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Collagen prolyl3-hydroxylation: a major role for a minor post-
translational modification?
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Abstract

Prolyl 3-hydroxylation is a rare but conserved post-translational modification in many collagen
types and, when defective, may be linked to a number of human diseases with musculoskeletal and
potentially ocular and renal pathologies. Prolyl 3-hydroxylase-1 (P3H1), the enzyme responsible
for converting proline to 3-hydroxyproline (3Hyp) in type I collagen, requires the coenzyme
CRTAP for activity. Mass spectrometric analysis showed that the Crtap—/— mouse was missing 3-
hydroxyproline in type I collagen a-chains. This finding led to the discovery mutations in genes
encoding the P3H1 complex as a cause of recessively inherited osteogenesis imperfecta (brittle
bone disease). Since then, many additional 3Hyp sites have been identified in various collagen
types and classified based on observed substrate and tissue specificity. P3H1 is part of a family of
gene products that also includes isoenzymes P3H2 and P3H3 as well as CRTAP and Sc65. It is
believed these isoenzymes and coenzymes have evolved different collagen substrate site and tissue
specificities in their activities. The post-translational fingerprinting of collagens will be essential
in understanding the basic role and extent of regulated variations of prolyl 3-hydroxylation in
collagen. We believe that prolyl 3-hydroxylation is a functionally significant collagen post-
translational modification and can be a cause of disease when absent.
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Introduction

Collagen post-translational modifications have evolved to support animal life on land. The
fibril-forming collagens (types I, Il, 111, V and XI) are characterized by three polypeptide a-
chains (over 1000 residues each) coiled into triple helices (1). The triple-helical domain is
defined by a repeating Gly-X-Y triplet, where X and Y are commonly proline (Pro) and 4R,
2S-hydroxyproline (4Hyp), respectively. Prolyl 4-hydroxylation is the single most prevalent
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post-translational modification in humans. Indeed, a quarter of the amino acids in
mammalian fibrillar collagen a-chains are prolyl residues, approximately 50% of which are
4-hydroxylated. Additionally, lysine residues can be hydroxylated to 5-hydroxylysine,
which in turn can be glycosylated to galactosylhydroxylysine and
glucosylgalactosylhydroxylysine. Furthermore, all fibril-forming collagens in higher
vertebrates are covalently cross-linked through the lysine aldehyde or the hydroxylysine
aldehyde pathway (2). It is well established that these post-translational modifications
enhance collagen structural stability (1). For example, it is thought that 4Hyp residues
stabilize the triple helix through either water-bridged hydrogen bonding or stereoelectronic
effects (3,4). Five decades ago a new amino acid, 3-hydroxyproline (3S, 2S-hydroxyproline;
3Hyp), was identified in collagen (5). 3Hyp is a rare amino acid, with an occurrence of two
residues per a-chain in collagen types | and |1, between three to six residues per a-chain of
collagen types V and XI, and over 10 residues per a-chain of collagen type IV (6-8). It is
established that the modified Pro residues occur within the sequence Gly-Pro-4Hyp (5,9)
(Figure 1A). This residue adds to the already large number of collagen post-translational
modifications. Yet a half century after its discovery, a function for 3Hyp is still unclear (6).

Prolyl 3-hydroxylase family

Prolyl 3-hydroxylase-1 (P3H1), the enzyme responsible for catalyzing the conversion of
proline to 3Hyp in type I collagen, was shown to form a complex with cartilage-associated
protein (CRTAP) and cyclophlin B (PPIB) in a 1:1:1 ratio (10). It has been suggested that
the P3H1 complex may function as both an enzyme and a chaperone in collagen molecular
assembly, possibly by preventing premature aggregation of collagen chains during protein
synthesis (11). P3H1 and 3Hyp have experienced a surge of interest lately due largely to a
connection with autosomal recessive forms of osteogenesis imperfecta (Ol), in several
genetic variants of which the prolyl 3-hydroxylation modification is missing. Gene
mutations that disrupt expression of any protein in the P3H1 complex (P3H1, CRTAP and
PPIB) have been shown to cause recessive Ol (12-17). Analysis of collagen from tissue and
cultured fibroblasts from these Ol cases revealed a lack of or decrease in 3-hydroxylation at
proline residues, a1(l) Pro986 and a2(l) Pro707 (12,14,18). Ol, a rare genetic disorder
affecting normal type | collagen synthesis, is phenotypically characterized by brittle bones.
In contrast to autosomal dominant variants of Ol, which typically result from mutations in
the type I collagen genes COL1A1 and COL1A2, a genotypic spectrum of recessively
inherited Ol has recently emerged (19). Mutations in genes such as SERPINH1 (encodes
heat shock protein HSP47) (20), SERPINF1 (pigment epithelium-derived factor, PEDF)
(21), FKBP10 (FKBP65) (22), SP7 (osterix) (23), PLOD2 (lysyl hydroxylase-2) (24), BMP1
(collagen C-propeptidase) (25), TMEM38B (trimeric intracellular cation channel) (26),
IFITM5 (interferon-induced transmembrane protein 5) (27) and most recently WNT1 (Wntl)
(28) have also been identified as causes of Ol. The recessively inherited variants of Ol
account for less than 10% of all known individuals with the disease, most cases being
caused by dominant mutations in type I collagen genes (29). The pathophysiology of
recessive Ol can be attributed to at least four basic mechanisms, which affect either collagen
post-translational modifications (loss of 3Hyp, loss of Hyl, over-hydroxylation of Hyl, or
over-glycosylation of Hyl), collagen processing (deficient C-propeptide cleavage) (25,30),
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collagen trafficking (defects in ER chaperone proteins) and/or osteoblast differentiation.
Whether the brittle bone phenotype of those recessive Ol variants with reduced prolyl 3-
hydroxylation is a direct result of the missing modification itself or another consequence of
the disrupted enzyme complex has yet to be determined.

The role of CRTAP and P3H1 in collagen homeostasis and Ol pathology was defined in the
last decade. For example, the Crtap—/— mouse was extensively characterized and observed
to have a generalized connective tissue phenotype that was consistent with the systemic
failure of collagen homeostasis, affecting bone, cartilage, skin, lung and kidney (31). The
Crtap—/- mouse also exhibited complete loss of 3-hydroxylation at Pro986 of a1(l) and
al(ll) and a2(V) (12,31). Similarly, this 3Hyp residue was absent in the P3H1-null mouse,
which presented with hearing loss (32) and an abnormal skin, tendon and bone phenotype
due to collagen fibril disturbances (33). CRTAP and P3H1 are part of a family of genes that
includes three isoenzymes in the P3H family, P3H1 (LEPREL), P3H2 (LEPREL1) and P3H3
(LEPRELZ2), as well as two homologous proteins and potential coenzymes, CRTAP
(CRTAP) and Sc65 (LEPRELA4) (34). These different proteins have likely evolved unique but
complimentary functions affecting a wide-range of organ systems. For example, a single
point mutation in P3H2 has been implicated in high myopia in humans (35), and a recent
study has cited Sc65 as an autoimmune target in membranous nephropathy (36).

Methods for mapping 3Hyp

3Hyp was originally discovered through the amino acid analysis of collagen hydrolysates
(5). Automated Edman degradation later became the standard for amino acid sequence
analysis of this modification, which gives a unique PTH-derivative signature on HPLC
analysis (37,38). Today, mass spectrometric approaches have largely replaced these earlier
methods for the initial identification of 3Hyp within collagen a-chains (6,39-42). This
approach typically involves analyzing collagen peptides from SDS-PAGE gels or from
reverse phase column HPLC fractions after protease digestion (usually trypsin). Mass
spectrometry is carried out on the tryptic peptides, and search software is used for peptide
identification. Larger collagenous peptides are identified manually by calculating the
theoretical MS/MS ions and matching these to the actual MS/MS spectrum. Hydroxyl
differences (x16Da) are probed manually by averaging the full scan over several minutes of
the LCMS elution profile so that all the post-translational variations of a given peptide are
combined in the full scan. A limitation of the mass spectrometric approach is the inability to
distinguish between 3Hyp and 4Hyp residues; however, 4Hyp only occurs in the Y position
of the (Gly-X-Y), repeat, with the rare exception of 4Hyp in the X position of certain GPA
triplets (43). This finding supports the labelling of hydroxylated prolines in the X position of
a Gly-Pro-4Hyp sequence as 3Hyp.

Novel sites of 3Hyp in fibrillar collagen

We recently identified several novel molecular sites of 3Hyp in fibrillar collagen using
peptide mass spectrometry (6). A-clade chains (al(l), a2(l), a1(ll), a1(I1l) and a2(V)) and
B-clade chains (al1(V), a1(XI) and a2(XI)) were examined from human and bovine tissues.
In fibril-forming A-clade collagens, these sites have been divided into three classes: the
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original 3Hyp site at residue Pro986 termed Al (Class 1), three new sites Pro944, Pro707
and Pro434 termed A2, A3 and A4 (Class 2) and the C-terminal (GPP),, motif (Class 3). In
the B-clade collagens, three high occupancy sites (B1, B2 and B3) were originally identified
in bone type V collagen and cartilage type XI collagen (6); however, multiple additional low
occupancy sites have since been detected in bovine placental a1(V) by high-sensitivity mass
spectrometric methods (40).

Variability in 3Hyp site occupancy suggests local sequence substrate-specificity. Notably,
almost complete 3-hydroxylation of Pro986 is seen in a1(l) and a1(1l) but not in type Il
collagen, where the site is unoccupied in mammals. Curiously, this site is 100% occupied in
chicken and xenopus type 11 collagen (41). Based on sequence data from the genomic
database (Ensembl), a local sequence motif containing a histidine six residues immediately
upstream from the A1l site proline was determined to preclude 3-hydroxylation of
mammalian type 111 collagen. Available avian, amphibian and reptilian sequences all have a
tyrosine instead of histidine predicting a distinction between type 111 collagen of mammals
compared with other vertebrates. Also, although the A-clade 3Hyp sites are specific to A-
clade collagens, only a.2(V) hosts some occupancy at all four A-clade sites (see Table 1 for
details).

Pronounced tissue specificity was also observed for several sites (Table 2). For example, in
type Il collagen, the A2 site ranged in occupancy from 80% in vitreous humour to 20% in
cartilage (6). 3Hyp was originally found at the A3 site only in a2(l) and a.2(V) from
multiple tissue sources (6), but was also later detected in a1(l) from skin and tendon
(39,41). Tissue specificity is particularly striking for the Class 3 site, with the C-terminal
(GPP),, motif of type I collagen containing 3Hyp exclusively in tendon (42). Such collagen
substrate and tissue specificity in the degree of 3Hyp site occupancy is likely a function of
variable expression of the distinct P3H isoenzymes and coenzymes (44). Indeed, each P3H
has been shown to exhibit distinct tissue specificity in its expression, which can vary
between species and with development (45,46). P3H1 mRNA expression was found in all
fetal human tissues tested, but no expression was observed in adult human skeletal muscle
and brain, or mouse renal tissue (46). P3H2, which is highly expressed in kidney, placenta
and lung, has been proposed to be the active 3-hydroxylase for basement membrane
collagens (46). Amino acid analysis of bovine type I collagen revealed higher levels of
prolyl 3-hydroxylation in kidney (seven 3Hyp residues per a-chain) than other tissues (one
3Hyp residue per a-chain in skin and bone) (47). In support of this trend, mass spectrometry
of the (GPP), motif from bovine kidney type I collagen showed higher 3Hyp levels than
from any other bovine tissue examined (Hudson et al., unpublished).

Evolutionary origins of 3Hyp

The 3-hydroxylation of proline is a highly conserved modification in many types of
collagens throughout the animal kingdom (6,41). Evolutionarily, this ancient and ubiquitous
collagen modification is found as far back as porifera, the most primitive extant
multicellular animal (48). It seems unlikely that a post-translational modification as rare but
conserved as 3Hyp would not contribute basically to collagen structure and function. At
which point in evolution 3-hydroxylation first appeared in fibrillar collagens, and
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specifically at P986, is unknown. According to the Ensembl database, the earliest
recognizable A-clade fibrillar collagen (CIFCOL1; Ensembl gene ID:
ENSCING00000006961) is found in the pre-vertebrate chordate, Ciona intestinalis. Many
of the known A-clade 3Hyp sites lack the GPP motif at the homologous site in the CIFCOL1
gene sequence. For example, the Al site (Pro986), highly conserved across chordate species
in al(l) as GPIGPPGPR, is replaced with GPIGATGPR. The genome of C. intestinalis
does contain a gene for a prolyl 3-hydroxylase (49,50), but the collagen substrates of this
enzyme are unknown. We have located several novel 3Hyp sites in the CIFCOL1 gene
product of C. intestinalis using mass spectrometry, however, these did not follow the known
A-clade or B-clade site patterns (Hudson et al., unpublished). The expression of a fibril-
forming collagen gene perhaps resulted in a gain of function for the lone P3H enzyme from
C. intestinalis, which likely evolved initially to act on basement membrane collagens. As
such, the site sequences of 3Hyp in the CIFCOL1 gene product may have diverged from
those of early type IV collagens. The occurrence of 3Hyp potentially impacted collagen
fibril assembly at the threshold of vertebrate evolution in a way that enhanced the properties
of skeletal tissues and their development in particular. Genomic duplications in early
chordates gave rise to the three P3H isoenzymes now found in higher vertebrates (50).
Understanding the mode of action of this ancient P3H enzyme from C. intestinalis may
provide important clues to differential functions of P3H1, P3H2 and P3H3. Although the
main substrate of P3H2 is thought to be basement membrane collagens (46), the best
characterized activity is that of the P3H1 enzyme complex, responsible for converting
Pro986 to 3Hyp in collagen types I, Il and V (15,31).

Potential function

Subtle variations in local proline hydroxylation chemistry can 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-X-Y motif (51), whereas the non-physiological
diastereoisomer 4S-hydroxy-2S-proline has a destabilizing effect regardless of position (52).
Initial studies employing 3Hyp-containing synthetic collagen-like polypeptides have
suggested a possible destabilization of the triple helix by 3Hyp (53), but further work
revealed a marginal added stability (54). It seems unlikely that one or two 3Hyp residues/a-
chain (in comparison to more than 100 4Hyp residues/a.-chain) have evolved solely to
contribute additional thermal stability to the collagen triple helix. No function is known for
prolyl 3-hydroxylation; however, we speculate that the different classes of 3Hyp sites may
each serve a unique purpose.

Class 1: Based on the stabilizing role of 4Hyp residues through water-bridged hydrogen
bonds, we proposed that Pro986 (Class 1) functions as a local site of interaction that aids in
collagen fibril assembly (6). The best arrangement of molecules for efficient mature trivalent
cross-links would be for lateral pairs of collagen molecules in register to pack into a quarter-
staggered collagen lattice (Figure 1B). This alignment could be aided through short-range
hydrogen-bonding interactions or stereoelectronic effects between 3Hyp residues. We
propose that the 3-hydroxy! of Pro986 and a peptide backbone carbonyl of an adjacent triple
helix could perhaps interact via one or more water molecules analogous to the mechanism of
triple helix stabilization by 4Hyp (55,56). This hypothesis is supported, theoretically, by the
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crystal structure of a 3Hyp-containing collagen-like synthetic polypeptide (57), in which the
3-hydroxyl extended outward from the triple helix axis, thereby allowing potential
intermolecular interactions to occur. Moreover, in this crystal structure, direct inter-helical
hydrogen bonds were identified between the hydroxyls of two 3Hyp side chains (57). Many
short-range stabilizing 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 (58).

Solid-phase binding studies revealed that 3Hyp could potentially function in interchain and
so potentially intermolecular recognition and binding (59). The physical binding properties
of 3Hyp in collagen chains were investigated using synthetic collagen-like peptides.
Evidence of self-association was observed between a 3Hyp-containing synthetic peptide and
the CB6 domain of the a.1(l) chain from tissue collagen, which contains the fully single 3-
hydroxylated proline. It was clear that the interaction was highly dependent upon the 3-
hydroxylation of Pro986. Indeed, using collagen from a case of severe recessive Ol with a
CRTAP mutation, in which Pro986 was minimally 3-hydroxylated, such binding was not
observed (59). These findings suggested that the brittle bone phenotype observed in Ol
could be in part caused by a missing fundamental role of prolyl 3-hydroxylation. For
example, a fundamental short-range order in the molecular and/or supramolecular assembly
of collagen may be disordered in severe Ol.

Early collagen X-ray diffraction data support a packing arrangement of in-register dimers. A
structural model consisting of collagen dimers packed into a tetragonal lattice was proposed
by Woodhead-Galloway almost four decades ago (60). Such a placement of collagen
molecules would result in a regular array of discrete holes within the gap region of the fibril,
which could theoretically provide the spacing required for bone mineralization. As such it is
possible that disrupting the alignment of collagen molecules could also disrupt the fibril
framework necessary for ordered hydroxyapatite nanocrystal growth, potentially resulting in
brittle bones.

Class 2: The function of the Class 2 sites may also be involved with collagen fibril
assembly. The D-periodic spacing (234 + 3 residues) between the A2, A3 and A4 3Hyp sites
in A-clade collagen chains and between the B2 and B3 3Hyp sites in B-clade collagen
chains suggests a role for 3Hyp in orienting fibril formation (6) (Figure 1C). Notably, in the
supramolecular structure, all the Class 2 3Hyp sites are aligned within the molecular overlap
region of the fibril.

Class 3: The occurrence of the Class 3 tendon-specific 3Hyp sites appears to have arisen
with early vertebrates (Hudson et al., unpublished). Type | collagen in tendon has several
distinctive properties, including its manner of cellular assembly, cross-linking and material
properties (61). We suspect that this third class of 3Hyp motif is functionally regulated
during synthesis in the ER and is a potential determinant of the intramolecular collagen a-
chain registry or other interactions in the assembly of a fibrillar matrix.

Connect Tissue Res. Author manuscript; available in PMC 2014 June 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hudson and Eyre Page 7

3Hyp in basement membrane collagen

Type 1V collagen has the highest concentration of 3Hyp among collagens (7), and is both
ancient and structurally quite distinct from the fibrillar collagens. Type IV collagen a-chains
contain an amino-terminal triple-helical 7S domain, a central triple-helical region and a
carboxy-terminal non-collagenous domain (NC1 domain) (62). The 7S domain is reported to
contain as many as half the total 3Hyp residues in type 1V collagen (8). Their molecular
location and function remain undefined. The 7S domain is composed of four antiparallel
triple helices that are largely brought together by hydrophobic and ionic interactions and
held by disulfide bonds (62). When self-assembly proceeds into an extended supramolecular
structure, the resulting open mesh network is responsible for the tensile framework and
characteristic architecture of all basement membranes. The 7S domain of type 1V collagen
therefore provides a unique window to study the evolutionary origins and relationship
between the different isoenzymes (P3H1, P3H2 and P3H3) and potential coenzymes
(CRTAP and Sc65), as it likely contains several distinct substrate motifs.

Future directions

In addition to a role in collagen assembly, 3Hyp domains may provide sites of interaction
for fibril-binding non-collagenous proteins, for example, the small leucine-rich
proteoglycans (SLRPs) and other proteins perhaps involved in mineralization. The function
of 3Hyp is clearly important to understand given its significance in recessive Ol and
heritable high myopia (19,35). Point mutations causing single amino acid substitutions in
collagen type | (osteogenesis imperfecta), type Il (chondrodysplasias), type 111/V (Ehlers-
Danlos syndrome), and type IV (Alport’s syndrome) have all been linked to diseases
affecting multiple tissues and organ systems. It seems likely that, with further investigation,
more disorders based on altered collagen post-translational modifications will be revealed.
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Figure 1.

Model of the three classes of 3Hyp substrate sites identified in A-clade collagen. 3Hyp always occurs in the sequence
Gly-3Hyp-4Hyp, A. We propose the Class 1 3Hyp (Pro986) functions in collagen fibril molecular packing, in which the
subunits are in-register dimers staggered axially by D-periods, B. D-periodic spacing is evident between the Class 2 3Hyp
residues (Pro470, Pro707 and Pro944) in the triple helix, C. Occurrence of the Class 3 3Hyp residues in the (GPP),, motif
exhibited clear tissue specificity, with the modification occurring almost exclusively in tendon.
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Substrate specificity of 3Hyp sites in A-clade collagen a-chains.

Table 1

Mammal (human)

Type A4Site A3Ste A2Ste AlSte
al(l) 0% 0% 0% 99%
a2(l) 0% 80% 0% n/a
al(ll) 0% 0% 10-87% 99%
al(lll) n/a 0% 0% 0%
a2(V) 13% 80% 60% 99%
Avian (chicken)
Type A4 Site A3Site A2Site AlSite
al(l) n/a 5-10% 0% 99%
a2(l) nla 95% nfa nla
al(ll) 0% 18% 0% 99%
al(lll) n/a 0% 0% 100%
a2(V) 18% 40% 28% 99%
Amphibian (xenopus)

Type A4 Site A3Site A2Site AlSite
al(l) 0% 12% 0% 99%
a2(l) nfa nfa nfa n/a
al(ll) 0% n/a 0% 99%
al(lll) n/a 0% 0% 100%

Page 12

Molecular locations and abundance of 3Hyp sites within several vertebrates were identified using mass spectrometry. 3Hyp content was determined
by scrolling the full scan to include all post-translational modification variations (n/a represents no substrate GPP in the known sequence). Note
that only the A1 site is fully 3-hydroxylated across species.
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Table 2

Tissue specificity of 3Hyp occupancy in type | and type Il collagen a-chains in mammals.

Bone Tendon Cartilage Vitreous
Sites al(l) a2() al(l) a2(l) al(ll) al(ll)
A1l (P986) +++ 0 +++ 0 +++ +++
A2 (P944) 0 0 0 0 + ++
A3 (P707) 0 ++ + ++ 0 0
A4 (P470) 0 0 0 0 0 0
(GPP), 0 0 +++ +++ + ++

Relative abundance of 3Hyp sites in al(l), a2(l) and a1(ll) (A1, A2, A3, A4 and (GPP)p) in different tissues. Symbols (+++, ++, +, 0) represent

relative abundance of prolyl 3-hydroxylation, ranging from fully occupied to unoccupied (approximate 3Hyp occupancy estimates: +++ = 99%-—
70%; ++ = 69%-30%); + = 29%-5%). This data was obtained from human, bovine and mouse samples.
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