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Abstract Collagens are among proteins that undergo
several post-translational modifications, such as prolyl
hydroxylation, that occur during elongation of the nascent
chains in the endoplasmic reticulum. The major structural
collagens, types I, II and III, have large, uninterrupted
triple helices, comprising three polyproline II-like chains
supercoiled around a common axis. The structure has a
requirement for glycine, as every third residue, and is
stabilized by the high content of proline and 4-hydroxy-
proline residues. Action of prolyl hydroxylases is critical.
Spontaneous or targeted genetic defects in prolyl hydrox-
ylases can be lethal or result in severe osteogenesis
imperfecta. Prolines, as determinants of substrate speci-
ficity and susceptibility, also play a role in degradation of
collagen by collagenolytic matrix metalloproteinases
(MMPs). Targeted mutations in mice in the collagenase
cleavage domain have profound effects on collagen turn-
over and the function of connective tissues. Prolines are
thus critical determinants of collagen structure and
function.
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Introduction

Collagens with uninterrupted triple helices, such as type I
collagen, are characterized biochemically by distinctive
amino acid composition, i.e., on a molar basis ~33%
glycine, ~10% proline, ~10% 4-hydroxyproline and
~0.1% 3-hydroxyproline. This review will focus on the
unique roles of prolines and modified prolines in deter-
mining the structure and biological stability as well as
proteolytic degradation of type I collagen.

Collagen structure, proline and 4-hydroxyproline

The structure of the collagens reflects the amino acid
composition. Thus, there is in the triple helical domain a
requirement for glycine (Gly) as every third residue and
the high content of prolines (Pro) stabilizes the polyproline-
II-like helices characteristic of collagen sequences
(Myllyharju and Kivirikko 2004). Hydroxylation of Pro in
the 4-position (4-Hyp, i.e., 4(R)-hydroxl-L-proline
(Schumacher et al. 2006) further stabilizes the helical
structure. This 4-hydroxylation takes place during elonga-
tion of the nascent polypeptide chains in the endoplasmic
reticulum. 4-Hyp was isolated and its structure determined
at the turn of the last century (Fischer 1902). In an
extraordinary paper published over four decades later
(Stetten and Schoenheimer 1944), it was reasoned that,
“perhaps a part of the hydroxyproline is metabolized by
way of proline”. They then synthesized / (—) Pro where
“the carbon skeleton was marked by stably bound deute-
rium and the amino group by N'>” and they fed the doubly
labeled Pro to rats and measured enrichment of the isotopes
in Hyp from carcass proteins. They concluded that 4-Hyp is
formed after incorporation of Pro into these proteins
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(collagens). We now know from amino acid and gene
sequencing that the helical region of these collagens
comprises uninterrupted repeats of Gly-X-Y tripeptides
(Piez 1984; Myllyharju and Kivirikko 2004). It has been
established by amino acid sequencing that whereas Pro is
found in either the -X- or -Y- position of the Gly-X-Y
tripeptide repeat, 4-Hyp is found only in the -Y- position.
4-Hyp is an abundant modification in types I and II colla-
gens, with ~ 85-90 residues/1000 amino acids (~40% of
the total Pro + 4-Hyp). Any substitutions for Gly residues
that result from mutations in the types I, II, III or V col-
lagen genes produce an unstable structure that results in
human diseases that primarily affect type I collagen in bone
(forms of “brittle bone disease”, i.e., osteogenesis imper-
fecta), type II collagen in growth plate or articular cartilage
(chondrodysplasias) or types III or V collagens in skin and
other “soft “connective tissues (forms of Ehlers-Danlos
syndrome) (Myllyharju and Kivirikko 2004; Byers 2000).

The triple helical structure of the fibril/fiber-forming
collagens thus reflects the high content of Pro and 4-Hyp
residues with a regular and uninterrupted repeat of Gly-X-
Y triplets. The denaturation temperature (7p) of collagen in
solution is usually measured as the melting temperature
transitition (7,,), and the Tp of native, insoluble collagens
is usually measured as the shrinkage temperature (7). In
general, the stability of the helical structure is regulated by
the content of Pro plus 4-Hyp. These numbers have phys-
iological meaning. It has been shown (Piez 1984) that the
T, of different animal collagens is proportional to
the upper limit of environmental temperature to which the
animal or tissue is exposed. For example, the T, of skin
collagen from codfish that live in cold waters is ~ 14°C,
whereas the Ty, of hog intestine collagen and the cuticle
collagen of the parasite, Ascaris, which inhabits the hog
intestinal lumen, is ~40°C. Furthermore, based on a
detailed analysis of these and other collagens from differ-
ent species (Josse and Harrington 1964), the best
correlation with 7p is with total pyrrolidine content
(Pro + 4-Hyp) and not with either Pro or 4-Hyp content
alone. More recently, analyses have been made of the
refolding of thermally denatured model collagen-like
peptides that have Gly-X-Y triplet repeats with differing
residues in the -X- and -Y- positions (Ackerman et al.
1999). The results showed a strong dependence of the
folding rate on the identity of the “guest” triplet. For
example, all triplets of the form Gly-X-4-Hyp promoted
rapid folding of these model peptides, whereas triplets of
Gly-Pro-X and Gly-X-Y had much slower folding. In vivo,
there are additional mechanisms that direct an assembly of
these complex macromolecules (Khoshnoodi et al. 2006).
The component o chains have non-collagenous (NC)
domains at their N- and C-terminal ends. Type I collagen
comprises two «l chains and one o2 chain in the triple
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helix; it has now been shown that the «1 C-NC domain
contains sufficient information for directing homotrimer
assembly, whereas the o2 C-NC domain is required for
directing heterotrimer assembly (Khoshnoodi et al. 2006).
Disulfide bonding in the o2 C-NC domain is critical for this
process. Before the nascent chains fully fold, the prolyl
residues in the -Y- position are hydroxylated and the newly
formed 4-Hyp residues serve to stabilize the helix
(Myllyharju and Kivirikko 2004).

The enzymes that catalyze the formation of collagen
4-Hyp are the collagen prolyl 4-hydroxylases (P4Hs)
members of a family of 2-oxyglutarate and ferrous iron-
dependent dioxygenases (Myllyharju and Kivirikko 2004).
The P4Hs are o,f, tetramers that localize in the endo-
plasmic reticulum; the o subunits are the catalytic
hydroxylases whereas the chaperone, protein disulfide
isomerase (PDI), comprises the f§ subunits. There are three
isoforms of the o subunits in humans (Fig. 1). Spontaneous
mutations of collagen prolyl 4-hydroxylases have not yet
been reported and a targeted null mutation of one isoform
in mice is embryonic lethal (Myllyharju and Kivirikko
2004). The collagen prolyl 4-hydroxylases all require as
substrates unfolded collagen chains, molecular oxygen,
2-oxyglutarate, ferrous iron and ascorbate; substrate affin-
ities vary with the enzyme isoform. Other prolyl
4-hydroxylases function in regulating responses to hypoxia
by hydroxylating key prolyl residues in the sequence of the
hypoxia-inducible transcription factor, HIFx. The amino
acid sequence specificity that determines 4-hydroxylation
of prolyl residues in HIFx is different from that of the
collagen P4Hs (Kaelin 2005). The HIFo hydroxylases,
however, do have other substrate requirements that are
similar to those of the collagen prolyl 4-hydroxylases,
although they do not hydroxylate Pro residues in collagens,
have different affinities and do not complex with PDI f§
subunits. Prolyl hydroxylation of HIFu alters binding to the
von Hippel Lindau tumor suppressor protein (pVHL) and

Proly 4-Hydroxylases
(1) Collagen prolyl 4-hydroxylases in rough endoplasmic reticulum

Hydroxylate Pro in collagen sequences .Gly.X.Pro.Gly.,on
nascent chains prior to triple helix assembly

Type ! PAH-a(l) [a ()], *[PDI],
Type Il P4H-a(ll) [a (ID],*[PDI],
Type Il P4H-a(lll) [a ()], *[PDI],

(2) HIF1a prolyl 4-hydroxyases (EGLNs)-cytoplasmic and nuclear-no PDI

Hydroxylate Pro402 and Pro564 in HIF1a sequence (no
.Gly.X.Pro.Gly.) to generate a pVLH binding site

EGLN1 HPH-2, PHG2 cytoplasmic
EGLN2 HPH-3, PHD1 nuclear
EGLN3 HPH-1, PHD3 cytoplasmic & nuclear

Fig. 1 Prolyl 4-Hydroxylases
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thus regulates its activity (Kaelin 2005). These highly
specific 4-Pro hydroxylations of regulatory proteins such as
HIFo illustrate the important biological roles of the Pro
components of other proteins besides structural proteins
such as collagens.

Collagen 3-hydroxyproline

The least abundant hydroxylated imino acid in collagens
with uninterrupted triple helices is 3-hydroxyproline
(3-Hyp, i.e., 3(S)-hydroxl-L-proline; Schumacher et al.
2006; Ogle et al. 1962; Irreverre et al. 1962). In type I
collagen, there is only 1 residue of 3-Hyp/1000 amino
acids, ~1 % that of 4-Hyp, and the single 3-Hyp is found
only in the -X- position of a Gly-X-Y triplet with the
sequence Gly-3-Hyp-4-Hyp, at residue 986 in the human
o1(I) chain. Potential biological functions and metabolism
of 3-Hyp were not explored until a prolyl 3-hydroxylase
(P3H) was isolated, cloned and characterized in chick
embryos and termed P3H1 (Vranka et al. 2004). Other
potential members of the P3H family were subsequently
identified (Fig. 2). The structure of chick P3H1 indicated
that it is the orthologue of a previously described endo-
plasmic reticulum protein called leprecan (Wassenhove-
McCarthy and McCarthy 1999). The Leprecan cDNA
cloned from the mouse encoded a protein with structural
features in common with the other collagen hydroxylases
sufficient to consider it another member of the family of
2-oxyglutarate- and ferrous iron-dependent dioxygenases
(Vranka et al. 2004). In addition, it was demonstrated by
Vranka et al. (2004) that P3H1 specifically binds to
denatured collagen in a complex containing at least two
other proteins, cyclophilin B (CYPB) and a protein
previously isolated as a “cartilage-associated protein” or
CRTAP (Tonachini et al. 1999; Morello et al. 1999).

Proly 3-Hydroxylases

(1) Collagen prolyl 3-hydroxylases(P3Hs)in rough endoplasmic reticulum

Hydroxylate Pro in collagen sequences .Gly.Pro.4-OHPro.Gly; in
type | collagen only at Pro986, in other collagens at multiple -X-
position Pro
Three P3Hs known (P3H1, P3H2, P3H3)...probably
function in different tissues and with different substrates
Prolyl hydroxylation by P3Hs does not require PDI
P3H1 is ortholog of leprecan, a growth suppressor (Gros1)
P3H1 complexes in ER to three other proteins:
unfolded collagen chains
CRTAP, a member of the P3H family that lacks
the P3H catalytic domain
cyclophilin B (PYPB)
The whole complex is required for collagen prolyl 3-
hydroxylation in the cell as well as secretion of triple helical
collagen molecules

Fig. 2 Prolyl 3-Hydroxylases

Although CRTAP could also be a member of the P3H
family, it lacks the catalytic dioxygenase domain and
therefore cannot function enzymatically as a collagen
prolyl 3-hydroxylase. Interestingly, neither CYPB nor
CRTAP are required for full prolyl 3-hydroxylase activity
of P3H (Vranka et al. 2004).

Clinical observations have been fundamental in further
elucidation of the biology of 3-Hyp. Brittle bone disease or
osteogenesis imperfecta (OI) is clinically, biochemically
and genetically heterogeneous (Byers 2000; Marini et al.
2007b; Morello et al. 2006). Most forms of OI are domi-
nantly inherited and caused by mutations in the genes that
encode type I collagen (COLIAI and COLIA2). Ward et al.
(2002) showed that a clinical variant of OI, termed type
VII, however, did not map to COLIAI or COLIA2 and had
a recessive rather than a dominant inheritance. Subse-
quently, elucidation of the role of the P3H1/CRTAP/CYBP
complex in collagen biology began with the mapping of a
kindred with OI type VII to a locus on chromosome 3p22.3
(Ward et al. 2002). Morello et al. (2006) reasoned that
mutations in CRTAP, included in this region on chromo-
some 3p22.3, could be a cause of OI type VII in view of its
binding to denatured type I collagen and its potential role
in proly3-hydroxylation (Vranka et al. 2004). A mutation
was then identified in CRTAP at a splice site that could
potentially lead to unstable CRTAP mRNA and decrease
CRTAP protein (Morello et al. 2006). DNA was also
examined from members of an additional family with
clinically normal parents and four children, all affected
with a severe form of OI considered clinically to be type II
OI (Morello et al. 2006). Analysis of CRTAP sequences in
this group of patients with OI showed a homozygous single
base pair deletion that caused a frameshift mutation in exon
4; both asymptomatic parents were carriers of the mutation.
Analysis of collagen in medium conditioned by fibroblasts
from affected individuals in both kindreds using mass
spectroscopy showed Pro, but not 3-Hyp in residue 986, in
type I collagen «l(I) chains, despite observations that
CRTAP is not a prolyl 3-hydroxylase. In addition, several
features of the human mutation including severe osteopo-
rosis and decreased proly3-hydroxylation were found in
collagens from Crtap-null mice (Morello et al. 2006).

Subsequent observations have helped to clarify several
issues. Patients were identified with severe OI previously
classified as OI II or III, usually lethal in the first year of
life, that also did not map to COLIAI or COLIA2 (Barnes
et al. 2006). Several of these patients had mutations in
CRTAP with absent CRTAP on Western blots and 3-Hyp
levels (a1(I) chain residue 986) 0—20% control, consistent
with the earlier observations of Morello et al. (2006).
Important for this discussion is the later demonstration of
null mutations in both alleles of the P3H1/leprecan gene
(P3HI/LEPREI) with little or no P3H1 protein made by
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fibroblasts and marked decreases in ol(I) chain 3-Hyp
content in the remaining seven probands (Cabral et al.
2007). The affected individuals with the P3HI/LEPREI
mutations had severe OI with short limbs and markedly
distorted bone structure. Both collagen ol(I) and o2(I)
chains synthesized by cultured fibroblasts from affected
individuals with mutations in CRTAP or P3HI/LEPRE]
had increased lysyl hydroxylation and glycosylation indi-
cating longer retention of nascent chains during elongation
in the endoplasmic reticulum. These observations are
consistent with a critical role for prolyl 3-hydroxylation in
collagen helix formation or stabilization. Based on studies
by Jenkins et al. (2003) of model synthetic polyproline-II-
like helices, however, 3-Hyp destabilizes the triple helical
structure, whereas the more abundant 4-Hyp residues in the
-Y- positions of the collagen triple helical repeats stabilize
the triple helical structure (Myllyharju and Kivirikko 2004;
Kar et al. 2006). Another study of model collagen peptides
concluded that the presence of 3(S)Hyp in the -X- position
of the Gly-X-Y triplet repeat does not lead to “large
structural alterations” in the collagen triple helix
(Schumacher et al. 2006).

Vranka et al. (2004) had postulated that a complex of
proteins comprising P3H1, CYPB, CRTAP and possibly
other larger complexes interact with as yet unfolded pro-
collagen chains in vivo to achieve a fully folded and
assembled collagen molecule within the cell. CYPB-defi-
ciency, which has not yet been reported, might also result
in a phenotype of severe OI with decreased collagen prolyl
3-hydroxylation. Therefore, deficiency in collagen 3-Hyp
might simply be a marker for the “dysfunctional” complex.
3-Hyp is more abundant in collagens other than types I, II,
IIT and V, such as type IV collagen, a major component of
basement membranes and a determinant of their physio-
logical function. It is possible that the structure of type IV
collagens might also be disturbed if the P3H1/CYPB/
CRTAP complex were defective. The product of another
P3H gene might be required, however. Thus, deficiency in
3-Hyp in the bone collagens could be a marker for the
deficiency of P3H1, i.e., the critical biological lesion is the
defective chaperone complex that includes P3HI1
(the enzyme) as well as CRTAP (the helper protein; Marini
et al. 2007a). This possibility could be addressed as sug-
gested previously (Krane 2006) by experiments involving
knock-in of a P3hI lacking the catalytic dioxygenase
sequences, but retaining the capacity to form complexes
with Cypb and Crtap.

Collagen prolines and susceptibility to collagenases

Aspects of the structure of collagens determined by the
location of prolyl and 4-hydroxyprolyl residues also
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influence degradation of these extracellular matrix macro-
molecules by proteolytic enzymes. The so-called
collagenases are matrix metalloproteinases (MMPs) (Nag-
ase and Woessner 1999; Nagase et al. 2006; Puentes and
Lopez-Otin 2004; Stamencovic 2003; Sternlicht and Werb
2001; Vu and Werb 2000). In humans, five collagenases
have been identified and characterized: MMP1, MMP2,
MMPS, MMP13 and MMP14. In mice, Mmp2, MmpS8,
Mmp13 and Mmp14 are expressed in various cells and tis-
sues and their function has been elucidated in part by
targeted mutagenesis. An ortholog of Mmpl in mice has
been cloned, but is expressed only at low levels. The first
four collagenases are secreted from cells as inactive
zymogens (procollagenases), whereas MMP14 is a trans-
membrane proteinase (also known as MT1-MMP) with the
catalytic portion in an extracellular location; MMP14 is
activated intracellularly. Each of these activated collagen-
ases in vitro cleaves native, fibril-forming collagens with
uninterrupted triple helices at a single corresponding site in
the major triple helical domain of type I collagen, for
example, between a Gly775 and I1e776 in the a1 chains and
a Gly775 and Leu776 in the 2 chain. There are several
Gly-Ile and Gly-Leu sequences throughout the triple heli-
cal portion of type I collagen and only those at the 755/776
locus are attacked. To explain these observations, it had
been proposed three decades ago that the triple helical
structure in the region around the collagenase cleavage site
is less stable, ascribable to “the arrangement of the amino
acids proline and hydroxyproline” (Brown et al. 1977). All
of the reported sites in type I collagen where known ligands
bind have been mapped and three major ligand-binding
regions (MLBRs) have been identified (DiLullo et al. 2002;
Marini et al. 2007). One of these, MLBR2, extends from
helical position 691-823 and includes sites for binding of
a1f1 and o2f1 integrins, fibronectin and cartilage oligo-
meric protein (COMP) as well as the site important for
cleavage by MMPs (Lauer-Fields et al. 2000; Lauer-Fields
et al. 2001). As can be seen in Fig. 3, the two Gly-X-Y
triplets around the cleavage site (775-776) in type I colla-
gen ol and o2 chains lack Pro residues in the -Y- position.

MMPs can hydrolyze small octapeptide peptides sub-
strates with sequences similar to those around the cleavage

775.776
al .Gly.Pro.Gln.Gly.Ile.Ala.Gly.Gln.Arg.Gly.Val.Val.

P,.P,’
I collagenase cleavage sites

al .Gly.Pro.Gln.Gly.Leu.Leu.Gly.Ala.Pro.Gly.Ile.Leu.

Fig. 3 Amino acid sequences in the region of the colllagenase
cleavage sites in the component o chains of type I collagen. Amino
acids are numbered from the Gly of the first triplet in the major helix.
(Wu et al. 1990)
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site in native type I collagen (Fields et al. 1987). Substi-
tution of Pro for Gln at the P, site markedly reduces the
relative rate of hydrolysis. To understand the cleavage of
native triple helical collagen, we introduced several
mutations around the cleavage site into large, cloned
fragments of murine genomic Collal and transfected the
mutant clones into Mov13 fibroblasts that do not express
endogenous Collal due to a retroviral insertion (Wu et al.
1990). Mov13 fibroblasts, however, which continue to
express Colla2 and translate Colla2 mRNA, nevertheless
secrete no type I collagen since a2(I) chains cannot form
homotrimers (Khoshnoodi et al. 2006). Following trans-
fection of Movl3 fibroblasts with mutated Collal,
collagens are secreted that comprise one endogenous o2(1)
chain and two mutated o1(I) chains. The secreted collagens
can then be tested for susceptibility to cleavage by colla-
genases (Wu et al. 1990). As shown schematically in
Fig. 4, type I collagen containing an Ile776Pro substitution
in the «1(I) chains at P," was not cleaved by MMP1. Fur-
thermore, type I collagen containing a double substitution
of GIn774Pro (P,) and Ala777Pro (P,’) leaving P,’ intact
was also not cleaved providing direct evidence for the
possible role of the less stable helical structure in this
region of native collagen in determining where and whe-
ther the collagen is susceptible to proteolysis. We learned
from these studies in cell culture that the presence of two
mutant uncleavable o1(I) chains in the trimer prevents the
cleavage of the wt «2(I) chain and that a misaligned wt
o2(I) chain prevents the collagenase cleavage of two
cleavable a1(I) chains.

We then introduced the mutation encoding the double
substitution of GIn774Pro (P,) and Ala777Pro (P,') (Fig. 4,
Mutant IV and Fig. 5) into the endogenous Collal gene by
gene targeting that permitted the mice to develop and
survive to >1 year of age. The homozygous collagenase-

MMP1Cleavage
775.776
WT .Gly.Pro.Gln.Gly.Ile.Ala.Gly.Gln. +
MutI .Gly.Pro.Gln.Gly.Pro.Ala.Gly.Gln. 0
MutII .Gly.Pro.Pro.Gly.Ile.Pro.Gly.Gln. 0
MutIV .Gly.Pro.Pro.Gly.Met.Pro.Gly.Gln. 0

Fig. 4 Mutations encoded in Collal genomic clones expressed in
Mov13 fibroblasts. Mov13 fibroblasts were transfected with genomic
Collal clones with mutations as indicated. Type I collagen in
medium proteins containing wt or mutant o1(I) chains was prepared
by limited digestion of medium proteins with pepsin after labeling
cells with [3H] proline. To test susceptibility of the labeled collagens
to collagenase digestion, the labeled collagens were incubated at 20°C
for 18-24 h with purified activated rheumatoid synovial collagenase
(MMP1) and products resolved by SDS-PAGE and analyzed by
fluorography (Wu et al. 1990)

707
wild type
775.776
ail(l) a1 .Gly.Pro.Gln.Gly.Ile.Ala.Gly.Gln.
ol .Gly.Pro.Gln.Gly.Ile.Ala.Gly.Gln.
a2(]) o2 .Gly.Pro.Gln.Gly.Leu.Leu.Gly.Ala.
r mutation
775.776
al(l) al .Gly.Pro.Pro.Gly.Met.Pro.Gly.Gln.
al .Gly.Pro.Pro.Gly.Met.Pro.Gly.Gln.
a2(l) 02 .Gly.Pro.Gln.Gly.Leu.Leu.Gly.Ala.

Fig. 5 Sequences around the collagenase cleavage site in wild type
and collagenase-resistant type I collagen based on the nucleotide
sequence of the mutated genomic Colial clone. The Pro residues at
774 and 777 would be at least partially hydroxylated to 4-Hyp in vivo

resistant mice (termed Collal'™! ' or r/r mice) did

develop fibrosis of the dermis and some impairment of
postpartum involution of the uterus (Liu et al. 1995). As
predicted from the earlier in vitro studies (Wu et al. 1990),
collagen extracted from skin and bone of r/r mice was
completely resistant to proteolysis at the helical site by all
the mammalian collagenases tested including MMPI1,
MMP2, MMP8, MMP13 and MMP14 and by a collagenase
from Xenopus laevis gene 11 termed XCL3 (Jung et al.
2004). We also extracted collagen from the skin of het-
erozygous (r/+) mice that enabled us to show that a single
mutant (r) «1(I) chain in the heterotrimer prevents colla-
genase cleavage of the single wt o1(I) chain and the wt
o2(I) (Chiusaroli et al. 2003). The collagenase-resistance
mutation thus behaves as dominant negative. Important
insights into the mechanism of MMP cleavage of helical
collagen have been obtained by the demonstration that
collagenases, through their C-terminal so-called pexin
domains, first bind and locally unwind the triple helical
structure before hydrolyzing the peptide bonds (Chung
et al. 2004). For these experiments, a catalytically inactive
mutant of MMP1 (Glu200Ala) was utilized in combination
with other noncollagenolytic active MMPs that by them-
selves do not cleave native collagen. Thus, one could
predict that the collagen from the r/+ or r/r mice with the
substitutions of GIn774Pro and Ala777Pro in one or two
ol(I) chains would be resistant to this unwinding and
therefore resistant to proteolysis. Dr. H. P. Bichinger of the
Portland OR Shriners Hospital kindly measured the T, of
collagen that we extracted from the skin or tail of r/r and wt
mice using circular dichroism; there was no difference in
Ty, of collagens from r/r and wt mice. It could thus not be
shown that addition of the two Pro residues in the Y
position in two triplets of two ol(I) chains altered the
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overall helical structure of the mutated collagen molecules,
even though the Pro (4-Hyp) substitutions could still alter
the local helical stability (not measurable by this analysis)
in the region of the collagenase cleavage site.

Further studies of the r/r mice revealed other features
of the abnormal phenotype, particularly in the skeleton.
For example, there was evidence of decreased generation
of functional osteoclasts (bone-resorbing cells) with
decreased bone resorption (Zhao et al. 1999). In addition,
there were striking differences noted in the number of
empty osteocyte lacunae in calvariae and long bones
from r/r compared to wt mice as young as 4 weeks of
age, and increased further as the animals aged (Zhao
et al. 2000). In this study, the number of persisting
TUNEL-positive (apoptotic) osteocytes as well as perio-
steal cells in the calvariae from 1/r mice also increased.
Osteocytes from wt mice normally release collagenase
that act on the surrounding extracellular matrix, evi-
denced by staining with Mab 9A4, which recognizes a
cryptic epitope in the larger N-terminal collagenase-
cleavage fragment of type I collagen (Zhao et al. 2000).
Staining with the Mab was not detected in the periphery
of osteocytes in calvariae from r/r mice. Thus, collage-
nase normally cleaves type I collagen at the helical locus
in vivo, but collagenase does not cleave r/r collagen at
this locus in vivo.

Paradoxically, increases in calvarial thickness were first
noted in 1/r mice at 4-6 weeks of age and by 12 months of
age, were ~ twice that in +/+ mice. The pattern of in vivo
labeling with calcein, a fluorescent marker that localizes to
newly mineralized bone surfaces, was consistent with
increased bone formation (Zhao et al. 2000). In the long
bones from wt mice, endosteal surfaces were smooth with
little deposition of new endosteal bone, but, in r/r mice,
endosteal surfaces contained abundant new, endocortical,
trabecular bone surrounding active marrow spaces. In 1/r
mice, calcein labeling was observed at both periosteal and
endosteal surfaces with most of the fluorescence in the new
bone at endosteal surfaces; in wt mice only limited and
scattered labeling was found on endosteal surfaces. In view
of these observations, we postulated that normally osteo-
cytes (as well as osteoblasts and their precursor cells)
utilize signals generated by collagen cleavage to maintain
their viability and, if such signals are not induced, they
undergo apoptosis and their lacunae empty. The increased
bone deposition in untreated r/r mice is possibly accounted
for by loss of normal negative signals from osteocytes
(Zhao et al. 2000). A good candidate for such a negative
signal derived from osteocytes is sclerostin also known as
SOST that has since been identified (van Bezooijen et al.
2004). Subsequently, in studies using Bodian staining, it
was evident that the canalicular network through which
osteocytes communicate with each other and with bone
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forming cells at bone surfaces are strikingly disrupted in
the 1/r mice and mimic findings in Mmp2-null mice (Inoue
et al. 20006).

Abnormal soft tissue remodeling was also found in the
collagenase-resistant mice. Wound healing is impaired
(Beare et al. 2003). In other studies, more collagen
accumulates in experimentally induced atherosclerotic
plaques in r/r mice (Fukumoto et al. 2004) and recovery
from CCl4-induced liver fibrosis is delayed in r/r mice
with persistent fibrosis and altered pattern of the com-
ponent cells (Issa et al. 2003). Whether such pathology is
due to absence of collagen resorption and/or an altered
pattern of collagen deposition has not been established. In
several of these examples, altered cellular proliferation
and migration were evident in the r/r mice suggesting that
the failure to resorb collagen may account for only a part
of the phenotype. Indeed, some cells may use collagen-
ases not only to resorb collagen in the surrounding
extracellular matrix but also to nick a chain to reveal a
cryptic binding site essential for some signaling event
such as a cellular survival signal. In this regard, it has
been demonstrated that human keratinocytes (HCat cells)
can migrate on a normal type I collagen matrix in a
process that involves cell binding to the matrix and
induction of expression of MMPI (Pilcher et al. 1997).
This migration of HCat cells is abrogated by synthetic
MMP inhibitors and does not take place on a substrate of
1/r collagen.

Conclusions and future perspectives

The structure of collagens requires a glycine residue at
every third residue (Gly-X-Y triplets) of the polypeptides
that comprise the triple helix and substitutions for glycine
disrupt the structure and cause disease such as osteogenesis
imperfecta. Prolines and 4-hydroxyprolines, abundant
amino acids in collagens, play roles as stabilizers of this
collagen helical structure. The collagen prolyl 4-hydroxy-
lases act on prolines in growing not yet folded nascent
chains in the rough endoplasmic reticulum first anchored
through their C terminal non-collagenous domains to form
trimers. The major prolyl 3-hydroxylase turns out to be a
critical component of a complex of molecular chaperones,
that function in moving the newly synthesized collagen
through the rough endoplasmic reticulum. The position of
prolines and 4-hydroxyprolines in the collagen triplets also
determines the susceptibility of collagens to cleavage at a
unique locus by collagenases. Targeted mutagenesis in
mice that alters the position of critical proline and
4-hydroxyproline residues results in interesting pheno-
types. It is essential to elucidate the molecular mechanisms
that underlie these phenotypes.
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