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ABSTRACT: Proline residues in collagens are extensively hydroxylated post-transla-
tionally. A rare form of this modification, (3S,2S)-L-hydroxyproline (3Hyp), remains
without a clear function. Disruption of the enzyme complex responsible for prolyl
3-hydroxylation results in severe forms of recessive osteogenesis imperfecta (OI). These
OI types exhibit a loss of or reduction in the level of 3-hydroxylation at two pro-
line residues, α1(I) Pro986 and α2(I) Pro707. Whether the resulting brittle bone
phenotype is caused by the lack of the 3-hydroxyl addition or by another function of the
enzyme complex is unknown. We have speculated that the most efficient mechanism for
explaining the chemistry of collagen intermolecular cross-linking is for pairs of collagen
molecules in register to be the subunit that assembles into fibrils. In this concept, the
exposed hydroxyls from 3Hyp are positioned within mutually interactive binding motifs
on adjacent collagen molecules that contribute through hydrogen bonding to the
process of fibril supramolecular assembly. Here we report observations on the physical
binding properties of 3Hyp in collagen chains from experiments designed to explore the potential for interaction using synthetic
collagen-like peptides containing 3Hyp. Evidence of self-association was observed between a synthetic peptide containing 3Hyp
and the CB6 domain of the α1(I) chain, which contains the single fully 3-hydroxylated proline. Using collagen from a case of
severe recessive OI with a CRTAP defect, in which Pro986 was minimally 3-hydroxylated, such binding was not observed.
Further study of the role of 3Hyp in supramolecular assembly is warranted for understanding the evolution of tissue-specific
variations in collagen fibril organization.

Mineralization and the unique material properties of bone
require a highly ordered collagenous matrix.1 Collagens

undergo many post-translational modifications prior to
secretion into the extracellular matrix, most of which are
known to function in conferring strength and stability.
Approximately half the proline residues in mammalian fibrillar
collagens are hydroxylated to 4Hyp, residues that stabilize the
triple helix through water-bridged hydrogen bonding.2 The
much less frequent 3Hyp is still without a clear function. The
single 3Hyp residue per chain of type I collagen is formed by an
enzyme complex of three proteins encoded by LEPRE1
(P3H1), CRTAP (CRTAP), and PPIB (PPIB also known as
cyclophilin B). Mutations that disrupt expression of any protein
in this complex have been shown to cause recessive OI
(variably assigned as clinical types II and III or genetic type VII,
VIII, or IX) characterized by bone fragility.3−8 Analysis of collagen
from tissue and cultured fibroblasts from these OI cases revealed a
lack of or decrease in the level of 3-hydroxylation at proline
residues α1(I) Pro986 and α2(I) Pro707.
The pathobiology became more complicated with the

discovery that further recessive OI subvariants are caused by
mutations in genes that encode other endoplasmic reticulum

chaperones. Mutations in SERPINH1 (HSP47) and FKBP10
(FKBP65) cause OI types X and XI, neither of which affects
3-hydroxylation at Pro986.9−11 Adding to the complexity was the
recent discovery that mutations in SERPINF1, a gene encoding
pigment epithelium-derived factor, cause recessive OI type
VI.12,13 Also, COL1 C-propeptide cleavage site mutations14 and
a BMP-1 (C-propeptidase) homozygous mutation15 have been
shown to cause unusual forms of OI. Thus, whether the brittle
bone phenotype of those recessive OI variants with reduced
prolyl 3-hydroxylation is to any extent a direct result of the
missing modification itself or another consequence of the
disrupted enzyme complex has yet to be determined. The
discovery of several additional 3Hyp sites in fibrillar collagens,
which exhibit tissue specificity in their degree of 3-
hydroxylation,16,17 further complicates our understanding of
whether there is a common underlying pathogenic mechanism.
Moreover, individual enzymes in the P3H family (P3H1, P3H2,
and P3H3) have evolved differing collagen substrate site and
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tissue specificities in their activities and probably therefore
functions.18

Evidence of selective evolutionary pressure on 3Hyp site
occupancy implies a fundamental functional role for prolyl 3-
hydroxylation rather than being simply a coincidental mark of
the hydroxylase complex having acted as a chaperone during
the assembly, folding, and transport of collagen molecules in
the endoplasmic reticulum.19 We proposed that 3Hyp
formation impacted collagen fibril assembly at the threshold
of vertebrate evolution in a way that benefited the properties of
skeletal tissues and their development in particular. In addition
to a role in collagen assembly, the 3Hyp motifs may provide
sites of interaction for fibril-binding noncollagenous proteins,
for example, those involved in mineralization.20 The function of
3Hyp is clearly important to understand given its potential role
in recessive OI and most recently in heritable high myopia.21

We speculated that the known sites of mature trivalent cross-
linking in collagen would form most efficiently if pairs of
collagen molecules in register were the subunits that assembled
into fibrils.22,16 The identification of several D-periodically
spaced collagen 3Hyp sites further prompted us to investigate
the potential role for aligned 3Hyp domains to bridge between
adjacent molecules by hydrogen bonding. Specifically, the
externally directed 3-hydroxyls of aligned like sequences have
the potential to form hydrogen bonds to their neighboring
peptide backbones and so to establish short-range lateral order
in the fibrillar supramolecular arrangement of the collagen
triple helices. Using synthetic collagen-based peptides synthe-
sized to match the 3Hyp locus at Pro986, we designed
experiments to test such a possibility.

■ MATERIALS AND METHODS
Peptide Synthesis and Protein Preparation. Peptides

were synthesized to mimic the Pro986 domain of type I
collagen with either Pro or 3Hyp at position 986 (New England
Peptides). The following sequences were chosen as probes: the
3Hyp probe [α1(I) residues 974−994, KDGLNGLP*-
GPIGP#P*GPRGRTG] and the Pro probe [α1(I) residues
974−994, KDGLNGLP*GPIGPP*GPRGRTG], where P* is
4Hyp and P# is 3Hyp. The ε-amine of the N-terminal Lys was
biotinylated to allow detection. Control peptides were designed
with the amino-terminal group biotinylated (Genescript): the
A2 probe [α1(I) residues 934−948, GFSGLQGPP*-
GPP*GSP*] and the CB8 probe [α1(I) residues 295−309,
GEP*GPTGLP*GPP*GER]. All synthesized peptides were
random coils in the incubation solution used to test binding
(see below) as confirmed on a Jasco 720 circular dichroism
spectrophotometer. The purity and concentration of each
synthetic peptide were determined by reverse phase high-
performance liquid chromatography (RP-HPLC) (C8 RP-300,
25 cm × 4.6 mm, Brownlee columns, Applied Biosystems),
using the peak area at 220 nm as a measure of quantity. The
lyophilized synthetic peptides were dissolved in 50% methanol
(5 mg/mL) and stored at −20 °C.
Type I collagen was prepared from adult human bone

(purchased from the Northwest Tissue Center, Seattle, WA).
Human fetal OI bone from a case of severe recessive OI with a
CRTAP mutation was obtained from the International Skeletal
Dysplasia Registry at Cedars-Sinai Medical Center. Human fetal
control bone tissue was obtained from a National Institutes of
Health-sponsored institutional resource (Birth Defects Re-
search Laboratory, University of Washington). Bone was
powdered and defatted in a 3:1 (v/v) chloroform/methanol

mixture and demineralized in 0.5 M EDTA and 0.05 M Tris-
HCl (pH 7.5) at 4 °C. Demineralized bone collagen was
digested with CNBr in 70% formic acid at room temperature
for 24 h and freeze-dried. Human bone matrix samples were
treated with NaBH4 (0.02 mg/mL) in 0.01 M sodium
phosphate and 0.15 M NaCl (pH 7.0) to reduce collagen
divalent ketoamine cross-links as described previously.23 After
60 min at room temperature, the reaction mixture was acidified
and dialyzed against 0.1 M (v/v) acetic acid. Whole collagen
chains were solubilized from each tissue matrix (bone, skin, and
tendon) by heat denaturation for 2 min at 100 °C in sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE) sample buffer. Chicken tendon and skin samples were
also defatted and treated with NaBH4 prior to collagen
extraction.

Far Western Analysis. Pepsin-solubilized collagen and
CNBr-digested collagen peptides (CNBr-peptides) were
resolved via 6 and 12% SDS−PAGE. Proteins were transblotted
to 0.2 μm nitrocellulose and blocked for 2 h with 1% BSA in
0.05 M Tris-HCl, 0.15 M NaCl (pH 7.5), and 0.05% Tween.
Blots were probed with a biotinylated synthetic probe (0.2 μg/
mL, unless specified otherwise) in 0.1% BSA in 0.05 M Tris-
HCl, 0.15 M NaCl (pH 7.5), and 0.05% Tween for 16 h at
4 °C. Sites of interaction between type I collagen and the probes
were detected with extravidin-conjugated horseradish perox-
idase (HRP) (0.15 μg/mL) in 0.1% BSA in 0.05 M Tris-HCl,
0.15 M NaCl (pH 7.5), and 0.05% Tween for 60 min at room
temperature. Between steps, blots were washed three times for
20 min in 0.05 M Tris-HCl, 0.15 M NaCl (pH 7.5), and 0.05%
Tween. Blots were developed using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific) and exposed
on autoradiography film. In a separate experiment to study the
role of hydrogen bonds in the probe interaction, far Western
blots were probed with the biotinylated synthetic peptides in
the presence of 2 M glucose (all other steps were identical).

Size Exclusion Chromatography. CNBr-peptides were
resolved by size exclusion chromatography on an agarose
A1.5m column (170 cm × 1.5 cm, 200−400 mesh, Bio-Rad),
eluted with 2 M guanidine hydrochloride and 0.05 M Tris-HCl
(pH 7.5). Lyophilized samples were dissolved in 4 M guanidine
hydrochloride and 0.05 M Tris-HCl (pH 7.5) and run at a flow
rate of 6 mL/h. The peptide bond absorbance was monitored at
230 nm. Selected fractions were pooled, dialyzed against 0.1 M (v/v)
acetic acid, and freeze-dried.

Mass Spectrometry. Protein bands from SDS−polyacry-
lamide gels were excised and subjected to in-gel trypsin
digestion, and the resulting peptides were analyzed by
electrospray mass spectrometric analysis as previously
described.16 Briefly, peptides were subjected to analysis using
an LCQ Deca XP ion trap mass spectrometer equipped with an
in-line liquid chromatography system (ThermoFinnigan) and
using a C8 reverse-phase capillary column (300 μm × 150 mm,
Grace Vydac 208MS5.315). An electrospray ionization source
introduced the liquid chromatography sample stream into the
mass spectrometer. Hydroxyl differences were identified by
scrolling to average the full scan over several minutes, allowing
combination of all the post-translational variations of a given
peptide.

Characterization of Collagen Cross-Links. The pyridi-
noline cross-link content of collagen preparations was
determined by HPLC after acid hydrolysis in 6 N HCl for
24 h at 108 °C. Dried samples were dissolved in 1% (v/v)
n-heptafluorobutyric acid and their reverse-phase HPLC HP
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and LP contents quantified by fluorescence monitoring as
previously described.24

■ RESULTS
Far Western analyses revealed that the biotinylated 3Hyp-
containing probe recognized and bound to intact α-chains of
type I collagen from multiple tissue sources, such as bone, skin,
and tendon (Figure 1). Binding to α1(I) is consistent with the

hypothesis being tested because the chain contains a fully
hydroxylated 3Hyp986 site in a local sequence that matches
that of the synthetic peptide probe. We anticipate that amide

bonds of the peptide backbone are the hydrogen bond binding
partners for the 3-hydroxyl side chains. The observed binding
to α2(I) presumably occurs between the local sequence
containing 3Hyp707 on the α2 chain and that in the 3Hyp
probe. This is supported by our findings that a weakened but
still detectable 3Hyp probe binding signal was observed on far
Western analysis of chicken skin α1(III) CB6B (3Hyp primary
site sequence being KDGRGGYP*GPIGP#P*GPRGNRG) and
bovine articular cartilage α1(II) CB9,7 (3Hyp primary site
sequence being KDGANGIP*GPIGP#P*GPRGRSG), de-
spite some differences in these sequences from the immedi-
ate sequence of the human α1(I) 3Hyp986 site (3Hyp primary
site sequence being KDGLNGLP*GPIGP#P*GPRGRTG) (data
not shown). The extravidin-conjugated HRP alone exhibited no
binding (Figure 1, HRP).
To locate the site of interaction, human bone matrix was

digested with CNBr, which specifically cleaves peptide bonds at
the C-terminus of methionine residues, giving a characteristic
collagen type I peptide map when separated via SDS−PAGE
(Figure 2A,B). The far Western analysis of CNBr-digested
bone collagen at first glance appeared to show that the 3Hyp
probe had bound to multiple sites on the collagen α-chains
(Figure 2B, 3Hyp). However, the reactive bands did not all
coincide with the linear chain fragments detected in the stained
gel. The specific sites of interaction were therefore sought by
peptide mass spectrometry following in-gel trypsin digestion of
the reactive bands excised from a representative SDS−PAGE.
Interestingly, when analyzed by mass spectrometry, all but one
band prominently revealed trypsin digestion products from
CB6 (Figure 3A,B). This may be explained in part by
incomplete CNBr cleavage, resulting in some higher-molecular
weight partial cleavage products, but the dominant reason
is that much of the CB6 is present in cross-linked forms.

Figure 1. The 3Hyp probe recognizes and binds type I collagen from
multiple tissue sources. Intact type I collagen chains were separated via
6% SDS−PAGE and either stained with Coomassie blue (stained gel)
or transblotted to nitrocellulose for far Western analysis. Blots were
probed using the 3Hyp probe (3Hyp), Pro probe (Pro), or extravidin-
bound HRP without prior incubation with a primary probe (HRP):
lane 1, human bone collagen; lane 2, chicken skin collagen; lane 3,
chicken tendon collagen.

Figure 2. Interaction with CNBr-digested collagen peptides is specific for the 3Hyp probe and is enhanced by the 3-hydroxyl modification. (A)
Peptide map of CNBr-digested type I collagen chains. (B) Replicate sample lanes of CNBr-digested human bone matrix were separated via 12%
SDS−PAGE and stained with Coomassie blue (stained gel) or transblotted to nitrocellulose and probed individually using the following synthetic
peptides: extravidin-bound HRP without prior incubation with a primary probe (HRP), CB8 probe (CB8), A2 probe (A2), Pro probe (Pro), or
3Hyp probe (3Hyp). The predominant CNBr-digested collagen peptides are denoted at the far left. The predicted CB6-containing cross-linked
peptides are denoted at the far right (cross-links are depicted as ×) (see the text for details). The N-terminal telopeptides of α1(I) and α2(I) are
denoted as α1(I)CB1 and α2(I)CB1, respectively. (C) Replicate sample lanes of CNBr-digested human bone matrix were analyzed with Pro probe
(Pro) or 3Hyp probe (3Hyp) in the presence of 2 M glucose (Glc) to inhibit hydrogen bond formation. The sizes of the protein standards are
shown in kilodaltons.
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CB6 contains two separate sites of cross-linking, a Lys in the
C-telopeptide [that can cross-link to helix Lys87 of α1(I) CB5
or α2(I) CB4] and helix Lys930 [that can cross-link to an
N-telopeptide Lys in α1(I) or α2(I)]. The predicted cross-
linked forms of CB6 are denoted in Figure 2B. It is notable that
high-mass poly-α1CB6 cross-linked multimers were reported to
be prominent in digests of bone and tendon collagens.25,26 The
reactive band lacking any form of CB6 was determined to be
CB3,5 from the α2(I) chain, which contains the single 3Hyp
site of α2 at Pro707.
The 3Hyp and Pro peptide probes had indistinguishable

secondary structure (random coil) as determined by circular
dichroism spectroscopy (data not shown), consistent with the
observed differences in binding being due exclusively to the
presence or absence of a 3-hydroxyl in the synthetic peptides.
The Pro probe exhibited some binding to the same sites as the
3Hyp probe, albeit with lower affinity (Figure 2B, Pro). We
postulate that the binding is due to the formation of hydrogen
bonds by 3Hyp at Pro986. The role of hydrogen bonds in the

oligomeric self-assembly of collagen-like peptides has been
demonstrated by employing sugar molecules to disrupt the
hydrogen bonding necessary for fibril formation.27,28 When
solid-phase binding assays were performed in the presence of
2 M glucose, the level of peptide binding was significantly
reduced (Figure 2C). The control peptides (A2 probe and CB8
probe), synthesized to match distinct regions of α1(I) that lack
3Hyp, showed no interaction with type I collagen (Figure 2B).
Thus, the biotinylated collagen-like peptides are not simply
interacting with their matching sequences in the α1(I) chain,
even though such sequences do become aligned intra-
molecularly when α1(I) chains fold into a natural triple helix.
The α1(I) CNBr-peptides CB6 and CB3 were isolated by

molecular sieve chromatography and analyzed by far Western
blotting to verify that the 3Hyp probe was specifically binding
to CB6 (Figure 3C). The 3Hyp probe bound only to the CB6
peptide, confirming the requirement for a specific sequence
within this region of the collagen α-chain. The Pro probe
bound significantly less than the 3Hyp probe, and the
extravidin-bound HRP secondary antibody did not interact
with either CNBr-peptide. From these observations, we
conclude that CB6 [i.e., the C-terminal domain of α1(I)
from residue 822] contains the epitope responsible for
synthetic peptide binding and that the 3-hydroxylation of
Pro986 plays a significant role in the interaction.
To further assess the significance of 3Hyp in type I collagen,

we repeated the synthetic probe binding assays using fetal bone
collagen from a human case of severe recessive OI caused by a
CRTAP mutation, in which α1(I) was minimally 3-hydroxylated
at Pro986. Mass spectrometry showed that the OI bone
collagen had 3-hydroxyl occupancies of 10% at Pro986 in α1(I)
(Figure 4A,B) and 18% at Pro707 in α2(I) (data not shown).
No qualitative difference was detected between the band
patterns given by control and OI bone using the 3Hyp probe
on far Western analysis (Figure 4C, 3Hyp). However, this was
not unexpected as the Pro probe was shown to bind to control
bone collagen, albeit with a lower affinity (Figure 2B, Pro, and
Figure 3C, Pro), thus suggesting that the minimal requirement
for binding is a single 3Hyp in one binding partner. The
difference in the Pro probe signal between control and OI bone
collagen on far Western analysis was made clear by increasing
the amount of the Pro probe 2.5-fold in the binding assay
(Figure 4C, Pro). At this concentration difference, the
interaction profiles with control bone for the 3Hyp and Pro
probes were similar in intensity (Figure 4C, 3Hyp and Pro).
Differences in the specific signal pattern and intensity between
the two probes (3Hyp and Pro) may reflect the inherent
limitations of an artificial solid-phase system. No interaction
was observed between the Pro probe and OI bone even at
elevated concentrations (Figure 4C, Pro). Mass spectrometric
analysis of the fetal OI bone collagen revealed that the CB6
peptide contained no glycosylated lysines, only hydroxylated
lysines as in control bone collagen. This is consistent with the
nonretarded mobility of OI bone CB-peptides on SDS−PAGE
(Figure 4). The possibility that overmodification had extended
to this end of the molecule and was responsible for preventing
probe binding was therefore ruled out. The requirement for at
least one 3Hyp residue (either in the probe or in the collagen
chain or chain fragment) for the binding to be observed
underscores the potential significance of this modification at
α1(I) Pro986 for inducing collagen short-range molecular self-
association and hence order in the fibril.

Figure 3. The binding epitope for the 3Hyp probe is located within
the CB6 region of collagen α1(I). Full scan spectrum from an LC-MS
profile (A) and its MS/MS fragmentation spectrum (B) of the in-gel
trypsin digest of a reactive band from Figure 2B reveal the presence of
the 3Hyp-containing tryptic peptide from CB6. This tryptic peptide was
identified in multiple bands from the far Western analysis (Figure 2B).
(C) Far Western blots of isolated CB6 (lanes 1) and CB3 (lanes 2)
from α1(I) collagen of human bone were probed using the 3Hyp probe
(3Hyp), Pro probe (Pro), or extravidin-bound HRP without prior
incubation with a primary probe (HRP).
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Potential differences in covalent cross-linking between adult
and fetal control bone and fetal OI bone were assessed as an
index of altered fibrillar assembly (Table 1). Lower levels of LP,

evidenced by a consistently higher HP:LP ratio (7.0:1), were
found in the fetal OI bone compared to fetal control bone
(2.4:1). The altered cross-linking profiles indicate post-translational

overhydroxylation of helical domain cross-linking lysines in the OI
versus control tissue. The total concentration of mature pyridinoline
cross-links is lower in fetal bone (control and OI) than in adult
bone. It has been shown in one study that the content of
pyridinoline cross-links is lower and the content of divalent cross-
links higher in human fetal bone than in adult bone.23 CRTAP
mutations have previously been associated with delayed collagen
triple helix folding, which in turn can result in greater modification
by lysyl hydroxylase and P4H at least in cultured cells.4 As
mentioned above, mass spectrometric analysis of the fetal OI bone
collagen revealed complete hydroxylation but no glycosylation of
both cross-linking lysines in CB6 (data not shown).

■ DISCUSSION
The presumed evolutionary advantage conferred by the
3Hyp986 site in the α1(I) collagen chain is still not clear.
However, this study provides strong preliminary evidence of a
functional role for 3Hyp during the molecular assembly of
collagen triple helices into fibrils. The findings show an
interaction localized to the CB6 domain of α1(I), the strength
of which is dependent on 3-hydroxylation of Pro986, and of the
equivalent Pro in the peptide probe. Indeed, in far Western
analyses using the Pro probe against bone collagen from a case
of recessive OI, in which Pro986 is only partially 3-
hydroxylated, a significantly reduced level of interchain binding
was observed. As a result, we suggest that intermolecular
recognition, resulting in self-association, is specific to collagen
sequences containing 3Hyp at α1(I) Pro986. To the best of our
knowledge, this is the first study providing evidence of a
mechanism by which the brittle bone phenotype observed in
forms of OI with reduced prolyl 3-hydroxylation could be
contributed to by the decrease in modification and not just a
consequence of the defective enzyme complex failing to act as a
chaperone in the endoplasmic reticulum and, for example,
driving cellular stress through an unfolded protein response.
A limitation of these findings is the reliance on an artificial

system that uses denatured collagen chain fragments to seek
binding to non-triple-helical peptides. Though much more
complicated to manage and control, experiments designed to
test triple-helical interactions would be more convincingly
physiologically significant in vivo. Nevertheless, studies employ-
ing synthetic collagen-like peptides have revealed the
importance of the proline modifications and conformation in
determining collagen structure and stability. Indeed, the
stabilizing effect of 4Hyp on the triple helix was originally
revealed by experiments with collagen-like peptides.29 Subtle
variations in local proline hydroxylation chemistry have
considerable effects on collagen peptide stability. For example,
4Hyp can both stabilize and destabilize the triple helix
depending on its location in the Gly-Xaa-Yaa motif,30,31

whereas the diastereoisomer 4(S)-hydroxy-2(S)-proline has a
destabilizing effect regardless of position.30 Many stabilizing−
destabilizing effects brought about by prolyl hydroxyl moieties are
thought to result from either favorable electrostatic dipole−dipole
interactions or steric clashes within the collagen triple helix.32

We propose that the binding interactions observed in this
study are representative of an interaction between in-register
dimers of two collagen triple-helical molecules. Such an
interaction is suggested from the crystal structure of a 3Hyp-
containing collagen-like synthetic polypeptide,33 in which the
3-hydroxyl extended outward from the triple-helix axis, thereby
allowing potential intermolecular interactions to occur. These
interactions could be driven by hydrogen bonding between the

Figure 4. Self-association is not observed from OI bone in which
α1(I) Pro986 and α2(I) Pro707 are mostly not 3-hydroxylated. Full
scan spectrum from an LC-MS profile (A) and its MS/MS
fragmentation spectrum (B) of in-gel trypsin digests confirm that
Pro986 is not hydroxylated in the OI bone. (C) Far Western blots of
CNBr-digested fetal control (lane 1) and OI (lane 2) bone were
probed using 0.2 μg/mL 3Hyp probe (3Hyp), 0.5 μg/mL Pro probe
(Pro), or extravidin-bound HRP without incubation with a primary
probe (HRP). These data are consistent with our hypothesis that
intermolecular recognition resulting in self-association is specific to
collagen peptides containing 3Hyp.

Table 1. Concentrations of 3-Hydroxypyridinium Cross-
Linking Residues in Fetal and Adult Bone Collagen
Samplesa

HP + LP (mol/mol) HP:LP (ratio)

adult bone (control)b 0.29 3.6:1
fetal bone (control; n = 3) 0.17 2.4:1
fetal bone (OI) 0.16 7.0:1

aControl and severe recessive OI, expressed as moles per mole of
collagen. Abbreviations: HP, hydroxylysylpyridinoline; LP, lysylpyr-
idinoline. bAdult male, 25 years of age.42
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3-hydroxyl and a peptide backbone carbonyl of an adjacent
triple helix perhaps via one or more water molecules analogous
to the mechanism of triple-helix stabilization by 4Hyp.34,35

Collagen supramolecular assembly is thought to be entropy-
driven, i.e., requiring energy to disrupt preexisting triple helix to
water bonds for formation of the new interactions necessary for
higher-order structures.36−38 A telling artifact from collagen-like
peptide crystal structures is the association of triple-helical
molecules through hydrogen bonding interactions of exposed
4Hyp side chains.34,35 The extent to which these hydrogen
bonds influence collagen fibril formation in vivo is unknown.
Notably, in the crystal structure of the 3Hyp-containing
peptide, these direct interhelical hydrogen bonds between
4Hyp side chains are absent.33 Indeed, the only interhelical
hydrogen bonds identified in their peptide model are between
the hydroxyls of two 3Hyp side chains.33 This is in agreement
with our model concept in which 3Hyp aids in the short-range
alignment and lateral association of collagen triple-helical
dimers through hydrogen bonds. Such interactions have the
potential to fine-tune short-range relationships axially, laterally,
and, in the case of a heterotrimer such as type I collagen,
azimuthally, thereby inducing local order in the packing
structure and in the placement of neighboring covalent cross-
links.
In this concept of fibril molecular packing, the formation

of parallel in-register molecular dimers staggered axially by
D-periods in a square lattice arrangement would ensure the
necessary alignment of collagen molecules to maximize the
content and placement of known mature cross-linking bonds.16

Trivalent cross-links that are prominent in skeletal tissue
collagens are best accommodated at sites between three
collagen molecules, two in-register and a third shifted by a
4D-period.22 Early studies of non-native collagen fibrils formed
in vitro proposed that the subunits were antiparallel molecular
dimers.39 Woodhead-Galloway later proposed altering the then-
current model of native collagen molecular packing by replacing
single molecules of collagen with in-register collagen dimers in
a tetragonal lattice to account better for details in the observed
diffraction patterns.40 This would also result in a regular array
of larger holes in the gap region of fibrils, which could
theoretically provide the added spacing required for bone fibril
mineralization.40

The observed differences in HP:LP ratios between control
and OI bone may reflect cross-linking differences that affect the
quality of bone mineralization, which is believed to depend on
both the manner of molecular packing and the chemistry and
placement of cross-links. In our model, the lack of 3-
hydroxylation at Pro986 may affect the nearest-neighbor
relationships required for the optimal cross-linking arrangement
and supramolecular assembly to allow mineral crystal
deposition together with retained fibril strength. The brittle
bone phenotype could be in part the direct result of disordered
mineralization within an effectively weakened collagenous
matrix, i.e., a matrix defect causing brittle bone. The general
post-translational disturbance in the endoplasmic reticulum that
leads to overhydroxylation of lysines in OI bone collagen can
account for the altered cross-linking profiles. For example,
higher levels of chemically stable pyridinoline cross-links,
hydroxylysine and glucosyl galactosyl hydroxylysine, have
been reported in the P3H1 null mouse bone, tendon, and
skin collagens.41 Further study of the relationship between the
3Hyp content and the quality of collagen cross-linking and their
relationship with the unique properties of bone and other

skeletal tissues is warranted, normally and in OI and other
disorders.

■ AUTHOR INFORMATION
Corresponding Author
*Telephone: (206) 543-4700. Fax: (206) 685-4700. E-mail:
deyre@u.washington.edu.
Funding
This work was supported, in whole or in part, by National
Institutes of Health Grants AR37694 and AR37318 from the
National Institute of Arthritis and Musculoskeletal and Skin
Diseases (D.R.E.) and HD22657 and HD070394 (D.H.C. and
D.R.E.) from the National Institute of Child Health and
Human Development. This work was also supported by funds
from the Ernest M. Burgess Endowed Chair research program
of the University of Washington.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Russell Fernandes for his critical review of the
manuscript. We also thank James Wu and Geoff Traeger for
their helpful comments and suggestions.

■ ABBREVIATIONS
4Hyp, (4R,2S)-L-hydroxyproline; 3Hyp, (3S,2S)-L-hydroxypro-
line; P3H, prolyl 3-hydroxylase; CRTAP, cartilage-associated
protein; PPIB, peptidyl prolyl cis−trans isomerase B (cyclo-
philin B); OI, osteogenesis imperfecta; CNBr, cyanogen
bromide; LP, lysyl pyridinoline; HP, hydroxylysyl pyridinoline.

■ REFERENCES
(1) Glimcher, M. J., and Krane, S. M. (1968) The organization and
structure of bone, and the mechanism of calcification. In Treatise on
Collagen (Ramachandran, G. N., and Gould, B. S., Eds.) Vol. II, pp
68−251, Academic Press, New York.
(2) Berg, R. A., and Prockop, D. J. (1973) The thermal transition of a
non-hydroxylated form of collagen. Evidence for a role for
hydroxyproline in stabilizing the triple helix of collagen. Biochem.
Biophys. Res. Commun. 52, 115−120.
(3) Morello, R., Bertin, T. K., Chen, Y., Hicks, J., Tonachini, L.,
Monticone, M., Castagnola, P., Rauch, F., Glorieux, F. H., Vranka, J.,
Bac̈hinger, H. P., Pace, J. M., Schwarze, U., Byers, P. H., Weis, M.,
Fernandes, R. J., Eyre, D. R., Yao, Z., Boyce, B. F., and Lee, B. (2006)
CRTAP is required for prolyl 3-hydroxylation and mutations cause
recessive osteogenesis imperfecta. Cell 127, 291−304.
(4) Barnes, A. M., Chang, W., Morello, R., Cabral, W. A., Weis, M. A.,
Eyre, D. R., Leikin, S., Makareeva, E., Kuznetsova, N., Uveges, T. E.,
Ashok, A., Flor, A. W., Mulvihill, J. J., Wilson, P. L., Sundaram, U. T.,
Lee, B., and Marini, J. C. (2006) Deficiency of cartilage-associated
protein in recessive lethal osteogenesis imperfecta. N. Engl. J. Med. 355,
2757−2764.
(5) Cabral, W. A., Chang, W., Barnes, A. M., Weis, M. A., Scott,
M. A., Leikin, S., Makareeva, E., Kuznetsova, N. V., Rosenbaum, K. N.,
Tifft, C. J., Bulas, D. I., Kozma, C., Smith, P. A., Eyre, D. R., and
Marini, J. C. (2007) Prolyl 3-hydroxylase 1 deficiency causes a
recessive metabolic bone disorder resembling lethal/severe osteo-
genesis imperfecta. Nat. Genet. 39, 359−365.
(6) Baldridge, D., Schwarze, U., Morello, R., Lennington, J., Bertin,
T. K., Pace, J. M., Pepin, M. G., Weis, M., Eyre, D. R., Walsh, J.,
Lambert, D., Green, A., Robinson, H., Michelson, M., Houge, G.,
Lindman, C., Martin, J., Ward, J., Lemyre, E., Mitchell, J. J., Krakow,
D., Rimoin, D. L., Cohn, D. H., Byers, P. H., and Lee, B. (2008)
CRTAP and LEPRE1 mutations in recessive osteogenesis imperfecta.
Hum. Mutat. 29, 1435−1442.

Biochemistry Article

dx.doi.org/10.1021/bi2019139 | Biochemistry 2012, 51, 2417−24242422

mailto:deyre@u.washington.edu


(7) van Dijk, F. S., Nesbitt, I. M., Zwikstra, E. H., Nikkels, P. G.,
Piersma, S. R., Fratantoni, S. A., Jimenez, C. R., Huizer, M., Morsman,
A. C., Cobben, J. M., van Roij, M. H., Elting, M. W., Verbeke, J. I.,
Wijnaendts, L. C., Shaw, N. J., Högler, W., McKeown, C., Sistermans,
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