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The sun has left and forgotten me
It’s dark, I cannot see

Why does this rain pour down
I’m gonna drown

In a sea

Of deep confusion

Somebody told me, I don’t know who
Whenever you are sad and blue

And you’re feelin’ all alone and left behind
Just take a look inside and you will find

You gotta hold on, hold on through the night
Hang on, things will be all right

Even when it’s dark

And not a bit of spark

Sing-song sunshine from above

Spreading rays of sunny love

Just hang on, hang on to the vine
Stay on, soon you’ll be divine

If you start to cry, look up to the sky
Something’s coming up ahead

To turn your tears to dew instead

And so | hold on to his advice

When change is hard and not so nice

You listen to your heart the whole night through
Your sunny someday will come one day soon to you

“Hang On Little Tomato”
Pink Martini



Abstract

Collagen is one of the most abundant proteins in the human body and plays an
important role in the structural stability of many tissues. Collagen-associated proteins are
essential for the correct biosynthesis of collagen. Defects in either collagen or collagen-
associated proteins result in a myriad of diseases, underscoring the importance of both
classes of molecules. Although much work has been performed on the triple helical
domains found in all collagens, less is known about their non-collagenous domains. Here
we report the crystal structure and biochemical characterization of the non-collagenous
domain responsible for the trimerization of human type XV collagen. The structure is
stabilized by the presence of hydrophobic cores in the individual monomeric chain as
well as in the trimer assembly. The trimer is also exceptionally stable and forms at
picomolar concentrations. Many non-collagenous proteins are associated with collagens,
including a variety of enzymes and chaperones. We present data demonstrating that the
resident endoplasmic reticulum protein complex consisting of prolyl 3-hydroxylase 1
(P3HL1), cartilage associated protein (CRTAP) and cyclophilin B (CypB) performs three
functions: the complex is a prolyl 3-hydroxylase, a molecular chaperone and a protein
disulfide isomerase. To perform these functions, the complex is capable of binding both
denatured and triple helical collagen. Attempts to overexpress P3H1 or CRTAP for
further studies were unproductive as the proteins were either insoluble or not in
biologically relevant conformations. The P3H1eCRTAPeCypB complex is purified out
of chick embryos, and experiments were performed to enhance protein yield. Although
some progress was made, the overall stability of the complex remains low, confounding

attempts to perform more detailed structural analysis.
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CHAPTER 1

Introduction



Introduction to Scientific Questions about Collagen and Collagen-Associated
Proteins

Collagen is the most abundant protein in the human body, playing an important
role in the structural stability of connective tissues. Collagen has been implicated in a
variety of other cellular functions including cell adhesion, chemotaxis, tissue remodeling,
morphogenesis and wound healing. The importance of these molecules is clearly
demonstrated by a wide spectrum of diseases caused by defects in collagen. Proper
biosynthesis and processing of collagen requires many additional proteins such as
hydroxylases and chaperones. Mutations in these proteins also result in a variety of
diseases, further underscoring the significance of collagen and collagen-associated
proteins.

Much work has been performed to better understand the structure of collagen
molecules; however, several questions still remain. Trimerization of individual collagen
chains is an important initial step in collagen biosynthesis. Although studies have
identified many regions of collagen molecules that are important for proper self-
assembly, only a few detailed structural analyses of these domains have been reported. In
this thesis, studies on the trimerization domain of type XV collagen were performed to
advance understanding of the structure and biochemical properties of these pivotal
domains.

Collagen biosynthesis is a complex process that involves many different rough
endoplasmic reticulum resident proteins. Numerous post-translational modifications,
such as 3-hydroxylation of a proline residue, are performed as collagen chains are

translocated into the rough endoplasmic reticulum. Cis-trans isomerization of prolyl



peptide bonds is also necessary before folding and assembly can begin. Collagen chains
are only marginally stable and have a tendency to aggregate, a propensity that is not
surprising given that collagen eventually forms insoluble complexes outside of the cell.
Collagen chaperones are necessary to prevent premature aggregation. In this thesis, the
prolyl 3-hydroxylase 1 (P3H1) cartilage associated protein (CRTAP) and cyclophilin B
(CypB) complex was found to incorporate peptidyl-prolyl isomerase and chaperone
activity in addition to its previously characterized enzymatic activity. Additionally,
studies on the P3H1 protein and the P3H1eCRTAPeCypB complex were performed in
an attempt to further understand the structure of these proteins.

A review of the relevant literature follows to provide a better understanding of

collagen and collagen-associated proteins covered in this work.

Collagen

The collagen family of proteins exhibits a broad range of structural and biological
functions. All collagens are composed of three separate polypeptide chains called o.-
chains which can form homo- or hetero-trimers. a-chains are identified by the presence
of one or more triple helical collagenous (Col) domains that are created by a repeated
Gly-X-Y sequence in addition to globular, non-collagenous (NC) domains. To date, 29
different types of collagen with 43 different a.-chains have been identified (1-3) *. The
number, size and distribution of the collagenous and NC domains vary between collagen

types. Collagen is classified into six general categories: fibrillar collagens, network

* Collagen nomenclature identifies different types of collagen with roman numerals according to
the chronology of their discovery. Individual o chains are labeled as aX[Y], where X identifies
the chain isoform and Y indicates the type of collagen.



collagens, membrane associated collagens with interruptions, fibril associated collagens
with interruptied triple helices (FACIT), anchoring fibrils and collagens with multiple
triple helical domains with interruptions (multiplexin).

Many notable scientists have modeled the structure of the collagen triple helix,
including Francis Crick, Linus Pauling and G.N. Ramachandran (4-6). Early fiber
diffraction studies yielded pertinent information about the quaternary structure of the
triple helix (7). However, atomic resolution structures of full length collagen are difficult
to achieve, as the large size and insolubility of the molecule make traditional methods of
structure determination difficult. Researchers have inferred more detailed information on
the atomic structure of collagen using synthetic peptides and short collagen sequences
expressed recombinantly.

The collagen triple helix is made of three left handed poly-proline type Il helices
(in which all peptide bonds are in the trans conformation), which are wrapped together
into a right handed super helix (8). Due to tight stereochemical constraints, a repeating
pattern of Gly-X-Y must be maintained. The X and Y positions are frequently occupied
by proline and hydroxyproline, respectively. These residues, which are conformationally
restrictive, stabilize the triple-helix entropically. Additional stabilization is provided by
recurring N-Hgiy to O=Cx interstrand hydrogen bonds. 4-hydroxylation of prolines in the
Y-position dramatically enhances the thermal stability of triple helices (8). Although
stabilization was initially attributed to the formation of water bridges, it has been
subsequently found that favorable ring pucker produces a stereoelectric effect that

stabilizes triple helical collagen (9).



The collagen triple helix differs from other macromolecular helices such as the
DNA double helix in that collagen assembles a.-chains in a staggered arrangement.
Three different chains can arrange into six staggered alignments. The exact assignment
of stagger in natural collagens is unknown; however, stagger may play an important role
in protein:protein interactions between collagens and other proteins in the extracellular

matrix.

Collagen biosynthesis and processing

The biosynthesis and processing of collagen involves many steps. As the
collagen chain grows, it undergoes multiple post-translational modifications important for
the stability and function of the mature collagen molecule. Hydroxylases,
glycosyltransferases, proteinases and an oxidase are required for proper processing of
fibrillar collagen (10). Although not covered in this body of work, detailed literature on
the glycosyltransferases, proteinases and oxidase can be found elsewhere (11; 12).

The three hydroxylases are prolyl 3-hydroxylase (P3H), prolyl-4 hydroxylase
(P4H), and lysyl hydroxylase (LH). P3H and P4H modify proline residues to 3-
hydroxyproline (3Hyp) and 4-hydroxyproline (4Hyp), respectively. 3Hyp is found in
almost all collagens in a -Gly-3Hyp-4Hyp-Gly- sequence (13-16). 3Hyp residues occur
at a lower frequency than 4Hyp: only 1-2 residues occur per chain in type I and |1
collagens and 3-6 residues per chain in type V and XI collagens (17-19; 13). Type IV
collagen contains the highest level of hydroxylation, in which up to 10% of all
hydroxyprolines are modified to 3Hyp (13; 20-25). Structurally, a polypeptide

containing 3Hyp in the X position of a Gly-X-4Hyp sequence adopts a typical 7/2



superhelical symmetry found in other collagen structures (26). It was recently shown that
conversion of a Pro to a 3Hyp residue in the X position of a Gly-X-Y sequence slightly
increases the stability of the triple helix (27).

A few roles for 3Hyp modifications have been proposed. 3Hyp has been
hypothesized to participate in supramolecular assembly (13). In this model, 3Hyp forms
hydrogen bonds with adjacent chains and may thus play a role in aligning collagen
molecules for intermolecular crosslinks. However, experimentation is needed to verify
this hypothesis. Additionally, endogenous 3Hyp found in urine has been identified as a
potential marker for cancer screening: urine samples from cancer patients have been
shown to have lower levels of reactivity to an antibody against a type 1V peptide
containing a 3Hyp residue (28). Further studies are necessary to develop these results.

4-hydroxylation of proline residues is a key element in the folding of the triple
helix, as the modification greatly enhances collagen stability (8). Triple helical collagen
is not a substrate for P4H: an unfolded conformation is required for catalysis (29). P4H
is a 2-oxoglutarate- and Fe(ll)-dependant dioxygenase. The biologically active form is
made from two o and two B subunits. In humans, several different isoenzymes are found
in the rough endoplasmic reticulum (rER) with distinct o subunits. All isoenzymes have
the same B subunit, which is identical to protein disulfide isomerase (PDI) (30). A novel
family of three cytoplasmic P4Hs are involved with the regulation of the hypoxia-
inducible transcription factor HIF; however, these enzymes have no PDI subunit and
have different enzymatic requirements (31). LH modifies lysine residues to
hydroxylysine; following lysyl hydroxylation, some lysine residues are further modified

by the addition of galactose and glucose by glycosyltransferases.



After modification, chains are selected and aligned by association of trimerization
domains, which are generally attributed to the NC domains located towards the C-
terminus of the a-chain for most collagens. Trimerization domains will be discussed in
more detail below. At this point, correct intramolecular disulfide bonds form to stabilize
the trimeric intermediate state, although disulfide bonds are not necessary for triple helix
formation (32). The process of chain selection and trimerization may occur at the
luminal surface of the rER membrane (33).

Triple helix formation initiates from the C-terminus and propagates towards the
N-terminus in a zipper-like fashion (34). The formation of the triple helix itself is a slow
process when compared to the folding of globular proteins, since many of the prolyl and
hydroxyprolyl peptide bonds undergo cis-trans isomerization (35; 36). Prolines, unlike
other peptide bonds in the unfolded state, can exist in both cis and trans isomers.
However, only trans peptide bonds are incorporated into the triple helix. This process is
catalyzed by cis-trans isomerases such as the cyclophilins and the FK506 binding
proteins (FKBPs) (37; 38). Isomerization has been found to be the rate limiting step in
triple-helix formation both in vitro and in vivo (35; 36; 39)

The folding of collagen requires special chaperones to prevent aggregation. Heat
shock protein 47 (HSP47) and FKBP65 have been shown to be molecular chaperones. In
this thesis, the protein complex comprised of P3H1eCRTAPeCypB has also been shown
to exhibit chaperone activity (40-42). HSP47 and FKBP65 have been shown to stabilize
the collagen triple helix. However, the P3H1eCRTAPeCypB complex does not appear

to have any significant effect on collagen stability (42).



As processing continues, collagens exit the rER and continue down the secretory
pathway once the triple helix has formed. Procollagen molecules that are successfully
modified and folded are then transported to the Golgi apparatus. Procollagen moves
across the Golgi stacks without leaving the lumen of the Golgi cisternea (43). The N-
and C-propeptides are then enzymatically cleaved, generating mature collagen molecules
that subsequently form aggregates (44). Mature collagen is then packaged into vesicles

and secreted into extracellular space (45; 46).

P3H1, P3H2, P3H3 and the P3H1eCRTAPeCypB Complex

The protein responsible for 3-hydroxylation of proline residues was not
conclusively identified until 2004 (47). Prior to its discovery, prolyl 3-hydroxylase
activity was partially purified from rat kidney cortex (48). The extract was capable of
forming 3-hydroxyproline (3Hyp) residues in a reaction distinct from P4H activity. 3-
hydroxylation was shown to require Fe*, O,, 2-oxoglutarate and ascorbate. Longer
polypeptide chains were shown to be better substrates for enzymatic activity, while triple-
helical collagen was not found to be an acceptable substrate. Further analysis of enzyme
activity using chick procollagen confirmed separation between P3H and P4H activity and
a clear preference for 4-hydroxylation prior to 3-hydroxylase activity was also identified
(49). In 1979, the protein responsible for 3-hydroxylation was partially purified from a
chick embryo extract using a denatured collagen column (50). The molecular mass was
estimated to be roughly 160 kDa by gel filtration. Additionally, the partially purified
protein appeared to be a glycoprotein, since enzyme bound to concanavalin A coupled

agarose was eluted using methyl a-D-mannoside in a manner consistent with other



glycoproteins. Although the enzyme was purified 5000-fold over the ammonium sulfate
fractionated enzyme derived from rat kidney cortex, it was neither sufficiently pure nor
concentrated for absolute identification.

The protein responsible for P3H activity was finally identified in 2004 (47).
Chick embryo rER extracts were partially purified by affinity chromatography on a
gelatin Sepharose column, which has been used to identify proteins that associate with
unfolded collagen (40; 51). A previously unidentified 90 kDa protein was found to
possess prolyl 3-hydroxylase activity. The protein was cloned, sequenced and named
P3H1. Sequence analysis identified P3H1 as the chicken homologue of leprecan (leucine
proline-enriched proteoglycan). Leprecan was originally isolated in 1999 and was shown
to be a chondroitin sulfate proteoglycan associated with the basement membrane,
although no enzymatic activity was associated with the protein at that time (52). The
human homolog to leprecan was independently identified as growth suppressor on
chromosome 1 (Grosl) (53). It is interesting to note that leprecan was identified as a
putative 2-oxoglutarate- and Fe(l1)-dependent dioxygenase in 2001, three years before its
P3H activity was directly shown (54). Two other genes were identified as P3H
homologs; myxoid liposarcoma associated protein 4 (MLAT4) and gene rich cluster B
(GRCB) correspond to P3H2 and P3H3, respectively. Overall, in gallus gallus, P3H2 is
67% homologous to P3H1, while P3H3 is 65% homologous (Figure 1).

P3H isoforms share a similar primary structure (Figure 2) (47). All isoforms have
an rER retention signal (KDEL) at the C-terminal end. The remainder of the molecule
can be roughly divided into two portions: a unique N-terminal domain and a C-terminal

dioxygenase domain. The dioxygenase domain shares the highest sequence homology



among the P3H isoforms (Figure 1). Two histidines and an aspartic acid residue that are
critical for catalysis are conserved not only among the P3H homologues, but also among
P4H and LH enzymes. A conserved positively charged residue involved in binding 2-
oxoglutarate is found at a position +10 with respect to the second iron binding histidine:
in P3H1 and lysyl hydroxylase, this is an arginine residue, whereas in P4H it is a lysine
(55). The N-terminal domains share less homology; however, all family members
contain four CXXXC repeats and multiple tetratricopeptide (TPR) domains which have
been shown to be important for protein-protein interactions (56). The N-terminal portion
of P3H isoforms are unique and share homology with only two other proteins, the
cartilage-associated protein (CRTAP) and the synaptonemal complex protein (SC65, also
known as No55). P3H1 is co-purified with CRTAP and CypB (47). Together these
proteins form a 1:1:1 complex (57). Mutations in P3H1, CRTAP or CypB lead to severe
or lethal forms of recessive osteogenesis imperfecta (Ol), a connective-tissue disorder
(57-62), demonstrating the importance of the complex in human disease.

It is of interest to note that earlier work on partially purified 3-hydroxylase
activity identified a proteoglycan, and initial characterization of rat leprecan identified it
as a chondroitin sulfate proteoglycan (48; 50; 52). Rat leprecan localized to rER and
Golgi organelle as well as to the extracellular basement membrane. The rER KDEL
retention signal was retained in both the intracellular protein as well as the secreted
proteoglycan. Chick P3H1, however, was not shown to be a proteoglycan. Additionally,
an antibody specific for chick P3H1 did not stain tissues where basement membrane

predominates, unlike previous reports on rat leprecan. Differences in species,
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developmental stages, preparation protocols and antibodies most likely contribute to
these discrepancies.

Northern blot analysis and real-time quantitative PCR on adult mouse tissues
displayed both overlapping and unique expression of P3H family members (63; 64). All
P3H family members were expressed in skeletal muscle, kidney, heart and liver. P3H1
expression was highest in the lung, liver and cartilage. P3H2 was strongly expressed in
the kidney and was also detected in the spleen, eye and lung. P3H3 expression was
found in the brain, an organ where P3H1 and P3H2 transcripts were apparently absent.

Embryonic expression of the P3H1, P3H2 and P3H3 genes shared some overlap,
but also displayed distinct expression differences (47; 64; 65). All three were moderately
expressed at E17. P3H1 displayed highest expression at E7, whereas P3H2 and P3H3
were expressed at highest levels at E11. In situ hybridization detected P3H1 expression
in prechondrogenic skeletal elements, whereas P3H2 expression was observed in cells
forming intervertebral discs and in the lens of the eye. P3H3 displayed more generalized
expression that overlaps with P3H1 and P3H2. Additionally, all P3H family members
were co-expressed in a variety of embryonic mouse tissues, including the notochord, limb
buds and developing kidneys.

Immunofluorescence using an antibody specific for P3H1 has localized the
enzyme to tissues that express fibrillar collagens. These include tendon, cartilage, skin
and large blood vessels. However, P3H1 antibodies did not show staining in skeletal and
cardiac muscle, kidney cortex or liver parenchyma (47). P3H2 was immunolocalized to

tissues rich in basement membranes, with highest expression in the kidney.
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Ultrastructural analysis by immunoelectron microscopy further localized P3H2 to kidney
tubular cells (65). Immunolocalization of P3H3 is unknown.

Mice null for P3H1 (Leprel-/-) displayed abnormalities in bones, tendon and skin
(66). Null mice were smaller, grew slower and had decreased body fat. They developed
progressive kyphoscoliosis. Bone defects included rhizomelia and decreased bone
density, which was a result of delayed ossification. P3H1 null tendons displayed
ultrastructural defects in overall shape and diameter of collagen fibers, with an increase in
small diameter fibrils. The fibers displayed an axial twist and increased branching as
well as an increase in overall heterogeneity. Although similar amounts of collagen were
present in the dermis, Leprel-/- skin was appreciably thinner that that of wild type mice.
Collagen produced by null mice was overmodified and had increased levels of both 4Hyp
and glucosyl galactosyl hydroxylysine resides. Overmodification is likely a result of
decreased secretion rates in null fibroblasts which expose collagen chains to post-
translational enzymes for a longer period of time. Increased 4Hyp and glycosylation
levels led to a slight increase in the melting temperature of type I collagen.
Hydroxylation at the P986 site in type I collagen was eliminated. However, 3Hyp
residues were not eliminated at other known sites of 3-hydroxylation, which indicates a
role for the P3H2 and P3H3 isoenzymes (unpublished results).

Mutations in P3H1 lead to severe Ol, a connective-tissue disorder (57-62). Ol is
characterized by bone fragility, low bone mass, short stature, bowing of the long bones
and kyphoscoliosis (67; 68). Classic Ol is caused by dominant negative structural
mutations in type | collagen (68-70). However, a subset of patients with lethal and severe

Ol do not have genetic defects in type I collagen genes (61; 62; 71-74). Despite the lack
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of genetic abnormalities in type | collagen, these patients exhibit overmodified collagen.
Proteins associated with collagen were therefore hypothesized to be involved with non-
classic Ol phenotypes. Indeed, 17 mutant LEPREZ1 alleles were identified as the cause of
lethal to severe recessive Ol, now classified as Ol VIII. These mutations led to an
absence or loss of function of P3H1. Type VIII Ol probands had rhizomelia, in utero
fractures and poorly mineralized bones. Patients also exhibited severely decreased levels
of prolyl 3-hydroxylation and slightly elevated levels of lysyl hydroxylation and
glycosylation (61). Secretion of type | collagen was also increased relative to wild type
probands.

Less is known about the biological role of the P3H2 and P3H3 isoforms. P3H2
has been shown to preferentially hydroxylate type 1V collagen, in keeping with its strong
localization to kidney which is rich in type 1V collagen (65). P3H3 localization and
hydroxylation activity have yet to be determined. Mouse models are being developed in
our laboratory which will provide new systems for further analysis. In humans, P3H2
and P3H3 have been shown to be down-regulated in certain cancers (75). Ectopic
expression of P3H2 and P3H3 in cell lines with methylation-dependent transcriptional
silencing of the endogenous genes were shown to suppress cell proliferation, indicating a
potential tumor suppressor function. Mutations in P3H2 or P3H3 have not been
identified ir nor associated with Ol.

Mutations in CRTAP and CypB also led to defects in mouse and human models
similar to those found in mutant P3H1 models. CRTAP null mice had recessive
osteochondrodysplasia characterized by osteopenia, rhizomelia, progressive kyphosis and

an overall growth deficiency. Crtap-/- mice also had decreased levels of 3Hyp and
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overmodification of collagen (57; 76). Additionally, null mice displayed abnormalities
in connective tissues consistent with dysregulation of collagen: the skin of null mice was
thin, had disorganized layers and collagen fibrils that were increased in diameter with
respect to wild type mice. As a result, the skin was noticeably lax and weaker when
measured with a load-to-failure assay. Loss of CRTAP correlated to an almost complete
loss of 3Hyp in type I, Il and V collagens. However, the level of 3-hydroxylation in type
IV collagen was similar between wild type and Crtap-/- mice, indicating that P3H
activity does not depend on CRTAP in some types of collagen. CypB null mice (Ppib-/-)
developed kyphosis and severe osteoporosis (77). CypB null mice also had reduced
body size, thin skin with lower mechanical strength, overmodified collagen and abnormal
collagen fibrils. Unlike the Leprel-/- model, fibrils from Ppib-/- mice were on average
wider than similar samples from wild type control mice.

CRTAP mutations have also been shown to lead to severe or lethal Ol, designated
as Ol type VII (57; 58; 72). Patients displayed severe osteoporosis with rhizomelia,
abnormal bone modeling and neonatal fractures. Those who survive into childhood
developed extreme symptoms of chondrodystrophy and extreme growth deficiency. In
most cases, levels of 3Hyp were reduced in patients with type VII Ol . However, in one
well-studied CRTAP missense mutation, levels of 3Hyp were near normal despite a
severe phenotype (58; 60).

Recently it was reported that PPIB mutations also cause severe Ol (62). 3Hyp
levels were reduced, although the levels were higher than those seen in probands carrying
CRTAP and LEPRE1 mutations. However, a form of Ol resulting from a mutation in

PPIB has been identified wherein probands have moderate Ol without rhizomelia or
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extreme growth delay. Moreover, these probands displayed normally folded collagen and
have normal 3Hyp levels (78).

Thus, mutations in any member of the P3H1.CRTAP.CypB complex result in Ol.
It was originally hypothesized that the lack of 3Hyp at specific proline residue in type |
collagen led to the Ol phenotype. However, defects in CRTAP and CypB, neither of
which can perform 3-hydroxylation, generally lead to a decrease in 3Hyp levels (57; 62;
73). This suggests that recessive Ol is caused by a dysfunctional P3H1.CRTAP.CypB
complex rather than a lack of 3Hyp residues. This hypothesis is strengthened by cases of
CRTAP and PPIB mutants that develop a strong Ol phenotype despite having moderately
reduced or even normal 3Hyp levels. Additionally, work in our lab indicates that a
mutation in the CypB of the American Quarter Horse leads to a skin disease that exhibits
changes in collagen fibril structure similar to those seen in P3H1 null mice. However,
the collagen of affected horses did not have reduced levels of 3-hydroxylation. Absolute
levels of 3Hyp, therefore, do not necessarily correlate to disease states.

Analysis of the protein levels of individual members of the complex using P3H1,
CRTAP and CypB null or knock-down cell lines have shown that P3H1 and CRTAP are
mutually stabilizing and that CRTAP and CypB are required to maintain intracellular
levels of P3H1 (77; 79). The overall stability of the complex may therefore play a more
important role than its specific 3-hydroxylase activity. In fact, work performed in this
thesis demonstrates that the P3H1.CRTAP.CypB complex functions as a molecular
chaperone and a cis-trans isomerase. These additional functions may play a more
important role than 3-hydrxylase activity in Ol disease pathology. Mutations in P3H1,

CRTAP or CypB have been shown to lead to the overmodification of collagen. A
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defective complex may also contribute to the Ol phenotype by downstream impairment
of secreted proteins in addition to changes of P3H1.CRTAP.CypB function in the rER.
Further experimentation will be necessary to clarify the role of the P3H1.CRTAP.CypB
complex in disease states.

The growing body of literature on P3H proteins and the P3H1eCRTAPeCypB
complex indicate that these proteins play an important role in collagen biosynthesis and
connective-tissue diseases. However, the underlying structural components that facilitate

these activities are unknown.

Trimerization Domains

Before triple helical collagen can form, a self-assembly step must first select and
bind a-chains. Unlike base-pair formation in the DNA helix, Gly-X-Y sequences do not
form specific residue-to-residue interactions that guide helical formation. Thus, the triple
helical regions of collagen molecules do not intrinsically posses the ability to specifically
organize a-chains. Selection and association of a-chains must be a specific and
controlled process, since hybrid a-chains between different collagen types are generally
not found in nature, despite the fact that most collagen-producing cells simultaneously
synthesize different types of procollagen molecules. The mechanism of chain association
must therefore be attributed to NC domains (80). NC domains are numbered from the C-
to the N-terminus with the NC domain closest to the C-terminus labeled NC1. All
collagen molecules contain two or more NC domains. Since triple helix formation
usually proceeds from the C-terminus (36), the NC1 domain is most likely responsible for

trimerization for most collagens.
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Studies on the classic fibril-forming collagens I and 111 have indeed found that the
NC1 domain, also known as the C-propeptide, is essential for trimerization (81; 82). The
C-propeptide is roughly 250 amino acids in length and is highly conserved throughout the
fibrillar collagens (83). The C-propeptide has eight conserved cysteine residues: four
cysteines in the N-terminus of the C-propeptide form intermolecular crosslinks, while the
remaining four residues form intramolecular disulfide bridges (84). Mutations or
deletions in the C-propeptide of type I collagen result in impairment of proper a-chain
assembly, demonstrating the importance of C-propeptides in chain association (85; 86).
Although no atomic-level structures of type I or 111 collagen C-propeptides exist, a low
resolution model of the human type 111 C-propeptide was generated by a variety of
biophysical techniques (87; 88). The C-propeptide trimer had a cruciform structure with
three major lobes and one minor lobe, and it was hypothesized that the major lobes
represent a globular fold that contains the intramolecular crosslinked portion of the .-
chain while the minor lobe was made of intra-molecular disulfide bridges that join the
triple helical region to the C-propeptide. An energy-minimized model of the type I C-
propeptide yields a similar lobed structure (80). The type I C-propeptide model has
distinct subdomains, and the domain responsible for trimerization has been localized to
the very C-terminal portion of the C-propeptide and is referred to as G2. Recombinantly
expressed al(1)G2 and a2(1)G2 domains successfully formed trimers as shown by laser
light scattering and gel filtration chromatography (89). This result directly contradicts
previous predictions that a putative coiled-coil motif found in the N-terminal portion of

the C-propeptide was responsible for oligomerization (90).
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Network-forming collagens (types IV, VIII and X) and are characterized by their
ability to form macromolecular assemblies (10). Oligomerization of network collagens is
organized by C-terminal NC domains. The crystal structures of type IV, VIII and X
collagens have been solved and provide insight into the mechanisms of network assembly
(91-94). Type IV collagen is the major component of basement membranes and is
composed of six different a-chains that assemble into three heterotrimeric protomers.
The assemblies further assemble into three distinct supramolecular networks (95). Two
crystal structures of the type IV [(al)2(a2);] NC1 domain have been solved (91; 92).
Both structures displayed a hexameric NC2 (the second NC domain from the C-terminal
end) complex that was composed of two trimers. A large planar interface joined the two
trimers. In the structure derived from human placenta, additional stabilization of the
dimer of trimers was provided by a novel crosslink between a Met and a Lys residue of
al and a2 chains of opposite trimers. This explains previous reports of non-reducible
cross-links in type 1V assemblies (96). Both trimers were composed primarily of p-
sheets. Significant stabilization was conferred by a finger-like hairpin loop that inserts
into a six stranded B-sheet of the immediately adjacent chain.

Collagens VIII and X are short chain collagens which have highly similar NC1
domains (97). These NC1 domains are roughly 130 residues in length, are extremely
resistant to thermal and SDS-induced denaturation, form stable trimers and are necessary
for the assembly of collagen triple helices as well as supramolecular assemblies (98; 99).
Both NC1 domains have been crystallized, and their overall structures were shown to be
quite similar (93; 94). Each subunit consisted of a ten-stranded B-sandwich with jellyroll

topology. The trimer core was almost entirely hydrophobic near the N-terminus of the
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trimer, and became progressively more hydrophilic towards the top of the trimer, forming
a solvent-filled central channel. The type X NCL1 trimer was stabilized by a buried cluster
of four calcium ions. Three strips of exposed aromatic residues on the surface of the

NCL1 trimer are most likely involved in supramolecular assembly into polygonal lattices.
Similar strips were present in the NC1 domain of collagen VI1lII, although the buried
calcium cluster was not found.

FACIT collagens IX and XIX, which are characterized by short collagenous
domains that are interrupted by noncollagenous domains, have recently been shown to
trimerize via their NC2 domain (100; 101). The C-propeptide of fibril-forming collagens
is around 250 residues in length, whereas the NC1 domain of FACIT collagens is much
shorter, between 19 and 37 residues in length. FACITs have high sequence homology at
their collagenous 1 (COL1)/NC1 junctions; several studies suggested that the COL1 and
NC1 domains were involved in chain selection and trimerization (102). A study in 2008
showed that the absence of the COL1 and NC1 domains in type X collagen did not
inhibit triple helix formation, although the COL2-NC2 region alone was not sufficient for
trimerization (103). McAlinden found that the NC2 domain of FACIT collagens contain
a repeating heptad sequence typical of coiled coils (90). When fused to a reporter
molecule containing a collagen sequence that does not spontaneously trimerize, coiled
coil heptad repeats were able to induce trimerization. Boudko and coworkers later found
that the NC2 domain of the homotrimeric collagen X1X and the heterotrimeric collagen
IX was responsible for chain selection and trimerization. In keeping with the hypothesis
set forth by McAlinden, the CD spectra of the NC2 domains of type 1X and XIX were

primarily a-helical. The type IX trimerization domain is of particular interest; as a
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heterotrimer, it may provide insight into the mechanism of chain selection that ultimately
determines the stagger of a collagen triple helix. However, atomic resolution structures
of any FACIT NC2 domain have yet to be determined.

For all remaining collagens, the NC1 domain is believed to be responsible for
chain selection and trimerization (80). Transmembrane collagens are most likely the only
exception: N-terminal NC domains were shown to be necessary for triple helix formation,
consistent with studies that have shown that propagation of transmembrane collagen
proceeds from the N- to the C-terminus (104). Further experimentation is necessary to

firmly identify and characterize trimerization domains of numerous other collagens.

Multiplexins

Type XV and XVIII collagens contain multiple triple-helix domains with
interruptions and are the only two known members of the multiplexin family (105). They
have long N- and C-terminal NC domains with a central, highly interrupted domain that
contains collagenous domains alternating with NC domains of varying length (Figure 3a).
Comparison of the cDNA-deduced primary structures of human type XV and XVIlI
collagen reveal homologies in both their non-collagenous and collagenous sequences , a
similarity which extends to their genomic organization. Furthermore, many of the
collagenous domains in these two collagens are homologous in size and sequence (106-
114). The N-terminal NC domain of type XV and XVIII collagen contains a ~200
amino acid module which is homologous to the N-terminal module of thrombospondin-1

(TSPN-1), a domain that is also found in several other collagens (115; 116). The amino
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acid residues involved in heparin binding of the TSPN-1 domain are not conserved in any
collagen type, the significance of which has yet to be determined (107).

Multiplexins share highest homology in their NC1 domains, which are organized
into three different subdomains: a trimerization domain, a protease-sensitive hinge and an
endostatin or endostatin-like domain (Figure 3b) (117). The trimerization domain is
roughly 60 residues long in both type XV and XVIII collagens. The trimerization
domain displays relatively low sequence identity (~32%); however, as demonstrated in
this body of work, their three dimensional structures are quite similar. The hinge region
is most variable between the multiplexins (118). The type XVIII hinge is roughly 70
residues long and contains multiple protease-sensitive sites that are involved in the
generation of endostatin-containing fragments. The type XV hinge region is significantly
shorter (~20 residues) and contains only two known protease sites. The endostatin and
endostatin-like domains of type XVIII and XV collagens share the highest level of
identity at 61%. Endostatin and endostatin-like domains are globular proteins that have
been implicated in angiogenesis inhibition. Much work has been performed on these
molecules that exceeds the scope of this chapter — a more detailed analysis of endostatin
and endostatin-like protein function can be found elsewhere (119-123). Structurally,
mouse and human endostatin and the mouse endostatin-like protein have been shown to
share highly similar overall folds, consistent with the high level of sequence similarity
(124; 125; 119).

Both type XV and XVIII collagens have been located in basement membrane
zones, although there were differences in their expression patterns and tissue distribution.

Homologues of multiplexin collagen have been identified in C. elegans and D.
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melanogaster, indicating a long evolutionary lineage. A more detailed discussion of type

XV and XVIII collagens is covered below.

Type XV Collagen

Type XV collagen was initially identified from human placenta cDNA by Myers
et al. in 1992 (126) and the full human a1(XV) gene was reported by Kivirikko et al and
Muragaki et al. in 1994 (106; 107). The human type XV al chain was shown to be 1388
residues in length, consisting of a 25-residue signal peptide, a 530 residue N-terminal NC
domain, a 577 residue interrupted region and a 256-residue C-terminal NC domain. The
interrupted region contains nine collagenous domains interrupted by eight NC domains.
Additionally, five short interruptions of 2 or 3 residues were found in four of the
collagenous domains (107). The molecule has eight conserved cysteines: a.-chains are
covalently linked by interchain disulfide bonds between two cysteines in the collagenous
region (127). Additionally, type XV collagen has several putative glycosylation sites.
Indeed, type XV collagen was shown to be a chondroitin sulfate proteoglycan in several
tissues (127), and was subsequently shown to carry chondroitin sulfate or chondroitin
sulfate and heparan sulfate GAG chains (128). The chondroitin to heparan sulfate ratio
varied depending on tissue type, with the highest amount of heparan sulfate found in
kidney. The GAG chains were attached to the N-terminal NC domain (127).

Type XV collagen mMRNAs were found in every human tissue tested, but had
strongest expression in heart, skeletal muscle, smooth muscle and placenta. Moderate
expression was found in the kidney, pancreas and placenta. Type XV transcripts were

absent in the lung, brain and liver. Fetal expression patterns were slightly different, with
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stronger activity shown in the developing kidney than that of adult kidney. Additionally,
weak expression was detected in the brain and lung which was not seen in adult samples
(129; 130).

Type XV protein immunolocalized to capillaries and the BM zones of skeletal and
cardiac muscles, the dermal-epidermal junction, the small intestine and placenta (131,
132). Staining outside of BM zones was observed in the fibrillar collagen matrix of
papillary dermis and placental villi (131). Type XV protein levels changed during kidney
development (131). Primitive glomeruli exhibited no immunostaining, but an increase in
signal was detected with glomerular development in fetal kidney. The immunostaining
levels in mature kidney were weaker than during fetal development. Type XV collagen
was virtually absent from the BM zones of malignant glandular elements in moderately
differentiated human colonic adenocarcinomas, and accumulated abnormally in
interstitial space (133). Type XV collagen also accumulated in the interstitium during
invasive fibrotic processes (131; 134). Immunogold ultrastructural analysis by electron
microscopy found that type XV collagen was almost exclusively associated with the
fibrillar collagen network in close proximity to but not directly associated with basement
membrane. Type XV collagen was found on the surface of thick-banded collagen fibrils
and also appeared to act as a bridge between fibrils (128; 135).

Consistent with localization by electron microscopy, mice null for Col15al did
not display significant disruption of their basement membrane (BM) (136). Null mice did
not have any major developmental or reproductive problems and were indistinguishable
from their wild type littermates. After a few months, however, progressive histological

changes developed. Markers of muscular disease such as the presence of degenerative
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muscle fibers, variability in fiber size and centrally located nuclei were found in adult
tissue samples. Null mice were also more vulnerable to exercise-induced muscle injury.
After imposed mechanical stress, type XV null mice developed cardiovascular defects
and skeletal myopathy. Histological analysis showed collapsed capillaries and
endothelial cells. Additionally, although vascular development was normal,
ultrastructural analysis of null mice revealed abnormal microvessels in the heart and
skeletal muscle (136). Since type XV collagen has been shown to link BM to the
surrounding fibrillar matrix, these studies suggest that type XV collagen plays a structural
role in skeletal muscle cells and microvessels by stabilizing these cells with surrounding
connective tissues.

Collagen XV has been purified from human umbilical cords and visualized by
electron microscopy (135). Most molecules were found in complex configurations not
previously described for a collagen molecule. Knots, figure-eight and pretzel-like shapes
were most common, while a small minority of the molecules were present in a more
elongated conformation. Type XV monomers were shown to self-assemble into higher-
order structures, most likely through intermolecular interactions found in the interrupted
domain.

Mutations in type XV collagen have not been associated with any human disease
thus far, although changes in type XV expression were associated with kidney fibrosis
and human colonic adenocarcinomas as outlined above.

Unlike endostatin, the biological role of type XV endostatin-like protein has not
been extensively studied. Endostatin-like protein exhibits some antiangiogenic and

antimigratory effect on endothelial cells, but has no effect on non-endothelial cells (137,
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138). Interestingly, unlike the type XVIII NC1 domain, the type XV NC1 domain does

not appear to be substantially converted into smaller fragments (118).

Type XVII1I Collagen

The a1 chain of human type XVIII collagen was identified in 1994 (139). Human
type XVIII collagen, in contrast to type XV collagen, exists as two variants expressed
from two different promoters (109; 140) (Figure 3). The two chains have different signal
peptides of 23 and 33 residues and 493 and 303 residue N-terminal NC domains,
respectively (109). The collagenous region is 688 residues in length which contains ten
collagenous domains with nine interruptions, while the C-terminal NC domain is 312
residues long. The collagenous domain also contains five smaller interruptions of 2-5
amino acids (108; 139) Both the interrupted collagenous domain and the C-terminal NC
domain are identical between the two variants. Additionally, the transcript can undergo
alternative splicing affecting a 43-residue stretch at the junction of the NC11* domain and
the beginning of the collagenous sequence. al(XVIII) chains have eight conserved
cysteines residues, although two cysteines residues are located in the NC10 domain
which is the least conserved region and is lost during alternative splicing.

Chick type XVII1I collagen was shown to constitutively carry three heparan sulfate
chains out of 8 potential GAG sites (141). Human type XVIII collagen has four potential
N-linked glycosylation sites; however, the exact extent of glycosylation is unknown

(142).

" The paper in which this work was published uses a different nomenclature to number NC domains. Their
nomenclature has been adjusted to the modern system which labels from the C- to the N-terminus.
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Type XVIII mRNA variants were differentially expressed in several tissues. The
long variant was highly expressed in both fetal and adult liver by hepatocytes and occurs
only in minor amounts elsewhere. The short variant, although not significantly expressed
in the liver, was found in most basement membranes including blood vessels, various
epithelial structures and muscular structures. The short variant was highly expressed in
fetal kidney and brain (109). Expression patterns of XVII1 isoforms changed during early
lung and kidney development, implicating type XVII1 collagen involvement in organ
morphogenesis and patterning (143).

Type XVIII protein localized to the BM zones of several embryonic and adult
tissues, particularly those associated with blood vessels and the eye (144). Both variants
localized to BM zones of vascular and epithelial tissues, while the longer isoforms is
almost exclusively found in liver (109; 145). However, type XVIII collagen was not
found to be a universal BM collagen; most tubular basement membranes in the kidney,
for example, were negative. Specialized capillaries stained strongly for type XVIII
collagen, specifically glomerular capillaries in kidney, sinusoid capillaries in liver,
alveolar wall capillaries in lung and the sinus capillaries in spleen (132). Immunogold
labeling with a human XVII1 antibody clearly localized collagen XVI1I to the BM of the
eyes (146). Additionally, clusters of collagen XVIII co-localize with fibrillar structures
in the adjacent matrix of most BMs.

Type XVIII collagen was strongly expressed in liver, and has been implicated in
BM changes associated with liver cirrhosis (147). Tumor hepatocytes were shown to be
a major source of the both the long and short variants of type XVIII collagen in human

hepatocellular carcinomas (147). Increased expression levels of the long variant were
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shown to correlate with smaller tumor size; likewise, decreased levels of expression were
associated with larger tumor size. The short variant was also identified in tumor tissues
of metastatic liver cancers.

Col18al null mice were viable and reproduce normally (146). As with Coll5al
mice, there were no significant gross disruptions in the BM. However, abnormalities in
the retinal vasculature were apparent: mice displayed delayed regression of blood vessels
along the surface of the retina and abnormal outgrowth of retinal vessels. Additionally,
the vitreal matrix separated from the inner limiting membrane resulting in defective irises
(148; 149). Immunogold labeling previously localized type XVIII collagen to collagen
fibrils connected with the inner limiting membrane: collagen XVII1 probably plays an
important role in anchoring vitreal collagen fibrils, which may explain why null mice
experience vitreoretinal degeneration and separation (146).

Human type XVIII collagen defects result in Knobloch syndrome, an autosomal
recessive disorder characterized by various eye defects such as high myopia, macular
abnormalities, vitreoretinal degeneration and retinal detachment (143; 150). Patients with
Knobloch syndrome experience increasingly severe ocular abnormalities that progress to
bilateral blindness. Premature stop codons, insertions and deletions were identified in
various exons and introns of the COL18A1 gene. A loss of immunodetectable collagen
XV was detected in skin biopsies from Knobloch syndrome patients (151).

Endostatin, a fragment derived from the NC1 domain of type XVIII collagen, has
been the target of much research since it was originally identified as a specific inhibitor
of endothelial cell proliferation in vitro and a potent inhibitor of angiogenesis in vivo

(152). The protein was shown to be present in a variety of tissues and also as a

-27-



circulating fragment in human plasma hemofiltrate (117; 137; 153). In a variety of
experiments, endostatin exhibited a broad spectrum of angiogenesis inhibition, had low
toxicity and did not induce acquired drug resistance (120). On a cellular level, endostatin
has been shown to specifically induce endothelial apoptosis as well as to block growth
factor-induced proliferation and migration of endothelial cells (154; 155). Numerous
studies have shown that a variety of animal and human tumors were inhibited by
administration of recombinant endostatin protein; however, there are conflicting reports
about the efficacy of endostatin anti-tumor activity (156; 157). Investigations into the
biological effect of endostatin are complicated by a variety of issues including differences
in protein expression, solubility and mechanism of delivery — for a comprehensive
review, see Folkman (2006) (121). Endostatin has also been implicated in other cellular
processes such as wound healing (158) and axon guidance (159).

Endostatin was shown to be produced by proteolytic activity in the hinge region
of the NC1 domain of type XVIII by cathepsin-L, elastase and matrilysin (160-162). Pre-
processing within the NC1 domain by matrix metalloproteinases (MMPSs) may be
necessary in vivo before endostatin can be processed (122). Trimeric type XVIII NC1
domain and monomeric endostatin were shown to act antagonistically in certain cellular
processes: the trimeric NC1 domain of type XVIII collagen induced motility of both
endothelial and non-endothelial cells, while the monomeric endostatin inhibited motility.
Acrtificial dimerization of endostatin changed its activity to that of the full length NC1
domain (163). Thus, proteolytic processing of type XVIII collagen to NC1 and

endostatin fragments may play a regulatory role in endostatin function.
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Type XV/XVIII Collagen in C. elegans and D. melanogaster

Although there are over twenty types of collagens in mammals, only type 1V and
type XV/XVIII collagens are conserved within the C. elegans and D. melanogaster
genomes (159; 164). Like mammalian XVIII, the nematode and fruit fly multiplexin
homologues (CLE-1 and Dmp, respectively) exist in multiple forms that have distinct
tissue specific expression patterns. Additionally, CLE-1 was able to bind heparin in a
manner consistent with mammalian endostatin. CLE-1 is broadly distributed in basement
membranes with highest expression in the nervous system. Deletion of the CLE-1 NC1
domain resulted in cell migration and axon guidance defects, which were partially
rescued by ectopic expression of the trimeric NC1 domain. Addition of the monomeric
endostatin did not rescue the defects. Dmp is involved with motor axon pathfinding.
Transgenic over expression of monomeric Dmp endostatin as well as full length Dmp
were able to rescue axon defects, although trimeric endostatin did not. These data
indicate that processing of multiplexin collagens play an important role in a variety of

cellular functions in a manner that is well conserved amongst several organisms.

Thesis Overview

In this thesis, | describe the results of my investigation into trimerization domains
and collagen-associated proteins. Chapter 2 covers the principles of macromolecular X-
ray crystallography techniques used to solve the structure of the type XV trimerization
domain. Chapter 3 presents the structure in addition to biochemical characterization
which shows the type XV trimerization domain to be an extremely stable domain capable

of forming at very low concentrations. In Chapter 4, the biochemical characterization of
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the P3H1eCRTAPeCypB complex is presented: my specific contribution focused on
analysis of complex binding to folded type I collagen using fibril formation and surface
plasmon resonance assays. Chapter 5 presents a detailed analysis of P3H1 protein over
expression systems and purification from chick embryos. These studies provide insight
into the structural basis of collagen trimerization, advance the biochemical
characterization of the P3H1eCRTAPeCypB complex and provide a foundation of work
to improve expression and purification of P3H1 and the P3H1eCRTAPeCypB

complexfor future studies.
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Figure 1. Alignment P3H1, P3H2 and P3H3. ldentical residues are shown in white with
black shading, conservative residues in black with gray shading, blocks of similar
residues are shown in red, and weakly similar residues in blue. The repeating CXXXC
motif is marked with a “#”. Residues conserved in the active site domains of P3H, P4H
and LS proteins are marked with a “*”, while similar residues are marked with a “s”.
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Figure 3. Multiplexin Schematic. (a) Orange represents the signal peptide, red/pink the
N-NC domain, black the interrupted collagen domain, blue the interrupting NC regions
and green the NC1 domain. Numbers represent the length of the segments in amino
acids. (b) The NC-1 domain consists of a trimerization domain (green), a hinge region
(teal) and a globular endostatin or endostatin like domain (blue).
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CHAPTER 2

Structure Determination by X-Ray Crystallography
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Structure Determination by X-ray Crystallography

Macromolecular X-ray crystallography is a method by which atomic resolution
structures are determined. X-rays are applied to an ordered macromolecular crystal and
the angles and intensities of diffracted rays are used to produce a three-dimensional
picture of electron density within the crystal. A molecular model is subsequently
developed to best fit the electron density. X-ray crystallography is one of a few
techniques that structural biologists can use to probe the structure of proteins at high
resolution. This chapter covers the basic concepts of macromolecular crystallography
and outlines the key steps in determining a protein crystal structure. Several excellent
references are available for a more detailed description of the theory behind and practice
of crystallographic techniques (165-168).

When the human eye visualizes an object, light rays are scattered by the object
and enter the eye where the lens reconstructs and focuses the image on the retina. In
order to resolve an object, the wavelength must not be much larger than the object.
Visible light is electromagnetic radiation with wavelengths between 400 and 700 nm; it
cannot produce an image of individual atoms in macromolecules where bonded atoms are
only 0.15 nm (1.5A) apart. X-rays, which have wavelengths between 0.1 and 100 A, are
ideally sized to visualize protein structures. X-rays are diffracted primarily by electrons;
therefore the diffraction patterns obtained by exposure to X-rays are best described as a
representation of electron density.

There are, however, two problems with X-ray determination of macromolecular
structure. First, a single molecule is a very weak diffractor of X-rays. Crystallographers

enhance the overall diffraction signal by using macromolecular crystals. A crystal
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contains numerous ordered molecules in identical orientations, such that each molecule
scatters identically. Scattered rays from all molecules in the crystal can interfere
constructively, producing detectable X-ray diffraction. The second major problem with
the use of X-rays is that they cannot be focused by lenses. Crystallographers collect the
angles and intensities of diffracted rays and use this information to mathematically
reconstruct an image of the molecule. In effect, the crystallographer’s computer acts as

lens to compute and display the macromolecular image.

Geometric Principles of Diffraction

Crystals are ordered, three-dimensional arrays of macromolecules that repeat
periodically in all directions. Crystals can be divided into identical unit cells which are
characterized by three axial lengths (a, b, c) and three interaxial angles (o, B, v) (Figure
1a). These six cell parameters are used to define the seven basic crystal systems:
triclinic, monoclinic, orthorhombic, trigonal, tetragonal, hexagonal and cubic. The
lowest level of symmetry, where all six parameters are different, is classified as triclinic.
As symmetry increases, the number of independent parameters decreases. Cubic crystals
exhibit the highest level of symmetry, wherea=b=canda=p=1.

Each unit cell can also be described by its lattice type. Every lattice contains a
lattice point at each corner of the unit cell and can be classified as primitive lattice,
designated by the letter P. There are several other non-primitive crystal systems that
contain two or more lattice points per unit cell. For example, a body-centered internal

lattice has an additional lattice point in the center of the cell. Face-centered lattices have
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additional lattice points centered on some or all of the unit cell faces. The combination of
crystal and lattice systems creates 14 lattices known as the Bravias lattices.

There are a variety of symmetry operators that can be used to describe the
relationships between equivalent positions in a crystal. Combinations of these operations
result in 32 point groups. The 14 Bravias lattices can be combined with the 32 possible
point groups to create 230 unique arrangements of points called space groups. Space
groups are described by a symbol system where the capital letter indicates the lattice type
and the remaining symbols represent symmetry operations. Due to the chiral nature of
amino acids, mirror symmetry is not allowed since biologically irrelevant molecules
would be created. Therefore, only translations, rotations and screw axes (translations
with rotation) are allowed which reduce the number of biologically relevant space groups
to 65. Unit cell symmetry can be described by sets of equivalent positions, which are
locations within the unit cell that can be superimposed on each other by symmetry
operations. Symmetry can be exploited as a means to reduce the amount of data collected
if short collection times are necessary or, alternatively, can provide higher redundancy
datasets.

There are usually several ways to choose the unit cell in a lattice. It is always
possible to define a triclinic, primitive cell regardless of symmetry. However, unit cells
are chosen to take advantage of symmetry elements which can greatly simplify
subsequent data collection and analysis. In most cases, the unit cell will contain several
identical molecules or complexes in an arrangement that is produced and can be
described by symmetry elements. The smallest unique region that can be related to equal

assemblies in the unit cell is called the asymmetric unit. Each asymmetric unit must have
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an identical environment. For example, in the case of the hexagonal crystal type XV
trimer, a single subunit was found in the asymmetric unit and the remaining two subunits
were generated by symmetry operations. Crystallographic generation of the trimer was
possible because each subunit was in an identical conformation. The trimerization
domain of type XV collagen was also crystallized as a cubic crystal. In this case, six
individual chains were found in the unit cell. Since each chain was in a slightly different
environment, a larger asymmetric unit was formed and limited the ability to use

symmetry elements to describe the relationships between subunits within the crystal.

The unit cell can be divided into a series of regularly repeating sets of planes, the
most obvious of which are the planes that define the unit cell faces (Figure 1b). Miller
indices hkl are related to the a, b and c axes of the unit cell and define all equivalent,
parallel planes. The h index gives the number of parallel planes that intersect the unit cell
along the a axis, k for the b axis and | for the ¢ axis. Indices are written in parentheses
when referring to a set of planes; therefore, planes with indices hkl are the (hkl) planes.
The plane along the bc face of a unit cell (normal to the x-axis) would have a (100) index
because there is one intersection along the a axis in the x direction. Likewise, planes for
the ab and ac faces would be indexed (001) and (010), respectively. The (100) set of
parallel planes would therefore describe the set of planes along the bc face of each unit
cell, and is not specific to a single unit cell within the crystal. This distinction is
important since each set of parallel planes can be treated as a single diffractor that
produces a unique reflection rather than viewing each plane as an individual diffraction
element. As the Miller indices increase in number, there are a growing number of

intersections along each axis resulting in a decrease in interplanar spacing, d. That is to
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say, Miller indices of high numeric value describe closely spaced planes within the unit
cell.

The father-son team of W.H. and W.L. Bragg were the first to describe X-ray
diffraction for crystals as reflections from lattice planes (169). They were able to create a
simple equation that detailed the connection between X-ray wavelength, interplanar
spacing and the angle at which the X-rays are constructively reflected. The Braggs were
awarded the Nobel Prize in Physics in 1915 for their tremendous contribution to the new
field of X-ray crystallography. In mathematical terms, Bragg’s law simply states that a
set of parallel planes with index hkl and interplanar spacing dnq produces a constructively
interfering diffraction beam when X-rays of wavelength A hit the planes at an angle 6
only if 6 meets the condition

2d,,,sinéd=nAi,
where n is an integer (Figure 2). 2dnq Sin 6 is the extra distance a second incident ray
would travel between two parallel planes. In order for constructive interference of the
diffracted X-rays to occur, 2dny sind would have to equal a whole number of wavelengths
to keep all reflected waves in phase with each other. If Bragg’s law is satisfied, rays
emerging from successive planes are in phase and interfere constructively to produce a
strongly diffracted beam. X-rays that are incident with the same planes at an angle other
than 6 would not be in phase and would therefore produce no reflection. The intensity of
the resulting reflection is proportional to the number of electrons and their distribution
along the set of parallel, equivalent planes.

The angle of diffraction 0 is inversely related to the interplanar spacing dnq. Since

sinO is measure of the deviation of diffracted beams from the direct beam, crystals with
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large interplanar spacing will have smaller angles of diffraction. Smaller unit cells, in
contrast, give larger angles of diffraction which produce fewer measurable reflections, for
a given detector area. The spacing of reflections is inversely related to the dimensions of
the unit cell.

A theoretical construct called the reciprocal lattice can be used to better
understand the relationship between the real space lattice of the crystal and the observed
diffraction pattern. The reciprocal lattice is constructed by taking normals to all direct
lattice planes from an arbitrary origin and terminating them at a distance equal to 1/ dnq
from the origin. Each plane (hkl) produces a point in reciprocal space designated h, k, I.
The resulting reciprocal lattice has spacing that is inversely proportional to the interplanar
spacing within the unit cell, with units inverse to the real cell dimensions.

P.P. Ewald linked Bragg’s law to reciprocal space and diffraction (170). If
Bragg’s reflection angle is equal to 6, then the total angle of deflection of a constructive
reflection from the incident X-ray beam is equal to 26. Whenever a crystal is rotated
about an origin such that a reciprocal lattice point comes into contact with a theoretical
circle of radius 1/A, Bragg’s law is satisfied and a reflection occurs (Figure 3). The
Ewald sphere can be rotated around an origin such that an area around the origin with
potential to diffract can be strictly defined as a limiting sphere of 2/\ (Figure 4). The
total number of reflections that can theoretically be produced is equal to the number of
reciprocal lattice points within the limiting sphere. Ewald’s model of diffraction
therefore implies that the directions of each reflection as well as the number of potential

reflections rely only upon the unit cell dimensions.
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Unlike the number and position of reflections which are solely dictated by the
dimensions of the unit cell, the intensity of a reflection is related to the content of the unit
cell. Because X-rays are scattered by electrons, the intensity of diffraction data is related
to the electron density within the unit cell. Therefore, a relationship between the
reflection intensity and electron density must be produced to successfully interpret
diffraction data. Each diffracted X-ray is a wave and thus periodic in nature. Simple
wave equations can be written in the form

f(x) = Fcos2z(hx + &)
or

f(x) = Fsin2z(hx+«a),
where f(x) specifices the vertical height of the wave at the horizontal position x as
measured in wavelengths, F represents the amplitude of the wave, h the frequency and o
the phase. The phase defines the position of the wave with respect to the origin of the
coordinate system. A complex periodic function can be described by

f (x) = F,[cos2z(hx) +isin 2z (hx)]
in which the phase o is implicit in the complex coefficient, F,. Since complex number
theory defines cosf + isin® = €'’ and in crystallography 6 is substituted with 2x(hx), a
wave can be redefined as
f(x) = F,e*"™

The French mathematician Fourier showed that complex periodic functions can be
described as the sum of multiple wave equations. The Fourier series that describes a
diffracted X-ray is called a structure factor equation, Fpy, in which each term gives the

contribution of an individual atom to the final reflection. Thus each reflection is the
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result of diffractive contributions of each atom in the cell. The structure factor is
represented by
Fhkl _ Zj fj827zi(hxj+kyj+lzj)
where f; is the scattering factor of the jth atom, (X;, y; and z;) are the coordinates of the jth
atom in the unit cell and hkl denotes the indices of each reflection in reciprocal space.
Alternatively, Fpq can be expressed as the sum of contributions from each volume
element of electron density in the unit cell, such that electron density at (x, y, z) can be

represented by the average electron distributions p(x, y, z) of the area. Thus,

Fhkl _ IP(X, y’z)eZHi(therlz)dV
Vv

where the V represents the volume of the unit cell.
Fourier demonstrated that for any function f(x) there exists another function F(h)

such that
F(h) =" f(xe*™dx,

where F(h) is the Fourier transform (FT) of f(x). Therefore, in order to compute F(h),
one simply multiples f(x) by the function e and integrates the function with respect to
X. The units of the variable h are reciprocal to the units of x: in this way,
crystallographers use the Fourier transform to mathematically relate real and reciprocal
space. Examination of the structure factor equation reveals that Fy is the FT of p(x, Y,

z). The Fourier transform is also reversible, such that
f(x) = [wF(h)e-Wh“dh .

Back transformation of the structure factor equation yields an equation describing the

electron density:
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ID(X1 y1 Z) = (Vljxhzkzl Fhkle_Zﬂi(hXJrkerIz)

This transform is a triple sum rather than a triple integral because the Fn terms represent

discrete reflections of the diffraction pattern. Since F,, =|F,[e"™ , the electron density

can be represented as

1 =27 (hx+ky+1z)+iapg
o(X, y,Z):(Vj hszI|Fth|e o)

The structure factor amplitude |Fnq| can be obtained from the measurements of reflection

intensities, since
2
l o< |Fhkl|

However, the phase an can not usually be obtained from diffraction reflections.
Therefore, in order to compute the electron density p(x,y,z), the phase of each reflection
must be determined. This is known as the phase problem. There are several methods for
determining phases in crystallography experiments. Molecular Replacement (MR) was
performed in this thesis. In MR, initial phases are calculated from a known structure with
some structural similarity to the target protein, which is often predicted by sequence

homology. MR will be described in more detail in subsequent sections.

Determining a Structure by Macromolecular X-Ray Crystallography
The process of solving a protein structure using macromolecular X-ray crystallography
requires several steps:

1) Growth of high quality crystals,
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2) X-ray data collection
3) Determination of phases, and

4) Refinement and validation.

1. Growth of High Quality Crystals

Ironically, the first step in structure determination is the least well understood
portion of the entire process. Crystals are essentially formed by controlled precipitation
of protein out of solution. Although progress has been made towards developing a
detailed understanding of this procedure, successful crystallization is still largely a trial-
and-error procedure. High quality protein is extremely important, as impurities may
prevent growth of quality crystals. Crystals of proteins are grown by slow, controlled
precipitation from an aqueous solution. Precipitants must be used under conditions that
do not denature the protein; polyethylene glycol polymers are often used as they are
powerful precipitants and weak denaturants.

Vapor diffusion is a widely used technique in which the protein is mixed with a
precipitant solution (mother liquor) and allowed to equilibrate in a sealed container with a
large aqueous reservoir of precipitant solution. Vapor diffusion within the closed system
results in net transfer of water from the protein/mother liquor drop to the aqueous
reservoir. Since the reservoir is much larger than the protein drop, the final concentration
of precipitant in the drop will be very near to that of the reservoir. As water leaves the
protein drop, the volume of the drop decreases which results in an increase in protein and
precipitant concentration. Once protein and precipitant reach high enough

concentrations, molecules can form clusters from which crystals grow, a process called
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nucleation. After nucleation has begun, subsequent precipitation should be controlled to
maximize crystal growth. A balance between nucleation and growth must be found: too
much nucleation results in small crystals, while uncontrolled growth results in crystals
with high levels of internal disorder. As crystals grow, the local protein concentration
decreases, ideally moving drop conditions away from nucleation into growth. Once the
system reaches equilibrium, vapor diffusion ceases.

Optimal crystallization conditions are dependant on a variety of parameters
including protein concentration, precipitant, pH, temperature and the use of additives.
Several commercial screens are available to rapidly search for initial conditions. After
conditions are found that yield crystals, conditions can be optimized until well ordered
crystals of good size have been obtained. Despite all of the advances in screening

technology, macromolecular crystallization remains a mostly empirical procedure.

2. X-ray Data Collection

To generate X-rays in a laboratory suitable for protein crystallography, electrons
are produced by a heated filament and accelerated by an electric field towards a metal
target. Collision of a high-energy electron with an electron from a low-lying orbital
displaces the lower energy electron. An electron from the higher energy orbital
subsequently drops into the resulting vacancy and emits excess energy as an X-ray.
Electron bombardment of target metals yield characteristic emission spectra related to the
energy-level spacing of that element. X-rays can then be further filtered to obtain a
monochromatic wavelength X-ray. Copper anodes are a common target metal used as a

source of experimental X-rays. Electrons dropping from the L shell of copper to replace
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displaced K electrons (an L > K or K, transition) emit X-rays of A = 1.54 A.
Wavelenths of 1.39 A are produced when electrons dropping from the M shell (M = K
or Kg transition); however, X-rays at these wavelengths are eliminated by the use of a Ni
filter. The experiments featured in this thesis use a RIGAKU RU200-H rotating copper
anode generator.

Although not used in these studies, synchotron radiation has increasingly been
used as a powerful and tunable X-ray source. Particle storage rings circulate electrons or
positrons at velocities near the speed of light. Powerful magnets are used to keep the
particles moving in a circular fashion. A charged body like an electron emits energy
when forced into a curved motion, and the energy is emitted as X-rays. Undulators,
wigglers and monochromators at ports tangental to the particle storage ring allow
crystallographers access to monochromatic X-rays that can be tuned to selected
wavelengths. The tunability of X-rays is a particularily valuable feature when used in
multiwavelength anomalous diffraction (MAD) phasing. MAD techniques were not used
in these studies, although crystals suitable for this form of crystallography were grown,
should further experimentation be desired.

Once suitable crystals have been grown, the next step is to obtain initial images.
Protein crystals are sensitive to X-rays, and can suffer from radiation damage during data
collection. Experimentation at cryogenic temperatures greatly reduces damage due to X-
ray exposure. Simply freezing a crystal will result in damage due to ice formation;
crystallographers use a variety of cryoprotectants to prevent ice formation and keep a
crystal intact. Crystals can be either grown directly into cryoprotectant or dipped in a

cryoprotectant prior to being frozen and exposed to X-rays. The choice of
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cryoprotectant, much like the formulation of crystallization conditions, is a matter of trial
and error. Once suitable cryo conditions have been found, the crystal is then mounted
onto a goniometer which allows any reciprocal lattice point to rotate through the sphere
of reflections. The crystal is cooled in a stream of 100°K gas derived from a reservoir of
liquid nitrogen. X-rays are then directed towards the cryo-cooled crystal, and the
resulting diffraction image is captured with a charged coupled device (CCD). CCDs are
essentially photon counters that accumulate electrons in direct proportion to the amount
of light exposure they receive. Since CCDs cannot directly detect X-rays, phosphors that
produce visible light in response to X-ray absorption are used. With an X-ray source,
cryo-cooled goniometer crystal mount and a CCD area detector, initial images can be
collected.

The first images collected are used to determine crystal orientation, cell
parameters and space group. Spatial organization of the diffracted rays are related to the
physical properties of the unit cell via the reciprocal lattice, which means that the
dimensions of the unit cell can be calculated if the crystal to detector distance and X-ray
wavelength is known. Historically, photographs along zero-planes were used to calculate
unit-cell dimensions, but these calculations are now swiftly performed with modern data
collection software. Additionally, some preliminary measures of diffraction quality can
be observed. The mosaicity of a crystal is a measure of its internal disorder, and can be
estimated along with the overall resolution of the dataset using initial images. Because
crystals are not perfectly packed, the resulting reflections are not points but are spherical
in shape. To capture the entire reflection, the reflection must be measured over a small

angular range by rotating the crystal to cover the entire peak width.
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Once the unit cell dimensions and an estimate of mosaicity have been determined,
the symmetry of the cell is examined. Recall from ‘Geometric Principles of Diffraction’
that symmetry within the unit cell will create a number of equivalent reflections. Since
these points are redundant, symmetry thus reduces the total number of number of
reflections that need to be recorded. Symmetry elements are identified by systematic
absences in the diffraction pattern, locations where symmetry-related pairs effectively
cancel each other out. All possible symmetry elements and combinations of symmetry
elements have their representative systematic absences tabulated for each space group.
The process of identifying and assigning parameters and symmetry elements is called
indexing, which ultimately assigns each reflection a Miller index based on the crystal’s
space group.

A final parameter that can be estimated from the unit cell volume is the number of
molecules in the unit cell (Z) (171). B.W. Matthews found that for most protein crystals,
the ratio of the unit cell volume to the protein molecular weight is between 1.7 and 3.5
A®/Da. This number is defined as Vn, and helps determine how many molecules are
contained within the asymmetric unit:

_volume
" MW *Z*X

such that the volume represents the volume of the unit cell, MW is the molecular weight
of the macromolecule, Z is the number of asymmetric units in the unit cell (which is
related to the number of symmetry operations in the space group) and the unknown
variable X which represents the number of molecules in the asymmetric unit (171). The
most probable values of X are those which give Vy, coefficients within the empirically

observed range.
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After initial parameters have been defined, a data collection strategy is designed.
The goal of a good strategy is to generate an efficient and complete data set. A balance
between data quality, completeness of the dataset, data redundancy and crystal stability
must be found. After the data has been collected, images must be processed to improve
consistency and have corrections applied by procedures called integration and scaling.
The first step is to merge and scale all of the obtained images, where redundant
reflections are identified and all reflections are scaled to a consistent intensity range.
Post refinement then optimizes unit cell dimensions, crystal orientation, experimental
parameters and mosaicity by maximizing the agreement of equivalent partial reflections.
Following post refinement, usable data from partially measured reflections can be
recovered. The partiality of a reflection can be used as a correction factor to covert
measured intensity to an estimated intensity for a fully recorded reflection. Rmerge, @
measure of overall data quality, can be calculated by comparing symmetry related
reflections, which would be identical under ideal conditions. For n independent

reflections and i observations of a given reflection,

R _zhklzi‘li_<l>‘
e ZpaZily

Intensity data are then converted into structure factor amplitudes,

|Fhkl| =/l /LP)

where L is the Lorentz factor that account for the rate at which a reflection passes through
Ewald’s sphere and p is the polarization factor that accounts for variations in reflection

efficiency that vary with reflection angle.
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3. Phase Determination

Recall from ‘Geometric Principles of Diffraction’ that the contour map of electron
density p(x,y,z) can be represented as a Fourier sum using the structure factors Fpy. Each
structure factor is a wave equation that has a frequency, amplitude and phase. The
frequency is known and the amplitude can be calculated from the intensity of each
reflection; the phase alone remains to be determined. Correct phases are critical to
structure determination. It has been shown that incorrect structure factor amplitudes
combined with correct phases may lead to an interpretable map, whereas correct structure
factor amplitudes combined with incorrect phases lead to meaningless maps (165). A
physical understanding of phase will better demonstrate its importance. The Fourier
transform of individual reflections represents the average electron density that falls
between sets of Miller planes. The electron density itself is a periodic rise and fall of
electron density that may not pass precisely through the origin of the unit cell. That is to
say, the peak of electron density does not necessarily fall along the faces of the Miller
planes. Only if the phase is zero does the electron density peak lie along the planar face.
If the phase is 180°, then the peak electron density falls directly in between Miller planes.
Phase is essential to precisely orient the electron density within the planes. Since phase is
specific for each set of Miller planes, each reflection has its own phase; therefore, the
phase must be solved for every single reflection.

If a similar structure is known, the phases from the known protein can be used as
initial estimates for phases of the target protein. This method is known as molecular

replacement (MR) (172). A brief description of MR follows. A more in-depth discussion
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on MR techniques including a more detailed description of the relevant mathematical
functions employed can be found elsewhere (167; 173; 174).

MR has the advantage of only requiring a native data set, but care must be taken
to avoid phase bias. A preliminary model of the unknown crystal structure is obtained by
first rotating and then translating the model molecule in the crystal lattice. Once the
correct orientation and position are found, the phases from the model can be combined
with the observed structure factor amplitudes. The resulting structure factors can then be
used for further refinement.

Molecular replacement begins with a Patterson function, which is defined as

P(U,V,W):Vlz z z ||:hkl|2e—27zi(hu+kv+|w),

h k |

where the coordinates (u, v, w) locate a point on the Patterson map. The amplitude of
each term is a complex conjugate of the structure factor which is proportional to the
reflection intensity in a manner that is independent of phase. The Patterson map displays
peaks corresponding to vectors between atoms, which means that a molecule with N
atoms will have N(N-1) peaks. For a small number of molecules, a Patterson map can be
used to solve for the location of objects within a unit cell; in fact, Patterson maps are used
to solve for the locations of heavy atoms in alternative phasing techniques. For most
macromolecules, however, Patterson maps are far too noisy to generate high resolution
structural information.

In MR, the phasing model needs to be correctly oriented and positioned. This is
performed by performing two three-dimensional searches, in which the first search finds
the rotational angles «, ¢, v and the second to determine the three translational

components x, y and z. In the rotation function, the Patterson map of a rotated search
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model is compared to a Patterson map calculated from the experimental data of the
unknown structure. The rotation function will exhibit maxima where the two Patterson
maps have many coincident peaks. In selecting mostly interamolecular vectors, the
Patterson is limited to peaks within a radius equal to the dimensions of the probe model.
The rotation function is successful because intramolecular vectors are dependent only on
molecular rotation, not molecular translation.

The original rotation function as defined by Rossmann and Blow required a
significant number of calculations. In 1971 Crowther outlined a new approach which
describes the Patterson using spherical harmonics and uses a fast Fourier transformation
for quick calculation. This calculation, also called the Crowther fast rotation function,
has been refined by Jorge Navaza in the molecular replacement suite AMoRE which was
used in this thesis (173).

If there are molecules related by symmetry within the unit cell, a translation
search will also need to be performed. A translation search is also required if several
molecules are present in the asymmetric unit. Location of the first copy fixes the origin
and subsequent searches are performed across the entire unit cell to locate the remaining
molecules in the asymmetric unit. For the translation search, the now correctly oriented
model can be positioned by translating the model within the unit cell. Translation
functions use sets of intermolecular vectors, which depend on the position of the
molecules in the unit cell. Since self vectors remain the same, they can be subtracted to
simplify calculations. There are several translation functions to choose from, but the
overall goal is to maximize overlap between the observed and calculated datasets.

Successful translation searches can be monitored using an R-factor,
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_ z“|Fobs|_||:calc|
Z||:obs|

where |Fops| are native dataset amplitudes and |Fcqc| are calculated amplitudes based on
the model in its trial location. If the observed and calculated intensities are similar, their

R value will be small.

4. Refinement and Validation

Once solutions for rotation and translation functions have been obtained, they are
applied to the probe model to create a starting model, which is oriented and positioned in
the unit cell of the target protein and used for refinement. The phases from the model are
then used to calculate electron density maps using the experimentally derived intensities.
Refinement is an iterative process where the atomic model is adjusted to maximize its
agreement with the electron density maps. The final atomic model should be consistent
with the electron density and have regular molecular structure and stereochemistry.
When a structure is determined by MR, the relative atomic positions are good but their
absolute positions will need adjustment. Refinement generally begins with rigid body
refinement in which the molecule is rotated and translated as a single unit. This may be
performed with subdomains as the orientation of the molecule improves. Rigid body
refinement is usually carried out with low resolution data, since the gross secondary and
tertiary structural features are of primary interest. Once rigid body refinement has
reached convergence, positional and temperature factor optimization can begin. The
resolution at this point will be extended to the resolution limit.

The R-factor is a measure of convergence between the model. A completely

random solution would have a value of 0.59, while a perfect model would have an R-
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factor of zero. Another more unbiased way of judging the convergence of the model and
the observed data is with Ryee, Where a random portion of the model has been withheld
from the calculation of improved phases and is used to judge the unbiased quality of the
model. At the end of the refinement process, when the R-factor has converged to an
acceptable point, ordered water molecules may be added to the model. The resulting

model can be validated against established parameters.
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Figure 1. Unit cell parameters (a) General unit cell with edges a, b, ¢ and angles a, B, .
(b) Indicies of faces. The (100) plane is parallel to the bc face and normal to the x-axis,
the (010) plane is parallel to the ac face and the (001) plane is parallel to the ab face.
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sind = BCVAE

BC = ABsinf = dysind

Difference in path length =280

For constructive interference:
SEC =#nd

2BC = 2d, sind

Therefore, 2d;;,5in8 = nd

Figure 2. Derivation of Bragg’s Law.
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Figure 3. Depiction of the Ewald Sphere. As incident X-rays strike a crystal, the
diffracted rays intersect with a hypothetical reciprocal lattice construct. When the
diffracted rays come in contact with a reciprocal lattice point, constructive interference
occurs and a diffraction spot can be detected.
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Limiting Sphere

Figure 4. Depiction of the Ewald sphere and the Limiting Sphere. The reciprocal lattice
is shown in teal, the Ewald sphere is shown in grey. Any reciprocal lattice point within
the limiting sphere can form a reflection.
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Abstract

Correct folding of the collagen triple helix requires a self-association step which
selects and binds a-chains into trimers. Here we report the crystal structure of the
trimerization domain of human type XV collagen. The trimerization domain of type XV
collagen contains three monomers each composed of four B-sheets and an a-helix. The
hydrophobic core of the trimer is devoid of solvent molecules and is shaped by B-sheet
planes from each monomer. The trimerization domain is extremely stable and forms at
picomolar concentrations. It is found that the trimerization domain of type XV collagen
is structurally similar to that of type XVIII, despite only 33% sequence identity. High
structural conservation indicates that the multiplexin trimerization domain represents a
three dimensional fold that allows for sequence variability while retaining structural

integrity necessary for tight and efficient trimerization.

Introduction

Collagens are a diverse family of proteins that constitute the major structural
component of the extracellular matrix. Although collagen proteins are identified by the
presence of one or more triple-helical domains, each a-chain also contains two or more
non-collagenous domains. To date, 28 different types of collagen have been identified
(175). Further classification according to supramolecular structure assigns collagens to
fibril, fibril-associated containing interrupted triple helicies (FACIT), beaded filament,
anchoring fibril, network-forming, transmembrane or multiple triple helicies with
interruptions (multiplexin) families (8). Each type of collagen is composed of one, two

or three different o chains that can assemble into hetero- or homo-trimers. Assembly of
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all collagens begins with a self-association step that selects, aligns and trimerizes o-
chains.

The mechanism of trimerization is attributed to non-collagenous (NC) domains
(80). Studies on classic fibril-forming collagens | and 111 found that the carboxy-terminal
NC (NC1) domains were essential to trimerization (81; 82). C-terminal NC domains
govern chain selection for all collagen families except the transmembrane collagens,
which are believed to trimerize via amino-terminal NC domains (104). Fibril associated-
collagens IX and XIX have recently been shown to trimerize via their NC2 domains
(101; 176). The NC2 domains of the other FACIT family members are also most likely
responsible for self association. For all remaining collagens, the NC1 domain is believed
to be responsible for chain selection and trimerization.

Crystal structures for the NC1 domains of network-forming collagens 1V, VI
and X have been solved (91; 94; 92; 93). Along with the NC1 domain of the multiplexin
type XVIII collagen (177), these represent the only known atomic structures for collagen
trimerization domains. Although both the multiplexin and network-forming collagen
trimerization domains are composed primarily of B-sheets, they share no overall
structural homology.

Collagens XV and XVIII are the only known members of the multiplexin family
(111). Both collagens are homo-trimers composed of a single a-chain that contains a
central highly interrupted collagenous domain flanked by N- and C-terminal non
collagenous domains (126; 139; 112). The collagenous domain of human type XV is
divided into nine collagenous domains with eight non-collagenous repeats. Human type

XVIII exists as two variants with differing N-terminal NC domains, but have identical
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interrupted collagenous and NC1 domains. There are ten collagenous sequences
alternating with nine non-collagenous repeats in the type XVIII interrupted collagenous
domain (109). Type XVIII is a heparan sulfate proteoglycan (178) and type XV can
carry chondroitin/dermatan sulfate alone or chondroitin/dermatan sulfate and heparan
sulfate chains (128). Type XVIII collagen localizes in epidermal and vascular basement
membrane, similar to other heparan sulfate proteoglycans found in basement membranes
(149). Type XV is not an integral basement membrane component; rather, it localizes to
areas peripheral to basement membranes and associates directly with collagen
fibers/fibrils in a manner consistent with other chondroitin sulfate proteoglycans (128;
179).

Collagen XV null mice develop collapsed capillaries and degenerating endothelial
cells in the heart and skeletal muscles and increased sensitivity to exercise-induced
muscle damage (136). However, there are currently no known diseases states that are
associated with type XV collagen. Although COL15 was shown to be upregulated in
patients with systemic sclerosis, polymorphisms in the COL15 gene were shown to not be
associated with the disease (180). In contrast, the human autosomal recessive Knobloch
syndrome has been mapped to the COL18A1 gene, which leads to an early stop codon.
Knobloch syndrome manifests with severe myopia, retinal degeneration and retinal
detachment leading to blindness. Col18al™ mice display impaired blood vessel
development in the eye (146), as well as hydrocephalus and structurally altered basement
membranes (181). Double knockout mice for Col18al and Coll15aldid not demonstrate

any functional compensation between collagens XV and XVIII.
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The highest level of sequence homology between type XV and XVIII lies in their
NC1 domain. The NC1 domains of collagens XV and XVIII are organized into a
trimerization domain, a hinge region and an endostatin domain (117; 119). The
trimerization domain of type XVIII collagen has been isolated, characterized and
crystallized (177). In this study we present the crystal structure of the trimerization
domain of type XV collagen along with biochemical analysis of the protein stability and
oliogmeric state. Despite having only 33% sequence identity, the type XV structure is
remarkably similar to and displays comparable biochemical properties to the type XVIlI
trimerization domain. The multiplexin trimerization domain (TD) is therefore a
structurally conserved domain that trimerizes at very low concentrations and may thus be

a useful tool in the engineering of protein trimers.

Experimental Procedures
Cloning, Expression and Purification
The trimerization domain of human al1(XV) sequence was synthetically
constructed by Integrated DNA Technologies. The pIDTSMART-KAN vector contained
the coding sequence with an embedded BamHiI site and the 5” end and a flanking Sall
end after the stop codon at the 3’ end. Plasmids were expressed and purified by Midi
Prep (Qiagen), the insert was excised with BamHI + Sall and cloned into the pET23-
HisTag-Trx vector. The DNA inserts were verified by Sanger dideoxy DNA sequencing.
The recombinant protein was grown in a E. coli BL21(DE3) strain (Novagen) at
37°C. Once the cells reached an ODgg ~ 0.6, cells were induced with IPTG to a final

concentration of 1 mM. The temperature was lowered to 30°C and growth proceeded for
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an additional 6 hours prior to harvest. Purification of His and thioredoxin tagged protein
from soluble cell lysate was performed using immobilized metal affinity chromatography
on a Chelating HP Column (GE Healthcare) charged with NiCl, following the
manufacturer’s instructions. Tagged protein was cleaved with 1U/mg thrombin (ICN) or
0.1 mg/mL trypsin in 50 mM Tris (pH 8.0) buffer with 150 mM NaCl. The resulting
fragments were separated with a Chelating HP Column as above. The non-tagged flow-
through was further purified with a HiTrap Q Column (GE Healthcare) in 50 mM Tris pH
8.0 using a salt gradient from 0 to 0.5M NaCl. The resulting purified proteins were
analyzed for sequence by amino acid analysis and correct masses were confirmed by
mass spectroscopy.

The trimerization domain (TD) of human collagen XVI1I1 was cloned into the

pET23-HisTag-Trx vector and purified as above.

Gel Filtration Chromatography and Analytical Ultracentrifugation

Gel filtration chromatography was performed using a 10/300 Superose 6 column
(GE Healthcare) at 0.5 mL/min in phosphate buffered saline. Gel filtration standards
(BioRad) were run to calibrate the column prior to injection of the XV(TD). Absorbance
was monitored at 280 nm. Sedimentation equilibrium experiments were performed with
a Beckman model XLA analytical centrifuge. Runs were carried out using an An60-Ti
rotor with 12 mm cells and Epon two-channel centerpieces at 20°C in phosphate buffered
saline. Absorbance was monitored at 280 nm. V-bar values were calculated using

Ultrascanll (182).
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Crystallization and Data Collection

Crystallization was performed using hanging-drop vapor diffusion by mixing 1.5
pl of reservoir solution with 1.5 pl of protein solution at 5 mg/mL. The best crystals
were grown at 25°C using a reservoir solution of 0.1 to 0.2 M MgCl,, 0.1 M Tris (pH 7.0
—8.0) and 28 — 32% (w/v) polyethylene glycol 3350. The crystals grew to a final size of
roughly 0.25 x 0.25 x 0.25 mm after 7-14 days. Immediately prior to X-ray exposure, the
crystals were dipped into a cryoprotectant solution containing the reservoir solution
supplemented with PEG 400 to a final concentration of 20% (v/v) PEG 400. Data
collection was performed using a RIGAKU RU200-H rotating anode generator. Data

statistics are summarized in Table 1.

Crystal Structure Determination

The images collected were indexed, integrated and scaled using MOSFLM and
SCALA from the CCP4 suite (183). The AMORE (184) program was used within the
CCP4 suite (183) to find initial molecular replacement solutions using the type XVIII
structure (PDB 3HSH). Iterative cycles of model-building and refinement were

performed using COOT (185) and CNS (186).

Circular Dichroism and Fluorescence Analysis

CD Spectra were recorded on an AVIV model 202 spectropolarimeter (AVIV
Instruments, Inc.). Quartz cells of 0.05- to 0.1-mm path length were used (Hellma),
depending on protein concentration. Spectra were buffer subtracted and normalized for

concentration and path length to obtain the mean molar residue ellipticity. Protein
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concentrations were determined by amino acid analysis. Fluorescence spectra were
recorded on a LM8000C instrument (SLM Instruments) with modified electronics (ISS
Corp., Champaign, IL) using 104F-QS cells (Hellma). Emission spectra were obtained

by excitation of protein samples at 280 nm at 25 C.

GuHCI Induced CD & Fluorescence Transitions

Folded protein samples were in 50 mM sodium phosphate buffer (pH 8.0) at a
stock concentration of 260 uM. Unfolded protein samples were at the same
concentration in 50 mM sodium phosphate buffer (pH 8.0) supplemented with 4 M
GuHCI. Proteins were diluted to a final concentration of 26 uM into buffers of varying
concentrations of GUHCI. Final GuHCI concentrations were determined using refractive
indices. Change in secondary structure with varying concentrations of GUHCI was
monitored by CD at 224 nm. Change in tertiary structure with varying concentrations of
GuHCI was monitored by a peak shift in fluorescence emission spectra from 320 nm to
347nm.

To calculate the standard free energy (AG®), unfolding and refolding curves were
interpreted using a two state system where unfolded monomers (U) combine into a native
trimer (N) in a cooperative mechanism:

N < 3U

Each GuHCI concentration can be used to calculate an equilibrium constant (Keg):
Ko = [UP/[N]=3£5[MI; /(- )

where [M]o is the total monomer concentration ([M]o=[U] + 3[N]) and f, is the fraction of

unfolded monomer (f,=[U]/ [M]o). The standard free energy AG® is related to Keq by:
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AG° =-RTInK,,

The denaturant dependence of AG® is linear and can be described by:
AG®(x) = AG°(H,0) + mx
where AG°(H0) is the free energy for unfolding in water.
The calculated concentration at which half of the total chain concentration is

incorporated into a trimer (3[N]12=[U]1,2) can be derived from Keg:

Keq = [U]f/z /[N]llz = 3[U]12/2

[U]1/2 = (Keq/3)l/2

Protein Data Bank Accession Numbers
The refined atomic model and the observed structure factors were deposited into

the RCSB Protein Data Bank with the accession number 3N3F.

Results
Crystallization and Structure Determination

The trimerization domain of human type XV collagen, designated XV(TD), was
designed to cover the homologous sequence to the NC1(54) peptide used in the crystal
structure of the collagen XVIII trimerization domain (177). The XV(TD) construct
covers amino acids 587 through 653 of the full length protein (126) and is numbered such
that the first visible residue is labeled as residue 1 (Fig. 1).

The XV(TD) protein crystallized in a hexagonal crystal form. The trimerization
domain of type XVIII (PDB 3HSH) was used for molecular replacement (see

Experimental Procedures for details). Two single chains were found per asymmetric
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unit; two trimers were related by the 3-fold crystal symmetry. Each monomer is
comprised of one a-helix and four B-strands in a mixed parallel and antiparallel B-sheet
(Fig. 2). The a-helix interacts with all four strands of the B-sheet to shape a hydrophobic
core within each monomer. The core is comprised of residues F6, M9, M12, L13, Al6,
V19, 125, L27, F34 and is stabilized by the hydrophobic parts of residues T4, T23, R36
and W41 (Fig. 3).

The trimer measures approximately 40 A in length and 20 A in height. The trimer
is stabilized by a central hydrophobic core, interchain hydrophobic interactions between
adjacent monomers, and an interchain hydrogen bond network (Fig. 3). The trimer core
is comprised of residues V3, F24, F33, 135, V37, L44, L46 and the hydrophobic face of
Y26 (Figs. 2 and 3). No solvent molecules are observed in the trimer interior. Residues
150 and 152 interact with the monomeric hydrophobic core of the adjacent subunit.
Interchain hydrogen bonds also stabilize trimerization, forming a net of bonds that cover
the carboxyl-terminal end of the trimer. The majority of the hydrogen bonds connect two
adjacent chains, specifically the hydrogen bonds between the backbones of W4 to T50
and K45 to G47; however, at the core of the hydrogen bond network, the Q45 backbone

forms hydrogen bonds with both adjacent Q45 backbones.

Oligomeric State

Gel filtration chromatography was performed to assess the oligomeric state of the
XV(TD) protein. The protein eluted as a single peak with a molecular weight of
approximately 18 kDa (Fig. 4), which corresponds to a trimer. Chemical crosslinking

was performed with glutaraldehyde and analyzed by SDS-PAGE (Fig. 4). The XV(TD)
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readily crosslinks to form trimers The XVI1I(TD) protein has only two potential sites for
crosslinking which results in little formation of crosslinked trimer under similar
conditions when compared to the XV(TD) protein. Analytical ultracentrifugation was
performed in phosphate-buffered saline, and results independently confirm the trimeric
state of purified XV(TD) in solution. The trimerization domain of type XVIII collagen
was also analyzed by ultracentrifugation, and the results are also consistent with a trimer

in solution (Table 2).

Denaturant Induced Equilibrium Transitions

Biophysical properties of the XV/(TD) protein were tested using CD and
fluorescence. Figure 5a shows the CD spectrum of the XV(TD) protein in 50 mM
sodium phosphate buffer pH 8.0. A positive peak is located at 224 nm and a slight
negative peak is located at 236 nm. The maximum positive CD signal at 224 nm was
observed for initial monitoring of guanidium chloride (GuHCI) induced transitions.
Complete unfolding as assessed by loss of signal at 224 nm was observed at 4 M GuHCI
(data not shown).

Fluorescence spectra of the XV(TD) protein in 0 and 4 M GuHCI buffer show a
shift in the emission peak from 320 nm to 347 nm (Fig. 5b). Denaturant induced
equilibrium transitions were monitored as a function of peak shift at a final protein
concentration of 26 uM. Initial refolding samples were prepared at a concentration of
260 uM in 4 M GuHCI, 50 mM phosphate pH 8.0 buffer. Samples were subsequently
refolded by dilution to a final concentration of 26 uM into buffers with a final GuHCI

concentration of 0.4 to 4 M GuHCI. Samples used for unfolding were prepared in a
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buffer with no GuHCI and diluted to a final protein concentration of 26 uM into buffers
with a final concentration of GUHCI of 0 to 3.6 M. The agreement between folding and
unfolding curves indicates that refolding is reversible.

The standard free energy of trimerization (AG®) in water was calculated to be
109.0 (x1.0) kdJ/mol. The calculated concentration at which half of the total chain
concentration is incorporated into a trimer is equal to 119 pM for the collagen XV(TD).
This is similar to the calculated value of 56.6 pM for the midpoint concentration of the

minimal trimerization of type XVIII collagen.

Discussion

Collagen molecules are characterized by the presence of one or more triple helical
regions formed by a repeating Gly-X-Y sequence. Much research has been performed to
better understand the structure and function of the classic collagen triple helix (8).
However, in recent years more attention has been paid to non-collagenous (NC) domains
found in all collagen molecules. The NC domains for many collagen families have been
shown to mediate trimerization. Here we present the crystal structure and biophysical
characterization of the trimerization domain for human type XV collagen. The
trimerization domain is structurally and biophysically very similar to the trimerization
domain of type XVIII collagen.

Four crystal structures of collagen trimerization domains are known to date: the
NC1 domain of network forming collagens 1V, VIII and X (91; 94; 92; 93) as well as the
only other known multiplexin, collagen XVIII (177). The trimerization domains of the

multiplexin family are ~50 residues in length, which are significantly smaller than the
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trimerization domains for the network forming collagens that are between 160 and 230
residues in length. The multiplexin trimerization domains appear to be stabilized
primarily by their hydrophobic core. In contrast, multiple methods of trimer stabilization
are found in the network forming collagens. The crystal structures of type IV collagen
are stabilized by intersubunit exchange of -sheets in addition to extensive hydrophobic
and hydrophilic interactions. Solvent molecules and polar residues are found in the
trimeric hydrophobic core of collagens VIII and X. Furthermore, the type X
trimerization core is further strengthened by a buried cluster of calcium ions.

More significantly, the NC1 domains of network forming collagens form
supramolecular assemblies via trimer oligomerization. Collagens VIl and X NC1
structures display strips of solvent exposed aromatic residues on the trimer surface that
are believed to facilitate supramolecular assembly. The type IV NC1 domain derived
from human placenta forms a stable hexamer with a novel covalent crosslink between a
Met and Lys residue on opposite trimers (91). The multiplexin trimerization domains
are, in contrast, discrete entities that have no known additional function outside of chain
association.

Multiplexins are present in all human tissues examined to date, but are present in
very low concentrations (135). Collagen XV and XVIII trimers are capable of forming at
picomolar concentrations, and are thus able to successfully associate even at low cellular
concentrations. Additionally, the small size of the trimerization domain and the lack of
disulphide bonds make trimerization highly efficient.

The multiplexin trimerization domains share relatively low sequence identity of

32%. In contrast, the trimerization domains of collagens VIII and X which have similar
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structures but different mechanisms of trimer stabilization share over 60% sequence
identity (94). The endostatin and endostatin-like domains of type XV and XVIII
collagens also share over 60% identity (119), significantly more than the trimerization
domains themselves. Analysis of the trimerization domain of multiplexins from a variety
of organisms reveals little sequence homology, with the highest levels of homology
involving key residues now known to be in the monomer or trimer hydrophobic core
(177). Insilico analysis of multiplexin trimerization domains predicted that the domain
would contain a coiled-coil sequence (90). The crystal structures of both type XV(TD)
and XVIII(TD) reveal no such structures, indicating that more accurate details of the
multiplexin trimerization domain fold can be identified by structural rather than sequence
analysis.

The structures of type XV and XVIII trimerization domains are highly similar,
with 1.5 A RMSD between Cao atoms along the entire backbone of the trimerization
domain. The overall topology and organization of both the monomer and trimeric
hydrophobic cores are comparable. Key residues in hydrophobic core formation are
located in identical positions, although the sequence identity among these selected
residues is only 33%. Thus, the relative location of hydrophobic residues plays a more
important role in formation of a multiplexin trimerization domain than the absolute
sequence identity. This further demonstrates the importance of empirically derived
structural analysis, as traditional sequence analysis did not predict the structural similarity
observed among these multiplexin trimerization domains

A homologue to multiplexin collagen has been identified in both C. elegans and

Drosophila (159; 187). Types XV/XVIII and IV collagens are the only known collagens
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that are conserved from nematode to human, which suggests that multiplexins may play
an evolutionarily important role. The NC1 domain of the C. elegans multiplexin
homologue was shown to trimerize in vitro (159); the multiplexin fold may therefore
represent an ancient and well conserved folding motif.

It would be of interest to see how accommodating the multiplexin fold is,
specifically through mutational analysis of residues key to either hydrophobic core. It is
of note that the multiplexin trimerization domain fold can form trimers at extremely low
concentrations, but is unfolded by relatively low concentrations of GUHCI (~2 M can
unfold half of the total population). The hydrophobic core may be optimized for fast
kinetics, but modifications to the core may also be able to enhance its chemical stability.

The first three residues of the XV(TD) protein were not visible, indicating that
they are flexible and thus not resolvable by X-ray crystallography. In contrast, the N-
terminus of the XVI11I(TD) protein has ordered structure through the analogous residues.
These residues were laid out across and stabilized by interactions with the trimer surface
such that their ends are more than 20 A apart. It is unlikely that this conformation would
be biologically relevant, since a triple helical domain is immediately adjacent and must
place the three chains in a close orientation. The positions of these residues may result
from an artifact in the crystallization of type XVIII. The XV(TD) structure here, in
contrast, indicates that the first four residues are able to move freely and can thus come in
close enough contact to align triple helix. Since the multiplexins are homotrimers, chain
selection is not a vital issue. However, the N-terminus may still play a role in chain
staggering. The exact nature of the triple helix and trimerization domain interface

remains to be determined.
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The NC1 domain of both type XV and XVIII collagens contains a trimerization
domain, a hinge region and an endostatin (type XVII1) or endostatin-like (XV) C-
terminus. NC1 fragments have been isolated from a wide variety of basement
membranes (117; 119; 160). The proteins are processed by proteases in the hinge region,
releasing the endostatin or endostatin-like domain. Collagen XVIII is readily processed
by a variety of proteolytic pathways into endostatin-containing fragments, whereas the
NC1 domain of type XV collagen is not substantially converted into smaller fragments
(118). Intriguingly, trimeric type XVIII NC1 domain and monomeric endostatin can act
antagonistically in certain cellular processes. Thus the trimerization domain of type
XVIII collagen can regulate endostatin function. The biological activities of the full
length and processed endostatin-like forms of collagen XV have not been extensively
studied. Bacterially expressed endostatin-like protein was capable of inhibiting
endothelial cell migration but had no effect on endothelial cell proliferation (138). Solid
state binding assays for full length NC1 and endostatin-like fragments of type XV
collagen indicate that both proteins bind to a selection of extracellular matrix proteins
with similar affinity. Sequestration of endostatin-like fragments into obligatory trimers
may thus not be an essential function of the type XV trimerization domain (119).
However, the regulation of soluble NC1 domains of both type XV and XVIII collagens is
likely complex, and the interplay between the trimerization domain and the endostatin-
like domain of type XV collagen may play a more important regulatory role in complex
cellular systems.

In conclusion, the type XV trimerization domain is remarkably similar to the type

XVIII trimerization domain, despite low sequence identity. Its regulatory role in
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multiplexin NC1 domain processing remains to be determined, but as a structural fold it
represents a new class of small, efficient trimerization domains capable of folding at very
low concentrations. The multiplexin trimerization fold may be used in future studies as a
tool to create or increase the amount of correctly oligomerized recombinant trimeric

proteins.
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Table 1

Crystallographic Statistics
Data Collection

Wavlength (A)
Resolution range (A)
Space group

Cell dimensions

F\)merge (%)

I/ol

Completeness (%)
Multiplicity

Wilson plot B

Matthews Coefficient
Contents of asymmetric unit

Solvent content (%)

Refinement
No. of reflections used in
refinement
No. of reflections used for Rree
R-factor/Ryree (%0)
RMSD bonds/angles

1.54
52.5-2.0
P63
a=b=49.12
C=65.6
3.4

354

100

6.6

20.8

1.74

Two
monomers
29.5

6079
343

21.6/26.5
0.008/1.4

=77 -



Table 2

Mass Spectrometry and Sedimentation Equilibrium Data

Calculated Mass <> Analytical Oligomeric
MW Spectrometry (cm’g™Y) Ultracentrifuge State
(Da) (Da) (kDa)
XV(TD) 6552 6552 0.74823 18.7+0.1 2.85
XVIII(TD) 6434 6434 0.73874 19.2+0.1 2.98

Samples were run in phosphate-buffered saline at 20°C. XV(TD) and XVI1II(TD)
samples were run at a concentration of 0.375 and 0.235 mg/mL, respectively. <v> were
calculated using Ultrascanll (182).
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XV(TD) --GSRNLVTAFSNMDDMLQKAHLVIEGTFIYLRDSTEFFIRVRDGWKKLQLGELIPIPA--
XVIII(TD) --GSSG-VRLWATRQAMLGQVHEVPEGWLIFVAEQEELYVRVQNGFRKVQLEARTPLPR--
Trimer * / % % EE S % %
Monhomer e e © o0 o o e o @ o 0 °

Figure 1. Sequence alignments. Alignment of type XV and XVIII trimerization domain
sequences used to solve their respective crystal structures. Sequences are derived from
GenBank ™ accession numbers P39059 and P39060 for human type XV and XVIII
collagens, respectively. Residues common to formation of the trimeric hydrophobic core
are indicated with an asterisk (*) and the residue involved in trimeric hydrophobic core of
type XVIII collagen but not in type XV is indicated with a slash (/). Residues common to
the formation of the monomeric hydrophobic core are marked with dots (e). Italics
indicate residues not visible in the crystal structure of type XV. Underlining represents
non-natural sequence introduced during cloning in type XVIII. Italics indicate residues
lost with tryptic digestion. The first visible residue in the type XV structure (N) is
labeled as residue 1.
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(a)

(b)

Figure 2. Structure of the type XV trimerization domain. (a) Cartoon representation of
the trimeric biological unit. (b) Topology diagram for a single chain: a-helix shown as a
red cylinder labeled 1 and beta sheets (labeled A through D) are shown as blue arrows.
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(a)

(c)

Figure 3. Hydrophobic cores and intersubunit hydrogen bonding. (a) Residues forming
the hydrophobic core of a monomeric subunit are shown in green. Additionally, residues
150 and 152 which form hydrophobic contacts between subunits are shown for all three
monomers. (b) Residues forming the hydrophobic interior of the trimer are shown for a
monomeric subunit. (c) Main chain to main chain intersubunit hydrogen bonding
diagram.
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Figure 4. Gel filtration chromatography and chemical crosslinking. (a) XV(TD) protein
were run on a Superose 6 column in PBS. Arrows represent elution peaks for the protein
standards BSA, myoglobin and vitamin Bi,. (b) Chemical crosslinking experiments were
performed with zero, 0.0625, 0.125 and 0.25% glutaraldehyde for 5 minute with either
XV(TD) or XVII(TD) protein at a final concentration of 0.75 or 0.5 mg/mL. Samples
were run on a 12% Bis-Tris gel.
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Figure 5. CD and fluorescence spectra and GuHCI-induced equilibrium transitions of
the XV(TD). XV(TD was measured at 23.5 uM chain concentration in 50 mM sodium
phosphate buffer pH 8.0. (a) CD spectrum of the native protein. (b) Fluorescence spectra
of protein in 50 mM sodium phosphate buffer pH 8.0 with OM GuHCI (e) or 4M GuHCI
(®). (c) Fraction of folded protein as a function of GuUHCI concentration. Unfolding by
CD(0), refolding by CD (©), unfolding by fluorescence (e), refolding by fluorescence
(®). (d) AG® dependence on GUHCI concentration with a linear fit.
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Explanation of Contribution

| purified P3H1, P3H1eCRTAPeCypB complex, Type I and Type 11 collagens
used for some of these experiments. | also performed pilot fibril formation assays and
pilot Biacore experiments. Additionally, I was involved with troubleshooting for all

experiments in this manuscript.
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Abstract

The rough endoplasmic reticulum resident protein complex consisting of prolyl 3-
hydroxylase 1, CRTAP and cyclophilin B can be isolated from chick embryos on a
gelatin Sepharose column, indicating some involvement in the biosynthesis of
procollagens. Prolyl 3-hydroxylase 1 modifies a single proline residue in the a-chains of
type I, 11 and 111 collagens to 3(S)-hydroxyproline. The peptidyl-prolyl cis-trans
isomerase activity of cyclophilin B was previously shown to catalyze the rate of triple
helix formation. Here we show that cyclophilin B in the complex shows peptidyl-prolyl
cis-trans isomerase activity and that the P3H1eCRTAPeCypB complex has another
important function: It acts as a chaperone molecule when tested with two classical
chaperone assays. The P3H1eCRTAPeCypB complex inhibits the thermal aggregation
of citrate synthase and is active in the denatured rhodanese refolding and aggregation
assay. The chaperone activity of the complex is higher than that of protein disulfide
isomerase (PDI), a well characterized chaperone. The P3H1eCRTAPeCypB complex
also delays the in vitro fibril formation of type I collagen, indicating that this complex is

also able to interact with triple helical collagen, and acts as a collagen chaperone.

Introduction

Procollagen biosynthesis occurs in the rough endoplasmic reticulum of cells and
requires a large number of posttranslational modifications (175). While it has been
known for a long time that type I collagen contains 3-hydroxyproline residues (188), the
enzyme activity catalyzing this reaction was only partially characterized (48; 189; 50)

until recently (47). Prolyl 3-hydroxylase 1 (P3H1) modifies a single proline residue in
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the Xaa position of the Gly-Xaa-Hyp repeating sequence into 3(S)-hydroxyproline (3-
Hyp) in the al-chains of type I, Il and I11 collagens. P3H1 extracted from chick embryos
forms a multi-protein complex with CRTAP (previously described as Casp) and
cyclophilin B (CypB) (47; 57). Laser light scattering and velocity sedimentation analysis
shows that the three proteins form a 1:1:1 complex (57). P3H1 consists of two major
domains: a carboxy-terminal dioxygenase domain, which is similar to the a-subunit of
prolyl 4-hydroxylase (P4H) and lysyl hydroxylases, and a unique amino-terminal domain.
The amino terminal-domain contains four cysteine (CXXXC) repeats and is homologous
to CRTAP. This domain is found in five proteins of the human genome: P3H1, P3H2,
P3H3, CRTAP and SC65 (47). The function of this domain has not been established but
it also contains multiple TPR domains that are known to be important in protein-protein
interactions (56; 190).

P3H1 was immuno-localized to cells in tissues that contain fibrillar collagens
(47). Cells in tissues rich in basement membrane collagens did not stain with the
monoclonal antibody against P3H1 and it is therefore likely that P3H2 or P3H3 3-
hydroxylate proline residues in these collagens (65).

In order to understand the potential roles of the P3H1eCRTAPeCypB complex
during collagen biosynthesis a brief review of the known steps is given: After the
translocation of the growing polypeptide chains of procollagens into the rER, proline
residues become 4-hydroxylated by prolyl 4-hydroxlase (P4H). 4-hydroxylation of
proline residues increases the stability of the triple helix and is a key element in the
folding of the triple helix. P4H requires an unfolded chain as a substrate. The chain

selection and association for triple helix formation is determined by the carboxy-terminal
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propeptides in fibrillar collagens. Premature association between procollagen chains is
thought to be prevented by chaperones such as PDI, BiP/GRP78, GRP94, HSP47 and
FKBP65 and collagen modifying enzymes until the biosynthesis of the individual chain is
completed. Additional modifications are the 3-hydroxylation of proline residues by the
P3H1eCRTAPeCypB complex, the hydroxylation of lysine residues by lysyl
hydroxylases and glycosylation. The chains are then selected and trimers are formed by
association of the carboxy-terminal propeptides. Disulfide bonds between the chains are
formed and this formation is most likely catalyzed by protein disulfide isomerase (PDI).
Triple helix formation proceeds from the carboxy-terminal end towards the amino
terminal end in a zipper-like fashion. The rate limiting step in this process is the cis-trans
isomerization of peptide bonds. This process is catalyzed by peptidyl-prolyl cis-trans
isomerase (CypB). Since procollagen molecules are only marginally stable, it was
proposed that folding of procollagen molecules inside cells requires special chaperones
(191), with HSP47 and FKBP65 as a potential candidates. Given the complexity of this
process, it is not surprising that so many different proteins in the rER are involved and
that these proteins interact and function as “folding machines”. Additionally, collagen
molecules have a strong tendency to aggregate. This process must be inhibited inside the
cells and allowed only after secretion into the extracellular space. The functional
importance of collagen chaperones is further shown by the embryonic lethality of HSP47
knock-out mice (192) and the accumulation of BiP/GRP78 in cells with mutations in the
collagen chains (193).

The importance of the P3H1eCRTAPeCypB complex was recently demonstrated

in CRTAP knock-out mice (57). These mice show osteochondrodysplasia characterized
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by severe osteoporosis and decreased osteoid production. They lack the 3-Hyp in type |
and Il collagens. In addition, human mutations in P3H1 and CRTAP lead to a lethal form
of recessive Osteogenesis Imperfecta (60; 61; 58). In this report we show that the
P3H1eCRTAPeCypB complex is not only responsible for the 3-hydroxylation of proline

residues, but is also a potent molecular chaperone.

Experimental Procedures
Extraction and purification of the chicken P3H1eCRTAPeCypB complex

The chicken P3H1eCRTAPeCypB complex was isolated from 15-17 day old
chick embryos following the previously published protocol (41; 51) with modifications
to improve both yield and purity of the complex. 12 dozen chick embryos were mixed
with an equal volume of 10 mM Tris/HCI buffer, pH 7.5, containing 0.25 M sucrose and
protease inhibitors (5 mM EDTA, 2 mM PMSF, 2 mM N-ethylmaleimide, 1ug/ml
pepstatin A and 1ug/ml leupeptin). Homogenization was carried out in a Warring
blender at maximum speed for 3 min. This and all subsequent steps were performed at
4°C. The homogenate was centrifuged at 3,000 x g for 15 min in a H-6000A rotor
(Thermo Fisher Scientific Inc., Waltham, MA). The supernatant was then centrifuged at
125,000 x g for 1.5 h in a 45 Ti rotor (Beckman Coulter, Inc., Fullerton, CA). The pellets
from this step were resuspended in the twice volume of 50 mM Tris/HCI buffer, pH 7.5,
containing 0.1% Tween 20, 0.2 M NaCl and the same protease inhibitors as described
above, treated with 1 pl/ml diisopropy! fluorophosphate and gently stirred for 4 h on ice.
The extract was centrifuged at 125,000 x g for 1.5 h, filtered through Miracloth, and run

over a gelatin-Sepharose 4B column (2.6 x 30 cm; GE Healthcare Bio-Sciences Corp.,
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Piscataway, NJ) equilibrated in buffer A (50 mM Tris/HOAc buffer, pH 7.5, containing
0.2 M NaCl and 0.05% (v/v) Tween 20). The column was washed with at least two bed
volumes of buffer A and then with one bed volume of 50 mM Tris/HOAc buffer, pH 7.5,
containing 1 M NaCl and 0.05% Tween 20, followed by another bed volume of buffer A.
Elution was performed using a pH gradient from 7.5 to 5.0 with buffer A. Peak fractions
containing P3H1 complex and collagen related proteins were pooled, dialyzed into PBS
at 4°C, and filtrated through a 0.45-um filter prior to being loaded onto the P3H1
monoclonal antibody affinity column. The column was washed with at least five bed
volume of PBS and then eluted by 50 mM glycine/HCI, pH 2.5, 150mM NaCl and 0.1%
Triton X-100. P3H1 complex was pooled and dialyzed against each enzyme assay and

reaction buffers.

Expression and purification of chicken CypB

The cDNA encoding chick CypB without the signal sequence, was amplified by
PCR from chick fibroblast cDNA using primers with the 5’ side containing a Ncol site
and the 3’ side containing a Sall site after stop codon. This DNA was inserted between
the Ncol and Sall restriction sites of a pET30a(+) expression vector (Life Technologies
Corp., Carlsbad, CA). The expression vector was transformed into E. coli BL21(DE3),
grown at 37 °C to an optical density of 0.6 at 600 nm, and IPTG to the (final
concentration of 1 mM) to induce expression of CypB. After incubation at 30°C
overnight, cells were harvested by centrifugation and resuspended in B-PER (Thermo
Fisher Scientific Inc., Waltham, MA). Insoluble material was removed by centrifugation

and ammonium sulfate (final concentration of 30% (w/v)) was added to the supernatant,
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incubated at room temperature for 1 h and then centrifuged to remove the precipitated
materials. The supernatant from the ammonium sulfate precipitation was passed through
a 0.22 um filter, applied onto a Co®*-chelating resin column and CypB was eluted by 20
mM sodium phosphate buffer, pH 7.5, containing 0.5 M NaCl and 0.5 M imidazole after
washing with 20 mM sodium phosphate buffer, pH 7.5, containing 0.5 M NaCl and 0.05
M imidazole for at least 10 column volumes. The fractions containing CypB were
dialyzed into enterokinase cleavage buffer (50 mM Tris/HCI, pH 8.0, containing 1 mM
CaCl; and 0.1% Tween 20), and enterokinase (0.1 unit/200 pl reaction volume) (Life
Technologies Corp., Carlshad, CA) was added at 4 °C overnight to cleave the His tag.
The reaction mixture was incubated with DEAE sepharose (100 pl/1.5 ml reaction
volume) to remove enterokinase at room temperature for 1 h. The reaction mix was spun
down and the supernatant applied onto a Co®*-chelating resin column and CypB was
eluted by 20 mM sodium phosphate buffer, pH 7.5, containing 0.5 M NaCl. The purified

CypB was dialyzed against each enzyme assay and reaction buffer.

Citrate synthase thermal aggregation assay

The aggregation of citrate synthase upon thermal denaturation(194) was measured
by the method of Shao et al. (195). Citrate synthase (Sigma-Aldrich, St. Louis, MO) was
diluted 200-fold to final concentration 0.15 uM into prewarmed 40 mM Hepes buffer (pH
7.4) at 43°C. The aggregation of citrate synthase was monitored by absorbance at 500 nm
in a Cary4 spectrophotometer (Varian Inc., Palo Alto, CA). All enzyme concentrations
were determined by amino acid analysis. A stock solution of 0.5 mM Cyclosporine A

(EMD Chemicals, Inc. Gibbstown, NJ) was prepared in DMSO and further diluted to
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final concentration 1 uM (0.2% DMSO). Before measurement the P3H1eCRTAPeCypB

complex was incubated with Cyclosporine A for 1 h at 4 °C.

Denatured rhodanese refolding and aggregation assay

Another frequently used assay for chaperone activity is the inhibition of
aggregation of chemically denatured rhodanese (196; 197). Bovine rhodanese (Sigma-
Aldrich, St. Louis, MO) was denatured in 30 mM Tris/HCI buffer, pH 7.4, containing 6
M guanidine hydrochloride and 1 mM DTT at 25 °C for 1 h, then diluted 100-fold to a
final concentration of 0.3 uM in 30 mM Tris/HCI buffer, pH 7.2, containing 50 mM KCI.
The aggregation of denatured rhodanese was monitored at 320 nm with a Cary4

spectrophotometer. All protein concentrations were determined by amino acid analysis.

Enzyme assays and inhibition with cyclosporine A

Measurements of the catalytic efficiency (kc./Km) for the isomerization reaction
were performed as described (37), based on the a-chymotrypsin assay (198) with the
following modifications: stock solutions of substrates were prepared in DMSO at a
concentration of 2.5 mM for suc-Ala-Ala-Pro-Phe-MCA. The final DMSO concentration
in the assay was 0.352% for kca/Kmn measurements and 0.602% for the inhibition studies.
Kinetic measurements were made at 5 °C to minimize the non-enzymatic isomerization
reaction in 35 mM Hepes/NaOH buffer, pH 7.8. Final substrate and chymotrypsin
concentrations were 8.8 uM and 12.8 uM, respectively. Fluorescence changes were
monitored at 380 nm with an HiTech stopped-flow spectrophotometer (TgK Scientific

Limited, Bradford-on-Avon, UK). The assay was started by mixture of chymotrypsin
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and substrate. Progression curves were analyzed by fitting to a second-order
exponential-decay function with Origin (OriginLab Corp., Northampton, MA).

Inhibition measurements were performed in a similar manner. A stock solution of
Cyclosporine A (0.1 mM) was prepared in DMSO and further diluted with 35 mM
Hepes/NaOH buffer, pH 7.8. After preincubation of the inhibitor with the P3H1 complex
at 4°C for 1 h, the assay was started. Values for ke./Kn, were calculated according to
Keat! Km = (Kobs — ku) / [E], where k is rate constant for the unanalyzed isomerization
reaction and kops is the rate constant for the catalyzed reaction in the presence of enzymes

at a given concentration of [E]. k values were calculated using Origin.

Thermal stability of type I and type 111 collagen and refolding of type I11 collagen
measured by optical rotatory dispersion

The thermal stability of bovine type I and 111 collagen was monitored at 365 nm
using a 341MC polarimeter (Perkin-Elmer, Waltham, MA) with a 10 cm path-length
thermostatted cell. The temperature was controlled by a circulating water bath and
programmable temperature controller (RCS, Lauda Division, Brinkmann Instruments,
Inc., Westbury, NY) and measured with a digital thermometer (Omega Engineering, Inc.,
Stamford, CT) and a thermistor inserted into the cell. Both the temperature and the
optical rotatory dispersion signals were recorded and digitized on an HP9070A
measurement and plotting system (Hewlett-Packard, Palo Alto, CA). The temperature
was increased from 25°C to 50°C at a rate of 10°C/h. Stock solutions of type I and type
I11 collagen (final concentration 0.025 uM) in 10 mM acetic acid were diluted into 50

mM Tris/HCI buffer, pH 7.5, containing 0.4 M NaCl. Refolding of pN type I11 collagen
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(0.125 puM) in 50 mM Tris/HCI buffer, pH 7.5, containing 0.2 M NaCl, was monitored at
365 nm. The sample was denatured for 10 min at 45 °C and refolded at 25°C by

switching between two water baths.

Type | collagen fibril formation assay

A stock solution of type I collagen in 50 mM acetic acid was diluted to a final
concentration of 0.3 uM in 150 mM sodium phosphate buffer, pH 7.8, containing 150
mM NaCl. The absorbance (light scattering) was monitored at 313 nm as a function of

time at 34°C. All protein concentrations were determined by amino acid analysis.

Surface plasmon resonance analysis

Surface plasmon resonance experiments were carried out using a BIACore X
instrument (GE Healthcare Bio-Science Corp., Piscataweay, NJ). Purified native bovine
type | collagen was immobilized at a concentration of about 6 ng/mm? (6000 RU) on a
CMB5 sensor chip by amide coupling. The experiments were carried out at 25°C in 20
mM Hepes buffer, pH 7.4, containing 150 mM HaCl, 5 mM EDTA and 0.05% Tween 20.
Various concentrations of P3H1eCRTAPeCypB complex (from 0.35 uM to 0.075 pM)

were injected at a flow rate of 10 pl/min.

Results
Purification of the P3H1eCRTAPeCypB complex and expression of chicken CypB
The P3H1eCRTAPeCypB complex was isolated from chick embryos and

purified on a gelatin sepharose column followed by an antibody column loaded with a
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monoclonal antibody against chicken P3H1. Figure 1 shows a SDS-polyacrylamide gel
of the elution of the gelatin sepharose column (Fig. 1A) and the elution from the antibody
column (Fig. 1B). To compare the biochemical activities of the P3H1LeCRTAPeCypB
complex and free CypB, we recombinantly expressed chicken CypB in E. coli. A SDS
polyacrylamide gel of the purified chicken CypB is shown in Figure 1C. These protein

preparations were used for the characterization of the biochemical activities.

Chaperone activity of the P3H1eCRTAPeCypB complex using the thermal aggregation
of citrate synthase

The P3H1eCRTAPeCypB complex exhibits potent chaperone activity in this
assay. Figure 2A shows the concentration dependent inhibition of the thermal
aggregation of citrate synthase. Compared to BSA as a negative control and 0.15 uM
PDI, an established chaperone, the P3H1eCRTAPeCypB complex shows much stronger
aggregation inhibition activity at only 0.01 uM concentration (Fig. 2B). Chicken CypB
or cyclosporine A alone do not show any chaperone activity and the addition of
cyclosporine A to the P3H1eCRTAPeCypB complex does not alter its chaperone

activity (Fig. 2C).

Chaperone activity of the P3H1eCRTAPeCypB complex using the aggregation and
refolding of chemically denatured rhodanese

The concentration dependent inhibition of the aggregation and refolding of
chemically denatured rhodanese by the P3H1eCRTAPeCypB complex is shown in

Figure 3A. The P3H1eCRTAPeCypB complex at a concentration of 0.08 uM shows a
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much higher chaperone activity than PDI at a concentration of 2 uM (Fig. 3B). Free

CypB does not contribute to the chaperone effect in this assay as shown previously (199).

PPlase activity of the P3H1eCRTAPeCypB complex and inhibition by cyclosporine A

The P3H1eCRTAPeCypB complex is active as a PPlase when analyzed with a
synthetic peptide substrate. Figure 4A shows the PPlase activity using suc-Ala-Ala-Pro-
Phe-MCA as a substrate. The catalytic efficiency kea/Km 18,800 + 1000 mM™s™ of the
complex is a little higher than that of chicken CypB 11,600 + 1000 mM™s™ (data not
shown). The PPlase activity of the P3H1eCRTAPeCypB complex can be inhibited by
cyclosporine A in a similar manner as the inhibition of CypB (Fig. 4B). This indicates
that CypB in this complex is fully functional.

The refolding of type 111 collagen is rate-limited by cis-trans isomerizations of
proline residues and this rate can be catalyzed by CypB. Figure 5 shows the refolding of
thermally denatured pN type I11 collagen. The P3H1eCRTAPeCypB complex increases
the rate of refolding of pN type 111 collagen; however an equimolar amount of free CypB
is a better catalyst in this reaction, despite the higher catalytic efficiency of the complex

against peptide substrates.

The P3H1eCRTAPeCypB complex does not stabilize the collagen triple helix
In contrast to the recently described FKBP65, the P3H1eCRTAPeCypB complex
or free CypB does not stabilize the collagen triple helix. Figure 6 shows the melting

curves for type | collagen (Fig. 6A) and type 111 collagen (Fig. 6B). In both cases the
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curves are very close in the presence or absence of a four molar excess of

P3H1eCRTAPeCypB or CypB.

Inhibition of collagen fibril formation by the P3H1eCRTAPeCypB complex

The P3H1eCRTAPeCypB complex also interacts with folded triple helical
collagen as shown by its activity in inhibiting the formation of type I collagen fibrils.
Figure 7 shows the concentration dependent inhibition of type I collagen fibril formation
by the P3H1eCRTAPeCypB complex and compares this activity with the known
inhibitor HSP47. When equimolar amounts of HSP47 and P3H1eCRTAPeCypB are
used Hsp47 shows a lower activity in inhibiting fibril formation. Free CypB does not

show any activity in this assay (data not shown).

Quantitation of binding of the P3H1eCRTAPeCypB complex to native type | collagen
The dissociation constant of the type | collagen P3H1eCRTAPeCypB complex

was determined to be 7.4 uM (Table 1). This value indicates a weaker interaction as

compared to HSP47, which was used as a control (Kq = 2.3 uM). The difference in Ky is

the result of a 5 to 10 fold faster dissociation rate of the complex compared to HSP47.

Discussion

P3H1 catalyzes the hydroxylation of the Pro 986 to 3(S)-Hyp of the al-chains of
type | collagen in vitro (47). However, when P3HL1 is extracted from chick embryos,
P3HL1 is present in a complex with CRTAP and cyclophilin B. For the in vivo

hydroxylation of the single Pro residue in the al-chains of type I, Il and I1l collagens the
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P3H1eCRTAPeCypB complex seems to be required. The CRTAP knock-out mice and
human mutations in CRTAP and P3H1 show a dramatic decrease in the level of 3-
hydroxylation (47; 60; 61; 58). Assuming that the hydroxylase activity is in the carboxy-
terminal dioxygenase domain of P3H1, why are CRTAP and CypB required for the 3-
hydroxylation of proline residues in vivo?

The results shown here indicate that the P3H1eCRTAPeCypB complex is not
only responsible for the 3-hydroxylation of specific proline residues in the a-chains of
fibrillar collagens, but also acts as a potent molecular chaperone. The complex is active
in the inhibition of the thermal aggregation of citrate synthase and in the refolding and
aggregation assay of chemically denatured rhodanese. Free CypB has no activity in these
assays and inhibition of the peptidyl-prolyl cis-trans isomerase activity of CypB in the
complex does not change this activity. The CypB in the complex is active as a PPlase
and this activity can be inhibited with cyclosporine A. The catalytic efficiency of CypB
in the complex is higher than free CypB against a peptide substrate. The catalytic
efficiency of the complex was lower against pN type 111 collagen, but a slightly higher
amount of collagen refolded compared to control or free CypB. The chaperone activity
of the complex might help in the recognition of substrates and therefore the complex
combines chaperone activity and PPlase activity during the refolding of collagen triple
helices. It was recently shown that the insertion of a chaperone domain into FKBP12 (a
PPlase) increased the catalytic efficiency of protein refolding (200).

It has been suggested that the chaperones HSP47 and FKBP65 stabilize the
collagen triple helix in the rER (191; 41). The P3H1eCRTAPeCypB complex has no

effect on the stability of type 111 collagen. A slight decrease in the stability of type |
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collagen can be observed at a four fold molar excess of complex. This indicates that
HSP47 and FKBP65 are the likely chaperones which stabilize the triple helix of these
collagens in the rER. The P3BH1eCRTAPeCypB complex also interacts with folded
triple helical collagens, as indicated by the inhibition of fibril formation of type I
collagen. The complex inhibits the fibril formation of type I collagen as efficiently as
HSP47 and FKBP65 (58). It therefore contributes in the prevention of premature
aggregation of collagen chains and molecules in the rER.

The P3H1eCRTAPeCypB complex binds folded type I collagen less efficiently
than HSP47. The association rate constants are similar, but the complex shows a higher
dissociation rate constant. Binding to unfolded collagen chains is likely to be very
complex. The complex will bind to unfolded collagen chains for the 3-hydroxylation
activity, the cis-trans isomerase activity and likely for the chaperone activity. One can
speculate that the complex preferentially binds to unfolded chains and catalyzes the
folding of the triple helix. The complex can then interact at this site with the triple helical
structure and temporarily stabilize this junction. The fast dissociation is then used to
replace the complex with HSP47 or other helix stabilizing chaperones.

The P3H1eCRTAPeCypB complex therefore has three distinct activities: itisa
prolyl 3-hydroxylase, a PPlase and a molecular chaperone. The observed phenotypes in
the CRTAP null mice and human mutations in CRTAP and P3H1 may not only result
from the lack of the 3-Hyp residues in the type I, Il or 11l collagens but also from a
disturbance in the additional function of the P3H1eCRTAPeCypB complex as a
chaperone and PPlase. CRTAP null mice show over-modified a-chains on SDS

polyacrylamide gels. Over-modified a-chains in collagens of fibroblasts of patients with
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CRTAP and P3H1 mutations were also observed and in addition a slower rate of
secretion of type I collagen was found in these cells. This indicates that the chaperone
function of the P3H1eCRTAPeCypB complex could contribute significantly to the

observed phenotypes.
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Figure 1. SDS-polyacrylamide gel electrophoresis of purified chicken
P3H1eCRTAPeCypB complex and recombinant cyclophilin B. (A) Chicken rER
proteins eluted from the gelatin sepharose column by low pH buffer. The proteins were
identified by amino acid sequencing. This fraction was applied to a P3H1 antibody
column and eluted with a pH 2.5 elution buffer. (B) The fractions containing the purified
P3H1 complex were run on SDS-10% polyacrylamide gel under reducing conditions and
stained with GelCode Blue Stain Reagent. (C) The purified chick CypB from E. coli
after cleavage of the His-tag by enterokinase was run on a SDS-10% polyacrylamide gel
under reducing conditions and stained with GelCode Blue Stain Reagent. The numbers
on the left of each gel indicate the molecular masses of marker proteins in kDa.
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Figure 2. Chaperone activity of P3H1eCRTAPeCypB complex using citrate synthase as
a substrate. The inhibition of the thermal aggregation of citrate synthase by the
P3H1eCRTAPeCypB complex was monitored at 500 nm. A 30 uM citrate synthase
solution was diluted 200-fold into pre-warmed 40 mM Hepes buffer, pH 7.5, at 43 °C.
(A) in the absence (black) and presence of 0.001 uM (red), 0.0025 uM (green), 0.005 uM
(blue) and 0.01 uM (orange) P3H1eCRTAPeCypB complex. (B) in the absence (black)
and presence of 0.01 uM complex (red), 0.15 uM PDI (blue) and 0.15 uM bovine serum
albumin (green). (C) in the absence (black) and presence of 1 uM cyclosporine A (red),
with 0.01 uM CypB (blue), with 0.005 uM P3H1eCRTAPeCypB complex (green) and
with 0.005 uM P3H1eCRTAPeCypB and 1 uM cyclosporine A (orange).
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Figure 3. Influence of P3H1eCRTAPeCypB complex on the aggregation and refolding
of chemically denatured rhodanese. Chemically denatured rhodanese was diluted 100-
fold (0.3 uM final concentration) into 30mM Tris/HCI buffer, pH 7.2, containing 50 mM
KCI. Absorbance (light scattering) was monitored at 320 nm. (A) in the absence (black)
and presence of 0.02 uM (red), 0.04 uM (blue) or 0.08 uM (green)
P3H1eCRTAPeCypB complex. (B) in the absence (black) and presence of 0.08 uM
P3H1eCRTAPeCypB complex (red). 2 uM PDI (green) and bovine serum albumin
(blue) were positive and negative controls, respectively.
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Figure 4. PPlase activity of P3H1eCRTAPeCypB complex and inhibition by
cyclosporine A. The PPlase activity of the P3H1eCRTAPeCypB complex was
measured in 35mM Hepes/NaOH, pH 7.8, at 5 °C using suc-Ala-Ala-Pro-Phe-MCA as
the substrate. (A) The activity was monitored by the fluorescence at 380nm of free MCA
that was cleaved by chymotrypsin. In the absence (blue) and presence of 0.0016 uM
(green), 0.0032 uM (red) and 0.0064 uM (black) P3H1 complex respectively. (B) The
inhibition of the PPlase activity of the P3H1eCRTAPeCypB complex by cyclosporine A
was determined by the percentage of activity remaining upon increasing concentrations
of cyclosporine A. The activity (ki-k,)/(kc-ky) was calculated using the rate constant k; in
the presence of inhibitor, k. uninhibited rate constant and k, the rate constant of the
uncatalyzed reaction. The final P3H1eCRTAPeCypB complex concentration was

0.013uM.
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Figure 5. Refolding of pN type I1I collagen in the presence of P3H1eCRTAPeCypB
complex. Refolding was monitored by optical rotatory dispersion at 365 nm. The signal
from pN type 111 collagen was observed for 5 min at 25°C, and then native collagen was
denatured for 10 min at 45°C to unfold the triple helix. Refolding was initiated by
quickly lowering the temperature back to 25 °C. Refolding curves are shown in the
absence (black) and presence of 0.05 uM P3H1eCRTAPeCypB complex (blue) or 0.05
uM chicken CypB (red). The increased slope of the linear refolding phase indicates
catalysis of cis-trans isomerizations. The final concentration of pN type 111 collagen was
0.125 uM.
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Figure 6. Melting curves of type | and 111 collagens in the presence of
P3H1eCRTAPeCypB complex. Optical rotatory dispersion was measured at 365 nm
and the temperature was increased at a rate of 10°C/h. A stock solution of type I
collagen and type 111 collagen (final concentration 0.025 uM) in 50 mM acetic acid was
diluted into 50 mM Tris/HCI buffer, pH 7.5, containing 0.4 M NaCl. The final
concentration of both P3H1eCRTAPeCypB complex and CypB were 0.1 uM.
Denaturation curves in the absence (black) and presence of P3H1eCRTAPeCypB
complex (blue) or CypB (red) are shown for type I collagen (A) and type 111 collagen (B).
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Figure 7. Inhibition of fibril formation of type I collagen in the presence of
P3H1eCRTAPeCypB complex. A stock solution of type I collagen in 50 mM acetic
acid was diluted into 150 mM sodium phosphate buffer, pH 7.8, containing 150mM NaCl
and measured at 34°C. The absorbance (light scattering) was monitored at 313 nm. The
final concentration of type I collagen was 0.3 uM. The following curves are shown: in
the absence (black) and presence of 0.01 uM (red), 0.025 uM (green) or 0.05 pM
(orange) P3H1eCRTAPeCypB complex and 0.05 uM Hsp47 (blue) as a positive control.
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Table 1
Kq (10 M)

P3H1eCRTAPeCypB  7.4%28

HSP47 23+0.6

HSP47° 11

Ka (1/Ms)

2.5+0.4 -10*

2.8+0.5- 10

2.08 - 10*

Kq (1/5)

20+05-10"

6.2+1.0-107

2.36 107

Dissociation and rate constants of binding of native bovine type I collagen to the
P3H1eCRTAPeCypB complex and HSP47

% taken from reference (27)
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Abstract

Prolyl 3-hydroxylase 1 (P3H1) modifies proline residues in the a-chains of
various collagens to 3-hydroxyproline. P3H1 was isolated from chick embryos on a
gelatin Sepharose column in complex with cartilage associated protein (CRTAP) and
cyclophilin B (CypB). In order to better understand the functions of these proteins,
attempts were made to express P3H1 and CRTAP proteins recombinantly and to enhance
yield of the complex from chick embryos. Over expression systems were not successful,
as the protein was highly insoluble. Attempts to refold solubilized inclusion bodies were
also unsuccessful, as the protein either rapidly precipitated out of solution or was not
folded into a conformation recognized by a P3H1 antibody. Although some progress was
made enhancing the protein complex yield from chick extracts, preliminary data indicate
that the P3H1eCRTAPeCypB complex may be partially membrane-associated, further
complicating our approach to structural analysis. The complex was shown to also form
large molecular weight aggregates that contain a fragment of P3H1, the o and f subunits
of P4H and CRTAP. The relevance of these additional proteins is unknown, although
they may be involved in aggregate formation. Although the research presented here has
made progress towards generating high concentration protein, production of P3H proteins

for further structural analysis remains a challenge.

Introduction
Collagen undergoes a variety of post-translation modifications that are required
for proper biosynthesis, folding and assembly. 3-hydroxyproline (3Hyp) residues have

been observed in collagens since the early 70s (188). The modification is relatively rare,
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occurring roughly 1-15 times per 1000 residues with the highest frequency in type IV
collagen (13; 201; 202). Prolyl 3-hydroxylase (P3H) activity was partially purified from
rat kidney cortex and initially characterized as a 2-oxoglutarate, ascorbate and Fe(ll) iron
dependant dehydrogenase (48; 189; 50). The enzyme activities of prolyl 4-hydroxylase
(P4H) and P3H were shown to be separate (49). However, the protein responsible for
P3H activity was not identified by either amino acid sequence or as a specific gene. In
2004, the chick homologue to a human leucine proline rich proteoglycan (leprecan) was
identified as the protein responsible for P3H activity; the gene was subsequently renamed
P3H1. Two other genes were identified as P3H1 homologous; myxoid liposarcoma
associated protein 4 (MLAT4) and gene rich cluster, B (GRCB) genes correspond to P3H2
and P3H3, respectively. P3HL1 is found in complex with the cartilage-associated protein
(CRTAP) and cyclophilin B (CypB) (47). Additionally, the P3H1.CRTAP.CypB
complex has been shown to exhibit strong chaperone activity (42).

The primary structure of P3H1 can be divided into two domains: a C-terminal
dioxygenase domain and a unique N-terminal domain (Introduction, Figure 2). The
dioxygenase domain is similar to both the a-subunit of prolyl 4-hydroxylases and the
dioxygenase domain of lysyl hydroxylases, all of which share conserved catalytic
residues. The N-terminal domain is unique to the other P3H family members, CRTAP
and the synaptonemal protein SC65. This domain has unknown function and contains
four cysteines repeats (CXXXC) and several multiple tetratricopeptide (TPR) domains
that are known to be important for protein-protein interactions (203). P3H1 was shown
to be highly expressed in embryonic tissues, while P3H2 was strongly expressed in

kidney. P3H3 gene expression had overlapping expression with P3H1 and P3H2 (64).
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CRTAP was also expressed in most tissues, with immunohistochemistry staining highest
in cartilage (204).

The importance of the P3H1eCRTAPeCypB complex has been shown through a
variety of studies. Mutations in human P3H1, CRTAP or CypB have been associated
with severe or lethal forms of recessive osteogenesis imperfecta (Ol), a connective-tissue
disorder (57-62). Ol has varying degrees of severity, and is characterized by bone
fragility, low bone mass, short stature, bowing of the long bones and kyphoscoliosis (67;
68). Collagen from patients with mutations in any member of the complex displayed
decreased levels of 3-hydroxylation. P3H2 and P3H3 were also down-regulated in
certain cancers and may act as a tumor suppressor (75).

The growing body of literature on P3H1 and P3H1eCRTAPeCypB complex
indicate that these proteins play an important role in collagen biosynthesis and
connective-tissue diseases. Enzyme activities of P3H1 and P3H2 have been analyzed
(47; 65) and the complex has been shown to have both peptidyl-prolyl cis-trans isomerase
(PPlase) and chaperone activities (42): however, the underlying structural components
that facilitate these activities are unknown. Structural studies were limited by the low
yield of purified protein from chicken embryos, the source for most of the biochemical
studies performed to date. To these ends, a variety of constructs were designed to
recombinantly express P3H1, P3H2, P3H3 and CRTAP. Bacterial and insect cell
expression systems did not yield soluble protein. Attempts to refold full length protein
were partially successful, although the stability of refolded protein was low. In lieu of

recombinant expression systems, attempts were made to maximize protein production
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from chick embryos. Protein preps were enhanced by the addition of various detergents,

indicating possible membrane-association.

Experimental Procedures
Cloning of P3H and CRTAP Constructs into Bacterial Expression Vectors

Chick P3H1, P3H2, P3H3 and mouse CRTAP were cloned into pET30a
expression vectors (EMD Biosciences) from existing pCR4 vectors. Constructs were
designed to carry a N-terminal His tag, an S-tag and a thrombin cleavage site followed by
the sequence of interest and a stop codon. Full length P3H1 and P3H3 were excised from
pPCR4 and inserted into pET30a using an EcoRl restriction site. P3H2 was excised using
Ncol and Sma restriction sites, and cloned into pET30a with Ncol and EcoRV restriction
sites. MCRTAP was excised and inserted using Ncol and EcoRV.

Chick P3H1 was also cloned into the pET30a vector such that the full length
sequence was followed by a C-terminal His tag. P3H1 was amplified using a forward
primer containing an Nde restriction site (5’-
GGAATTCCATATGGCGCTGCTGCTGCGC-3%) and a reverse primer containing a
Notl restriction site with no stop codon
(5’-GCAGGGAAGGACGAACTGGCGGCCGCATTCTTAT-3’). Mouse CRTAP was
also cloned into a pET30a vector, using a forward primer containing an Nde restriction
site (5’-GGAATTCCATATGGGGCCCCGCAGCCC-3’) and a reverse primer
containing and HindlIl11 restriction site with no stop codon (5’-

CCCAAGCTTGGCAGACTCTTCCGTCTCC-37).
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Mouse CRTAP was cloned into the pET15a vector such that a His tag and a
thrombin cleavage site were immediately followed by the sequence of interest and a stop
codon. A forward primer containing an Nde restriction site (see above), and a reverse
primer containing a stop codon and a BamHI site were used (5’-
CGGGATCCTCAGGCAGACTCTTCCGTCTCC-3’). Chick P3H1 was unable to be
cloned into the pET15a vector, as the three restrictions sites available to insert the 3’ end
of the gene were all present in the cLEP sequence. Attempts to mutate the sequences to
allow for use of Xhol and BamHlI sites were unsuccessful.

All inserts were verified by Sanger dideoxy DNA sequencing.

Expression in E. Coli

Expression vectors were transformed into a variety of E. coli expression cell lines.
BL21(DE3), Tuner Cells, Origami, Origami2 Cells (all from EMD Biosciences),
ArcticExpress and Arctic Express RP (Agilent) cells were all used. BL21(DE3), Tuner,
Origami and Origami2 cells were grown at 37°C to an optical density of 0.6 at 600 nm,
and isopropyl 1-thio-p-D-galactopyranoside (IPTG) was added to induce expression with
a final concentration varying from 0.1 to 1 mM. Induction was allowed to proceed at 37,
30 and 20°C for 3, 6 or 12 hours, respectively. Arctic Express and Arctic Express RP
cells were grown at 37°C to an optical density of 0.8 at 600 nm, after which the cells
were cooled to 15 °C. After equilibration, cells were induced with 1 mM IPTG for 24
hours. Cells were harvested by centrifugation. Pellets were frozen at -80°C.

Protein was initially purified using a HiTrap Chelating column (GE Healthcare),

which was charged with Ni?* ions as per manufacturer’s instructions. Purifications were
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run in a variety of buffer systems, with differing buffering ions, pH, denaturants and
detergent concentrations.

Inclusion bodies were extracted using a variety of buffers containing guanidine
hydrochloride (GuHCI) or Urea. Initial buffers were made of 25 mM Tris-HCI pH 8.0,
250 mM NacCl, 0.1% TX-100 and either 0, 2, 4, 6 or 8M Urea or 0, 2, 4 or 6M GuHCI.
Detergent screens were performed with a variety of detergents (Table 1) in 50 mM Tris-
HCI pH 8.0 and 500 mM NacCl.

Soluble chick CypB was purified as previously described (42). The
pET30a(CypB) expression vector was transformed into BL21(DE3) cells, grown at 37°C
to an optical density of 0.6 at 600 nm. IPTG was added to a final concentration of 1 mM
to induce expression of CypB. After incubation at 30°C overnight, cells were harvested
by centrifugation and resuspended in B-PER (Thermo Fisher Scientific Inc). Insoluble
material was removed by centrifugation after ammonium sulfate was added to a final
concentration of 30% (w/v). The supernatant from the ammonium sulfate precipitation
was passed through a 0.22 um filter, applied onto a Ni?* chelating column (GE
Healthcare) and CypB was eluted with 20 mM sodium phosphate buffer, pH 7.5,
containing 0.5 M NaCl and 0.5 M imidazole after washing with 20 mM sodium
phosphate buffer, pH 7.5, containing 0.5 M NaCl and 0.05 M imidazole. The fractions
containing CypB were cleaved by enterokinase (Life Technologies Corp.) following
manufacturer’s instructions. After cleavage, the reaction mixture was incubated at room
temperature for 1 h with DEAE sepharose to remove enterokinase. The reaction mix was

spun down and the supernatant applied onto a Ni** chelating column and CypB was
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eluted with 20 mM sodium phosphate buffer, pH 7.5, containing 0.5 M NacCl. Purified

CypB was dialyzed against phosphate buffered saline (PBS).

Protein Refolding

Refolding experiments were performed using the QuickFold Protein Refolding
Kit (AthenaES) or iFOLD (EMD Biosciences) as per manufacturer’s instructions with
minor modifications to maximize extraction of protein from inclusion bodies.

Briefly, the QuickFold kit uses solubilized inclusion bodies extracted with 50 mM
Tris-HCI pH 8.0, 500 mM NaCl and 0.4 mM Z3-14 diluted to 1 mg/mL. 50 pl of protein
solution was added to 950 pl of refolding buffer while vortexing the solution gently. The
samples were incubated at room temperature for 1 hour and then centrifuged at 14,000 x
g for 10 minutes. Soluble protein was analyzed by SDS-PAGE.

The iIFOLD system purifies and washes inclusion bodies in a N-Lauroylsarcosine
buffer system. Frozen pellets were resuspended in 10 mL 1X IB Wash Buffer (50 mM
Tris-HCI pH 8.0, 50 mM NaCl, 1 mM TCEP, 0.5 mM EDTA, 5% glycerol and 1% Triton
X-100) per gram of wet cell paste. Lysozyme was added to 1 mg/mL final concentration,
and the solution was gently stirred at room temperature for 15 minutes. Cells were lysed
by sonication while on ice. Triton X-100 was then added to a final concentration of 1%
(v/v). The solution was stirred at room temperature for 15 minutes, then spun at 8000 x g
for 15 minutes at 4°C. The inclusion bodies were washed 3x in 1X 1B wash buffer and
the resulting purified inclusion bodies were frozen at -80°C.

Inclusion bodies were denatured in 10 mL of 1X IB Denaturation Buffer (50 mM

Tris-HCI 8.0, 50 mM NaCl, 5 mM TCEP, 0.5 mM EDTA, 5% glycerol which was
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supplemented with 0.4 mM Z3-14) per 0.5 g of purified inclusion body pellet. Pellets
were homogenized using a Dounce homogenizer then sonicated briefly on ice. 1.75 mL
of 30% N-Lauroylsarcosine was added per 0.5g inclusion body pellet. The solution was
stirred at room temperature until the solution became translucent (~15 minutes). The
solution was subsequently spun at 25,000 x g for 20 minutes at 4°C. The supernatant was
passed through a 0.45 uM filter and dialyzed against 10 mM Tris-HCI pH 8.0, 0.05 mM
EDTA, 0.1 mM TCEP and 0.06% (w/v) N-Lauroylsarcosine.

Solubilized inclusion bodies were assessed for concentration by Bradford assay.
The protein was then diluted to 1 mg/mL. 50 pl of protein solution was added to each
well of the refolding matrix and rapidly mixed by pipetting. The refolding reaction was
incubated while shaking at room temperature overnight. Folded protein was assessed by
measuring absorbance at 340 nm. Conditions with lowest absorbance at 340 nm were
chosen for further analysis.

For protein folding experiments performed with P3H1, CRTAP and CypB
combined, proteins were at 1 mg/mL. CypB was added as a soluble protein in PBS.

Adjusting protein concentrations to equimolar ratios did not alter the refolding results.

Cloning of P3H1 and CRTAP into Insect Cell Expression Vectors

Full length cP3H1 and MCRTAP were cloned into the pMIB/V5-HisA vector
(Invitrogen) such that the Honeybee melittin secretion signal and a melittin cleavage site
was immediately followed by the sequence of interest, followed by a V5 epitope and a
His tag. cP3H1 was cloned using a forward primer containing a HindllI site (5’-

CGCAAGCTTCATGGCGCTGCTG-3) and a reverse primer containing an Xba site (5’
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CGCTCTAGACAGTTCGTCCTTCC-3’). mCRTAP was cloned using a HindllI
forward primer (5’-CGCAAGCTTCATGGGGCCCC-3’) and a Xba reverse primer (5’-

CCGICTAGAGGCAGACTCTTCC-3).

Expression of P3H1 and CRTAP in Insect Cells

Recombinant vectors were transfected into Spodoptera frugiperda (Sf9) insect
cells using calcium phosphate, Insect GeneJuice (EMD Biosciences) or Cellfectin
(Invitrogen) transfection methods following manufacturer’s instructions. Supernatant
was collected 3, 4 and 5 days post-transfection. Whole cell lysates were prepared by
suspension in cell lysis buffer (50 mM Tris, pH 7.8, 150 mM NacCl, 1% NP-40) after
washing the cells twice with 1X PBS.

Protein production was monitored by Coomassie staining of SDS-PAGE gels or
by western blot. Western blots were probed with V5 (Invitrogen), His-tag (GE

Healthcare) or P3H1 (IC10) antibodies.

Extraction and Purification of the P3H1eCRTAPeCypB complex from Chick Embryos

Chick P3H1eCRTAPeCypB complex was isolated from 15-17-day-old chick
embryos following the previously published protocol with modifications to improve both
yield and purity of the complex as described in the results section (42; 47). 16 dozen
chick embryos were mixed with an equal volume of 10 mM Tris/HCI buffer, pH 7.5,
containing 0.25 M sucrose, protease inhibitors (5mM EDTA, 2 mM

phenylmethylsulfonyl fluoride, 2 mM N-ethylmaleimide, 1ug/ml pepstatin A, and 1

ug/ml leupeptin), and 0.1% Tween 20. Homogenization was carried out in a Waring
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blender at maximum speed for two cycles of two minutes of blending followed by a 5
minute rest period to prevent the sample from overheating. This and all subsequent steps
were performed at 4 °C. The homogenate was centrifuged at 3,000 x g for 15 min to
remove tissue debris. The supernatant was filtered through cheesecloth and then
centrifuged at 125,000 x g for 1.5 h in a 45 Ti rotor (Beckman Coulter). At this point
pellets may have been frozen for later use. Pellets from up to three preps were combined
for extraction and purification. Fresh or frozen pellets were resuspended in 50 mM
Tris/HCI buffer, pH 7.5, 0.2 M NaCl, the same protease inhibitors as described above and
0.1% Tween 20 at twice the pellet volume. Different detergents were also used as
outlined in the results section. Resuspended pellets were treated with 1 pl/ml diisopropyl
fluorophosphate, and gently stirred for a minimum of 4 h on ice. The extract was
centrifuged at 125,000 x g for 1.5 h, filtered through Miracloth, and run over a 200 mL
gelatin-Sepharose 4B column (GE Healthcare) equilibrated in buffer A
(50mMTris/HOAC buffer, pH 7.5, containing 0.2 M NaCl and 0.1% (v/v) Tween 20), or
other detergent as outlined in the results section. The column was washed with at least 5
column volumes of buffer A, then 1 column volume of high salt buffer B (50mM
Tris/HOAC buffer, pH 7.5, containing 1 M NaCl and 0.1% Tween 20), followed by re-
equilibration with 5 column volume of buffer A. Elution was performed using a pH
gradient from 7.5 to 5.0 with buffer A. Peak fractions containing P3H1complex and
collagen-related proteins were pooled and dialyzed into phosphate-buffered saline at 4°C.
Dialyzed fractions were passed through a 0.22 pum filter prior to being loaded onto the
P3H1 monoclonal antibody affinity column. The column was washed with at least 5

column volumes of phosphate-buffered saline and then eluted with 50 mM glycine/HCI,
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pH 2.5, 150 mM NacCl, and 0.1% Triton X-100. Fractions were neutralized with
saturated Tris Base to prevent acid-induced degradation. Protein fractions were pooled
and dialyzed into PBS.

For protein stability studies, complex was dialyzed into PBS overnight, solubility
of complex that had been stored at 4°C for 2 and 5 days was first checked. 100 pL of
protein was spun at 14,000 x g for 10 minutes at 4°C. Immediately following the spin,
soluble protein was removed. The pellet was brought up in an equal volume of 1X SDS-
PAGE gel sample buffer. Aliguots of soluble and insoluble protein prepped in sample
buffer were run on a SDS-PAGE under non-reducing and reducing conditions. The gel
was stained with GelCode Blue.

For analysis of high molecular weight bands, several lanes of
P3H1eCRTAPeCypB complex were run under non-reducing conditions on a SDS-
PAGE gel. Bands of interest were excised with a razor blade, combined and minced into
pieces. The gel pieces were loaded onto a SDS-PAGE gel and run under reducing
conditions and stained with Coomassie blue. Bands of interest were transferred to PVDF
and analyzed by N-terminal sequencing.

For studies on detergent concentrations, 10g of crude microsomal pellets were
used for each condition and prepped as above, save variances in detergent concentration.
Extracted pellets were run over a gelatin Sepharose column as previously described.

Eluted gelatin Sepharose proteins were analyzed on SDS-PAGE gels.
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Laser Light Scattering

P3H1eCRTAPeCypB molecular masses were observed using a multi-angle light
scattering (MALYS) instrument (DAWN Eos, Wyatt Technology). The instrument was
placed in line with a UV detector, refractive index detector (RI, Wyatt), and a quasi-
elastic light scattering detector (QELS, Wyatt Technology) during size-exclusion
chromatography (SEC). SEC was performed with a Superose 12 10/300 GL column (GE
Healthcare) equilibrated in phosphate-buffered saline with a flow rate of 0.5 ml/min.
Signals from the UV, RI, and MALS detectors were normalized using bovine serum
albumin. Monodisperse regions under the peak were analyzed. The weight-averaged
molar masses (MW) were reported based on the average protein concentration for the

peak area analyzed

Results
Cloning and Expression Studies

Chick P3H1, P3H2, P3H3 and mouse CRTAP constructs were cloned into pET30
vectors such that the constructs carried an N-terminal His-tag, an S-tag, a thrombin
cleavage site and the sequence of interest. Test inductions were initially performed using
BL21(DE3) cells. CRTAP was well expressed, whereas P3H1 was weakly expressed as
analyzed by SDS-PAGE (Figure 1a). P3H2 and P3H3 exhibited almost non-existent
expression levels as measured by both SDS-PAGE and anti-His western blots. Attempts
to optimize expression for P3H2 and P3H3 were unsuccessful: these constructs will not
be discussed further. Chick P3H1 and mouse CRTAP were also cloned into a pET30a

vector such that the full length sequence was followed by a C-terminal His tag. Mouse
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CRTAP was also cloned into a pET15a vector such that the construct had a N-terminal
His tag followed by a thrombin cleavage site. Test inductions of pET30a(cP3H1) and
pET15(mCRTAP) exhibited stronger expression of both proteins (Figure 1b).
pET30a(mCRTAP) however, did not express significant amounts of protein. To optimize
P3H1 induction, a variety of cell lines were tested: BI21(DE3), Tuner Cells, Origami,
Origami 2, Arctic Express (DE3) and Arctic Express (DE3)RP cell lines all produced
similar results (Figure 2).

P3H1 was expressed primarily in inclusion bodies (IBs) (Figure 3). Attempts to
purify soluble protein were unsuccessful. To harvest protein from the IBs, a variety of
Urea and GuHCI concentrations were tested in extraction buffers (Figure 3). An
extraction buffer comprised of 25 mM Tris-HCI pH 8.0, 250 mM NaCl, 0.1% TX-100
and 8M Urea exhibited the highest level of protein extraction. However, a significant
portion of protein remained in the extracted pellet.

Detergents are often used to enhance protein solubility. A screen of detergents
was therefore used to maximize IB extraction yield (Figure 4). Compounds were chosen
to represent three major classes: non-ionic, ionic and zwitterionic detergents (Table 1).
Purified 1Bs were extracted with 25 mM Tris-HCI pH 8.0, 250 mM NaCl and 8M Urea
containing detergents at optimal critical micelle concentrations or in 25 mM Tris-HCI pH
8.0, 250 mM NacCl, 6M GuHCI supplemented with detergents as above (Figure 5). The
optimal condition for IB purification was found to be 25 mM Tris-HCI pH 8.0, 250 mM
NaCl and 8M Urea containing 0.4 mM Z3-14. This buffer (solubilization buffer) was

used for all subsequent IB extractions.
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Extracted protein was further purified under denaturing conditions using a HiTrap
Chelating column charged with Ni** ions (Figure 5a). Solubilization buffer containing
500 mM imidazole was used for elution. Purification was not absolute, as a single band
was not achieved. Attempts to optimize denaturing protein purification by varying pH
and salt concentration did not further improve the quality of the protein. It is of interest
that a significant portion of the unfolded protein did not bind successfully to the chelating
column. This was not an artifact of overloading the column, as lower concentrations of
protein yielded similar ratios of bound/weakly bound/unbound protein populations.

MCRTAP was also expressed primarily in inclusion bodies and behaved in a
manner similar to P3H1. The optimal extraction buffer is the same as for P3H1, and IBs
were also partially purified on a chelating column (Figure 5b). Again, a significant

portion of the extracted protein did not bind efficiently to a chelating column.

Refolding Studies

No reliable method is known for predicting conditions that allow for proper
protein refolding. ldentification of optimal parameters, therefore, remains an empirical
science. There are many factors involved in protein refolding, including ionic strength,
pH and oxidation state. Additives such as chaotropic chemicals and other proteins can
also influence protein refolding. To best approach the identification of proper refolding
conditions, a variety of commercially available refolding screens were used. The
QuickFold protein refolding kit from AthenakES contains 15 different refolding
conditions. Solubilized IBs were rapidly diluted into buffer, incubated for one hour and

then analyzed for successful refolding by analysis of the soluble fraction on a SDS-PAGE
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gel. Experiments performed with 1Bs extracted without Z3-14 detergent did not produce
any soluble protein in any of the 15 conditions. IBs extracted in the presence of Z3-14
detergent were more successful (Figure 6). Conditions 11 (50 mM Tris-Cl pH 8.5, 9.6
mM NaCl, 0.4 mM KCI, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT) and 12 (50 mM
Tris-Cl pH 8.5, 240 mM NaCl, 10 mM KCI, 1 mM EDTA, 0.05% polyethylene glycol
3,550, 1 mM GSH, 0.1 mM GSSH) produced a significant amount of refolded, soluble
protein. Attempts to refold protein while bound to a chelating column were unsuccessful,
as the protein quickly precipitated on the column and was only eluted with high
concentrations of denaturant. Further investigation revealed that the refolded protein
precipitated out of solution within a few hours after rapid dilution.

To examine additional refolding buffers that may allow for increased stability, the
IFOLD 1 screen was used (EMD Biosciences). The iFOLD matrix covers 92 different
buffers based on an extensive literature review of successful refolding experiments (more

information can be found at the REFOLD database http://refold.med.monash.edu.au).

The iIFOLD refolding assay was performed in a 96 well plate, and successful refolding
reactions were screened by measuring Ass. Smaller Agqo values correlate with decreased
precipitation. Following cell lysis, a series of detergent and buffer washes were
performed to remove membrane components and contaminating proteins from the IB
pellet. Purified IBs were denatured with the reducing agent tris(2-carboxyethyl)
phosphine HCI (TCEP) and the detergent N-Lauroylsarcosine in the recommended lysis
buffer supplemented with 0.4 mM Z3-14. The IBs prepped under this buffer system
contained a high level of contaminants, which were present despite denaturing

purification with a chelating column. 1Bs extracted using the Athena solubilization
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buffer and applied to the iFOLD matrix were not as successfully refolded as those
extracted with the iFOLD buffers. The three best conditions are shown in Figure 7:
Condition 1E was composed of 50 mM Tris pH 8.0, 1 mM TCEP and 20% w/v glycerol.
Condition3E was composed of 50 mM Tris pH 8.0, 100 mM NaCl and 1 mM TCEP.
Condition 3F was composed of 50 mM Tris pH 8.5, 100 mM NaCl, 3.8 mM GSH, 1.2
mM GSSG and 0.1% PEG6000 w/v. Different refolding buffers produced soluble
proteins with slightly different migration patterns. Addition of DTT normalized protein
migration. However all soluble protein precipitated out of solution over the course of 48
hours.

Since P3H1 is found in complex with CRTAP and CypB (47), P3H1 may require
these proteins to confer stability. To these ends, refolding experiments were conducted
with P3H1, CRTAP and CypB. Denatured extracted P3H1 and CRTAP were added at 1
mg/mL to refolding reactions. Soluble CypB was also added at 1mg/mL. The two best
conditions from the QuickFold protein screen were tested with P3H1 only, CRTAP only,
and a combination of P3H1, CRTAP and CypB (Figure 8). Although refolding of the
complex greatly enhanced the solubility of CRTAP in condition 11, neither of the
refolding reactions were stable over the course of two days. All protein except for CypB
precipitated out of solution. A similar experiment was performed with the three best
iIFOLD conditions (Figure 9). The refolded protein was much more stable, with most of
the protein staying in solution over the course of a week at 4°C. However, the refolded
proteins were not recognized by the 1C10 antibody used to purify P3H1 from chick
embryos. KD90, an antibody that recognizes reduced P3H1, reacted with the refolded

protein (Figure 10). The refolded proteins may, therefore, not be in the correct biological
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conformation.  Attempts to purify the refolded trio of proteins on size exclusion or

chelating columns were unsuccessful.

Expression in Insect Cells

Both chick P3H1 and mouse CRTAP were cloned into the pMIB/V5-His A
vector. This vector contains a Honeybee melittin secretion signal followed by a melittin
cleavage site and the sequence of interest followed by V5 and His tags. Constructs were
transfected into Spodoptera frugiperda (Sf9) insect cells using calcium phosphate, Insect
GeneJuice, or Cellfectin transfection reagents. Protein was assayed from secreted media
as well as whole cell lysates 3, 4 and 5 days post-transfection. Transfection of
pMIB(cP3H1) with Insect GeneJuice followed by harvest three days-post transfection
produced the highest yield of recombinant protein. P3H1 was not visible in Coomassie
stained SDS-PAGE gels, although protein was detectable with a V5 antibody (Figure 11).
Western blots using the 1C10 antibody produced barely detectable signal, suggesting that
the recombinantly expressed protein was not correctly folded. The pMIB(mCRTAP)
construct failed to exhibit any protein expression by either SDS-PAGE or western blot.
Due to the low (or absent) yield of protein, further experiments with insect cell

expression systems were not pursued.

Extraction of P3H1eCRTAPeCypB complex from Chick Embryos
Soluble P3H1eCRTAPeCypB complex can be purified out of chick embryos.
However, the purified complex was relatively low in concentration. Moreover, the

complex of proteins precipitated out of solution over time (Figure 12). Attempts to
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concentrate the protein resulted in precipitation with no overall concentration of the
sample. Addition of glycerol did not stabilize the complex.

When run under non-reducing conditions, several additional bands of larger
apparent molecular weight were visible (Figure 12, 14). Occasionally these bands were
visible under reducing conditions, depending on the prep. Higher molecular weight
aggregates are consistent with laser light scattering experiments, which found a large
molecular weight aggregate in addition to the 1:1:1 complex of ~150 kDa (Figure 13).
Fresh preps displayed lower ratios of aggregate to 1:1:1 complex, consistent with
precipitation of protein over time.

To further examine the composition of the higher molecular weight bands, several
lanes of P3H1eCRTAPeCypB complex were run under non-reducing conditions on a
12% SDS-PAGE gel. Following staining with GelCode Blue, bands of similar size were
excised from the gel. Three large molecular weight bands were consistently present, and
were numbered 4, 3 and 2 in order of decreasing MW. P3H1 was run as sample 1 as a
control (Figure 14a). The samples were subsequently minced into small pieces using a
razor blade, loaded onto a SDS-PAGE gel, run under reducing conditions and stained
(Figure 14b). Band one, as expected, contained only P3H1. Bands 2, 3 and 4 contained a
mixture of a P3H1 fragment, P4H, PDI and a blocked protein which is most likely
CRTAP. No evidence of CypB was present.

The effect of detergents on the extraction of complex was examined. Chick preps
in the presence or absence of 0.1% Tween-20 in the extraction and gelatin Sepharose
running buffers were performed. The proteins eluted from the Gelatin Sepharose column

were analyzed on an SDS-PAGE gel. P3H1 protein was further analyzed by western blot
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(Figure 15a). The presence of detergent in the gelatin Sepharose running buffers greatly
enhanced the yield of P3H1 and CRTAP, although the yield of remaining proteins was
not significantly altered by the presence or absence of detergent in the gelatin Sepharose
buffers.

Recent studies on collagen-associated proteins in the rER have used Tween-20 in
both the extraction and gelatin Sepharose buffers (47; 42; 41). However, previous
protocols have used up to 1% Triton X-100 or 1% NP-40 during extraction of crude
microsomal extracts (40; 51). To determine the most efficient extraction conditions,
microsomal pellets were extracted using 1% Triton X-100, 1% NP-40, 0.1% Tween 80 or
0.1% Tween 20. Following extraction, collagen-associated proteins were isolated using a
gelatin Sepharose column (Figure 15b). Protein yield was analyzed on a non-reducing
SDS-PAGE gel and by western blot using the P3H1 antibody 1C10. 1% Triton X-100
and 1% NP-40 effectively increased the yield of extracted proteins.

To better explore the effect of detergent on gelatin Sepharose chromatography, 1
g of microsomal pellet was extracted and run on a gelatin Sepharose column under two
different conditions: the first condition was extracted and run with 0.1% Tween 20 in all
buffers, while the second condition extracted pellets with 1% Triton X-100 and included
0.1% Triton X-100 in the gelatin Sepharose running buffers. Following extraction, the
proteins were bound to a gelatin Sepharose column, washed with a high salt buffer and
then eluted with a low pH buffer. Fractions from each step were analyzed by western
blot with the 1C10 antibody. When extracted with 1% Triton X-100 and run with 0.1%
Triton X-100 in the gelatin Sepharose buffers, P3H1 elutes in the high salt fraction in

addition to the low pH fraction (Figure 16a).
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A large scale prep using microsomal pellets harvested from 16 dozen chick
embryos was extracted with 1% Triton X-100 and run with gelatin Sepharose buffers
containing 0.1% Triton X-100. A normal compliment of rER proteins were found within
the low pH elution. However, P3H1 also eluted in the high salt wash. P3H1 appears to
elute with CypB in the early portion of the elution peak, and with HSP47 and CRTAP
towards the end of the elution peak (Figure 16b). The low pH pool and the high salt pool
were dialyzed into PBS and run on a 1C10 antibody column. The low pH pool, when
applied to the antibody column, eluted the P3H1eCRTAPeCypB complex. The high

salt pool, when applied to the antibody column, contained primarily P3H1.

Discussion

The P3H1eCRTAPeCypB complex has been shown to be a prolyl 3-hydroxylase,
a PPlase and a molecular chaperone (47; 42). Defects in any component of the complex
are associated with severe and lethal recessive osteogenesis imperfecta (57-59; 62; 73;
74; 77; 205). Despite numerous reports demonstrating the importance of the complex,
little is known about the structure of P3H1, CRTAP or the complex as a whole.
Sufficient complex for functional assays can be isolated from chick embryos and by
recombinant expression in insect cells (47; 42; 65). However, structural analysis has
been difficult due to low protein yield and concentration. Here we attempted to harvest
soluble, high concentration P3H1 and CRTAP in E. coli, insect cells and out of chick
embryos.

Recombinant P3H1 expression proved to be unsuccessful in a variety of

expression systems. E. coli produced protein was almost exclusively found in IBs
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(Figure 3). Extraction studies were performed to maximize denatured protein yield out of
them. High concentrations of Urea and addition of the zwitterionic detergent Z3-14 were
necessary to achieve sufficient extraction (Figure 4). Denatured protein was
subsequently purified and used in refolding assays (Figure 5). P3H1 was capable of
refolding under a variety of conditions; however, it quickly precipitated out of solution
(Figures 6 & 7).

Since P3H1 is found in complex with CRTAP and CypB, refolding experiments
with all proteins in the complex were performed (Figures 8 & 9). Although refolding was
successful and stable under some conditions, the overall quality of extracted protein was
questionable as the 1C10 antibody raised against native protein extracted from chick
embryos did not recognized the refolded product (Figure 10). The 1C10 antibody has
been used to purify P3H1 and P3H1eCRTAPeCypB complex that was used in enzyme,
chaperone and PPlase assays. 1C10, therefore, recognizes biologically functioning
protein. KD90, an antibody that recognizes reduced protein, readily detected the refolded
product, further strengthening the argument that the refolded product was not in the
biologically relevant conformation.

Expression in Sf9 cells produced soluble protein in minute amounts (Figure 11).
A previous study from the Myllyharju laboratory expressed human P3H1, in addition to
human P3H2 and P3H3, in insect cells using a recombinant bacculovirus system(65).
Roughly 40% of the total human P3H1 produced was extracted from whole cell lysates
using 0.1% Triton X-100, with the remaining protein only solubilized by 1% SDS. Our
constructs carried a honeybee melittin signal sequence designed to excrete the target

protein outside of the cell. It has been shown that the addition of this signal enhances
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protein folding and stability (206). Chick P3H1 was expressed in low amounts,
detectable only by western blot against the V5 epitope and was produced in insufficient
quantities for preliminary purification studies. However, it is of interest that our
pMIB/V5(P3H1) construct produced soluble protein with no detectable protein in the
whole cell lysate. This is an improvement over the BaculoGold system employed by the
Myllyharju laboratory for expression, where more than half of the produced protein was
insoluble.

Although not covered in this work, extensive studies involving expression of
P3H1, P3H2, P3H3 and CRTAP in mammalian cell lines were pursed by myself and
others in the laboratory. These studies were marginally successful as chick and human
P3H constructs were expressed, albeit at low levels. P3H1 was produced at the highest
concentrations (detectable by Coomassie staining of an SDS-PAGE gel). However, the
protein precipitated out of solution during the course of purification. CRTAP was never
significantly produced in mammalian cell lines. Co-expression of P3H1 and CRTAP or
triple-expression of P3H1, CRTAP and CypB did not yield an improvement in protein
production or stability in our experiments.

Thus far, the only successful recombinant system for P3H proteins was produced
by the Myllyharju laboratory using a BaculoGold viral system to infect and produce
human P3H proteins in Sf9 cells (65). Recombinant P3H2 protein was barely detectable
by western blot against a human P3H2 peptide. Luckily, enzyme assays are exquisitely
sensitive: extracts of P3H2 cells were shown to be enzymatically active. Since P3H
proteins are the only proteins known to 3-hydroxylate collagen substrates, it is unlikely

that proteins found in Sf9 extracts would exhibit additional P3H activity. In fact, control
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experiments using extracts of insect cells expressing human C-P4H-I did not exhibit 3-
hydroxylase activity. However, cells contain multiple proteins that exhibit chaperone and
disulfide isomerase activity. Therefore, whole cell lysates cannot be used as a protein
source for chaperone or disulfide isomerase activities. Until P3H2 can be produced in
sufficient quantities for purification, the full functionality of the recombinant protein
expressed in Sf9 cells can not be assessed. Human P3H1, despite being produced at
higher concentrations, did not demonstrate any enzymatic activity. The human P3H3
construct was entirely insoluble. Thus recombinant P3H2 is the only protein to be over
expressed as a partially functional protein, although the chaperone and disulfide
isomerase activity remains to be determined. Recombinant P3H1 that demonstrates any
known functional activity has yet to be produced.

P3H1eCRTAPeCypB complex has been purified from chick embryos using a
gelatin Sepharose column and an 1C10 antibody column. The former has previously
been used to identify other proteins and complexes of proteins that bind to denatured
collagen (47; 40; 51; 207). The 1C10 antibody column has been used to purify
biologically active P3H1 which is found in complex with CRTAP and CypB. P3H1 can
be further purified from the complex by reapplying the complex to the column and
eluting with variable pH to select for P3H1 enriched fractions. The quality and
concentration of protein is variable from prep to prep, due in part to the erratic quality of
chick embryos. Crude microsomal pellets can be frozen from multiple batches of
embryos in order to increase yield (up to three batches of pellets which represent 48

dozen chick embryos have been used at one time), although the protein was seldom
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purified at a concentration above a few micromolar. Additionally, the complex readily
precipitated out of solution (Figure 12).

When run under non-reducing conditions, large molecular weight complexes were
observed (Figure 13, 14). Reduction of the protein prior to electrophoresis generally
eliminates these bands, indicating that they are formed of aggregates of P3H1, CRTAP
and CypB. Occasionally, even under stringent reducing conditions, these higher
molecular weight bands still appeared. Further investigation of these large molecular
weight complexes revealed that they contain a fragment of P3H1, CRTAP and the o and
B subunits of P4H. These proteins were relatively low in concentration, although the
presence of P4H subunits have been occasionally observed in P3H1eCRTAPeCypB
preps. The P3H1 fragment was identified by N-terminal sequencing, although the
cleavage point was not determined as there was insufficient protein for the tryptic
digestion necessary to complete the sequencing of the fragment. The higher molecular
weight bands appear in increasing intensity as a sample ages (Figure 14). Additionally,
the higher molecular weight bands appeared in three discrete sizes that were stable
enough to resist boiling and denaturation by SDS, rather than being found as a large
protein aggregate retained in the well of a SDS-PAGE gel. However, laser light
scattering did not indicate the presence of discrete complexes other than the 1:1:1 155
kDa complex and a multi-million Dalton aggregate (Figure 13). The heat and SDS-
resistant aggregates likely assemble into larger aggregates in solution. The consistent
nature of the SDS-resistant aggregates is intriguing, perhaps indicating an intermediate
and controlled aggregate. Possibly, the P4H and P3H1 fragment assemble in complex

with full length P3H1 and CRTAP in a regulatory mechanism designed to pull
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malfunctioning proteins out of solution. Consistent with this theory, as the 1C10
antibody columns degrade, increasing levels of P4H are retained on the column (data not
shown).

Detergents appear to play an important role in the efficient extraction of P3H1
and CRTAP out of microsomal pellets. The presence of 0.1% Triton X-100 is important
for extraction of all collagen-associated proteins; however, P3H1 and CRTAP appear to
be particularly sensitive to the presence of 0.1% Triton X-100 in the gelatin Sepharose
chromatography buffers (Figure 15). Previous studies used different detergents during
initial extraction of pellets, and high concentrations of Triton X-100 were indeed more
effective in extracting P3H1 from microsomal pellets. This is of particular interest as
many membrane-associated proteins require high levels of detergent for solubilization.
Collagen has been shown to associate with the rough endoplasmic reticulum membrane
during folding (33). Itis likely that proteins involved with collagen biosynthesis are also
membrane associated. Proteins extracted with 1% Triton X-100 and run on a gelatin
Sepharose column with buffers containing 0.1% Triton X-100 exhibited slightly different
elution profiles (Figure 16a). Traditional extraction and purification of collagen-
associated proteins with Tween 20 as a detergent elute P3H1 exclusively in the low pH
wash. Extraction and purification performed with Triton X-100 detergent also elute
P3HL1 in the high salt wash (Figure 16b). This fraction, when pooled, dialyzed against
PBS and run on a 1C10 antibody column, does not co-purify with CRTAP or CypB
(Figure 16¢). This suggests that a free form of P3H1 which does not strongly associate
with CRTAP or CypB does not efficiently bind to denatured collagen. However, the

presence of P3H1 in a high salt wash may also indicate that this fraction of protein is
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incorrectly folded and unable to bind to gelatin Sepharose. Aggregates of this protein, on
the other hand, were not observed under non-reducing conditions on a SDS-PAGE gel.
Further studies are necessary to determine the role of these forms of P3H1.

Structural studies on P3H1 and the P3H1eCRTAPeCypB complex remain
elusive. Biophysical analysis of P3H1 is hampered by low concentrations. Although the
P3H1eCRTAPeCypB complex can be purified in sufficient quantities for enzyme or
chaperone assays, structural studies remain difficult. Since the solubility of the complex
is enhanced by detergents, the complex may be membrane associated. Although the
complex is tightly associated when isolated from a gelatin Sepharose column, additional
proteins may be necessary to enhance the long term stability of the complex. Proteins
found in the gelatin Sepharose elutant include the chaperone proteins FKBP65 and
HSP47, both of which may stabilize P3H1 in addition to their known functions as
collagen chaperones.

Further investigations into the stability of the complex derived from chick
embryos may yield information that will enhance over expression of recombinant
constructs. Once sufficient yield of protein has been achieved, questions about the
structure and assembly of P3H1 and the P3H1eCRTAPeCypB complex can be pursued:
What is the structure of the common N-terminal portion of the P3H proteins and
CRTAP? Do the N-terminal portions of P3H1 and CRTAP interact? What structural
differences differentiate the enzymatic portion of P3H from P4H? What residues are
important for substrate recognition? What are the binding constants between the
members of the complex, and what is the affinity of the complex for known sites of 3-

hydroxylation? We are not currently able to address these questions; however, when
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sufficient protein concentrations and quantities have been produced, structural and
biochemical analysis of the individual proteins as well as the complex will significantly

advance our understanding of collagen biosynthesis.
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Triton X-100
Tween 80
NP-40
Deoxycholic
Acid
CHAPS
Z3-08
Z3-10
Z3-12
Z3-14

0 Z3-16
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Type

Non-ionic
Non-ionic
Non-ionic

lonic

Zwitterionic
Zwitterionic
Zwitterionic
Zwitterionic
Zwitterionic
Zwitterionic

MW

(ave)
650

1310
603

432.6

614.9
279.6
307.6
335.6
363.6
391.6

CMC
mM
0.2-0.9
0.012
0.05-0.3

1.5

9
330
25-40
2-4
0.1-0.4
0.01-0.06

mM
in buffer
0.5
0.015
0.025

1.5

9
330
40
4
0.4
0.06

Table 1. Buffers used for inclusion body screening. Final detergent concentrations used
in the solubilization buffer are shown in the right most column. Detergents most
effective in inclusion body extraction are shown in bold.
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Figure 1. Test inductions of P3H1 and CRTAP constructs. (a) Coomassie Blue stained
12% Bis-Tris gels of pET30(cP3H1) and pET30(mMCRTAP) test inductions. An arrow
marks the induced protein band. (b) Coomassie Blue stained 12% SDS-PAGE gels of
pET30a(cP3H1) and pET15(mCRTAP) test inductions. A black arrow marks P3H1
while a green arrow marks CRTAP.
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Figure 2. Test inductions of full length cP3H1 in a variety of cell lines. (a) Coomassie
Blue stained 12% SDS-PAGE and anti-His western blot of test inductions at 1 mM IPTG
for all cell lines, except for Tuner cells where the IPTG concentration is listed in
parenthesis. Uninduced cells are indicated with a - sign, induced cells with a + sign. An
arrow marks the induced protein. (b) Coomassie Blue stained 12% SDS-PAGE and anti-
His western blot of Arctic Express (AE) or Arctic Express RP (AE-RP) cell line test

inductions labeled as above.
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Figure 3. Full length P3H1 is insoluble and high levels of denaturant are required for
efficient extraction. Test induction of pET30a(cP3H1) clearly showed induction of
protein production, although the majority of the induced protein was present in inclusion
bodies (labeled IB). Inclusion bodies were purified in a buffer of 25 mM Tris-HCI pH
8.0, 250 mM NacCl, 0.1% TX-100. Purified inclusion bodies were subsequently extracted
with either 0, 2, 4, 6 or 8M Urea or 0, 2, 4 or 6M GuHCI. Samples were precipitated
using trichloracetic acid to remove denaturant, resuspended in 1X SDS-PAGE sample
buffer and analyzed on a 10% SDS-PAGE gel.
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Figure 4. Inclusion body extractions performed with a variety of detergents. (a) Western
blot against anti-Hisg tag protein showing P3H1 protein prepared from Urea buffers
containing a variety of detergents labeled 1-10 according to Table 1. Wash fractions are
labeled with a W, extracted protein with an E and insoluble pelleted protein with a P. (b)
Western blot against anti-Hisg tag showing P3H1 protein prepared from GuHCI buffers
containing a variety of detergents labeled 1-10 according to Table 1. Wash fractions are
labeled with a W and extracted protein with an E.
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Figure 5. Inclusion body purification. (a) Extracted P3H1 purification under denaturing
conditions on a chelating column. Inclusion bodies were resuspended in solubilization
buffer and loaded onto a HiTrap Chelating column charged with Ni?* ions and eluted
with a gradient of solubilization buffer containing 0 to 500 mM imidazole. Samples of
the load, flow through, wash and gradient fractions were analyzed on a 12% SDS-PAGE
gel under non-reducing conditions. The black arrow indicates the P3H1 protein band.
(b) Extracted mMCRTAP purification under denaturing conditions on a chelating column.
Inclusion bodies were resuspended in solubilization buffer and purified as above
Samples of the Load, flow through, wash and gradient fractions were analyzed on a 12%
SDS-PAGE gel under non-reducing conditions. The green arrow indicates the CRTAP
protein band.
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Figure 6. QuickFold protein refolding assay. Soluble P3H1 protein samples were
analyzed on a 12% SDS-PAGE gel. Refolding conditions are labeled 1 -16. A positive

control of 30% input is marked with a (+).
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Figure 7. Best conditions of P3H1 refolding from the iFOLD screen. Refolded P3H1
appeard in two different primary bands, which resolved to a single band when reduced
with ImM DTT when run on a 12% SDS-PAGE gel. P3H1 precipitated out of solution
over the course of several days. The three best conditions are shown above. 1E was
composed of 50 mM Tris pH 8.0, 1 mM TCEP and 20% w/v glycerol. 3E was
composed of 50 mM Tris pH 8.0, 100 mM NaCl and 1 mM TCEP. 3F was composed of
50 mM Tris pH 8.5, 100 mM NacCl, 3.8 mM GSH, 1.2 mM GSSG and 0.1% PEG6000
wiv.
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Figure 8. P3H1 and CRTAP protein refolding in the presence of CypB using the best
QuickFold kit conditions. Condition 11 was composed of 50 mM Tris-Cl pH 8.5, 9.6
mM NacCl, 0.4 mM KCI, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT; condition 12
was composed of 50 mM Tris-Cl pH 8.5, 240 mM NacCl, 10 mM KCI, 1 mM EDTA,
0.05% polyethylene glycol 3,550, 1 mM GSH, 0.1 mM GSSH. P, C and T represent
protein folding reactions containing P3H1 only, CRTAP only and P3H1, CRTAP and
CypB mixed in equal concentrations. P3H1 protein bands are marked with a black arrow,
CRTAP protein bands are marked with a green arrow, and CypB protein bands are
marked with a blue arrow. Soluble proteins following protein refolding were analyzed on
a 4-12% SDS-PAGE gel. The left panel shows soluble samples taken immediately after
refolding. The right panel shows soluble samples 48 hours after refolding.
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Figure 9. P3H1 and CRTAP protein refolding in the presence of CypB using the best
iIFOLD conditions. 1E was composed of 50 mM Tris pH 8.0, 1 mM TCEP and 20% w/v
glycerol. 3E was composed of 50 mM Tris pH 8.0, 100 mM NaCl and 1 mM TCEP. 3F
was composed of 50 mM Tris pH 8.5, 100 mM NacCl, 3.8 mM GSH, 1.2 mM GSSG and
0.1% PEG6000 w/v. (a) Soluble portions of refolding reactions were analyzed by 12%
SDS-PAGE gels. P3H1 protein bands are marked with a black arrow, CRTAP protein
bands are marked with a green arrow, and CypB protein bands are marked with a blue
arrow. (b) Soluble portions of refolding reactions after 7 days of storage at 4°C. Protein
bands are labeled as above.
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Figure 10. Western blot analysis of refolded P3H1. Chick prep derived
P3H1eCRTAPeCypB and refolded P3H1, CRTAP and CypB samples were run on an
non-reduced SDS-PAGE gel and probed with antibodies. The 1C10 antibody recognizes
non-reduced P3H1 purified from chick embryos. The KD90 antibody recognizes reduced
P3H1 purified from chick embryos.
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Figure 11. Analysis of recombinant P3H1 expression in Sf9 cells. Sf9 cells were
transfected using 0, 0.5, 1, 5 or 10 ug of pMIB(cP3H1) DNA using Insect Geneluice.
Three days post-transfection, media and whole cell lysates were collected for analysis by
(a) Coomassie Blue stained 12% SDS-PAGE gel or (b) western blot using a V5 epitope.
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Figure 12. Analysis of P3H1eCRTAPeCypB complex stability as a function of time
under non-reducing (NR) and reducing (R) conditions on a 4-12% SDS-PAGE gel
stained with GelCode Blue. Relative migration of P3H1, CRTAP and CypB proteins are
marked with black, green and blue arrows, respectively. Lanes labeled with an S
represent soluble protein, lanes labeled with a P represent precipitated protein. Gels are
shown under non-reducing and reducing conditions. (a) Samples taken immediately
following dialysis into PBS. (b) Samples taken 48 hours after dialysis into PBS. (c)

Samples taken five days after dialysis into PBS.
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Figure 13. P3H1eCRTAPeCypB existas a 1:1:1 complex as well as a high molecular
mass aggregate. (a) Elution profile of P3H1eCRTAPeCypB complex run on a molecular
sieve column attached to a laser-light scattering instrument. The refractive index signal is
shown in blue and the light-scattering signal is shown in red. (b) The two major peaks,
contained by the vertical bars in (a) were analyzed and the molar mass assessed. The
peak at ~ 9 mL was a large aggregate with a mass of several million Daltons. The peak

eluting between 12.5 and 13.25 mL had a mass of ~150 kDa.
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Figure 14. P3H1 complex is present in higher order aggregates that contain a P3H1
fragment, P4H, PDI and CRTAP. (a) 4-12% SDS-PAGE gel stained with GelCode Blue
with P3H1, CRTAP and CypB marked with black, green and blue arrows respectively.
Under non-reducing conditions, several higher molecular weight bands were identified
(labeled 2, 3 and 4 with P3H1 identified as band 1). (b) Following excision from the gel,
bands were minced and re-run on a reducing 12% SDS-PAGE gel and stained with
GelCode Blue. Samples were submitted for protein sequencing: the band marked with a
black arrow was identified as P3H1. The band marked with the green arrow was blocked
and most likely corresponds to CRTAP. The three remaining bands were identified as a
P3H1 fragment, P4H and PDI.
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Figure 15. The presence of absence of detergent affect the yield of protein from chick
embryos. (a) 0.1% Tween-20 affects the yield of P3H1 from chick embryos. Eluted
proteins from a gelatin Sepharose column were run on a 12% SDS-PAGE gel and stained
with GelCode Blue. C represents a sample of purified P3H1eCRTAPeCypB complex.
Lane 1 did not have Triton X-100 in either the extraction or gelatin Sepharose buffers.
Lane 2 had detergent in the extraction buffer only. Lane 3 had detergent in the gelatin
Sepharose buffer only. Lane 4 had detergent in both the extraction and gelatin Sepharose
buffers. P3H1, CRTAP and CypB are marked with black, green and blue arrows,
respectively. Below the gel is a western blot against P3H1 using the 1C10 antibody for
the same conditions. (b) Detergents affect the yield of P3H1 from chick embryos. Eluted
proteins from a gelatin Sepharose column were run on a 4-12% SDS-PAGE gel and
stained with GelCode Blue. P3H1, CRTAP and CypB are marked with black, green and
blue arrows, respectively. Lane 1 was extracted in the presence of 1% Triton X-100, lane
2 with 0.1% Tween 80, lane 3 with 0.1% Tween 20 and lane 4 with 1% NP-40. Below
the gel a western blot against the P3H1 antibody 1C10 for the same conditions is shown.
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Figure 16. Proteins extracted and run with buffers containing 0.1% Tween 20 display
different binding properties than proteins extracted with 1% Triton X-100 and run with
0.1% Triton X-100 containing buffers. (a) Western blot of a small protein prep. Purified
P3H1 is shown as a control in the left most lane. Microsomal pellets were extracted with
either 0.1% Tween 20 or 1% Triton X-100. The extracts were run on a gelatin Sepharose
column in the presence of either 0.1% Tween 20 or 0.1% Triton X-100. Lane 1, column
flow through. Lane 2, wash fraction. Lane 3, high salt elution. Lane 4, re-equilibration
in running buffer. Lane 5, elution at low pH. Lane 6, re-equilibration in running buffer.
(b) A large scale prep of microsomal pellets extracted with 1% Triton X-100 and run on
a gelatin Sepharose column with buffers containing 0.1% Triton X-100. C marks a
reference lane run with purified complex. Fractions representing the front or back of
elution peaks were run on a 10% SDS-PAGE gel under non-reducing conditions. Lane 1,
low pH elution front of peak. Lane 2, low pH elution back of peak. Lane 3, high salt
elution front of peak. Lane 4, high salt elution end of peak. P3H1, CRTAP and CypB
are marked with black, green and blue arrows, respectively. (c¢) Pooled peaks eluted with
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either low pH or high salt from the gelatin Sepharose column were dialyzed into PBS and
further purified on a 1C10 antibody column. P3H1, CRTAP and CypB are marked as
above.
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CHAPTER 6

Summary, Future Directions and Conclusions
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Summary
The type XV trimerization domain is a stable trimer that forms a trimerization fold
common to multiplexin collagens

In Chapter 3 of this thesis, | solved the crystal structure of the type XV
trimerization domain. The domain is composed of three monomers, each of which
contains four B-sheets and an a-helix that form a monomeric hydrophobic core. Three
monomers combine to form a trimer that is stabilized by an internal hydrophobic core.
Unlike the crystal structures of the type IV, VIII and X trimerization domains, the
trimerization domain of type XV collagen was not stabilized by intersubunit exchange or
hydrophilic interactions. This is consistent with the only other member of the
multiplexin collagen family, type XVIII collagen, whose structure is known. The crystal
structures of type XV and XVIII collagen trimerization domains are remarkably similar,
despite having only 33% sequence identity. In addition to using crystallographic
techniques to solve the structure using molecular replacement, | also performed a variety
of biophysical experiments. These have shown that type XV trimerization domain forms
a trimer in solution and is extremely stable, with a standard free energy of trimerization in
water of 109.0 (£1.0) kJ/mol. These experiments demonstrate that the trimerization
domain of multiplexin collagens are extremely stable and form a common three

dimensional fold despite low sequence similarity.
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The P3H1eCRTAPeCypB complex is a molecular chaperone, a peptidyl-prolyl cis-trans
isomerase and associates with folded type I collagen

The P3H1:CRTAP:CypB complex was shown to be a potent molecular chaperone
by citrate synthase and rhodanese aggregation assays. However, the complex did not
stabilize the collagen triple helices of type | or type 111 collagens. My studies
demonstrated that P3H1eCRTAPeCypB does in fact interact with triple helical type |
collagen by fibril formation assays. Biacore studies were able to quantitate complex
binding to native type | collagen, with a dissociation constant of 7.4 uM. Interestingly,
the on-rate of association was similar to HSP47, but the dissociation constant was larger
due to an increased off-rate. Given that the enzymatic activity of P3H1 and the
P3H1eCRTAPeCypB complex require a denatured chain, it is likely that the complex
binds to an unfolded o chain, hydroxylates proline in the X position in a Gly-X-Y
sequence and temporarily stabilizes the folded/unfolded junction until triple-helix-
stabilizing chaperones are able to bind. These studies demonstrate additional functions of
P3H1 outside of 3-hydroxylation, which may contribute to the severe osteogenesis

imperfecta phenotypes found in patients with defects in P3H1, CRTAP or CypB.

Recombinant expression of P3H1 does not yield soluble protein

In Chapter 4, | performed a variety of experiments in an attempt to overexpress
soluble, recombinant P3HL1. Initial experiments did not yield high levels of induction in
E. coli, although construct modification increased the overall yield. The protein was
almost exclusively found in inclusion bodies. Experimentation with detergents and

denaturants enhanced extraction of P3H1 from inclusion bodies, although subsequent
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purification did not yield adequately clean protein. Refolding experiments were
marginally successful: although protein refolded in several conditions, the soluble protein
quickly precipitated out of solution over the course of several hours or days. Since P3H1
purified from chick embryos is found in complex with CRTAP and CypB, attempts were
made to refold P3H1 and CRTAP simultaneously in the presence of soluble CypB.
Several conditions yielded soluble complex which was significantly more stable than
refolded P3H1 alone. Unfortunately, the refolded protein was not recognized by a chick
antibody raised against folded protein while it readily reacted with an antibody that
recognized reduced protein. Thus, the refolded trio of proteins, although more stable,
was most likely not in the biologically relevant conformation. Additional
experimentation not covered in this thesis has also shown that P3H1 expression in
mammalian cells was largely unsuccessful, as the protein yields were extremely low and
the protein was difficult to purify and concentrate. In summary, all attempts to
overexpress P3H1 failed to yield significant amounts of protein, and the limited protein

produced was unstable and precipitated out of solution quickly.

P3H1eCRTAPeCypB complex is marginally stable and extraction is enhanced by
detergents.

Since recombinant expression was unsuccessful, | attempted improve the yield of
the protein complex from chick embryos. The P3H1eCRTAPeCypB complex
precipitates out of solution and, over the course of several days, soluble protein
completely disappears. Laser light scattering clearly showed two populations of purified

complex: a 1:1:1 complex with a MW of roughly 155 kDa, and a large mass aggregate
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was also found. Aggregates of the P3H1eCRTAPeCypB complex were found to contain
a truncated form of P3H1, P4H and PDI. The importance of detergents in chick preps
was studied next. Detergents were necessary for effective extraction of rER proteins
associated with collagens, although P3H1 and CRTAP appear to be especially sensitive
to the presence of detergents in the gelatin Sepharose running buffer. Additionally,
extraction of P3H1eCRTAPeCypB or P3H1 alone was greatly enhanced by high levels

of detergent.

Future Directions
Multiplexin Trimerization Domains

Analyses of multiplexins from other organisms show a trimerization domain of
defined length with no deletions or insertions (Figure 1). Only three residues are
identical throughout all of the sequences although the distribution of hydrophobic
residues important to hydrophobic core formation is relatively well conserved. It appears
that the multiplexin trimerization domain can accommodate significant sequence
variability provided that a specific hydrophobic pattern is maintained. Given the
flexibility in sequence, is it possible for type XV and XVIII trimerization domains to
form heterotrimers?

Although their expression patterns and tissue distributions vary, type XV and
XVIII collagens are often present in the same tissues (132) and can be produced by the
same cell types (105). Multiplexins are also produced at low levels: for example, 153
grams of human umbilical cords yielded less than 0.004 mg of type XV collagen (135).

To compensate for low levels of expression, the multiplexin trimerization domain has
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likely evolved as a fast-folding domain designed to efficiently locate and bind
complementary chains in the dense protein milieu of the rER. Prior to my work on the
crystal structure of the type XV trimerization domain, Boudko and colleagues presented
the crystal structure of the type XVIII trimerization domain (177). In this thesis, the type
XVIII model was used as an initial model for three dimensional homology modeling of
the collagen XV trimerization domain. The final model was energy minimized and did
not reveal any gross stereochemical discrepancies. The most notable difference between
the XV and XVIII models was an increased volume of the trimeric hydrophobic core.
L24 and L33 of every chain of the type XVIII trimerization domain were replaced by two
phenylalanine residues. Additionally, V35 and V44 were substituted by the bulkier 135
and L44. The change in the trimeric hydrophobic core volume was hypothesized to
prevent heterotrimerization of type XV and XVIII chains. However, the overall size of
the type XV trimerization domain as solved in this thesis was very similar in size.
Specifically, the bulkier side chains did not appear to alter the size of the trimeric
hydrophobic core. Analysis of a heterotrimer model did not yield steric clashes that
would preclude heterotrimer formation. Based on the current molecular models, a
heterotrimeric molecule could possibly form.

To address this issue, initial experiments were performed to determine if type XV
and XVIII heterotrimers can form in vitro. Type XV and XVIII collagens have different
isoelectric points and elute from a Q column under slightly different conditions. Type
XV and type XVIII proteins were denatured, mixed, refolded and run on a Q column.
Theoretically, four different species could appear: a XV homotrimer, a XV:XV:XVIlI

heterotrimer, a XV:XVII1:XVIII heterotrimer and a XVI11 homotrimer. Regrettably, the
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experiment was not easily interpretable, since the elution peaks were broad and displayed
significant overlap. A more elegant experiment could be performed using type XVIII
collagen that has not been cleaved from the His-thrombin tag used for expression and
purification. The tagged XVIII could be denatured and mixed with denatured type XV
trimerization domain, refolded and run on a Ni** chelating column. In this scenario, a
type XV trimer would flow through the column while heterotrimers and a His-Thrombin
type XVIII homotrimer would bind specifically to the column. Analysis of the eluted
proteins by SDS-PAGE should reveal distinct bands between type XV and His-Thrombin
type XVIII proteins due to the disparate sizes of the molecules. This experiment has the
disadvantage of being run under relatively high protein concentrations — recall that type
XV and XV multiplexins form trimers at picomolar concentrations. A more
biologically relevant experiment may require lower protein concentrations. To these
ends, a fluorescence polarization assay could examine potential heterotrimerization.
Denatured type XV trimerization domain could be coupled to a fluorophore, mixed with
either unlabeled type XV trimerization domain or denatured His-Trombin type XVI1II and
then refolded. The His-Thrombin tag greatly increases the mass of the type XVIII chain,
and incorporation into a heterotrimer would tumble at much slower speeds than a type
XV homotrimer.

The low degree of sequence homology among the multiplexin trimerization
domains of a variety of organisms is perhaps the most striking feature of this association
domain. With such variability, the conservation of key hydrophobic residues appears to
dictate formation of the monomer and the trimeric hydrophobic core. The greatest

deviation from the pattern of hydrophobic residues is observed in non-mammalian
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organisms. It would be of interest to solve the crystal structures of these domains to
investigate the evolution of the structure as a whole and to examine the extent of
sequence flexibility allowed for the formation of stable trimers. Additionally, point
mutations of key residues, specifically the three conserved residues, could be made to
examine their effect on trimerization. Systematic analysis of hydrophobic residues may
vary the overall stability of the trimer. Optimization of hydrophobic residues may create
an even more potent trimerization domain.

Both the type XV and XVIII trimerization domains are capable of refolding
quickly and completely. Additionally, there is a noticeable change in fluorescence signal
between unfolded and folded protein. This makes the multiplexin family of proteins an
excellent choice for studies on the kinetics of refolding using a stopped-flow. The newest
graduate student in the lab will pursue these studies as a portion of his dissertation work,

which will provide a satisfying extension of the experiments presented here.

Further studies on the P3H1eCRTAPeCypB complex.

Extractions of P3H1 are enhanced by relatively high levels of Triton X-100,
which may be a sign of possible membrane association. The nature and strength of
membrane association can be analyzed by extraction studies. Preliminary experiments
have provided some evidence of membrane association, although further experimentation
will be necessary (Figure 2). Microsomal pellets were extracted with 0.1% Tween-20, at
which point a fraction of the soluble protein and the pellet were saved. The pellet was
then re-extracted using PBS supplemented with 1M NaCl, 100 mM NaCO3 or 4M Urea.

Following extraction, soluble protein fractions were saved. Protein samples were

- 163 -



analyzed by western blot using the 1C10 antibody. High salt, carbonate and Urea
extractions have been shown to release peripheral membrane proteins (208). Extraction
under normal conditions produced roughly equal amounts of protein in the soluble and
insoluble fractions (lanes 4 and 5), indicating that a portion of P3H1 protein remains in
the pellet. Re-extraction of the insoluble pellet did in fact yield additional P3H1 under
conditions designed to release membrane associated proteins: high salt, lane 1; high pH,
lane 2; denaturant, lane 3.

Membrane extraction experiments do not necessarily differentiate between
membrane associated proteins and aggregated material. To address this issue, membrane
flotation experiments using a discontinuous sucrose gradient could be performed. Due to
their intrinsic buoyant density, membranes migrate out of 60% sucrose into 35% sucrose
when subjected to ultracentrifugation. Large protein aggregates that may naturally pellet

under extraction experiments will separate out into the high sucrose fraction.

Further analysis of P3H1 enzymatic activity and substrate specificity

P3H1 has been isolated and used in full length chick procollagen substrate
enzyme assays (47). In these assays, it was shown that 1) P3H1 activity was not altered
by the presence of CRTAP and CypB, 2) P3H1 activity requires prior 4-hydroxylation of
the collagen substrate and 3) the overall Ky, value for the full length substrate was similar
to that of a previous report using partially purified enzyme (189). As more research has
been performed on the location of 3Hyp sites in collagens, it has become apparent that
there are multiple sites that occur in type I, 11, 111, IV and V collagen (13). A peptide

assay has been modified to examine 3-hydroxylation, which allows for determination of
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substrate specificity (65). However, only P3H2 was used in this assay as enzymatically
active P3H1 was not obtained with the insect cell expression systems used by the
Myllyharju laboratory. A similar peptide assay could be developed using peptides
designed to carry known sites of 3-hydroxylation present in chick collagens. This would
allow for a more detailed analysis of P3H1 substrate specificity and kinetic parameters.

Additionally, substrate affinity can be examined by use of surface plasmon
resonance (SPR) experiments, in which the peptides developed above are coupled to
biosensor chips and real time peptide:P3HL1 interactions are monitored as a function of
refractive index change. SPR experiments have the advantage of determining kinetics of
association and dissociation as well as a the use of label free proteins. In this thesis, SPR
has been used to determine the affinity of P3H1eCRTAPeCypB for full length folded
collagen substrates. Analysis of P3H1eCRTAPeCypB binding affinity to full length,
denatured collagen substrates is difficult since denatured collagen may fold on the chip
surface over time. The peptide experiment proposed above has the advantage of

providing a single chain substrate for binding experiments.

Analysis of CRTAP and CypB interactions with P3H1 on enzymatic activity and substrate
specificity

It is a matter of great interest in our lab to determine the exact affinities of the
individual complex members for each other. These experiments are difficult since
recombinant, biologically active P3H1 was not produced in significant amounts. CRTAP
has yet to be isolated as an individual protein from chick embryos. Attempts to separate

CRTAP from the P3H1 complex under a variety of conditions have resulted in complete
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precipitation and loss of protein. As with P3H1, CRTAP was not successfully over
expressed in a variety of experiments. Due to these difficulties, examination of the
binding affinities between members of the complex is not possible at this time.

Identification of the interaction domains, on the other hand, may be possible.
Complex purified from chick embryos could be tryptically digested in the presence or
absence of crosslinkers. The change in tryptic fragment population would result from
crosslinks that are formed from close contact between proteins. Crosslinkers of different
link size would be optimized for these experiments to best capture protein:protein
interactions. Mass spectrometry analysis of the crosslinked fragments could identify the
domains involved in protein:protein interactions (209). This would provide insight into
the location of interactions between members of the complex. Recombinant GST-CypB
binding to collagen has been shown to be greatly dependant on P3H1 or CRTAP,
although addition of cyclosporine A did not significantly affect the ability of GST-CypB
to bind collagen (79). This indicates that the active site of CypB is not involved in

binding interactions with P3H1 or CRTAP.

P3H homologues

The N-terminal domain of P3H1 is found in only five proteins: P3H1, P3H2,
P3H3, CRTAP and SC65. The studies presented here focus primarily on P3H1 — much
work remains to be performed on the remaining homologues. Unfortunately, the
difficulties encountered in these studies on P3H1 appear to be consistent between all
family members. As with P3H1, both P3H2 and P3H3 were expressed in inclusion

bodies in E. coli. Others had marginal success expressing P3H2 in insect cells, although
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P3H3 was entirely insoluble (65). CRTAP was not expressed in either Sf9 or mammalian
cells in our laboratory. Attempts to clone SC65 were also unsuccessful.

A variety of studies using P3H1, CRTAP or CypB null or knock-down cell lines
have demonstrated that a) P3H1 and CRTAP are mutually stabilizing, b) CRTAP
maintains cellular levels of P3H1 and ¢) P3H1 and CRTAP facilitate CypB binding to
type | collagen (77; 79). Therefore it is logical to hypothesize that either P3H1 and
CRTAP co-expression or P3H1, CRTAP and CypB triple-expression would facilitate the
expression of stable protein. Consistent with other reports (65), our attempts at co- or
triple-expression in both bacterial and mammalian cell systems did not increase protein
solubility or yield. The aforementioned studies have demonstrated the dependence of
P3H1 and CRTAP stability on cell systems that maintained a normal complement of
other proteins found in the rER. Under these conditions, P3H1 and CRTAP levels were
found to be constant over 24 hours when protein translation was inhibited with
cycloheximide, indicating that P3H1 and CRTAP are significantly more stable in the
cellular milieu than as isolated proteins in solution. The stability of the complex may, in
part, depend on other proteins found in the rER. If numerous proteins are necessary for
recombinant P3H1 stability, this further complicates the ability of over expression
systems to successfully produce protein. Even if significant amounts of soluble protein
could be produced recombinantly in a system simultaneously expressing many proteins
found in the rER, separation of the individual components may very well result in swift
precipitation of P3HL.

Since over expression is not currently a viable option, investigations of these

proteins will have to focus on extraction from biological tissues. P3H1 and CRTAP can,
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as demonstrated by work in the Béachinger lab and in this thesis, be successfully purified
from chick embryos. Although P3H2 and P3H3 RNA transcripts and protein have been
detected in a variety of cells and tissues, endogenous P3H2 and P3H3 have yet to be
purified from these systems. P3H2 is found primarily associated with basement
membranes (65) and has been shown to preferentially hydroxylate a collagen peptide
derived from type 1V collagen (65). With this in mind, preliminary attempts to purify
P3H2 and/or a P3H2 complex were performed using bovine kidney cortex as a tissue
source. Kidney is rich in type IV collagen, and was hypothesized to selectively enrich
P3H2. Sadly, only bovine P3H1 was found in the gelatin Sepharose elution fractions,
with no trace of P3H2. Others in the lab have also tried to purify P3H2 from chick
embryos using a type IV Sepharose column. In this instance, only chick P3H1 was
found. P3H3 is expressed in the brain at higher levels than P3H1 or P3H2. Extraction
from chick heads or bovine brains did not produce either chick or bovine P3H3.

The experiments presented above were performed on a small scale, and it may be
necessary to increase the volume of extracted tissue to locate P3H2 and P3H3.
Antibodies against P3H2 and P3H3 have been developed: columns generated with these
antibodies could be used against proteins eluted from a gelatin Sepharose column in
attempts to concentrate trace P3H2 or P3H3 that may be found in chick embryos. If
P3H1 contamination remains high, the proteins eluted form the gelatin Sepharose column

could be run over a P3H1 column prior to P3H2 or P3H3 antibody columns.
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Conclusions

The work presented here has demonstrated the following main points:

1)  The trimerization domain of type XV collagen displays strong three-dimensional
homology to the type XVIII trimerization domain and is extremely stable. The
multiplexin trimerization domain fold may be an evolutionarily conserved motif
where extreme sequence variability can be accommodated provided a pattern of

hydrophobic residues is conserved.

2) The P3H1eCRTAPeCypB complex is a molecular chaperone and PPlase as well
as a 3-hydroxylase. In addition to interacting with denatured collagen, the
complex is capable of binding to folded type I collagen with an affinity of ~7.5

uM.

3) P3H1 and the P3H1eCRTAPeCypB complex proteins are difficult to over
express. Recombinant protein is unstable and significant quantities are difficult to
obtain. Extraction from tissues remains a more consistent source of protein,
although large molecular weight aggregates still form in solution. Further work
on protein purification may lead to increases in protein concentration that would
allow for more biochemical analysis of P3H1 and the P3H1eCRTAPeCypB

complex.
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Figure 1. Sequence alignment of potential trimerization domains of different
multiplexins. Multiplexins from human, mouse , chicken, zebrafish, drosophila,
nematode, sea squirt and sea urchin were aligned using Vector NTI. Residue numbering
is given for the human collagen type XV trimerization domain. Identical residues from
all sequences are shown in white with black shading, conservative residues in black with
gray shading, blocks of similar residues are shown in red, and weakly similar residues in
blue. Residue numbering is given for the human collagen XV trimerization domain.
Residues common to the formation of the hydrophobic core of the type XV and type
XVIII trimerization domains are indicated with an asterisk (*) and the residue involved in
the trimeric hydrophobic core of type XVIII collagen but not in type XV is indicated with
a forwardslash (/). Residues forming the hydrophobic core of the type XV or type XVIII
monomer are marked with a dot (e). GenBank™ accession numbers for the sequences
are as follows: human collagen XV P39059, human collagen XVI11 P39060, mouse
collagen XV 035206, mouse collagen XVII1 P39061, chicken collagen XV XP_418896,
chicken collagen XVI11 NP_989495, zebrafish collagen XVIII Q2PBM7, zebrafish
collagen XV Q05H57, drosophila multiplexin ACD03747, nematode CLE-1 protein
Q7JL30, sea squirt collagen XVII1 homologue Q86SC8, sea urchin collagen XVIII
homologue XP_791637.
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P3H1 1 23 4 5

Figure 2. P3H1 may be membrane associated. Microsomal pellets were extracted with
extraction buffer containing 0.1% Triton X-100. A fraction of the soluble portion was
run in lane 4. A sample of the remaining pellet was loaded in lane 5. The remaining
pellet was further extracted with extraction buffer supplemented with 100 mM NaCOs,
1M NaCl or 4M Urea in lanes 1, 2 and 3, respectively.
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