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University of Washington
Abstract
Novel Mutations of COL3A1 Resulting in Ehlers-Danlos Syndrome Type IV and
Their Effect on the Folding of Type III Procollagen

by Jayne A. Goldstein

Chairperson of the Supervisory Committee: Professor Peter H. Byers
Department of Pathology

Ehlers-Danlos syndrome type [V (EDS V) is an inherited disease caused by
mutation of COL3A 1, the gene that encodes type III procollagen. Different mutations
produce the disease: point mutations, exon skipping mutations, and genomic insertions
and deletions. The effect of these different lesions on type III procollagen, the cells
that produce it, and the ultrastructural aggregates of which it is a component are not
known.

To better understand the consequences of COL3A1 mutation, protein secretion,
protein folding, cell architecture, and dermal collagen fibril formation were examined
following the characterization of novel EDS [V-causing mutations. | defined 15
mutations: skipping of exons 9, 14, 18, 22, 24, 34, and 38 and point mutations G373R,
G769R, G829E, G904V, G1012R, GI1015E, G1018V, G1021E all of which are in the

triple helical portion of the protein. I determined the genomic origin of the exon 22




skip to be a 57 base pair deletion which removed 13 bases of intron 21 and 44 bases of
exon 22. The remaining six exon skipping mutations were defined at the genomic level
by another member of the lab.

The proteins from affected individuals displayed a gradient of
overmodification; proteins with mutations closest to amino terminal end of the triple
helix displayed the least amount with the degree of overmodification increasing as the
mutation moved toward the carboxyl-terminal end of the protein concomitant with
increased intracellular retention. The mutations nearest the carboxyl-terminal end of the
triple helix, G1012R, G1015E, G1018V, G1018D, G1021E, G1021R, interfere with
disulfide bond formation and perturb triple helix formation at 37° C suggesting that the
domain for nucleating folding of the triple helix is within the last 20-25 amino acids of
this region.

Electron microscopic examination of patient cells indicates that the ER is the
site of retention of aberrant type III procollagen and is increasingly distended as
mutation moves from N- to C- terminus. The fibrils from mutations in the first third of
the triple helix display greater variability than normal and are also larger while those in

the last third of the helix are much smaller than normal.
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CHAPTER I

INTRODUCTION AND BACKGROUND

INTRODUCTION

Ehlers-Danlos syndrome type IV (EDS V) is a serious connective tissue
disease caused by mutation of the gene encoding type III collagen. Disease-causing
mutations in other fibrillar collagen genes have been extensively studied and the
underlying genetics is understood. While some aspects of mutation-induced
differences in collagen molecules, their processing and extracellular matrix contribution
are known, it is not known how a particular mutation produces a given phenotype.
Achieving an understanding of genotype/phenotype correlation requires further
research into the intracellular and extracellular changes consequent to mutation.
Disease-causing mutations have been characterized in few EDS IV patients, and little
research has been devoted to studying the mutant protein. The work described in this
dissertation is aimed at identifying mutations in EDS IV patients, and examining type
[II procollagen within patient cell strains to determine the effect of mutation on
collagen folding and processing and whether mutant procollagen is retained within cells
by any specific mechanism. Collagen fibril morphology is examined to investigate the

effect of COL3A1 mutation on the extracellular matrix.




BACKGROUND

Ehlers-Danlos syndrome (EDS) is a heterogeneous group of connective tissue
disorders typified by skin hyperextensibility, joint hypermobility and tissue fragility.
First formally described by the physicians Edvard Ehlers and Henri-Alexandre Danlos
near the beginning of this century, the syndrome is currently divided into nine distinct
types; type [V is considered the most severe (Beighton, 1992).

Clinically, Ehlers-Danlos syndrome type IV (EDS IV) produces a wide range of
consequences. Catastrophic rupture of large hollow organs: bowel, arteries or gravid
uterus are the most dire results of the disease, often causing death in the third or fourth
decade. Other manifestations of EDS IV are: thin skin, frequently with the underlying
veins apparent; easy bruisibility; premature aging of the extremities; varicose veins; and
hypermobility of small joints (Beighton, 1992). Inheritance of the disease is autosomal
dominant.

The molecular defect responsible for EDS IV is mutation of COL3Al, the gene
that encodes type III collagen (Pope et al., 1975; Byers et al., 1981). The disorder is
not attributable to any single specific mutation. Instead EDS IV may result from point
mutations, exon skipping mutations or genomic deletions, any of which can disrupt the

folding of the collagen triple helix or assembly of collagen fibrils.




In fibrillar collagens the triple helix is composed of about 330 repeating triplets
of the amino acids glycine-X-Y, where proline is often in the X position and
hydroxyproline is frequently occupies the Y slot (Linsenmayer, 1991). Folding of the
triple helix requires three collagen precursor chains, known as proa chains, to associate
by hydrophobic and electrostatic interactions at carboxyl-terminal propeptides. These
globular propeptides ensure chain alignment so that the hydrogen bonds and water
bridges that stabilize the triple helix can form. Proper alignment or registration of the
last few triplets in the helix domain is essential as they serve as the nucleus for folding
of this region (Engel and Prockop, 1990; Lees and Bulleid, 1994; Bulleid et al., 1996).

Several elements are necessary for correct folding of collagen. Structurally,
every third amino acid in the triple helical domain must be a glycine as it is the only
residue that fits in the center of the helix (Piez, 1984; Byers et al., 1991; Kuivaniemi et
al., 1991). Stable helix formation requires hydroxylation of some prolyl moities in the
X position by prolyl 3-hydroxylase while almost all of those in the Y position are
modified by prolyl 4-hydroxylase, the B subunit of protein disulphide isomerase. A
third enzyme, lysyl hydroxylase, transforms several lysyl residues in the Y position into
hydroxylysine. These are further modified by addition of galactose or
glucosylgalactose. Only chains not yet in a triple helical conformation are susceptible
to the action of these modifying enzymes (Olsen, 1991). A final requirement for
proper folding is the isomerization of cis peptide bonds to their trans conformation

(Engel and Prockop, 1991).




The effect of mutation on collagen folding has been extensively studied in
individuals with osteogenesis imperfecta (Ol), a disease caused by mutation of the
genes encoding type [ collagen. Generally, the chains of abnormal procollagens display
increased hydroxylation of Isyl moieties resulting in superfluous glycosylation of these
residues amino-terminal to the site of the mutation. Although folding of molecules
containing abnormal chains is slowed, it appears that overmodification is a consequence
of conformational alteration of the area just amino-terminal to the mutation site which
leaves the chains of the triple helix accessible to collagen modifying enzymes (Chessler
and Byers, 1992; Raghunath, et al., 1994). The aberrant procollagen molecule has a
lower melting temperature (Williams and Prockop, 1983; Bateman et al., 1984;
Bonadio and Byers, 1985; Bonadio et al., 1985) and therefore may be unstable at
physiologic temperatures, and has a longer residence time within the cell as it is not
secreted as efficiently (Barsh and Byers, 1981; Bonadio et al., 1985). The endoplasmic
reticulum was suspected as the site of retention due to dilatation of the organelle
obvious in electron micrographs (Willing et al., 1988). Chessler and Byers (1992,
1993) have found that some abnormal proaI(I) chains are retained within the ER by

proteins residing within that organelle.

Monitoring the fitness of procollagen for secretion is the responsibility of the
quality control system of the endoplasmic reticulum. The system is comprised of ER-
resident proteins that oversee the folding, oligomerization, and modification of

proteins destined for secretion. Proteins that are percieved as normal by the quality




control machinery of the ER are ultimately secreted unless they possess a signal
directing them to a particular organelle such as the C-terminal KDEL peptide that
determines residence within the ER or the signal patch that impels proteins to
lysosomes (Munro and Pelham, 1987, Alberts, 1993). A protein that misfolds as a
result of errant biosynthesis or is improperly or only partially assembled is rapidly
degraded within the ER. Proteins that misfold as a consequence of mutation often
aggregate and form complexes in association with molecular chaperones. Chaperone
proteins aid other proteins in folding without becoming a part of the final protein
product (Laskey et al., 1978). Structural motifs such as exposed hydrophobic regions,
exposed free sulfhydryl groups, partially glucose-trimmed oligosaccharides, and the

formation of large aggregates attract ER-resident chaperones.

The ER-resident chaperone BiP has been implicated in the retention of
abnormal type I procollagen in osteogenesis imperfecta while calnexin associates with
abnormal proteins in cystic fibrosis, and hereditary juvenile emphysema. BiP, the
immunoglobulin binding protein is a 78kd member of the hsp70 family of stress
proteins that associates transiently with many exocytic proteins via a short hydrophic
sequence (Blond-Elguindi, 1993). A longer-lived association is observed between BiP
and abnormal proteins in both model systems and in patients with osteogenesis
imperfecta. BiP binds type I procollagens that have impaired chain association as a
result of mutations affecting their C-propeptides but does not bind molecules with

mutations in the triple helical domain (Chessler and Byers, 1993). Increased synthesis




of another stress protein, GRP 94, which is coordinately regulated with BiP and has
been detected complexed with it and unassembled immunoglobulin subunits (Melnick et
al., 1992) was also observed in the OI patient cell strains with C-propeptide mutations
(Chessler and Byers, 1993).

Calnexin is a recently discovered chaperone that is a type [ integral
membrane protein found in association with three other type I integral membrane
proteins: signal sequence receptor (SSR) o, SSRB, and gp25L. Like BiP, calnexin
transiently associates with normal proteins while they fold and find their proper
subunits. Calnexin, too, is more permanently associated with misfolded proteins and
those unable to form oligomers. It appears to specialize in proteins exhibiting N-linked
glycosylation (Bergeron, 1994) making it an attractive candidate for binding aberrant
proot chains as there is a asparagine-linked glycosylation site in the propeptide of
fibrillar collagens (Lamande and Bateman, 1995). Additionally, calnexin has been
observed to bind proteins that have been partiaily folded as a consequence of their
interaction with BiP, indicating that chaperones may form a kind of folding production

line.

Another candidate for binding abnormal procollagens from EDS IV
individuals is the molecular chaperone hsp47 or colligin, found in endoplasmic
reticulum of collagen producing cells. Hsp47 was isolated by its binding to gelatin,
denatured types I and III collagen (Nagata et al., 1986). In vitro binding examined by

surface plasmon resonance indicates hsp47 binds to native types 1, II, IIL, IVand V




with approximately the same avidity (Natsume et al., 1994). Transient binding has
been observed in chicken and mouse 3T6 cells when radiolabeled cell extracts are
immunoprecipitated with either hsp47 or type I procollagen antibodies. Other ER
residents proteins are associated with the hsp47-procollagen complex including BiP,
GRP94, protein disulfide isomerase, and cyclophilin B (in 3T6 cells) (Nakai et al.,
1992: Smith et al., 1995). A longer lived association occurs when triple helix
formation is abolished due to treatment with a‘c® dipyridyl, analogous to that between
BiP or calnexin and abnormal proteins (Nakai et al., 1992). Whether hsp47 mediates
intracellular retention of procollagens that are abnormal as a consequence of mutation

has yet to be examined.

Ensuring proper protein folding and assembly is also the responsibility of ER-
resident proteins that perform specific enzymatic reactions. The B subunit of the
collagen modifiying enzyme prolyl-4-hydroxylase is protein disulfide isomerase (PDI)
which catalyzes the formation and isomerization of disulfide bonds in the propeptides
of procollagen and other proteins that fold in the endoplasmic reticulum. PDI has been
implicated in the retention of abnormal type [ procollagen in the cells of an
osteogenesis imperfecta patient (Chessler and Byers, 1992). The disease-causing
mutation was a 4.5 kilobase deletion in COL1A2 affecting the triple helix of type I

procollagen. Molecules incorporating the shortened proo2(I) chain were stable and




retained within the cell. The retained molecules associated with PDI but not with BiP
indicating that more than one type of ER-resident protein is capable of interacting with

abnormal type I procollagen (Chessler and Byers, 1992).

Collagen fibril formation is also affected by mutation. Normally, procollagen
molecules traverse the secretory pathway, and are finally deposited outside the cell
where the C- and N-terminal propeptides are clipped off by specific proteinases, leaving
behind the telopeptides on each end of the triple helical domain. These collagen
molecules, 300 nm long and 1.5 nm in diameter, self-assemble, lining up laterally and
longitudinally to form collagen fibrils of 10 to 300 nm in diameter (Olsen, 1991, Kuhn,
1987). In one OI patient where cysteine substituted glycine at position 748 the
procollagen secreted by his fibroblasts containing two mutant chains were disulfide
bonded. This structural change resulted in a kink at the site of substitution and a
phase-shift between the three chains that perturbed the N-proteinase site over 700
amino acids (more than 225 nm) away. Fibrils formed in vitro from the kinked
molecules appeared branched rather than straight rods of normal fibrils (Vogel et al.,

1988).

Mutations that interfere with the structural integrity of type III collagen, a
large, structural protein can be catastrophic for the individuals who harbor them. How
does mutation translate into disease? This broad question can be reduced to smaller,
more discrete queries: How does mutation affect folding of type III procollagen? Is

secretion of type III procollagen affected by mutation? Are there accessory proteins




responsible for the retention of aberrant type III procollagen molecules? Is cellular
architecture changed as a result of the production of an abnormal type III procollagen?
Is fibrillogenesis altered in cells of EDS IV individuals? These are the questions I have
asked to better understand the mechanisms underlying Ehlers-Danlos syndrome type [V

and the chapters that follow are organized within the framework of these questions.
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INTRODUCTION TO CHAPTERS I1 -V

This dissertation describes new mutations in COL3 A1 that result in Ehlers-
Danlos syndrome type [V and examines the effect of mutation at the molecular,
cellular and ultrastructural levels. Chapter II details the characterization of eight
mutations that result in the substitution of glycine by another amino acid with a larger
side chain, six exon skipping mutations at the cDNA level, and a 57 base pair genomic
deletion. The effect of the glycine substitutions on type III procollagen folding is
examined in Chapter III; mutations within the last 20 amino acids of the triple helix
interfere with the formation of the disulfide bonds at the end of the region as well as
disrupting the sequence necessary for folding of the triple helix. Chapter IV describes
investigations into whether any ER-resident proteins such as molecular chaperones or
collagen modifying enzymes are involved in the intracellular retention of aberrant type
I1I procoliagen. The effect of COL3A1 mutations on cellular architecture, as well as

collagen fibril diameter and morphology is presented in Chapter V.




CHAPTERII

MUTATION ANALYSIS

EXPERIMENTAL QUESTION

What is the underlying molecular basis for Ehlers-Danlos syndrome type [Vina
given patient? Is there any correlation between type (single-base substitutions vs. exon
skipping) or location of a mutation and the clinical features or complications of the

affected individuals?

INTRODUCTION

The individuals studied were selected because they either exhibited symptoms
characteristic of EDS IV or had a family history of the disease. The first step in
confirming a suspected diagnosis of EDS IV is to obtain a dermal punch biopsy from
the patient, which is explanted and from which fibroblasts are cultured. Freshly plated
patient cells are then labeled with H-proline, the proteins harvested and analyzed by
gel electrophoresis and autofluorography. Type III procollagens and collagens
analyzed this way may display structural abnormalities, altered mobility, dimunition in
the amount of these proteins or all of these characteristics.

When a diagnosis of EDS IV is confirmed biochemically the COL3A1 gene is
screened to find the disease-causing mutation. The first step in screening is the

isolation of RNA from patient fibroblasts. The RNA is then reverse-transcribed into
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cDNA, fragments of which are amplified by the polymerase chain reaction using a set
of overlapping primers that covers the entire COL3A1 cDNA. Exon skipping
mutations and genomic insertions or deletions may be obvious at this stage of the
detection process. If no such abnormality is observed the PCR fragments, sized 400 -
500 base pairs, are applied to a polyacrylamide gel specifically designed to separate
denatured DNA fragments that differ by as little as one base; a technique known as
single-stranded conformational polymorphism (SSCP) analysis (Orita et al., 1989).
When a difference in the pattern of fragment migration is seen, the fragment is
sequenced using direct double-stranded sequencing. Once a mutation is suspected and
the appropriate fragment sequenced and found to contain a nucleotide substitution, the
mutation is confirmed by an endonuclease restriction digest or allele-specific

oligonucleotide hybridization.

RESULTS

Altered mobility and inefficient secretion of type III procollagen

Figure 2.1 illustrates the biochemical findings indicative of EDS IV in eight patients
with single amino acid substitutions. The procollagens exhibit the biochemical diversity
that is a hallmark of this disease. Type III procollagen from patients G1021R,

G1018V, G1015E, and G1012R display delayed electrophoretic mobility and
intracellular retention resulting from excess hydroxylation and glycosylation that typify

collagens with mutations near the carboxyl terminus. The type III procollagens isolated
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from the remaining patient fibroblasts have less obvious abnormalities but are generally
secreted less efficiently than type III procollagen from control cells. The type III
procollagen from patients with exon-skipping mutations exhibited the same pattern as
the glycine substitutions: dimished secretion and an increasing delay in electrophoretic
mobility as the exon deletion approached the carboxyl-terminus. In addition, the
separation between type III procollagen and proal chain of type I procollagen blurred
in most cell strains due to the faster migration of molecules composed of three
shortened proo(IlI) chains (data not shown).
Mutations span the triple helical domain

I have identified eight point mutations, six exon skipping mutations at the
cDNA level, and one exon skipping mutation at the genomic level. The cDNA-defined
exon skipping mutations have been characterized at the genomic level by Ulrike
Schwarze, a senior fellow in the lab. The mutations all affect exons that encode
portions of the triple helical domain of type III procollagen.
Point mutations
84-152. Sequencing of dermal fibroblast cDNA revealed a mutation in exon 24, a
transition at nucleotide 1741 where guanine is replaced by adenine. The codon, GGA,
that encodes glycine at residue 373 of the triple helix (the triple helix begins at amino
acid 209) becomes AGA which encodes arginine. The mutation eliminates an Nci

restriction digestion site, CCG(C)GG, at positions 1738 - 1742.  The confirmation is
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observed at the cDNA level in a fragment created with primers 22S-28A (data not
shown) but is clearest in the genomic fragment generated by primers 23S-25A (figure
2.2).

82-095. A G—C transversion at nucleotide 2929, in exon 40, is responsible for the
arginine for glycine substitution observed in this cell strain. The glycine encoded by
GGT at position 769 becomes CGT. An Mnl 1 site, CCTCN(6), is created by the
mutation at base 2929: the normal sequence GCCTGGT is not cut while the mutant
CCTCGT is cut. Figure 2.3 shows the confirming restriction digest on the genomic
fragment created by primers 40S-41A.

89-176. Glutamic acid replaces glycine at amino acid 829 as a result of a guanine to
adenine transition at nucleotide 3110 in exon 42. Drd 1 was used to the confirm this
mutation: the site is eliminated in the mutated allele but present in the normal allele as
shown by the cDNA digest in figure 2.4. Digestion of the PCR product 425-47S by
Drd 1 produces fragments of 409 and 48 base pairs in normal alleles; the mutated allele

remains uncut yielding a fragment 457 bases in length.

93.057. A G—>T transversion at base 3335, in exon 47, changes the glycine codon
GGC to GTC resulting in a valine at amino acid 904. Although it appeared as if the
transversion occurred at the second site, it was not unequivocal. A first site mutation
would produce a cysteine substitution rather than valine. No restriction enzyme was
available to differentiate between these two possibilities so allele-specific

oligonucleotide hybridization was performed. Oligonucleotides incorporating either no
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change or the first or second position thymine were generated. These were then
hybridized to patient and normal PCR products defined by primers 42S-47A. As
expected, the normal oligonucleotide hybridized to both the patient sample which
possesses one normal allele and to the normal control. The oligo with the first position
transversion (cysteine oligo) hybridized to neither sample and the probe specific for
valine, the second position substitution, hybridized to the patient sample but not the

control, confirmation that the mutation resuits in a valine substitution (figure 2.5).

94-196. A first position G—C transversion in the codon for glycine 1012 in exon 49
results in the substitution of arginine for glycine. The 446 base pair fragment of
COL3AI generated by primers 49J and 50A was used for digestion with Hae III. The
GGCC cut site of this enzyme is eliminated in the patient’s mutant allele resulting in a

62 base pair fragment rather than two smaller pieces of 44 and 18 bases (figure 2.6).

82-115. Glycine codon GGG is changed to GAG by a G—A transition at nucleotide
3670 in exon 49 resulting in the substitution of glutamic acid at residue 1015. No
informative restriction digestion site encompassed this mutation so the sequence was
modified to generate one. A mismatch primer,

5' AGAGGATCTGAGGGCTCCCCAGGCCACCAA 3’, was used to create the
CCT(A)T(A)GG site of restriction endonuclease Sty I which is eliminated in the
mutant allele of the patient. The patient digest exhibits the fragments representing the

normal alllele of 282 and 28 bases and an uncut fragment of 310 (figure 2.7).
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77-008. Another mutation in exon 49 results in a G—T transversion at base 3677
changing amino acid 1018 from glycine to valine. The mutation eliminated a Hae 11
site in the patient’s abnormal allele combining two fragments of 62 and 279 bases into a
341 base segment. The PCR product created by primers 465-49A was used for this
restriction digest (figure 2.8).
91-579. A G—A transition at base 3685 in exon 49 changes the glycine codon GGA to
a GAA codon for glutamic acid at amino acid 1021. The mutation creates a new site
for the restriction endonuclease Ava II resulting in 93 base pair fragment that is not
present in the normal allele (figure 2.9).
Exon-skipping mutations

A summary of exon-skipping mutations is presented in table 2.1.
86-052. The PCR fragment defined by primers 6S-13A showed a deletion of
approximately 54 base pairs when analyzed on a polyacrylamide gel. Direct double
stranded sequencing of this cDNA fragment indicated that exon 9 was skipped. The
genomic origin of the abnormality proved to be a substitution of guanine for thymine in
position +2 of the intron 9 5° donor consensus splice sequence.
84-174. A G—T transversion at the +3 position of the 5’ donor splice site in introni4
causes the skipping of exon 14.
93-200. The mutation resulting in the skipping of exon 18 in this patient is a
consequence of a G—C transversion at the -1 position of the 3’ splice site acceptor

consensus sequence in intron 17.
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91-336. A 57 base pair genomic deletion causes exon 22 to be skipped; 13 nucleotides
are deleted from the 3’ end of intron 21 and 44 from exon 22.

88-039. Exon 24 is skipped due to the G—>A transition in the +1 position of intron 24.
82-026. A T—C transition in intron 34, at the +2 position of the 5’ splice donor
sequence, causes the skipping of exon 34, which was identified in a fragment generated
by primers 328 and 38A.

93-344. Sequencing of PCR amplified fragment 37S-41A revealed that exon 38 is
skipped in this patient. Genomic sequencing proved that exon 38 was skipped as a
result of substitution by adenine for the guanine at position +5 of the 5" donor splice

site of intron 38.

DISCUSSION

[ have characterized the disease-causing mutation in 15 individuals with Ehlers-
Danlos syndrome type IV. These mutations span virtually the entire triple helical
portion of type III procollagen and emphasize the genetic heterogeneity associated
with the disease. Phenotypic heterogeneity is also a hallmark of EDS type IV and is
observed in the people whose mutations have been characterized. There is no
phenotype-genotype correlation in the mutations I have characterized or other
mutations identified in the Byers lab or published in the literature. In fact, point
mutation GO34R (Goldstein et al., 1994) identified by Ulrike Schwarze highlights the

different possible outcomes of the same mutation in type III collagen. The male
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proband died at age 34 of a ventricular rupture, his sister died at age 28 of an aortic
aneurysm, yet their approximately 60-year old affected mother is alive having only
minor symptoms of disease.

Biochemical heterogeneity is also evident in the type III collagens and
procollagens from the 15 individuals whose mutations I identified. The position of the
mutation not its nature, substitution of obligate glycine, exon-skipping etc., determines
how the collagen is handled by collagen modifying enzymes. Those persons with
mutations close to the carboxyl-terminal end of the triple helix have proteins that are
posttranslationally overmodified to the greatest extent with concomitant intracellular
retention. The degree of overmodification and intracellular retention lessen as the
mutation nears the amino-terminal end of the helix. Cell strains harboring mutations
closest to the carboxyl-terminal end of the helix displayed an usual pattern of migration
on SDS-PAGE gels. Under non-reducing conditions, the type III collagen from
individuals with mutations G1021E, G1018V, G1015E, and G1012R migrated in the
position of a type III procollagen monomer instead of the expected position of a
trimer. The mutations in this subset of patients interfere with the formation of the
normal trimer and are examined at length in chapter IV.

The disease-causing mutations I characterized represent the two most common
types of mutation seen in collagen genes: substitution of obligate glycines within the
triple helical domain and exon skipping due to a lesion within a splice site. Both are

due to single base substitutions which is the most common genomic alteration,
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accounting for over 40 human genetic diseases (Cooper et al., 1993). Several of the
mutations I have identified are reported in unrelated individuals in the literature or
identified by others in the Byers lab. The arginine for glycine substitution that occurs at
residue 373 has been identified by Ulrike Schwarze of the Byers lab (Goldstein et al.,
1994) in a second EDS type IV individual. The substitution occurs at a mutational
hotspot, a CpG dinucleotide.

It is estimated that 35% of human disease-causing point mutations originate at
CpG sites (Cooper and Youssoufian, 1988). Mutations arise when cytosine is
methylated and then deaminated to form thymine. Collagen genes with their CG rich
coding regions and high glycine content, which is encoded by the sequence GGN,
might be expected to have many CpG sites. However, as is seen in the coding regions
of many vertebrate genomes, there is a paucity of CpG sites (Cooper and Youssoufian,
1988). The dearth of this sequence in the genome is thought to result from the
tendency of S-methylcytosine to undergo deamination, forming thymidine. This
hypothesis is bolstered by the observation that 90% of the disease-causing point
mutations at CpG sites are G—>A or C—T transitions (Cooper and Youssoufian, 1988).
Deamination of 5-methylcytosine may produce uracil with an equal frequency but
consequent disease is probably avoided by the removal of the anomolous base by uracil
DNA glycosylase whereas thymidine is recognized as legitimate and is left in place by
DNA repair machinery (Cooper et al., 1993). Of the 341 glycine codons in type Il

procollagen only 16 within the triple helical region are preceded by a C. The
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deamination mechanism predicts that the majority of substitutions at these sites would
result in either serine or arginine. CpG sites are implicated in a number of previously
reported mutations of COL3A1 including G619R associated with familial aneurysm
(Kontusaari et al., 1990), G415S (Anderson et al., 1997) which has also been
characterized in a second unrelated individual (Schwarze and Byers, unpublished), and
the glycine at position 16 which has 7 mutations associated with it, six are serine
substitutions and one is a replacement with cysteine (Schwarze and Byers,
unpublished).

Six of the exon skipping mutations [ identified at the cDNA level were further
characterized by Ulrike Schwarze and found to result from single base substitutions
within the splicing sites. Lesions of this type are the source of approximately 15% of
the total point mutations causing human genetic disease (Cooper et al., 1993).
Mechanistically, accurate removal of introns from mRNA requires recognition of 5’
donor and 3’ consensus splice site sequences by small nuclear ribonucleoproteins and
other splicing factors (Valcarcel et al., 1996, Singh et al., 1995; Wang et al., 1996;
MacMillan et al., 1997). Splicing accuracy is further influenced by RNA secondary
structure (Estes et al., 1992) and intron and exon length (Sirand-Pugnet et al., 1995;
Cogan et al., 1996; Sterner and Berget, 1993; Peterson et al., 1994; Van Oers et al.,

1994; Del Gatto et al., 1996).
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Analysis of splice site mutations in human genetic disease indicates a non-
random distribution of single-base substitutions with the majority of mutations
affecting the 5” donor site (Cooper et al., 1993). This pattern is true of the mutations 1
have identified as six individuals have mutations in the 5’ site while only one has an
error in the 3’ sequence. When considering EDS type [V splice site lesions overall, of
the 43 separate mutations identified only 3 are in the 3" acceptor site (Pope et al., 1996,
Schwarze et al., 1997). Investigators theorize that the concentration of 5’ splice site
sequence mutations is probably due to an ascertainment bias whereby phenotypic
severity of a given disease brings patients to a physician’s notice and there is, in fact,
probably no difference in the frequency of mutation at 3” and 5’ splice sites (Cooper et
al.. 1993). This may well be the case for EDS IV patients as the possible outcomes for
the two splice site changes differ. Both 5’ and 3’ splice site mutations can result in
exon-skipping. Because the exons encoding the triple helix all begin with glycine and
are in multiples of nine, exon skipping can produce in-frame mRNA that encodes a
shortened but functional protein. Alteration of the 5 splice site also leads to read
through whereby the intronic sequence becomes part of the mature RNA, and use of a
cryptic donor site from the preceding exon or upstream intron. Read through resulting
in the inclusion of an entire intron in mature COL3A1 mRNA has been observed with
an intron 20 G™'—A transition (Kuivaniemi et al., 1990) and although it is a possible
outcome of the disruption of the 5° splice site of intron 34 it does not appear to be

used as an alternative (Schwarze et al., 1997). Of the other 5° mutations identified,
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inclusion of an entire intron would produce an exon larger than the 300 nucleotide limit
required for proper splicing, so skipping would be the likely result (Schwarze et al.,
1997). An alternative with 3’ splice-site mutations, is the use of an alternative acceptor
site within the intron or the succeeding exon. Use of an alternative acceptor site could
have quite a different outcome. Schwarze et al. (1997) examined exons 6-49 (those
that encode the triple helix) for the c/tag splice-acceptor sequence and found that of the
84 potential sites, 76 would result in out-of-frame mRNA sequences that would be
expected to be retained within the nucleus or be unstable (Maquat, 1995, 1996, Stover
et al,, 1993). Thus, it is possible that 3’ splice-site mutations of COL3A1 most often
result in “null” alleles which gives rise to a milder phenotype than EDS IV and,
therefore the majority of individuals harboring such a mutation would not be included
in a study such as this. For those individuals who are diagnosed with EDS [V,
phenotypic diversity, if present at all, is subtle regardless of which splice site is

involved.

MATERIALS AND METHODS

Clinical Summary - The clinical features of each individual are provided in Table 2.2.
Selection of patient samples - Cells selected for mutation analysis all had evidence of
synthesis or secretion of abnormal type III procollagen and were derived from
individuals with clinical signs of EDS type IV or with a family history of the disease

(Table 2.2)
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Procollagen and collagen analysis - Patient and control dermal fibroblast cultures
were established with appropriate consent and maintained as previously described
(Bonadio et al., 1985). When added, ascorbate was used at a final concentration of 50
pg/mi.

Procollagens and collagens were labeled with [*H]proline (Amersham Corp.) and
separated by SDS-PAGE as previously described (Bonadio et al., 1985) except that
proteins were precipitated with 70% ethanol (v/v final concentration) for one hour on
ice after addition of unlabeled collagen (Sigma Chemical Co.) rather than dialyzed into
ammonium bicarbonate.

RNA isolation, cDNA transcription, and amplification - Total cytoplasmic RNA was
isolated from cultured fibroblasts by the guanidinium chloride method (Chomczynski
and Sacchi, 1987). The total RNA was reverse transcribed to cDNA using random
hexamers (Feinberg and Vogelstein, 1984) which was then PCR amplified (Saiki et al.,
1988) using overlapping primer pairs that covered the entire COL3ALl gene. (Table
2.3)

Single-Strand Conformation Polymorphism (SSCF) Analysis - Amplified fragments
ranging in length from 300 - 500 bp were applied to a MDE™ gel (FMC Bio Products)
following the methods of Orita et al. (1989). Electrophoresis was performed
overnight at constant power, 8 W, at room temperature. The fragments were

visualized with silver stain (Promega Corp.).
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DNA sequence determination - PCR-amplified fragments were gel purified in
NuSieve® agarose and sequenced by the dideoxy-chain termination method (Sanger et
al., 1977) using T7 polymerase (Sequenase®, U. S. Biochemicals).

Mutation confirmation - Mutations were confirmed by restriction digestion of an
existing site changed by mutation, by introduction of a sequence change in one
amplification primer that created an informative site when the mutant allele was
amplified, or by allele specific oligonucleotide (ASO) hybridization to the normal and

mutant alleles.



Table 2.1 EXON-SKIPPING MUTATIONS

Patient [D number Aberrant PCR Exon skipped in Genomic basis for
fragment cDNA skipped exon
86-052 6S-13A 9 Intron 9 T?>G
93-272 12S-19A 14 Intron 14 G”>T
93-200 12S-19A 18 Intron 17 G'—C
91-336 22S5-28A 22 13bp intron 21,

44bp exon 22
88-039 22S-28A 24 Intron 24 G '>A
82-026 32S-38A 34 Intron 34 T >=C

93-344 37S-41A 38 Intron 38 G >A
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Table 2.3. COL3A1 PRIMERS

Sense
Sequence
CTGAAGGGCAGGGAACAACTTG
GTCAGTCCTATGCGGATAGAGA
AACTATTCTCCCCAGTATGATTCATATGA
CGAAATGGAGAAAAGGGTGAAACA
GGCCCTCCTGGGATTAATGGTA
TAAAGGCGAAGATGGCAAGGATG
GCTGCTGGAGAACCTGGCAG
TCCTGGTAAGAATGGAGAACGA
AGGAATGCCTGGAGAAAGGAG
GCTCCTGGACAGAATGGTGA
CAGCGGTTCTCCAGGCAAGG
ACCAGGAGCTACGGTCTCAG
TCCTGGTCCTCAAGGCCCACGTGGTGACAA
GGACCTGTTGGACCCAGTGGA
CTCATTAGTCCTGATGGTTCTC
CAGGGCCTCGAGGTAACAGAGGTGAA
AGAAACACGTTTGGTTTGGAGAG

Antisense
Sequence
CAAGGCCCCAAGGGAGATCCA
ATCTGGTCATCCTGGTTCCCC
TGAAAATGGTCTTCCAGGCGAAAA
GGAACCAGCCGGTGCTAATGGT
GATGGCGTCCCTGGAGGTCCA
TCGACCACTTTCTCCTTGACTT
ACAAAGGAGACACAGGACCC
TGGTGTCCCAGGGAAAGATGGC
TCCCAAGGTGTCAAAGGTGAA
GCCCTGGCCCTCAGGGTGT
GATCGTGGTGAAAAATGGCTCT
GGTGCAATCGGCAGTCCAGGA
GCCATCCTGAACTCAAGACT
AAGTGCCAATCCTTTGAATGTTCCACGGAA
ATAGCATTGCATACATGGATCA
TGTTCCTCTTGTTCTAATCTTGTCAACC
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Figure 2.1 (a) Procollagens from EDS IV patient and control cells . Cells were
incubated with [*H]proline for 16 hours and medium and cell layer proteins were
harvested separately. Proteins were separated by SDS-PAGE under reducing conditions.
Lanes | and 10 are control cells. Lanes 2-9 are point mutations: G373R, G769R,
G829E, G904V, G1012R, G1015E, G1018V, and Gi021R respectively. The proacl(III)
chains in lanes 3-9 are poorly secreted and retained with the cells. These proteins are
also overmodified as the wider, diffuse band indicates.
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Figure 2.1 (b). Collagenous proteins from EDS IV patient and control cells. Cells
were incubated with [*H]proline for 16 hours and medium and cell layer proteins were
harvested separately. Proteins were separated by SDS-PAGE under non-reducing
conditions after digestion with pepsin. Lanes 1 and 10 are control cells. Lanes 2-9 are
point mutations: G373R, G769R, G829E, G904V, G1012R, G1015E, G1018V, and
G1021R respectively. Note the wide, diffuse band migrating in the position ofa
monomer of type III collagen in the cell layer proteins of cell strains with mutations:
G1012R, GI015E, G1018V, and G1021R.




Medium

[oc1 ()] 5
al(l)
o2(l)
3
Cells
e gE T T




30

Figure 2.2. G373R confirming restriction digest. Genomic DNA amplified by
primers 23S and 25A was digested with Nci I to confirm the G—>A transition at
nucleotide 1741. The Nci I site, CCG(C)GG is eliminated by the mutation in patient 84-
152, lane 1, while the enzyme is active in the controls, lanes 2 and 3. Lane 4 shows
uncut patient DNA. Lanes 5 and 6 are uncut control DNA. Lane 7 is A DNA digested
with Pst 1.
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Figure 2.3. G769R confirming restriction digest. The G—C transversion at
nucleotide 2929 of patient 82-095 was confirmed using genomic DNA amplified with
primers 40S and 41A. Lane 1 contains uncut control DNA, lane 2 uncut patient DNA.
The DNA in lanes 4 and 5 was digested with Mn/ 1. The control DNA remains uncut
while the patient DNA exhibits fragments of approximately 130 and 210-220 base pairs
resulting from the creation of the enzyme’s CCTCN(6) site in addition to an uncut band
of approximately 339 nucleotides representing the mutant and normal alleles,
respectively. Lane | contains A DNA digested with Psz L.
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Figure 2.4. G829E confirming restriction digest. Drd [ was used to confirm the
G—A transition at nucleotide 3110 in patient 89-176. cDNA was amplified with
primers 428 and 47A producing a 457 base pair fragment. Uncut control DNA is
shown in lanes 2 and 3, patient uncut DNA is in lane 4. After digestion with Drd I,
fragments of 490 and 48 base pairs are seen in the control lanes (5 and 6) as well as
lane 7 where it represents the normal allele of the patient. The fragment marked with
the * is the uncut fragment generated by the mutated allele. Lane | contains A DNA
digested with Pst 1.
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Figure 2.5. G904V confirmation by allele specific oligonucleotide hybridization.
Allele specific oligonucleotide hybridization was used to differentiate between a first
and second site G—T transversion in codon 904 of patient 93-057 as no restriction
endonuclease was available. A cDNA fragment encompassing codon 904 was
generated by PCR amplification using primers 4285 and 47A. Oligonucleotides
incorporating either no change, 5"GCCCTGCTGGCCCTGCT3’, a first position
change resulting in a valine substitution, 5'GCCCTGCTTGCCCTGCTG3’or a
cysteine created by a second position mutation, 5 *GCCCTGCTGTCCCTGCT3’ were
hybridized to a normal control and the patient cDNA. The normal probe hybridized
to the control (lane 1) and the patient (lane 2) cDNA. The cysteine probe hybridized
to neither sample (lanes 3 and 4) and the valine probe hybridized only to the patient
cDNA in lane 6 and not the normal control in lane 5.
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Figure 2.6. G1012R confirming restriction digest. A first position G—C
transversion resulting in the substitution of arginine for glycine in exon 49 was
confirmed with Hae III. A 446 base pair fragment of COL3Al generated by primers
49J and SOA was used for digestion. The Hae Il GGCC site is eliminated creating a
62 base pair fragment in the mutant allele (* in lane 5) in addition to two smaller
pieces of 44 and 18 bases representing the normal allele and present in the control
(lane 4). Lane 2 is uncut control DNA, lane 3 uncut DNA from patient 94-196. Lane
1 is A DNA digested with Pst [.
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Figure 2.7. G1015 confirming restriction digest. Because no informative
restriction digestion site existed confirming the change from GGG to GAG generated
by the G—A transition at nucleotide 3670 in exon 49 one was created with a
mismatch primer. Primer 5’ AGAGGATCTGAGGGCTCCCCAGGCCACCAAS3’
was used to create the Sty [ site of CCT(A)T(A)GG. The site in eliminated in the
mutant allele of patient 82-115 generating a 310 base pair fragment (* in lane 5)
while the normal allele and the control DNA (lane 4) is cut creating two fragments of
282 and 28 bases. Undigested control DNA and patient DNA are in lane 2 and 3
respectively. Lane | contains A DNA digested with Pst L.
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Figure 2.8. G1018V confirming restriction digest. A G>T transversion at
nucleotide 3677 in exon 49 of patient 77-008 results in a valine for glycine
substitution at residue 1018. A Hae III restriction site is eliminated in the patient’s
abnormal allele combining two fragments of 62 and 279 bases into a 341 base pair
fragment in the COL3A1 segment generated by amplification with primers 46S and
49A (* in lane 5). Control DNA digested with Hae Il is in lane 4; undigested
control DNA in lane 2 and undigested patient DNA in lane 3. Lane | contains A DNA
digested with Pst I
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Figure 2.9. G1021E confirming restriction digest. A G—>A transition at base 3685
changes the glycine codon GGA to a GAA codon for glutamic acid at amino acid
1021 in exon 49 of patient 91-579. The mutation creates a new site for the restriction
endonuclease Ava 11 resulting in 93 base pair fragment that is not present in the
normal allele (* in lane 5). Lane 4 contains digested control DNA. Lanes 2 and 3
contain undigested DNA from a control and the patient, respectively. Lane 1 contains

A DNA digested with Psz L.
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CHAPTER III

DEFECTIVE HELIX INITIATION OF TYPE III PROCOLLAGEN
WITH MUTATIONS IN THE FAR END OF THE CARBOXYL TERMINUS
OF THE TRIPLE HELIX

EXPERIMENTAL QUESTION

In this chapter I explore the effect of COL3Al mutation at the molecular level
by asking the question: Does mutation interfere with procollagen folding in a position-

specific manner?

INTRODUCTION

Collagen folding is unusual. The complex multidomain protein requires three
precursor chains, o chains, to unite to fold into its final conformation. Chain
association is mediated by globular propeptide domains at the carboxy! ends of fibrillar
colllagen. The three chains then wind around each other forming a right handed super
helix that is propagated from the C-terminus to the N-terminus in a zipper-like fashion.
Kinetically, folding occcurs in two phases: an initial fast phase involving the first 25 or
so tripeptides and a slow phase, the rate of which is determined by conversion of cis-

peptide bonds to their required zrans conformation (Engel and Prockop, 1991).
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Individuals with EDS IV exhibit a variety of mutations that alter the primary
structure of type III procollagen and interfere with its proper folding. Genomic
insertions or deletions and exon-skipping mutations disrupt the registration of the three
proc. chains while point mutations that replace obligate glycines cause local
perturbations and interfere with folding as their bulky side chains do not fitin the
center of the helix. The consequence of any of these mutations is to expose proc.
chains to the action of collagen modifying enzymes for a prolonged time resulting in
excess hydroxylation and glycosylation of the molecule. In the cell. abnormal chains
associate with both abnormal and normal chains, amplifying the effect of the mutation.
Because type III procollagen is a homotrimer the ratio of abnormal:normal molecules is
7:1. The malfolded procollagens are usually retained within the cell rather than being
secreted.

Not all mutations affect collagen in the same way. [n two individuals with
perinatal lethal osteogenesis imperfecta (OI II) replacement of obligate glycines with
serines had very different effects on thermal stability even though the residues were
only 35 amino acids apart. The effect on stability was assayed by judging the resistance
to proteases of type I collagen. The collagens are heated and subjected to proteases
that are active only on monomeric chains not the triple helix. The resulting fragments
are electrophoretically analysed to determine at what temperature the helix destabilizes.
The individual with serine ot1-631 had a thermal unfolding temperature of 41°C,

comparable to control cells, while the cells from the individual with serine 1-598
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produced collagens that unwound at 20°C (Westerhausen et al, 1990). This drastic
difference in melting temperatures corroborates experimental results indicating that
collagen is not a stabile rod but is instead composed of microenvironments that

“breathe” or unfold at physiologic temperatures (Privalov, 1982).

[ identified a group of EDS IV patients with mutations very near the carboxyl-
terminal end of the triple helix, G1012R. G1015E. G1018V. and G1021R whose
dermal fibroblasts produce procollagens that are poorly secreted and are instead
retained within the cells. After partial proteolysis with pepsin a novel protein band that
migrates in the position of o1(III) monomers appeared. Although it was not disulfide-
bonded into either a dimeric or trimeric molecule it contains the cysteine residues at the
end of the triple helix. Thus. these mutations perturb the triple helix carboxyl-terminal
to the site of mutation sufficiently to interfere with the formation of the nearby
interchain disulfide bonds. In fact, it appears that this set of mutations interrupts the

sequence required for initiation of folding, or nucleation, of the triple helix.
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RESULTS
Mutations near the carboxyl-terminal end of the triple helix alter folding

The mutations closest to the end of the triple helix, G1012R. G1015E,
G1018V. G1021R, (and G1018D. G1021E characterized in the Byers lab) had an
unexpected effect on proa chain assembly and interchain disulfide bond formation.
When the intracellular proteins were digested with pepsin at 15 °C and the protease
resistant helical proteins were separated under non-reducing conditions, there was a
band that migrated just above the ol(I) chains of type I collagen (figure 3.1: see figure
2.1 for procollagens and secreted collagens). Peptide mapping showed that this band
was monomeric ol (IIT) (data not shown). The al(IIT) chains in a type III collagen
molecule normally are in a disulfide-bonded trimer linked through two cysteine residues
that form the last residue of the triple helix and the first non-helical residue. These
findings suggested that either the cysteine-containing region was removed by
proteolysis or that the mutations did not allow disulfide bonds to form.

To determine if a new pepsin site was introduced by these mutations resulting in
the removal of the cysteines at the end of the triple helix, cells with mutations
G1012R, G1018D and G1021E were labeled in parallel with [**S]cysteine and
[*Hlproline. Type I procollagen labeled only with [**Slcysteine was
immunoprecipitated with antibody directed against the N-terminal propeptide, and the

precipitated protein was digested with pepsin and examined by SDS-PAGE (figure
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3.2). The monomeric o 1(III) chain contained cysteine which indicated that the pepsin
cleavage site was external to the carboxyl-terminal end of the triple helix. Thus,
although the helix could form and produce a pepsin resistant molecule, the cysteine
residues were too far apart to allow disulfide bonds to form. When the cells with the
G1021E mutation were labeled with [*H]proline, the proteins harvested by ethanol
precipitation. and the procollagens analyzed by SDS-PAGE under nonreducing
conditions, the proa.!(II) chains associated into trimeric molecules which indicated
that the mutations in the triple helix did not alter inter-chain disulfide bond formation in
the carboxyl-terminal propetide (figure 3.3).

To determine if the mutations in the carboxyl-terminal end of the tripie helix
altered the structure of the end of the helix. cells with glutamic acid for glycine
substitutions at residues 61, 385, and 1021 were incubated with [*H]proline for 16
hours at 37°C, the medium changed, and the cells shifted to 4°C, 20°C, or 37°C for 40
minutes to allow the triple helix to propagate. The intracellular proteins were
harvested by cell lysis and treated with trypsin/chymotrypsin at 20°C for 2 minutes to
remove the terminal propeptides (figure 3.4). In the cells with the GO61E mutation and
those with the G385E substitution, a disulfide-bonded trimeric protein with a mobility
faster than the normal trimer was seen at all temperatures. Triple helix was nucleated
and propagated to the region of the mutation (figure 3.5). The cells harboring the
102 1E mutation displayed a small amount of trimeric type III procollagen but no helical

molecules migrating as monomers were evident at any temperature (figure 3.4). These
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experiments suggest that helix does not nucleate at the temperatures and times used in
these studies with mutations near the carboxyl-terminus (figure 3.5); re-nucleation

apparently is a slow process that can occur at lower temperatures.

DISCUSSION

Mutations that create substitutions for glycine close to the C-terminal end of the
triple helix, produce procollagens that are retained within the cell rather than secreted.
After partial proteolysis with pepsin and SDS-PAGE under non-reducing conditions a
novel protein band that migrates in the position of the ol(III) monomer appears but
contains the cysteine residues at the end of the triple helix. These mutations perturb the
triple helix carboxyl-terminal to the site of mutation sufficiently to interfere with the
formation of the nearby interchain disulfide bonds. One explanation for this
observation is that folding of the triple helix is initiated, proceeds past the mutation and
then unwinds so that disulfide bonds cannot stablize the carboxyl-terminal end of the
triple helix. Alternatively, triple helix nucleation does not occur at the labeling
temperatures and the helix, which is resistant to pepsin, forms only when the molecules
are cooled for a long period. My studies suggest that helix nucleation does not occur
at the usual temperature at which proteins are labeled and there is no re-nucleation

amino-terminal to a disruption in the triple helix at 37°C.
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The effects of mutations on the folding of the triple helix of collagens have, in
general, been inferred from alterations in thermal stability (Bateman et al., 1992: Deak
et al.. 1991: Pack et al., 1989; Westerhausen et al., 1990). In these studies, proteins
are cooled following biosynthesis, partially purified with protease digestion at low
temperatures under acid conditions, and then their susceptibility to proteolysis at
physiologic pH determined. The extent to which such studies provide information
about the folding of molecules that contain chains with sequence alterations is,
however, not entirely clear, especially given the observations that the rate of folding in
vitro is far slower than in the cell and displays other non-uniform properties (Davis and
Bachinger, 1993). There are few studies in which the effects of mutations on molecular
assembly and triple helix propagation have been investigated in detail.

Amino acid alterations or truncation in the carboxyl-terminal propeptide of the
proo.(I) chain of type I procollagen have been shown to delay the incorporation of the
chains into trimeric molecules, allowing overmodification within the triple helical
domain (Chessler and Byers, 1993; Lamande et al., 1995). In a study of mutations
within the triple helical domain, Raghunath and colleagues (1994) demonstrated that
some substitutions of cysteine for glycine in the proocl(I) chain altered the rate at which
triple helix propagated to the full extent of the molecule. They found that cysteine for
glycine substitutions at positions 988, 691, and 223 markedly delayed triple helix
formation at 37°C while those at 526 and 94 did not. Although delayed, helix

formation did proceed to the full length of the triple helix under the conditions they
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used. Their findings contrast with mine in which propagation of triple helix beyond the
site of the substitution of glycine by glutamic acid in type III procollagen appears to be
very inefficient in most molecules that contain one or more of the abnormal chains (see
figure 3.5 for a model of folding). [ am uncertain if this effect reflects the different
amino acid substitution or the molecule in which the mutation occurs. Substitutions of
cysteine for glycine within the triple helical domain of the prooacl(I) chain result in a
kinked molecule, apparently due to conformational distortion induced by the interchain
disulfide bond between two abnormal al(I) chains (Vogel et al.. 1988); substitutions by
other residues do not appear to have the same effect (Lightfoot et al.. 1992). Itis
possible that the cysteine residues permit re-nucleation to occur amino-terminal to the
disulfide bond.

Studies using a minigene version of type III procollagen (Lees and Bulleid.
1994: Bulleid et al., 1996) have recently shown that triple helix formation is dependent
both on complete hydroxylation and on the presence of at least two of the six triplets
that contain hydroxyproline in the very carboxyl-terminal end of the triple helix
(equivalent to those positions 1012, 1015, 1018, 1021, 1024 and 1027 in the tull-length
molecules); the mutations I and others identified at positions 1009, 1012, 1015, 1018,
and 1021 all interfere with nucleation. Thus, not only is the hydroxylation of the

residues important, but the conformation of the helical domain appears to be essential.
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Neither the formation of interchain disulfide bonds at the carboxyl-terminal end
of the triple helix, nor in the propeptide region of the chain (the usual domain for
interchain disulfide bonds) is necessary for triple helix nucleation or propagation
(Bulleid et al., 1996). In the molecules [ studied with substitutions for glycine within
the last 20 residues of the triple helix, interchain disulfide bonds formed in the carboxyl-
terminal propeptide but the telopeptide and triple helical cysteines did not form
interchain links. My data, combined with that from the COL3A minigene experiments
(Lees and Bulleid, 1994; Bulleid et al.. 1996) suggest that the order of events during
assembly is probably propeptide disulfide bond formation, then helix nucleation and
propagation, with telopeptide disulfide bond formation a late event.

How far away can a mutation occur and perturb the disulfide bond formation at
amino acids 1029 and 1030 in type III collagen? Nuytinck, et al. (1994) noticed a
monomer in cells from a patient with a glycine to valine substitution at amino acid 1009
but were uncertain of the mechanism by which it had been produced. Reports of other
mutations in this region, G1000V (Richards et al., 1993), G1003D (Richards et al.,
1993), G1006E (Richards et al., 1993; Mackay et al., 1996), G1006E, (Richards et al.,
1992: Johnson, et al., 1992), G1018D (Kontusaari et al., 1992), and G1021E (Narcisi
et. al., 1993) do not describe an abnormal band after proteolysis and in the reports of
the G1018D (Kontusaari et al., 1992) and G1021E (Narcisi et al., 1993) mutations the
monomer is not apparent. Although mutations in the span from 1009 to 1021 are

sufficient to alter helix formation and produce such an effect, conditions of labeling
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may vary enough that the effect is not always seen. From my studies, a mutation 125
residues away is beyond the realm of the effect as substitution G904V did not affect
disulfide bond formation.

Bateman and colleagues (1987) demonstrated that substitution of arginine for
glycine at amino acid 391 in the c1(I) chain of type I collagen resulted in hydroxylation
of a normally non-modified lysy! residue 17 amino acids carboxyi-terminal from the site
of mutation. Although it is tempting to interpret such findings as consistent with a
retrograde “unwinding” effect, they are probably better explained by the concept of
cooperative folding blocks within the triple helical domain (Privalov, 1982).
Westerhausen and colleagues (1990) demonstrated the significance of the
microenvironment in which a mutation resides in two individuals with perinatal lethal
osteogenesis imperfecta (OI II) where replacement of obligate glycines with serines had
very different effects on thermal stability even though the residues were only 35 amino
acids apart. The effect on stability was assayed by judging the resistance to proteases
of type I collagen. The collagens are heated and subjected to proteases that are active
only on monomeric chains not the triple helix. The resulting fragments are
electrophoretically analysed to determine at what temperature the helix destabilizes.
The individual with serine .1-631 had a thermal unfolding temperature of 41°C,
comparable to control cells, while the cells from the individual with serine ct1-598

produced collagens that unwound at 20°C (Westerhausen et al., 1990). This drastic
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difference in melting temperatures corroborates experimental results indicating that
collagen is not a stabile rod but is instead composed of microenvironments that

“breathe” or unfold at physiologic temperatures (Privalov, 1982).

Additionally, thermodynamic considerations (Johnson et al.. 1992) and
refolding experiments with type III collagen molecules anchored by the carboxyl-
terminal disulfide bonds (Davis and Bachinger, 1993) suggest that the folding could be
“punctuated” in the sense that there are regions of high helix stability that alternate with
those of relatively low stability. Helix propagates through the highly stable regions
quickly and then pauses as the next region of high stability associates, allowing the
intervening regions to form helix as well. The carboxyl-terminal region of the triple
helix appears to be one of high stability in which the concentrations of proline and
hydroxyproline are higher than in other domains. Substitutions for glycine residues
within this domain create regions that must have very low stability and cannot act as
nucleation sites. Nucleation brings chains into proximity, initiates helix formation and
allows disulfide bonds to form. Mutations in the last 25 residues of the triple helix.
which are the first to form triple helix, appear to be able to abrogate nucleation at
physiologic temperatures so that disulfide bond formation does not occur. Nucleation
would have to occur in a more amino-terminal domain, but happens only at lower
temperature with alcohol precipitation and with prolonged incubation used for pepsin

digestion. The absence of data on folding of chains that carry mutations between 1009
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and 904 makes it difficult to assign the dimensions of the first block of cooperative
folding. An exon 47-skipping mutation that removes the sequences from amino acid
955-972 does not appear to interfere with the initial phase of nucleation in that no
monomeric chains are released following pepsin digestion (Schwarze et al., 1997). Itis
possible that this mutation lies outside of the nucleation sequence but also possible is

that the sequence can be deleted but not interrupted.

If helix propagation is disrupted during molecular assemnbly, can it be re-
initiated at the usual cellular temperatures? My data suggest that while folding can be
propagated at low temperatures with long incubations, short incubations at 4°C, 20°C,
or 37°C are insufficient to allow helix re-initiation. Such failure to re-initiate may
explain the phenotypic effects of mutations near the amino-terminal end of the triple
helix in that the molecules are not secreted as well as might be expected and, no doubt,
do not aggregate well into fibrillar structures which require a very regular contour of

the molecule (see chapter V for an examination of dermal fibrils).

MATERIALS AND METHODS

Cell strains, tissue culture, and antibodies - Patient and control dermal fibroblast
cultures were established with appropriate consent and maintained as previously

described (Bonadio et al., 1985). When added, ascorbate was used at a final
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concentration of 50 pg/ml. A polyclonal antibody directed against the amino terminal
propeptide of human type III procollagen was used for immunoprecipitations (Niemela
et al., 1985).

Procollagen and collagen analysis - Procollagen and collagen labeling with
[’H]proline (Amersham Corp.) and separation by SDS-PAGE was performed as
previously described (Bonadio et al., 1985) except that proteins were precipitated with
70% ethanol (v/v final concentration) for one hour on ice after addition of unlabeled
collagen (Sigma Chemical Co.) rather than dialyzed into ammonium bicarbonate. To
label with [**S]cysteine (ICN Pharmaceuticals, Inc.), cells were pre-pulsed for 2-4
hours in DMEM (GIBCO BRL) without serum or cysteine but with ascorbate. Cells
were labeled with 30uCi [**S]cysteine (>1000 Ci/mmol) overnight in 0.7 ml serum-free.
cysteine-free DMEM with ascorbate and 10% complete DMEM (Irvine Scientific).
Immunoprecipitations were performed at 4° C. Antigen-antibody complexes were
precipitated with protein-G sepharose (Pharmacia LKB Biotechnology, Inc.) following
the protocol of Maniatis (Sambrook et al.. 1989).

Folding of triple helix - The extent to which a triple helix was able to form was
measured by its resistance to the proteases trypsin (Worthington Biochemical Corp.)
and chymotrypsin (Boehringer, Mannheim, Germany). Cell strains were labeled with
100 uCi [*H]proline for 16 hours. They were then incubated for 40” at 4°, 20° or 37°
C. Following incubation, cells were washed with PBS and lysed in 1% NP-40 (Sigma

Chemical Co.), 2mM EGTA buffer and then scraped into eppendorf tubes to which
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80pg/ml trypsin, 200 pug/ml chymotrypsin were added and incubated for 2’ at20° C.
The reaction was stopped by the addition of 500 pg/ml soybean trypsin inhibitor
(Sigma Chemical Co.) and 100 pg/mi PMSF (Sigma Chemical Co.). The samples were
separated by SDS-PAGE following the addition of 2X Laemmli sample buffer. To
compare the collagenous proteins of the folding experiments with those harvested
under typical conditions, cell strains were labeled in parallel and harvested as described

above under procollagen and collagen analysis.
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Figure 3.1. Proc1(III) chains from EDS IV individuals with mutations near the
carboxyl-terminal end of the triple helix migrate as monomers. Dermal fibroblasts
were labeled with [*H]proline for 16 hours, the proteins harvested and subjected to
partial proteolysis with pepsin and then separated without reducticn by SDS-PAGE.
The association of proa1(ITI) chains into disulfide bonded trimers is seen in the control
cells of lane 1 and 5. Interchain disulfide bonds do not form in cells with mutations
G1012R, G1018D, and G1021E (lanes 2-4, respectively), instead the procc1(III)
molecules migrate as monomers.
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Figure 3.2. Mutations near the C-terminal end of the triple helix interfere with
disulfide bond formation. Fibroblasts with mutations G1012R, G1018D and G1021E
were labeled in parallel with [*H]proline or [**S]cysteine. Type III procollagen was
immunoprecipitated from the [*°S]cysteine-labeled cell layer with an antibody directed
against the amino-terminal propeptide of type III procollagen. The immunoprecipitated
protein was cleaved with pepsin to yield collagen. [*H]proline-labeled collagens were
generated by partial proteolysis of ethanol-precipitated cell layer proteins harvested from
each cell line. The collagens were separated without reduction by SDS-PAGE. The
normal migration of type III collagen as a trimer is evident in the [*H]proline-labeled
control but little or no trimer is seen in the EDS IV cells. Patient cells exhibit a protein
that migrates in the position of a type IIl monomer (top arrow). The delay in the
mobility of the [**S]cysteine-labeled sample appears to be an artifact of
immunoprecipitation as it was also seen in a [*H]proline-labeled sample that was
immunoprecipitated under the same conditions (data not shown).
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Figure 3.3. Type III procollagen chain assembly is not impaired. Cells harboring the
G1021E mutation were labeled for 16 hours with [*H]proline. The medium and cell
layer proteins were harvested and precipitated with ethanol and then separated after
reduction of inter-and intrachain disulfide bonds (+DTT) or without reduction (-DTT).
Under reducing conditions there is an abundant band in the cells (arrow) that migrates
above the proa1(I) band which is the over-modified proct 1(III) chains. This band is not
present in the absence of reduction (-DTT) which indicates that the interchain disulfide
bonds in the carboxyl-terminal propeptide form normally.
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Figure 3.4. Analysis of triple helix propagation. Dermal fibroblasts with mutations
GO61E, G385E, and G1021E were labeled with [*H]proline at 37°C for 16 hours, the
medium changed and the cells shifted to 4°C, 20°C, or 37°C for 40 minutes to allow the
triple helix to propagate. The intracellular proteins were harvested by cell lysis and
treated with trypsin/chymotrypsin at 20°C for 2 minutes and the proteins separated
without reduction by SDS-PAGE. At all temperatures the GO61E and G385E molecules
could be assembled and triple helix propagated to the region of the mutation but no
further (arrows). The molecules with the G1021E mutation did not form a stable triple
helix at any temperature except for a very small amount representing the normal chains.
For comparison, cell layer proteins were harvested from each cell strain in parallel by
ethanol-precipitation and collagens were generated by partial proteolysis with pepsin (left
lane in each panel).
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Figure 3.5. Model of the effect of mutation on the nucleation and propagation of
the triple helix in type III procollagen molecules. The large dots represent the
positions of the mutations in cells that harbor the GO61E, G38SE, and G1021E
mutations. For the GO61E and G385E mutations chain assembly and triple helix
nucleation occur normally but propagation of helix does not extend beyond the mutant
residue and at 37°C re-nucleation does not occur. In cells that harbor the GI021E
mutation, chain assembly ocurs but triple helix nucleation does not and there are no
additional sites of nucleation in the more amino-terminal regions of the chains. This
model is for molecules that contain 3 abnormal chains; the effect on molecules with 1 or
2 abnormal chains is uncertain.
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CHAPTER IV

INTERACTION OF TYPE III PROCOLLAGEN WITH
RESIDENT PROTEINS OF THE ENDOPLASMIC RETICULUM

EXPERIMENTAL QUESTION

Abnormal type III procollagen is often overmodified and retained within the cell
as a result of mutation, especially when the mutation occurs in the region of COL3Al
that corresponds to the carboxyl-terminal end of the molecule. This chapter addresses
the question: is there an ER-resident protein(s) involved in the retention of malfolded

type III procollagen in the cells of EDS IV individuals?

INTRODUCTION

The endoplasmic reticulum is the first stop for proteins traversing the secretory
pathway. It is here that nascent proteins fold, assemble, and are initially modified.
When one of these processes goes awry, the misfolded, incompletely assembled or
improperly modified protein is retained within the ER rather than exported, a
phenomenon termed “quality control” (Hurtley and Helenius, 1989). Components of
the quality control machinery are folding enzymes such as protein disulfide isomerase,
peptidylprolyl isomerase, modifying enzymes including lysyl hydroxylase, glucosidases I

and 11, and molecular chaperones such as BiP, GRP94, and calnexin.
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Type III procollagen is a trimeric secretory protein that is retained within cells
of individuals with Ehlers-Danlos syndrome type IV (EDS IV) as a result of improper
folding or assembly due to mutation. Chessler and Byers (1992, 1993) studied
abnormal type I procollagens (the prototype of fibrillar collagens) from osteogenesis
imperfecta (OI) patients and found that they associate with the ER-resident proteins,
BiP (GRP 78), and protein disulfide isomerase (PDI), the B subunit of the collagen
modifying enzyme prolyl hydroxylase. Their work indicates that the choice of binding
partner depends on the type of procollagen mutation. The stress response protein,
GRP 78/BiP, binds to procollagens that have impaired chain association as a result of
mutations affecting their C-propeptides. GRP78/BiP does not bind to procollagens with
mutations affecting the triple helical domain; instead procollagens with this type of
mutation have been seen associated with prolyl hydroxylase (Chessler and Byers,

1992).

To better understand the molecular consequences of EDS IV, I examined the
role of members of the ER quality control system in retaining abnormal type III
procollagen. I concentrated on PDI because all of the type I1I collagen mutations
discovered thus far affect the triple helix, calnexin because it mediates the retention of
malfolded proteins in other human genetic diseases (Bergeron et al., 1994), and hsp47
because it is a collagen-specific chaperone thought to mediate the prolonged retention

of unstable type I procollagen molecules (Nakai et al., 1992). 1 chose to study cell
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strains representing the same amino acid substitution in different regions of the triple
helix, exon skipping mutations affecting either end of the helix and point mutations

resulting in highly overmodified proteins exhibiting intracellular retention.

RESULTS

Radiolabeled EDS IV cell strain lysates and immunoprecipitations with anti-type m
procollagen antibodies reveal no known associating proteins

To identify proteins involved in the retention of abnormal procollagen, I first
examined EDS IV cell lines for the induction of proteins. Patient and control cells
were metabolically labeled with Tran*’S-Label™ (composed of [*°S] methionine and
[*°S] cysteine), lysed, and the labeled proteins separated by SDS-PAGE. EDS IV cells
chosen for study include those with mutation G1021R which has unique folding
properties (see Chapter III), cell line G904V which produces a highly overmodified
protein that is retained within the cell, a cysteine substitution at residue 385 that
results in two species of retained procollagen and, finally, two multiexon skipping
mutations, one at each end of the triple helix (8-11 and 34-48). Intracellular and
secreted proteins were electrophoresed on mini-gels and compared. No differences
were apparent between control cells and the cells derived from EDS IV patients
(figure 4.1). Intracellular proteins from another set of EDS IV patient cells including
point mutations G1021R, G1021E, G769R, G757C, G373R, and GO61E were

electrophoresed on a larger size gel and compared with control proteins. In the cell
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line with the GO6 1 E mutation a protein migrating at approximately 65 - 66kD stands
out (lane 7, figure 4.2). This band is present in the control cells and other patient
samples but its intensity relative to other bands appears quite different in the GO61E
cell strain. Protein disulfide isomerase has a molecular weight of 65kD and is a
candidate for mediating intracellular retention of aberrant procollagens. However,
anti-PDI antibodies did not co-precipitate proct1(IIl) in this cell strain (see below).

To establish whether a specific interaction occurs between mutant type III
procollagen retained in EDS IV cell strains and any ER-resident proteins, antibodies
directed against type III procollagen were used for immunoprecipitations and the
antigen-antibody complexes analyzed by SDS-PAGE. Figure 4.3 shows the results of
immunoprecipitations with antibody PITINP, directed against the pN III peptide of
bovine procollagen that cross-reacts with human. The SDS-PAGE analysis depicted in
figure 4.3(a) shows EDS IV cell strains containing an arginine for glycine substitution
at amino acids 34, 373, 769, and 1021 along the type III procollagen triple helix. The
patient proteins precipitated are the same as those in the control cells with the
exception of a protein of approximately 110-120kD in the cell strain with mutation
G769R. There is also a very faint band migrating at this position in the cell strain
harboring mutation G373R. Figure 4.3(b) features two patient cell lines with a protein
migrating at this spot, G904V and G1021E. The other patient cell lines, G685C and
the two strains with exon-skipping mutations show no evidence of a band in the 110-

120kD range, nor do the control cells. Immunoprecipitations with another anti-type III
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procollagen antibody, SIF 98, also brought down a protein of 110-120kD (figure 4.4).
Using this antibody, the 110-120kD protein was observed in the control cells and all of
the patient cell strains. Judging the abundance of the protein and how it differed
between the various cell lines is difficult because SIF 98 precipitates many proteins in
addition to type III procollagen creating a high background signal.

To investigate whether the 110-120kD protein is an ER-resident and might,
therefore, be implicated in retaining abnormal type III procollagen in EDS IV patients,
Western blots were performed. Permanent residence within the ER requires a COOH-
terminal retention signal, usually composed of the amino acids lysine, aspartic acid,
glutamic acid, leucine (KDEL), or association with a protein that possesses this signal
(Munro and Petham, 1987). A monoclonal antibody specific for the KDEL amino acid
sequence was used to probe lysates of patient cell strains with arginine for glycine
substitutions along the triple helix, G034R, G769R, G1021R. The antibody recognizes
several proteins possessing the KDEL signal migrating at approximately 55, 78, 87, 94,
and 120 kD (figure 4.5). The bands migrating at 55, and 87 kD are uniform while
those migrating at 94, and 120kD vary in intensity. The 120kD protein is the only one
that differs significantly between control and patient cells, it appears to be relatively
uninduced in control cells and much more prevalent in the cells derived from EDS IV

patients.
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Mutant type III procollagen does not associate with PDI

Previously, Chessler and Byers (1992) demonstrated that malfolded type 1
procollagen associates with protein disulfide isomerase (PDI), the B subunit of the
collagen modifying enzyme prolyl-4-hydroxylase, in the cells of OI patients. To
determine whether a similar association occurs between abnormal type III procollagen
and PDI, immunoprecipitations were performed using anti-PDI antibodies. Control
and patient cells were incubated with TranS>*’Label™, lysed, and the radiolabeled
proteins immunoprecipitated, separated by SDS-PAGE and examined by
autoradiography. PDI is easily identified as the protein migrating at 65kD but the
protein that migrates in the position of type III procollagen in lanes 4 and 5 is very
faint (figure 4.1). Two proteins migrate around the position of fibronectin (FN). One
is probably fibronectin and the other may be PDI complexed with other proteins.
Another high molecular weight complex is visible near the very top of the gel and it,
too, may be PDI complexed with other proteins or it could be a large aggregrate that is
not reduced and does not easily enter the gel. The same high molecular weight bands
are visible in lane 5 containing proteins from the EDS IV individual harboring mutation
G1021E, aithough no band appears in the position of type III procollagen (figure 4.6).
Proteins from individuals with mutations GO34R, G373R, G769R, G1021R, GO61E,
G385E, G1021E, and a deletion of exons 34-48 were immunoprecipitated and

examined with similar results (data not shown).
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Calnexin does not associate with type I1I procollagen

To determine whether abnormal type III procollagen associates with the
integral membrane protein chaperone calnexin, lysates from radiolabeled patient and
control cells were immunoprecipitated with antibodies against calnexin. The cell strains
chosen include glutamic acid for glycine substitutions in different regions of the triple
helix (G385E, G1021E), a highly overmodified and retained type I1I procollagen (G
904V). Figure 4.2 shows an autoradiograph of the SDS-PAGE analysis of these
proteins labeled with TranS**Label™. A dense band migrating at approximately 88kD
represents calnexin. A band comigrating with that of type I1I procollagen appears in
the control cells but not in any of the EDS IV-derived patient cells, however, the
background labeling is extensive in this experiment making interpretation of the results
difficult. To clarify the results of these immunoprecipitations, two EDS [V cell lines
were labeled with [*H]proline and the immunoprecipitations repeated. Labeling with
proline should eliminate the high background as it is a rare amino acid in proteins other
than collagens. To ensure that the immunoprecipitation procedure was successful, a
TranS*’Label™ labeled lysate from the control cell line was included. As before, a
band migrating in the position of type III procollagen was seen in the [*°S]-labeled
control cell line. The [*H]proline lysates revealed some background labeling in the
area where the proo1(III) and proa1(I) migrate but no distinct band is apparent. It
appears from these experiments that calnexin and type I1I procollagen, either in its

usual conformation or in a misfolded form, do not associate (figure 4.3) .
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Hsp47

To investigate the role of the collagen-specific chaperone, hsp47, in the
retention of type III procollagen in the cells of EDS IV individuals
immunoprecipitations were performed on patient and control lysates. Following
overnight labeling with
TranS**Label™, lysates were made, immunoprecipitated with antibody against hsp47
and the proteins separated by SDS-PAGE. The autoradiograph shown in figure 4.9
indicates that in the control fibroblasts, hsp47 coprecipitates a protein that migrates as a
wide band in the positions of types I and III procoilagen (lane 3). The patient cell lines
display proteins that migrate in the region of procollagen as does the irrelevant control.
Type III procollagen from the patient with mutation G904V is a broad band migrating
well above the control protein in collagen screening gels (see figure 2.1). A band
reminiscent of this patient’s type III procollagen is seen in lane 7, co-incident with the
205 kD marker, but the Tsp irrelevant antibody also immunoprecipitates a protein
indicated by the faint band in this area as does the A8496 control and the patient with

exons 34-48 deleted.

DISCUSSION
The results presented above are ambiguous. The only conclusion I can draw
confidently is that calnexin does not mediate retention of aberrant type III procollagen

in EDS IV cell lines. Although a coprecipitating protein migrates in the place of type
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I1I procollagen in celis labeled with TranS**Label™, it is not apparent in [*H]proline-
labeled samples. I also performed immunoprecipitations on [*H]proline-labeled cell
lines GT69R and G757C. In this experiment, a very faint band migrating in the position
of calnexin appeared in the EDS IV and control cell lanes but there was no evidence in
any lane of type III procollagen even though the procollagen is much richer in proline
than calnexin (data not shown).

The data relevant to the other ER-residents that were candidates for retaining
malfolded type III procollagen is equivocal. A protein of the approximate molecular
weight of PDI appeared to be induced in cell line harboring the GO61R mutation but [
was unable to confirm this with anti-PDI antibodies. The high molecular weight
complexes seen in patient cells upon immunoprecipitation with anti-PDI antibodies may
contain PDI but it is unclear from these experiments. Two separate problems
contribute to the uncertainty of the experiments and can possibly be corrected. First,
the PDI antibody is different than that used by Chessler and Byers when they
successfully demonstrated an association between PDI and type I procollagen from Ol
patients (Chessler and Byers, 1993). When I do parallel immunoprecipitations with an
antibody obtained from StressGen and compare the co-precipitating proteins to those
brought down by the antibody that was a gift of Dr. Richard Berg used in the OI
experiments, fewer bands are apparent with the former and the procollagen brought
down is vanishingly small (data not shown). It is possible that less stringent conditions

would improve the association between the PDI immunoprecipitated with the
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commercial antibody and other cellular proteins. Another possible solution is to obtain
antibodies from Dr. Berg once again. A second problem is that of background labeling.
A shorter exposure to radioactivity may eliminate the labeling of proteins with a long
half-life resulting in less overall background. The disadvantage to a shorter labeling
period is that type III procollagen may still not be obvious because it is less abundant
than the type I visualized by this technique.

The results of the immunoprecipitations with Hsp47 are also difficult to
interpret due to high background labeling. Again, changing the labeling protocol may
make it possible to unequivocally conclude that the bands apparent in cell strains
G940V and G385E are type III procollagen. Another approach is to perform Western
blots on cell lysates from these patients. Generally, radiolabeling is much more
sensitive as well as easier to quantitate but blotted proteins visualized by
chemiluminescence can also be quantified. Western blotting could aiso be used to
determine the amount of Hsp47 present when lysates are immunoprecipitated with anti-
type III procollagen antibodies. This too has a drawback; cross-reactivity is sometimes
seen between the immunoglobulin chains present in the immunoprecipitating protein
and that detected by the probe antibody.

The 120kd protein co-precipitated with type II procollagen by the PIIINP anti-
type III procollagen antibody is a promising candidate for an interacting protein. It
appears in five patient cell strains in two separate sets of immunoprecipitations. Its

molelcular weight parallels that of a ER-resident protein and it is more abundant in



67

EDS [V-derived cells than the control cell strain. Neither the literature nor the supplier
of the antibody have any suggestions as to this protein’s identity so the next logical step
is to identify it. The unknown protein can be partially purified with affinity
chromatography (using the G904V mutant protein for binding) followed by
electrophoresis and transfer to a polyvinylidene difluoride membrane for partial
sequence determination. Then a human fibroblast libray could be probed to identify the
encoding gene.

Several alternative methods could be used to investigate the interaction
between ER proteins and type III procollagen. First, cross-linking the proteins within
the ER would capture a fleeting interaction or one disrupted by the conditions of
immunoprecipitation. The membrane-permeant thiol-cleavable cross-linker
dithiobis(succinimidyl propionate) has been successfully used for in situ crosslinking of
PDI to immunoglobulins and calnexin to Class [ histocompatibility molecules (Roth and
Pierce, 1987; Degen and Williams, 1991). However, background labeling is also a
drawback to crosslinking as, again, a long labeling period is required to adequately
label type III procollagen and crosslinkers often link many proteins not just those of
interest, conceivably producing even more background.

Another option is the creation of a protein expression system. The human
kidney tumor cell line HT 1080 has been used for the expression of type II procollagen,
another of the fibrillar collagens (Fertala et al., 1994, Ganguly et al., 1994). The

system has advantages over using primary cell lines, any mutation can be introduced so
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that a systematic examination of the effect of different mutations is easily accomodated,
because HT 1080 cells are immortal they do not senesce like primary cells and they
grow rapidly. Overexpression, or at least, higher expression of type III procollagen
might allow it and proteins with which it interacts to be distinguished from background
labeling. It is possible, however, that the procollagen associates with a very small
component of the total population of a given ER-resident protein so increasing the level
of type III procollagen will not improve its perceptibility. It is also possible that
overexpression of procollagen will swamp any protein with which it associates.

Alternatively, protein interactions can be assessed by the genetically-based yeast
two hybrid system. Each hybrid is composed of a protein of interest, a reporter gene,
and either a transcriptional activation or DNA binding domain. When the two hybrids
are expressed in the same cell and the two proteins associate, the activation domain is
brought close to the binding domain resulting in the creation of a functional activator
that is measured by a reporter gene (Fields and Song, 1989). The system has been used
successfully in yeast and other mammalian cells for 2 wide variety of proteins including
extracellular matrix proteins. As the genes for the ER-resident proteins BiP, calnexin,
hsp47 and collagen modifying enzymes prolyl and lysyl hydroxylase have been isolated,
the two hybrid system could be used to investigate the association of these proteins

with mutant type III procollagen.
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MATERIALS AND METHODS
Cell strains and antibodies

Patient and control dermal fibroblasts were established with appropriate consent
and maintained as previously described (Bonadio et al., 1985). The control cell strain,
A8496, was derived from an infant who died of hyaline membrane disease in the
perinatal period. When added, ascorbate was used at a final concentration of 50pg/mi.

To immunoprecipitate type III procollagen two antibodies were used. A rabbit
polyclonal antibody directed against the human amino-terminal propeptide known as
PIIINP was a gift of Dr. Leila Risteli (University of Oulu, Finland). SIF 98, guinea pig
antisera against pepsin-treated bovine type III collagen that cross reacts with human
was a gift of Dr. Betty Nusgens (University of Liege, Belgium).

A mouse monoclonal antibody was used for the detection of PDI on Western
blots and for immunoprecipitation (Affinity Bioreagents, Inc).

A rabbit polyclonal antibody directed against the carboxyl terminus of
canine calnexin and cross reacting with human was used for immunoprecipitations and
Western blotting (StressGen Biotechnologies Corp.).

Monoclonal antibody SPA-470 was used for immunoprecipitation of Hsp47
(StressGen Biotechnologies Corp.).
Metabolic Labeling

Newly confluent 35 mm dishes of cells were pre-incubated in 1ml of Dulbecco-

Vogt Eagle’s medium containing 50pg/ml ascorbate for several hours. The medium
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was then replaced with fresh serum-free medium containing the appropriate label and
incubated overnight. To label collagenous proteins 750 ul of medium containing 100
uCi of [2,3,4,5-*H]proline (101 Ci/mmol; Amersham Corp.) was added. To label other
proteins 700 ul of methionine and cysteine deficient medium containing 100 uCi of
Tran*S-Label™ (ICN Pharmaceuticals), 10% complete media, and ascorbate was
added.

Immunoprecipitations

Immunoprecipitations were performed at 4° C according to the protocol of
Maniatis (Sambrook et al., 1989). Cells were lysed in 1% NP-40 single detergent
buffer containing 10 mM phenylmethylsulfonyl fluoride. Antigen-antibody complexes
were precipitated with protein-G sepharose (Pharmacia LKB Biotechnology, Inc.).
Bovine serum albumin was used instead of gelatin in NET-gel buffer.

Proteins were separated by SDS-PAGE in the presence of 2M urea and
detected either by autoradiography or autoradiofluorography with EN’HANCE
(DuPont-New England Nuclear Research Products).

Western Blotting

Proteins were transferred from either 5% or 7.5% SDS-PAGE gels t0 0.2 p

nitrocellulose (Schleicher and Schuell, Inc.) according to the protocol of Maniatis

(Sambrook et al., 1989). Blots were blocked with 5% (w/v) nonfat milk, probed with
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primary antibody followed by alkaline phosphatase-conjugated secondary antibody.
Protein were detected with chemiluminescence (Tropix, Inc.) according the

manufacturer’s protocol.
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Figure 4.1. There is no increase in the synthesis of known proteins in EDS IV cells.
Dermal fibroblasts from patients and a control were labeled with TranS**Label™ and
incubated overnight in the presence of ascorbate and 10% compiete DMEM. Samples
were analyzed by SDS-PAGE under reducing conditions. Odd numbered lanes contain
cell layer proteins; even numbered lanes are secreted proteins. Lanes | and 2 are control
cells, 3 and 4 are G1021E, 5 and 6 are from a patient with uncharacterized mutation, 7
and 8 are G904V, 9 and 10 are G685C, 11and 12 are skipped exons 34-48, and 13 and
14 are skipped exons 8-11. The positions of molecular mass markers (kD) are shown on
the right.
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Figure 4.2 Increased synthesis of a 66kD protein in a cell strain with a GO61E
mutation. Dermal fibroblasts from patients and a control were labeled with
TranS**Label™ overnight in the presence of ascorbate and 10% complete DMEM. Cell
layer proteins were separated by SDS-PAGE under reducing conditions. Lane 1
contains a control cell line, lanes 2-7 contain cell strains harboring mutations G1021R,
G1021E, G769R, G757C, G373R, GO61E, respectively. The positions of molecular
mass markers (kD) are shown on the right. Compared to the control the EDS IV-
derived cells do not display increased synthesis of any protein with the exception of
GOG61E (lane 7). This cell strain displays an increased amount of a 65-66kD (arrow)
protein relative to its other proteins; this pattern of proteins is different than the control
or any of the other EDS IV cell lines.
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Figure 4.3. SDS-PAGE analysis of immunoprecipitations with anti-type III
procollagen antibody PITINP. Cells from EDS IV patients were labeled with
TranS**Label™ overnight in the presence of ascorbate and 10% complete DMEM. Cells
were lysed in 1% NP-40 single detergent buffer, lysates inmunoprecipitated with anti-
type III procollagen antibody PIIINP and the precipitated proteins analyzed by SDS-
PAGE under reducing conditions. a) [* H]proline labeled media was harvested from the
A8496 control cell line and immunoprecipitated with PIIINP (lane 3) and an anti-type [
collagen antibody (LF9) (lane 1) to easily visualize migration of procollagens; a control
lysate immunoprecipitated with LF9 is also included (lane 2). Controls include
immunoprecipitations of A8496 lysates with PIIINP (lane 4), with an irrelevant antibody
(against thrombospondin) (lane 9) and a lysate incubated with only protein G-sepharose
beads used as a matrix to precipitate antigen-antibody complexes (lane 10). Proteins
from patients with mutations GO34R, G373R, G769R, G1021R are in lanes 5-8,
respectively. The only notable difference in precipitated proteins is seen in lanes 6 and 7
where a band with an approximate molecular weight of 120 kD is seen. The positions of
molecular mass markers (kD) are shown on the right.
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Figure 4.3. b) A 120kD protein (¢« ) is also seen in cells with mutations G904V (lane 7)
and G1021E (lane 8). Lane 3 contains the control cell line. Lanes 4 and S contain cells
with exon skipping mutations that delete exon 8-11 and 34-48, respectively. Lane 6
contains mutation G685C. [ H]proline labeled media harvested from A8496 control cells
and immunoprecipitated with PIIINP (lane 2) or LF9 (lane 1) shows the placement of
procollagens. The irrelevant antibody and protein G-sepharose bead controls are shown
in lanes 9 and 10, respectively. The positions of molecular mass markers (kD) are shown
on the right.
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Figure 4.4. SDS-PAGE analysis of immunoprecipitations with anti-type III
procollagen antibody SIF98. Cells from EDS IV patients were labeled with
TranS**Label™ overnight in the presence of ascorbate and 10% complete DMEM. Cells
were lysed in 1% NP-40 single detergent buffer, lystates immunoprecipitated with anti-
type III procollagen antibody SIF98 and the precipitated proteins analyzed by SDS-
PAGE under reducing conditions. A protein of approximately 120 kD seen in
immunoprecipitations with another anti-type III procollagen antibody is apparent in all
patient lysates as well as the control cells («). This protein is not seen in control cells
immunoprecipitated with anti-thrompospondin (lane 7), protein G-sepharose alone (lane
8) orin [ H]proline labeled media immunoprecipitated with the anti-type III procollagen
antibody SIF98 (lane 2) or anti-type I procollagen antibody LF9 (lane 1). The positions
of molecular mass markers (kD) are shown on the right.
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Figure 4.5. Western blot probed with anti-KDEL antibody. Cell lysates were
separated by SDS-PAGE, transferred to 0.2y nitrocellulose, probed with anti-KDEL
primary antibody followed by an alkaline-phosphatase conjugated secondary antibody
and detected by chemiluminescence. EDS IV patients with mutations G034R, G769R,
G1021R (lanes 2-4, respectively) exhibit increased synthesis of an 120kD protein
compared to A8496 control cells (lane 1). Molecular weight markers are shown on the
left.
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Figure 4.6. SDS-PAGE analysis of inmunoprecipitations with anti-PDI antibodies.
Dermal fibroblasts from a control and EDS IV patients with mutations G904V (lane 4)
and G1021E (lane 5) were labeled overnight with [*° S]methionine and cysteine in the
presence of ascorbate. They were harvested by cell lysis and the resulting samples
immunoprecipitated with anti-PDI antibody and analyzed by SDS-PAGE. Lane 3
contains control fibroblasts, lane 6 an irrelevant antibody, lane 7 a lysate incubated with
protein G- sepharose beads only. Lanes 1 and 2 contain [* H]proline labeled media that
was immunoprecipitated with antibodies against anti-type I procollagen, and anti-type 1
procollagen, respectively. In lane 4 (mutation G904V) there is a band migrating slightly
above the control type III procollagen (lane 2) which is probably overmodified type III
procollagen. There are also higher molecular weight bands that may be PDI complexed
with other proteins. A high molecular weight protein is also seen in lane 5 (mutation)
G1021E. The positions of molecular mass markers (kD) are shown on the right.
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Figure 4.7. SDS-PAGE analysis of anti-calnexin immunoprecipitations. Control
and patient dermal fibroblasts were labeled with TranS**Label™ overnight in the
presence of ascorbate and 10% complete DMEM.  Lysates were made,
immunoprecipitations performed with anti-calnexin antibody, and proteins separated by
SDS-PAGE. Migration of type I and type III procollagen is shown in lanes 1 and 2,
respectively, by control cell medium that was immunoprecipitated with anti-type [ or
anti-type III antibodies. An irrelevant antibody control is shown in lane 8 and control
lysate incubated only with protein G-sepharose beads in lane 9. Calnexin is seen in both
the control and patient cells G385E, G904V, G1021E (lanes 4-6, respectively).
However, co-precipitation of type III procollagen is seen only in the AB496 controt cells.
The positions of molecular mass markers (kD) are shown on the right.
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Figure 4.8. [’ H]proline labeled samples show no evidence of an association
between calnexin and type III procollagen. Patient and control cells were labeled
with [* H]proline or TranS**Label™ (with 10% complete DMEM) overnight in the
presence of ascorbate. Cells were lysed with NP-40 and the resulting lysates
immunoprecipitated with anti-calnexin antibodies. The [** S]-labeled control in lane 3
clearly shows the successful precipitation of calnexin as well as a protein migrating in the
position of type III procollagen. However, this protein is not seen in the [ H]proline-
labeled control (lane 4) or in either the cell line with mutation G757C (lane 5) or an as
yet unidentified mutation from an EDS IV patient with a highly overmodified type III
procollagen (lane 6). Migration of procollagen was corroborated by comparision with
[> H]proline-labeled media that was immunoprecipitated with anti-type I or type III
procollagen antibodies (lanes 1 and 2, respectively). Lane 7 contains control lysate
incubated with protein G-sepharose beads alone. The positions of molecular mass
markers (kD) are shown on the right.




1 2 3 45 67

FN

proa1(lif) } — 205

proa1(l)

proa2(l) 140
— 83

R 45




81

Figure 4.9. SDS-PAGE analysis of anti-hsp47 immunoprecipitations. Dermal
fibroblasts from patients and a control were labeled with TranS**Label™ and 10%
complete DMEM and ascorbate overnight. The cells were lysed, the resulting sample
immunoprecipitated with antibody against hsp47 and the proteins analyzed by SDS-
PAGE. Lane 3 contains a control cell line, lanes 4-7 contain mutations skipped exons
34-48, G385E, G1012E, G904V, respectively. Lane 8 contains an irrelevant antibody
control, lane 9 control lysate incubated with protein G-sepharose beads alone.

[* H]proline-labeled control medium was immunoprecipitated with anti-type I or anti-
type III procollagen antibodies and appear in lanes | and 2, respectively. A diffuse band
in seen in the approximate position of type III procollagen in the control cells. This band
is also present in the cell line with mutation G385E and in the irrelevant antibody control.
There are several other proteins migrating in the region but none are specific to
immunoprecipitation with hsp47 antibodies. The positions of molecular mass markers
(kD) are shown on the right.
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CHAPTER V

DERMAL COLLAGEN FIBRILS OF EDS IV PATIENTS ARE ALTERED
DUE TO COL3A1 MUTATIONS

EXPERIMENTAL QUESTION

The clinical manifestations of Ehlers-Danlos syndrome type IV are
heterogeneous including a variety of skin manifestations. Because type III collagen
associates with type I collagen in dermal fibrils, this chapter focuses on collagen
fibrillogenesis, asking the question: Is fibrillogenesis altered in cells of EDS IV

individuals? Does position of mutation influence fibril characteristics?

INTRODUCTION

Ehlers-Danlos syndrome type IV results from mutation of COL3ALI, the gene
that encodes type III procoilagen. To date, all mutations characterized affect the triple
helical domain of this fibrillar collagen, altering its structural integrity. Mutations
include those that affect splice junctions resulting in exon-skipping or other splicing
anomolies, point mutations that substitute obligate glycines with residues possessing
larger side chains, and genomic insertions and deletions. Derangement of type 111

collagen results in a range of clinical manifestations including thin skin with the
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underlying veins often visible, skin that bruises and scars easily, rupture of large hollow
organs such as bowel, arteries, and pregnant uterus, acrogeria, and a gaunt appearing
face with large eyes.

Tissues and cells from EDS IV-affected individuals have been examined to
understand how perturbations of type III collagen bring about the clinical
manifestations observed in these patients. Examination of collagen fibrils and cell
structures from patients vary. Dilated endoplasmic reticulum containing abnormal type
I procollagen and small fibrils has been reported in some EDS [V individuals (Laurent
and Agache, 1974; Holbrook and Byers, 1981; Byers et al., 1979) while other studies
report patients with small (Hausser and Anton-Lamprecht, 1994) or varied diameter
fibrils (Byers et al., 1979) associated with normal cellular morphology. To determine
whether the observed differences result from the type or location of COL3A 1 mutation,
nine patient skin biopsies and nine cultured fibroblast EDS IV cell lines were examined.
The biopsies showed a pattern of small fibril size associated with mutations in the latter
third of the triple helix, while more amino terminal mutations were identified with fibrils
of varying diameters. Exon-skipping and point mutations displayed the same pattern of
fibril diameter. Enlargement of the RER was most often seen in the carboxyl-terminal
mutations. Cultured fibroblasts from EDS IV patients were examined only for cell

morphology; no clear cut patterns were seen with these samples.
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RESULTS
Fibroblast morphology is changed in EDS IV

The fibroblasts of EDS IV patient biopsies had endoplasmic reticulum that was
dilated to various degrees (figure 5.1). Those with mutation closest to the carboxyl-
terminal end of the triple helix had the greatest dilatation with the distention lessening
moving toward the amino terminus. Both skipped exons and replacement of giycines
produced similar effects on ER architecture as indicated in figure 5.1 which includes
biopsies from patients whose mutations were characterized by other members of the
Byers lab. This pattern corresponds with that seen when collagenous proteins are
examined by SDS-PAGE; patients with mutations that alter sequences near the
carboxyl-terminal end of the molecule have procollagens that are the most
overmodified and retained within the cell to the greatest degree (see chapter II).

Other cells examined did not display the varied ER dilatation of fibroblasts.
Mast cells, macrophages, endothelial cells and smooth muscle cells all had endoplasmic
reticulum comparable to that of control cells. Many patient biopsies displayed a larger
number of lamellae around dermal blood vessels, especially post-capillary venules than
was seen in control cells.

The effect of COL3A1 mutation on cellular architecture was also examined
using cultured fibroblasts. Because fibroblasts were available from all patients, these
cells provided a means to systematically assess the effect of mutation (exon skipping,

point mutation) or substituting residue along the length of the triple helix. Fibroblasts
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from patients with skipped exons 6, 14, 18, and 38 were compared. The cell lines
exhibited small variations in ER distension but in all cases it was not greatly different
from that seen in control cells (data not shown). I also examined a glutamic acid for
glycine substitution at positions 061, 385, and 1021 (patient 94-202). The cell line
harboring the G385E mutation showed moderate ER dilatation but neither the more
amino-terminal GO61E nor the more carboxyl-terminal G102 1E substitutions produced
a phenotype different from control cells (data not shown). Three cell lines with
mutations that interfered with nucleation of the triple helix were also examined. In cell
strains with mutations G1021R and G1021E (a different patient than the
abovementioned individual with a glutamic acid for glycine substition -patient 91-579),
marked distension of the ER was observed while this organeile resembled that of
control cells in cells with mutation G1018V (data not shown).

Collagen fibril diameter reflects the position of the mutation in the triple helix

Collagen fibrils in the reticular dermis of EDS IV individuals were more
heterogeneous in diameter, ranging from 67 + 9to 121 * 18 than fibrils in controls,
which ranged from 82 + 8to 103 + 8nm (table 5.1). Mutations that affected the
last third of the triple helix produced fibrils that were either in the small end of the
normal range or smaller than control fibrils whether the mutation was a substitution of
an obligate glycine or an exon-skipping mutation (figure 5.2). Mutations affecting the
rest of the helix were associated with fibrils varying widely in diameter. Mutation

resulting in the skipping of exons 14, 18, and 24 produced fibrils that were larger than
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control fibrils with a wide standard deviation. The shape of fibrils manifest in cross
section deviated from the normal rounded shape and there was a subtle divergence of
shape in EDS IV collagen fibrils from normal. Fibrils were not examined from the cells
in culture as these cells do not assemble them in abundance and cutting fibrils cleanly in

culture dishes is difficult, limiting meaningful assessment.

Dermal thickness and collagen fiber density is decreased in EDS IV

Dermal thickness in EDS IV skin ranged from 0.66 to 1.54 mm compared to
the thicker skin of controls which had a mean of 1.25 +0.25 mm. In addition, the
number of elastic fibers present relative to collagen fibers was greater in EDS IV skin
than in controls. The EDS IV collagen fibers were less organized and finer than

controls as shown in figure 5.3.

DISCUSSION

EDS IV is a result of different mutations in COL3A1 and is biochemicaily, and
clinically heterogeneous. The structural studies presented here suggest that type and
location of the disease-causing mutation in COL3 A1 influences cellular morphology as
well as the profile of the coilagen fiber and fibril. Mutations near the carboxyl-terminal
end of the triple helix, either single base changes that substitute obligate glycines with
amino acids possessing larger side chains or changes that result in a skipped exon,

produce fibrils that are much smaller than normal. Cellularly, these mutations
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correspond with abnormal retention of type III procollagen and ER distension.
Mutations closer to the amino-terminal end of the triple helix correlate with cells
displaying less evidence of abnormal protein retention and fibrils that vary widely in
size.

Collagen fibrillogenesis and fibril assembly are complex processes governed by
the collagen types involved, procollagen processing, and interactions with cellular and
matrix proteins (Birk and Trelstad, 1986). Fibrils generated in cell-free systems vary in
diameter according to the type of collagen employed; homotypic type I fibrils being
generally thicker than type III (Birk and Trelstad, 1986). When type III collagen was
added to type I collagen in vitro the diameter of the assembled fibril decreased with
increasing concentrations of type III collagen (Lapiere, 1975). The same effect has
been observed using procollagens in a fibril-forming system that included C- and N-
procollagen proteinases; fibril diameter decreased from an average of 180 nm for those
composed solely of type I to 80 nm when the molar ratio of type III procollagen to
type I procollagen was 2:1 (Romanic et al., 1991). Another fibril-forming collagen,
type V, has been shown to decrease fibril diameter when combined with type I collagen
in a cell-free system. Again, heterotypic fibril diameter decreased with increasing
amounts of type V collagen while fibrils assembled solely from type I collagen were the

largest (Birk, et al., 1990).
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Dermal collagen fibril composition and diameter has been examined in vivo by
immunoelectron microscopy. Antibodies against the amino propeptide of type III
procollagen [pNo(III)] and those directed against the amino propeptide of type |
procollagen [pNa(I)] label the 20-30 nm fibrils of fetal skin. Fibrils of 25-45 nmin
adult skin react with the [pNa(I)] antibodies but larger fibrils of 90-100 nm do not.
This suggests that the amino propeptide of type I procollagen must be removed for the
formation of a larger fibril which is consistent with the thin ribbon-like fibrils observed
in dermatosparaxis (Smith et al., 1992) and failure to remove the N-propeptide in vitro
(Holmes et al., 1993). These larger fibrils do react with the anti-type III procollagen
and collagen antibodies. Exclusive surface labeling of fibrils in skin, amnion, aorta,
Achilles tendon, and cornea by anti-type I1I collagen has been seen with antibodies
directed against an epitope within the triple helix even when 8M urea was used to
disrupt the fibril. Antibodies against type I collagen revealed that it was present
throughout the fibril (Holmes et al., 1993). The labeling proportions matched those
predicted biochemically with type I collagen representing 85-90% and type III collagen
10-15% of the fibril (Fleischmajer et al., 1990). The observed immunolabeling
suggests that type III procollagen is added to the outside of a fibril.

It is clear that there is wide variability in the diameter of collagen fibrils in the
EDS [V individuals presented in this study. If the role of pN-III collagen is to
participate in fibrillogenesis by adding girth to the surface of mature fibrils, smaller

fibrils might be the expected outcome when little to no type III procollagen is secreted
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as is the case with the EDS IV individuals with mutations closest to the carboxyl-
terminus. The variability seen in fibril diameter from individuals with mutations more
amino terminal is most pronounced in exon-skipping mutations. These mutations
produce 0-3 abnormal chains. Those trimers with one or two abnormal chains are
generally retained while those composed solely of normal or shortened chains are
secreted. It may be that the shortened molecules interact differently with type I

collagen or any of the other components involved in fibrillogenesis.

MATERIALS AND METHODS

Tissue Samples
Skin biopsies of the upper inner arm were obtained with appropriate consent

from individuals with EDS IV and from unaffected control subjects.
Cell strains and tissue culture

Patient and control dermal fibroblast cultures were established with appropriate
consent and maintained as previously described (Bonadio et al., 1985). For electron
microscopic examination, cells were plated at a density of 250,000 in 35mm dishes and
incubated at 37° C in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and 50 pg/ml ascorbate. The medium was replaced daily with fresh,
serum and ascorbate-containing DMEM for 10 days at which time the cells had formed

a thick monolayer.
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Light and electron microscopy of skin biopsies

Skin biopsies were either fixed at the time of biopsy or frozen in Dulbecco’s
modified Eagle’s medium with 7.5% dimethyl sulfoxide (DMSO)and stored for from
one to several years in liquied nitrogen prior to thawing and fixing. The biopsies were
fixed in 2.5% glutaraidehyde and 2% paraformaldehyde in sodium cacodylate buffer,
post-fixed in osmium tetraoxid, en bloc stained in saturated uranyl acetate, dehydrated
in graded ethanol and propylene oxide, processed into Epon, sectioned, sequentially
stained with phosphotungstic acid, uranyl acetate and lead citrate, and viewed using a
Philips 420 STEM electron microscope at 60KV (Smith et al., 1992). A carbon grating
replica with 2,160 line/mm (Ernest F. Fullam, Inc.) was used to calibrate the
magnification of the electron micrographs. For light microscopy, lpum thick sections
were stained with Richardson’s blue and observed using a Zeiss photomicroscope. For
scanning electron microscopy fixed specimens were critical point dried, mounted using
carbon paste, coated with gold-palladium and viewed using a JEOL JM63 OOF field
emission scanning electron microscope.

Samples that had been frozen and stored in liquid nitrogen prior to fixation
were compared to samples from the same individual that were fixed at the time of
biopsy to control for artifacts due to freezing and thawing. For two individuals with
EDS IV there was no significant difference in fibril diameter when frozen and rapidly

processed samples were compared. Qualitative evaluation by light microscopy and
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scanning electron microscopy also did not suggest fiber disruption related to freezing
and thawing. The handling of some tissue specimens prior to fixation and the fixative
varied because biopsies were received from physicians at a number of institutions.

Skin thickness was measured at standard magnifications using a reticule and
under light microscopy using the lowest level of the stratum corneum and the sub-
dermal fat layer to define the margins.

Electron microscpy of fibroblast cultures

Duplicate dishes of cultured fibroblasts were washed several times in
phosphate-buffered saline and fixed in situ in half-strength Karnovsky's fixative for a
minimum of 24 hours at 4° - 8° C. They were washed in 0.1M sodium cacodylate
buffer and post fixed for one hour at room temperature in 1% aqueous osmium
tetroxide. Cultures were then washed with water and stained en bloc with 0.1% uranyl
acetate. The dishes were dehydrated with a series of graded ethanol from 35-100%
and embedded into epoxy resin using ethanol: epoxy resin ratios of 3:1 for 8 hours, 2:1
for 12 hours, 1:1 for 8 hours, 100% resin for 12 hours and then hardening at 65°C for
12-24 hours. The embedded cells were then removed from the dishes, cut and
mounted for sectioning. En face and transverse sections were collected onto copper
grids and stained sequentially with 1% phosphotungstic acid, saturated uranyl acetate,
and lead citrate. The sections were examined and photographed using a Philips 420

STEM operated at 60kV.
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Image Analysis

Electron micrographs of cross sections of collagen fibrils in the reticular dermis
were taken at 30,000X magnification. Micrographs were digitized using an Epson
1200 scanner and Adobe Photoshop with Scantastics software. The digitized images
were imported into NTH Image version 1.52, modified by threshholding, binarized, and
the particles were analyzed to measure fibril area. Between 400-900 diameters were
measured for each specimen. These data were exported to Excel and the fibril
diameters, calculated as 2V(area/rt), mean fibril diameter and standard deviation (SD)
were calculated and graphs were plotted. The standard error of the mean (SEM) was
<1% indicating that the sample size was adequate and that the error in estimating the

mean diameter was less than the error due to measuring each fibril diameter.
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Table 5.1 Skin Thickness, Fibril Diameter and RER Dilatation in EDS IV

Patient Age Sex COL3Al  Skin(mm)*  Fibril Diameter ~ n°  RER’
(vears) Mutation (mm)

84-153 31 M G373R 1.08 £ 0.08 120 + 12¢ 654 |

82-095 24 F G769R  0.88+0.08 84 11 622 2
83-100 4 F  GIOI2R  0.84 £0.06 78 +13 868 3
78-008 26 F GIOI8V  0.76+0.25 71 £10° 409 3

- 30 F GIOI8V  0.66+0.15 67 £ 09° 695 3
84-174 34 M exonld  0.84+0.10 14 + 14 669 |
93-200 18 F exonl8  0.84+0.06 121 +18° 543 2

- 18 F exonl8  0.87+0.05 119 + 16 540 2
87-253 2 M exon24 0.76+0.11 99 +17 753 |
78-042 24 M  exon34  0.92+0.25 90 +20 540 2

3Skin thickness (mean + SD) was calculated from measurements of five sections. At the 93%
confidence level, none of the EDS IV values is significantly different from the mean control
value of 1.25 + 0.25 mm.

*Number of fibril diameters measured.

‘RER dilation in fibroblasts: 1, normal; 2, slightly increased: 3. extreme dilation.
9Significantly different from controls; p < 0.001.

“Significantly different from controls; p < 0.01

fSigniﬁcantly different from controls; p < 0.0027
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Figure 5.1. Dermal fibroblasts from EDS IV patients have dilated RER. Electron
micrographs of dermal fibroblasts from skin biopsies show the typical size of the
endoplasmic reticulum in controt cells (a) (—). EDS IV cells with mutation G034R have
little dilation (b) while moderately enlarged ER is seen with an exon 18 skipping mutation
(c) (—»), and great dilation with point mutation G1018V (d) (=), skipped exon 45 (e)
(=), and multi-exon deletion 34-38 (f) (=).
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Figure 5.2. Collagen fibrils from EDS IV vary in size and packing. Transmission
electron micrographs of collagen fibrils show that control (a) fibrils are regular in size,
shape and packing while EDS IV patients with mutations near the amino-terminal end of
the triple helix whether a point mutation, G034R (b) or skipped exon, 7, (d) have fibrils of
variable sizes that are larger than controls. Skipping of exon 27 and deletion of exons 34-
48 also result in fibrils of larger and more varied size (e, f). Point mutation G1018V near
the carboxyl-terminal end of the triple helix produces fibrils of smaller than control size

(c).







96

Figure 5.3. Collagen fibers are more loosely organized from EDS IV patients.
Scanning electron microscopy shows that collagen fibers in the reticular dermis are more
loosely organized than control (a) in an EDS [V patient with point mutation G373R (b).







CHAPTER VI

DISCUSSION

This dissertation describes the characterization of novel COL3A1 mutations
resulting in Ehlers-Danlos syndrome type IV, the identification of a subset of carboxyl-
terminal mutations that abrogate nucleation of the triple helix. the effect on fibril
formation of mutation and investigations into the mechanism by which abnormal type
III collagen is retained within patient cells. The mutations show position effects at the
molecular level but the clinical complications of EDS IV do not appear to correlate
with type or location of mutation.

EDS IV-causing mutations

[ have identified 15 novel EDS IV-causing mutations all of which occur in
triple-helical coding region of COL3A1. Eight point mutations substitute glycine
whose small sidechain is required for accurate folding with amino acids having larger
side chains. Single base changes result in glycine substitutions G373R, G7T69R.
G829E, G904V, G1012R, G1015E, G1018V, and G1021E. Six exon skipping
mutations are described at the cDNA level and one skipped exon resulting from a small
genomic deletion. The cDNA-defined exon-skipping mutations remove exons 9. 14,
18, 24, 34, and 38. A 57 base pair genomic deletion where 13 nucleotides are missing
from intron 21 and 44 from exon 22 result in skipping of exon 22 in cell strain 91-336.

The concentration of point mutations toward the carboxyl-terminal end of the triple
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helix and exon skipping mutations in the amino-terminal area reflects my mutation
detection strategy not the distribution of mutations in nature. To date, EDS-IV-
causing mutations have only been found in the triple helical portion of COL3Al,
according to published reports and unpublished findings in our lab. This distribution
may simply be a consequence of the low number of mutations detected; there are
approximately twice as many characterized mutations of the genes encoding type [
collagen and only five reports of mutations outside of the triple helix causing
osteogenesis imperfecta (reviewed in Kuvivaniemi et al.. 1997). The division of
mutations types, exon skipping versus obligate glycine substitutions is quite different in
the two diseases. In OL. reported glycine replacements represent 67% of total
mutations in ot1(I) and 61% in o2(I), while exon-skipping mutations make up less than
20% in a1(I), and approximately 30% in a2(I). EDS [V-causing mutations are almost
equally divided between these two types of mutations (reviewed in Kuvivaniemi et al..
1997, unpublished results from the Byers lab).
Folding defects associated with EDS I'V

Mutations close to the carboxyl-terminal end of the triple helix. GI012R.
G1015E, G1018V, G1018D, G1021R and G1021E, contained cysteines at positions
1028 and 1029 required for disulfide bond at the end of the the triple helix but failed to
form trimers. Experiments following the course of helix formation at 4°C, 20°C, and
37°C demonstrated that a protease-resistant helix does not form at any temperature in

cells harboring a glutamic acid for glycine substitution at residue 1021 but helical
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molecules are evident in cells harboring more amino-terminal glutamic acid
substitutions (G385E and GO61E). These data suggest that mutations near the
carboxyl-terminal end of the helix destabilize a sequence required for nucleation of
triple helical folding and the only molecules produced by these cells are composed
entirely of & chains encoded by the normal allele. Previous studies on the cell strain
with the G1018V mutation indicate that type III collagen melting temperature
corresponds to that of normal cells and a reduction in temperature to 30°C. which often
induces cells to secrete abnormal molecules, did not impel this cell line to do so
(Superti-Furga, et al., 1989). Taken together, these findings support the notion that
only one site can be used for nucleation of the triple helix even though other
microdomains of high sequence stability are present elsewhere in the helix domain.
Collagen fibrils are altered in EDS IV patients

EDS IV-induced folding abnormalities affect collagen at the fibril level as well
as the molecular level. Electron microscopic examination of dermal collagen fibrils
from EDS IV patients characterized by myself (G373R, G769R, G1012R, G1018V and
skipped exons 14, 18, 24, and 34) along with mutations GO16C, GO34R. GO61E.
G102 1E and skipped exons 7, 8, 24 (a second patient), 27, 45, and 34-48 characterized
by others in the lab indicate that both position and type of mutation affect
fibrillogenesis. Both point mutations and exon skipping mutations near the amino-
terminal end of the triple helix are larger overall than control fibrils and exhibit more

heterogeneity. Exon-skipping mutations affecting the second third of the triple helix
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also produce larger fibrils with a larger standard deviation than controls while fibrils
from cells harboring point mutations are slightly smaller although they, too, are diverse
in size. Both classes of mutations produce more uniform fibrils when the mutations are
close to the carboxy!-terminal end of the helix; exon skipping mutations result in fibrils
close in diameter to controls while those point mutations that interfere with helix
initiation generate fibrils that are much smaller than controls. Small fibrils can be
generated in vitro by increasing the amount of type [II collagen relative to type L.
While abnormal type ITI molecules might result in generalized secretion problems. it
seems unlikely that the ratio of type L:type III collagen could be altered enough to
account for my data. In fact, previous studies on the EDS IV individual with the

G 1018V mutation indicate that this patient secretes normal amounts of type [ collagen
(Byers et al., 1981). Another possibility is that type [II collagen adds girth to fibrils
whose interior is composed of type I collagen. Anti-type III collagen antibodies
interact with molecules on the surface of fibrils in skin, and other tissues (Keene et al.,
1987) even when fibrils are disrupted with chaotropic agents while type [ collagen has
been immunolocalized throughout the entire fibril (Holmes et al., 1993).

The heterogeneity of fibrils from patients with exon-skipping mutations is
intriguing. Intutitively, it seems that molecules with 0, 1, 2 or 3 abnormal chains would
interact differently with the components of fibrillogenesis and produce diverse fibrils.
However, in one EDS IV individual with an exon 17-skipping mutation, mutant

homotrimers accumulated in the medium in which the cells were cultured but these
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molecules were not incorporated into the extracellular matrix (Chiodo et al., 1994).
There is another report in the literature of a reduction in the amount of type I
collagen in the patient’s dermis to 11% of normal which is close to the 12.5% that
would be observed if only normal homotrimers were incorporated (Cole et al.. 1990).
These findings suggest that only normal homotrimers associate into fibrils. However. if
the absolute amount of type III collagen available for fibrillogenesis determined
ultimate fibril morphology then these fibrils as well as those from the above mentioned
point mutations would be smailer than normal.

Association of malfolded type III procollagen with ER resident proteins.

Type II procollagen contributes to the ER dilatation seen in the fibroblasts of
some EDS IV patients (Byers, et al., 1981). ['had hoped to determine which, if any.
ER-resident proteins were involved in this intraceilular retention. While there are many
candidate proteins, my investigation was limited to those proteins for which antibodies
were accessible to me. Unfortunately, I was not able to see any associations with the
antibodies I used. I am convinced that calnexin does not play a role in retaining type
III procollagen but [ am not convinced that PDI is not involved. Finding more reliable
antibodies would improve these studies as would changing SDS-PAGE systems to one
capable of delivering sharp bands with more separation than min-gels.

My aim in undertaking the experiments detailed in this dissertation was to
uncover new mutations resulting in EDS IV and make progress at understanding the

disease at the molecular level so that it might be better understood in terms of genotype
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and phenotype correlation. The carboxyl-terminal point mutations I characterized
provide insight into how type III collagen folds. The characterization of other
mutations in this area should lead to a definition of the first folding block in type III
procollagen and whether nucleation is affected equally by local perturbations caused by
replacement of obligate glycines and changes in helix registration caused by exon-
skipping mutations. Additional studies are needed to answer questions as to the
variability in fibril diameter seen in amino-terminal exon-skipping mutations which

might also reflect differences in local perturbations versus registration changes.



END NOTE

Portions of Chapter II in this manuscript were adapted from the paper “Splicing defects
in the COL3A1 gene: marked preference for 5’ (donor) splice-site mutations in
patients with exon-skipping mutations and Ehlers-Danlos syndrome type IV,” published
in the American Journal of Human Genetics 61, 1276-1286 by Ulrike Schwarze, Jayne

A. Goldstein and Peter H. Byers, 1997.

Chapter V of this manuscript was adapted from the paper “Mutations in the COL3Al
gene result in the Ehlers-Danlos syndrome type [V and alterations in the size and
distribution of the major collagen firbrils of the dermis” published in the Journal of
Investigative Dermatology 108(3), 241-247 by Lynne T. Smith, Ulrike Schwarze,

Jayne A. Goldstein, and Peter H. Byers, 1997.

Chapter III along with a portion of Chapter II has been submitted for publication.
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