA was extracted from cultured dermal fibroblasts
of P1 and P2 and from marrow-derived MSCs of P3 using the
QIAampw DNA Mini Kit (Qiagen). The coding sequences and
flanking intron regions of COL1A1 and COL1A2 were ampli-
fied in 17 and 23 fragments, respectively, and sequenced in
multiple reactions (primers and conditions available upon
request). The coding sequences of CRTAP and LEPRE1
were amplified and sequenced as described previously (4).
The coding sequences and flanking intron regions of PPIB
were amplified and sequenced in five fragments. All sequences
were analyzed with Mutation Surveyorw software. We used
the GenBank reference sequence (NM_000942.4) with the
A of the first methionine codon designated +1, which is the
same reference sequence used by van Dijk et al. (6) and
Tryon et al. (25). Barnes et al. (7) referred to the second meth-
ionine codon (c.25_27) as the initiator methionine. Although
the sequence around the second methionine codon provides
a better Kozak sequence, both may be used as translation
start sites (23). Until this point is settled, we have opted to
use the GenBank reference nomenclature.

Cell strains with CRTAP and LEPRE1 null mutations

Cultured fibroblasts with homozygous mutations in CRTAP
(c.24_31del) and LEPRE1 (c.392C . A, p.Ser131Ter) were
used for comparative studies. Both were published in
Baldridge et al. (4) (probands 1 and 7).

Western blot analysis of proteins

Cultured fibroblasts or MSCs from affected individuals and
controls were plated at confluency (250 K) in 35 mm tissue
culture dishes, allowed to attach overnight, incubated for
18 h in the presence of 50 mg/ml ascorbic acid and proteins
were harvested from the cell layer by ethanol precipitation.
Proteins were resolved by 10 or 15% SDS–PAGE, transferred
to nitrocellulose membranes and visualized using the standard
western blot techniques with antibodies to CRTAP (1) (poly-
clonal directed against a full-length recombinant human
CRTAP, a gift from Roy Morello), P3H1 (40) (polyclonal
directed against a fusion protein representing the carboxyl
half of human P3H1, provided by Kevin McCarthy) purified

Figure 10. Schematic of proposed model. (A) The sequence of the C-terminal
propeptide of proa1(I) chains with interacting cysteine residues and prolyl
residues indicated. (B) The rate at which intra-chain disulfide bonds form in
the C-terminal propeptide is determined by the folding of the proline-rich
region around cysteine residues, a region that is likely a substrate for CYPB.
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with the MelonTM Gel IgG spin purification kit (Thermo
Scientific, 45206), CYPB (polyclonal directed against a
region within residues 150 to the C terminus of human
CYPB from Abcam, ab16045, polyclonal directed against resi-
dues 194–208 of human CYPB from Thermo Scientific,
PA1-027A, and a polyclonal directed against a full-length
recombinant protein of human CYPB from Proteintech,
11607-1-AP). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Santa Cruz, sc-25778) was used as an internal
control.

Immunocytochemical analysis of proteins in cultured
fibroblasts

Cultured fibroblasts or MSCs from affected individuals, and
controls were plated (75 K) onto sterile coverslips in 12-well
tissue culture plates, allowed to attach overnight and then
incubated in the presence of 50 mg/ml ascorbic acid for
18 h. Immunofluorescence was performed using a modified
protocol from Abcam. Briefly, cells were rinsed with cold
1× phosphate buffered saline (PBS), fixed with 4% parafor-
maldehyde in 1× Sorenson’s for 15 min at room temperature
and permeabilized with 1× PBS + 0.25% Triton X-100 at
room temperature for 10 min. Following a 1 h treatment in
block solution at room temperature, primary antibodies to
CRTAP (Morello), P3H1 (Abnova H00064175-B01P),
CYPB (Abcam ab16045), type I procollagen (LF9) (21), an
anti-KDEL RER marker (Abcam ab12223) and Golgi
marker (Abcam ab24586, ab6284) were added in sets of two
and allowed to hybridize at room temperature. Secondary anti-
bodies conjugated to fluorophores (Invitrogen A11032,
A11034 and Jackson Laboratories 112-175-167) were incu-
bated with cells at room temperature; coverslips were
mounted in Prolong + 4′,6-diamidino-2-phenylindole, and
cells were visualized using a Nikon microphot-SA micro-
scope. Images were captured using a Photometrics sensys
monochrome digital camera.

Pulse-chase studies

Pulse-chase studies were performed as described in Christian-
sen et al. (9).

Thermal stability

Thermal stability of type I collagen molecules was measured
as described in Pace et al. (41).

Co-IP of chains of type I procollagen with ER proteins

Fibroblasts from P2, CRTAP null, LEPRE1 null and control
cells were plated as described for western blot above. After
an 18 h incubation in the presence of 50 mg/ml ascorbic
acid, cells were rinsed in cold 1× PBS, lysed in 300 ml of
NP-40 lysis buffer, scraped from the dish and placed in a
1.7 ml Eppendorf tube. Cell lysates were gently agitated at
48C for 30 min, centrifuged for 10 min at 13 4000g and the
supernatant moved to a fresh tube. Antibody (anti-PDI,
Stressgen SPA-890 or anti-P4H1, Novus Biologicals
H00005003-B01) was added to cell lysate at 1:50, and the

mixture was gently agitated overnight at 48C. Fast flow
protein A Sepharose beads (70 ml, GE Healthcare) were
added, and samples rotated for 4 h at 48C. Following incu-
bation, samples were spun, washed three times with NP-40
lysis buffer, resuspended in 70 ml of 2× Laemmli sample
buffer, heated at 958C for 5 min and then the protein sample
removed from the beads using a 30G needle and placed in a
fresh 1.7 ml Eppendorf tube. Disulfide bonds were reduced
with dithiothreitol, and the proteins were separated by 5 and
10% SDS–PAGE and transferred to nitrocellulose mem-
branes. For 5% gels, proteins were visualized using a standard
western blot detection system. For 10% gels, Clean-BlotTM

HRP IP Detection Reagent (Thermo Scientific, 21230) was
used at a dilution of 1:2000 in place of the secondary antibody.
For the lysate samples, the cells were lysed with 75 ml of lysis
buffer, and the supernatant was diluted with 75 ml of 2×
sample buffer and 10 ml applied to the gel. The samples for
IP were lysed with 300 ml of lysis buffer, and the immunopre-
cipitates were re-dissolved in 70 ml and 15 ml were applied to
the gel. The type I procollagen amounts were quantified using
the ImageJ software (http://rsbweb.nih.gov/ij/), and the per-
centage of type I procollagen bound to PDI was calculated
by taking the ratio of bound type I procollagen:total lysate
type I procollagen.

Prolyl 3-hydroxylation measurements of type I procollagen

The extent of prolyl 3-hydroxylation in proa1(I) chains was
measured as described by Morello et al. (1).

Type I procollagen assembly studies

[35S]-cysteine/methionine labeled. Fibroblasts from P2 and
control cells were plated as described above for western blot
analysis with one 35 mm plate for each time point (see
below). Cells were not available in the appropriate numbers
for P1 and P3. After an 18 h incubation in complete
medium + 50 mg/ml ascorbic acid, cells were transferred to
serum-free modified Eagle’s medium without cysteine or
methionine (pre-pulse medium) and incubated for 1 h. Cells
were then labeled for 10 min with pre-pulse medium +
165 mCi [35S] (Easy tag express protein labeling mix, NEN
Life Sciences), rinsed twice with and then chased in pre-pulse
medium + 10 mM cysteine + 10 mM methionine for incre-
ments of 2.5 min with a final time point at 20 min. Following
each chase time, the proteins in the cells were harvested as
described in the IP methods above and precipitated using an
antibody to the N-terminal propeptide of proa1(I) chain
(LF9, Larry Fisher, NIH). Non-reduced proteins were separ-
ated by 5% SDS–PAGE, fixed with super-zap (methanol:ace-
tic acid:water), dried at 728C and visualized by
autoradiography. Band density was quantified with the
ImageJ software (http://rsbweb.nih.gov/ij/). LF9 brings down
trimers, dimers and monomers that contain proa1(I) chains.
We measured the density of proa1(I) and trimers, with each
measurement adjusted by subtraction of the background inten-
sity for that lane, to assess the proportion of the two and
plotted the ratio of free proa1(I):trimers assuming that the
free proa1(I) chains had not yet incorporated into higher-order
aggregates.
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[3H]-proline labeled. Fibroblasts from P2 and control cells
were plated as described above for western blot analysis
with one 35 mm plate for each time point. Cells were not
available in the appropriate numbers for P1 and P3. After an
18 h incubation in complete medium + 50 mg/ml ascorbic
acid, cells were transferred to serum-free modified Eagle’s
medium (pre-pulse medium) and incubated for 1 h. With
15 min remaining during pre-pulse, 5 mM CsA (C1832,
Sigma-Aldrich) diluted in ethanol or ethanol alone was
added to the appropriate dishes and was maintained through-
out the pulse and chase period. Cells were then labeled for
15 min with pre-pulse medium + 250 mCi L-[2,3,4,5-3H]
proline (ART0475D, American Radiolabeled Chemicals,
Inc.), rinsed twice and then chased with pre-pulse
medium + 10 mM proline for increments of 2.5 min with a
final time point of 20 min. Following each chase time, the
cells were lysed in NP-40 lysis buffer, rotated at 48C for
30 min and spun at 48C. The supernatant was transferred to
a new tube, 100 ml of 2× sample buffer added and 15 ml of
unreduced protein was separated by 5% SDS–PAGE. Gels
were processed as described in Christiansen et al. (9). Band
density was quantified with the ImageJ software (http
://rsbweb.nih.gov/ij/). We measured the density of free
proa1(I) chains and trimers, with each measurement adjusted
by subtraction of the background intensity for that lane, to
assess the proportion of the two and plotted the ratio of free
proa1(I):trimers assuming that the free proa1(I) chains had
not yet incorporated into higher-order aggregates.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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Killikelly, A., Trempe, J.F., Thomas, D.Y. and Gehring, K. (2010)
Structural basis of cyclophilin B binding by the calnexin/calreticulin
P-domain. J. Biol. Chem., 285, 35551–35557.
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