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Abstract of Dissertation

Characterization of UBIAD1 and Its Role in
Schnyder Corneal Dystrophy

Schnyder corneal dystrophy (SCD) is an inherited, autosomal dominant
eye disease first described in 1924. Mutations in a novel gene, UBIAD1, were
recently found to cause SCD. SCD is characterized by an abnormal deposition
of cholesterol and phospholipids in the cornea, resulting in progressive corneal
opacification and visual loss. We characterized UBIADL1 alterations in ten new
SCD families, including five novel mutations, A97T, D112N, V122E, V122G, and
L188H. A V122E mutation was observed in a first SCD family of Native
American ethnicity. Examination of protein homology revealed that SCD altered
amino acids that were highly conserved across species. Immunohistochemistry
on keratocyte cell lines established after corneal transplant surgery using
antibodies specific for UBIAD1 established a subcellular localization to
mitochondria of N102S mutant and wild-type protein. Cell line extracts of
peripheral blood mononuclear cells immortalized using Epstein-Barr virus were
used to examine levels of total cholesterol, cholesteryl ester, and unesterified

cholesterol. A fluorometric assay showed no significant alteration in cellular
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amounts of these molecules relative to non-SCD cell lysates. Molecular
modeling was used to examine membrane protein structure, binding of potential
ligands, and the effect(s) of SCD mutations. A membrane protein with eight
helices was observed, with five residues altered in SCD predicted to lie near the
primary active site: A97, N102, D112, V122, and L188. Substrate docking
simulations showed active site binding of geranyl- and farnesylpyrophosphates.
Prenyl substrates with longer fatty acid tails were docked and predicted to be
stabilized by hydrogen bonds with SCD mutant residue, N102, and R235.
Though not altered in SCD, R235 appeared to be stabilized by neighboring SCD
mutant residues: N232, N233, and D236. A potential secondary substrate
binding site for aromatic/phenol molecules was identified based upon homology
between UBIAD1 and octaprenyltransferases. Docking simulations predicted
that both prenyl and aromatic molecules could bind to an interior cleft or groove
leading to N102 near the primary active site. Substrate docking simulations with
in silico mutant UBIAD1 revealed that aromatic substrates were no longer
recognized by N102 upon mutation to a serine. Accumulating evidence from the
SCD familial mutation spectrum, protein homology across species, and molecular

modeling suggest protein function is impaired due to SCD mutation.
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Mitochondrial UBIAD1 protein appears to have a highly conserved function that,

in humans, may be involved in cholesterol metabolism in a novel manner.
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A. Introduction to Chapter 1

This chapter presents information on the identification and naming of the
Schnyder corneal dystrophy (SCD) disease, its clinical manifestations, and
current treatment options. Genetic studies are described that include positional
cloning of the SCD gene, UBIAD1, and genetic characterization of an initial group
of families afflicted with SCD. Initial analysis of the protein included identification
of a putative active site containing the SCD mutation hotspot, N102. An analysis
to determine whether a genotype-phenotype correlation exists is presented. This
chapter concludes with a description of the progress made on elucidating the
genetic basis of SCD and the structure and function of the novel protein. The
description covers work performed before August 2008, when work continued in
Dr. Michael Dean’s laboratory, National Cancer Institute at Frederick, as part of
the Molecular Medicine Program, George Washington University, Washington,
D.C., and the Graduate Partnership Program, NIH. The steps planned to further
characterize the role of UBIAD1 protein in SCD are discussed, and details are

presented in chapters 2-5.



B. Initial Description and Naming of the Disease

Schnyder corneal dystrophy [SCD, MIM 121800] was first identified in the
Dutch literature by two physicians, Van Went and Wibaut, in 1924 (Van Went &
Wibaut, 1924). They reported on a three-generation family with whitish-colored
crystals that appeared in the corneas of some family members. A Swiss
ophthalmologist, Walter Schnyder, next published similar accounts of corneal
changes in families in two papers in 1929 and 1939 (Schnyder, 1929; Schnyder,
1939). The disease became known as Schnyder crystalline corneal dystrophy
(SCCD). SCCD was inherited in an autosomal dominant fashion and was
characterized by deposition of what appeared to be white crystals in the cornea.
The crystals were accompanied by a more diffuse, white clouding of the cornea
in some cases (Figure 1.1). Deposits appeared to develop from deposition of
cholesterol and phospholipids (Rodrigues, Kruth, Krachmer & Willis, 1987).
Since the initial description of the disease, more than 100 cases have been
reported (Theendakara et al., 2004).

Recently, as greater numbers of patients have been identified and studied,
it was recognized that the presence or absence of crystals has created confusion
with regard to patient diagnosis. This confusion appeared to be largely due to

the nomenclature of the disease. The disease was originally known as Schnyder
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crystalline corneal dystrophy, based on characterization of the initial families
examined by Drs. Schnyder, Van Went, and Wibaut. Continued study of SCCD
led to recognition that not all patients possessed corneal crystalline deposits. In
fact, many patients displayed a diffuse stromal haze and no crystals. This led to
editing of the disease name to Schnyder corneal dystrophy (SCD), to include
non-crystalline forms of the disease (Weiss, 1996). It was hoped that the name
change more accurately reflected the diversity of disease manifestations, would
highlight non-crystalline forms of SCD, and attract the attention of ophthalmol-
ogists to diagnose additional patients. Elucidation of genetic alterations giving
rise to SCD may assist accurate diagnosis of patients with non-crystalline forms
of SCD. Throughout the remainder of this dissertation, the disease is referred to

as SCD.

C. Clinical and Pathologic Manifestations of SCD

Based upon a review of 115 affected individuals from 34 SCD families,
Weiss reported that SCD was characterized by progressive bilateral corneal
opacification, and disease symptoms were somewhat predictable based upon
age of the patient (Figure 1.2; Weiss, 2007). Corneal crystals, whitish haze, or

both, were observed in all patients. However, the presence of crystalline
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deposits was the key to diagnosis, and where crystals were absent, diagnosis
was delayed into the fourth decade. Application of genetic testing may aid
diagnosis, especially in the cases of non-crystalline forms of SCD.

In a review of patient medical histories, diagnosis of SCD occurred as
early as 17 months of age and affected men and women equally (Weiss, 2007).
SCD was characterized by crystalline deposits in the cornea, a condition
observed in approximately 50% of SCD patients. Onset of disease generally
occurred by age 23 and manifested as central or paracentral corneal
opacification (Figure 1.2). The disease progressed between the ages of 23 and
38, with formation of peripheral arcus lipoides.

After age 38 the presentation of the disease included the prior
manifestations and mid-peripheral corneal haze. There was decreasing visual
acuity and a loss of corneal sensation as corneal opacification increased (Weiss
et al., 2008). Many middle-aged (30-50 years old) patients maintained good
visual acuity despite noticeable accumulation of corneal deposits. However,
beyond 50 years, complaints of glare and loss of visual acuity were prominent.
Light scattering by the corneal lipid deposits has been suspected of causing

disproportionate loss of photopic vision compared to scotopic vision.



An imbalance in local factors affecting cholesterol and/or lipid metabolism
or transport has been proposed to be the result of mutation of the SCD gene.
Deposition of cholesterol in SCD has been shown to preferentially occur in the
axial cornea, which coincided with the region of the cornea with the lowest
temperature, so it has been suggested that a temperature-dependent enzyme
activity may be involved (Crispin, 2002; Burns et al., 1978). Corneal tissue has
been shown to be an active site for uptake and storage of radio-labeled
cholesterol (Burns et al., 1978). Additionally, constituents of high-density
lipoproteins (HDL), such as apolipoproteins (apo) A-l, A-ll, and E, were
accumulated in the central cornea, whereas the components of low-density
lipoprotein (LDL) complexes, such as apo B, were absent. This indicates that
deposition in SCD cornea(s) may be associated with HDL metabolism (Gaynor et
al., 1996).

Two-thirds of affected individuals have been reported to exhibit
hypercholesterolemia (Bron, 1989; Brownstein et al., 1991). However, this
association may be misleading since many physicians report that corneal crystal
formation and progression of corneal opacification are not directly correlated with
serum lipid and cholesterol levels (McCarthy et al., 1994; Lisch et al., 1986). For

example, patients have been identified who clearly present with SCD and have
7



normal and abnormal serum cholesterol, lipoprotein, and lipid levels. Unaffected
members of SCD families displayed a similar range of normal and abnormal
levels of serum lipids and cholesterol (Bron, 1989; Bron et al., 1972).

It has been postulated that the corneal disease may result from a local
metabolic defect of cholesterol, lipid, or lipoprotein processing or transport in the
cornea. Accumulation of phospholipid, unesterified cholesterol, and cholesterol
ester in the corneal stroma may be due to an imbalance in the local factors
affecting lipid/cholesterol transport or metabolism. Studies of SCD may allow the
characterization of unique cellular mechanisms, signaling pathways, proteins,
and genes that contribute to more common conditions, such as atherosclerosis,
cerebrovascular diseases, and coronary and peripheral vascular diseases
(Weiss, 2007). ldentification of the gene for SCD may help clarify whether SCD
is a sign of a more widespread condition, e.g. the gene is widely expressed in
many tissues, or whether SCD is a local condition, e.g. the gene is expressed
only in the cornea.

D. Treatment Options for SCD

Examination of medical histories from 115 affected individuals from 34
SCD families revealed that the opacified cornea was surgically removed in 10 of

13 (77%) patients at least 70 years of age and 20 of 37 (54%) patients over 50
8






Figure 1.1: Example of “classic” SCD

A patient cornea with crystalline deposits in the central cornea and mid-
peripheral haze representing the most frequently diagnosed phenotypic
presentation of the dystrophy is shown (Weiss et al., 2007). Signs of SCD are

much less obvious and require training to identify.
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Figure 1.2: Diagram of age-dependent corneal change s in Schnyder corneal
dystrophy.

See text for details. Adapted from Weiss et al., 2008.
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years of age (Weiss, 2007). Thus, surgery and penetrating keratoplasty (corneal
transplantation) are frequent methods of treatment. In addition, photother-
apeutic keratectomy using the recently developed excimer laser has been
successful at removal of SCD crystals (Paparo et al., 2000; Ciancaglini et al.,
2001; Fagerholm, 2003). These approaches are effective in the short term, but
reports have been published that describe the reappearance of deposits after
penetrating keratoplasty or phototherapeutic keratectomy treatments (Brownstein
et al., 1991, Lisch et al., 1986). Understanding the genetic basis of SCD may

help identify additional or more effective therapeutic approaches.

E. A Genome-wide Scan Identifies a Locus for SCD

Weiss and colleagues identified SCD families with a family structure that
was useful in conducting a genome-wide scan for linkage to the disease (Weiss,
1992; Weiss, 1996). Thirty-three affected individuals from four large SCD family
pedigrees were examined. Of note, all four families were of Swedish/Finnish
ancestry. Two of the families (Figure 1.3) were used to conduct a genome-wide
scan, and analysis of more than 300 microsatellite markers allowed exclusion of

more than 90% of the genome for SCD (Shearman et al., 1996). A locus for the
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Figure 1.3. Pedigrees of SCD families of Swedish-Fi  nnish ancestry used to
establish linkage.

Affected individuals are shown by black squares (male) and circles (female).
Family members included in the linkage analysis are indicated by an asterisk. To
the left of each pedigree the generation number is shown. Adapted from

Shearman et al., 1996.
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Figure 1.4. Multipoint LOD scores for five markers on Chromosome 1 p
associated with SCD.

The relative position on the chromosome of each marker is indicated by the
marker name (i.e. D1S214 at position 0). Horizontal line indicates Zmax-2.
Vertical dotted lines indicate a LOD = 2.0. (Adapted from Shearman et al.,

1996).
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Figure 1.5. Locations of recombination events and haplotypes of 13 SCD
families subjected to fine mapping across the SCD | ocus.

Chromosomal order of markers analyzed is shown to the left. Markers towards
the telomere are on top. Boxes on the left side indicate markers defining the
borders of the minimal disease region. Family identifiers are shown across the
top with affected (A) and unaffected (U) status indicated. Gray shading indicates
familial haplotypes associated with disease. A vertical box indicates the incorrect
disease haplotype of Family 9, which was used to define the lower border of the
disease locus in error (see text for discussion). Adapted from Theendakara et al.

(2004).
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SCD gene was identified on chromosome 1 in the interval between p34.1 and
p36. Microsatellite markers D1S214 and D1S503 delineated a 16-cM region
linked to SCD, with a maximum multipoint LOD-score of 8.48 (Figure 1.4). Both
pedigrees shared a common haplotype containing nine informative markers that
spanned a 35-cM region across the SCD locus.

An additional thirteen SCD families were then analyzed using a higher
density of microsatellite markers. This allowed the candidate interval for the
disease to be further defined between markers D1S1160 and D1S1635, an
approximately 2.3 megabase interval (Figure 1.5, Riebeling et al.,, 2003,
Theendakara et al., 2004). The SCD families analyzed included several that
were of Swedish-Finnish ancestry (Weiss, 1992). These exhibited a common

disease haplotype, which implied a founder effect.

F. A Gene Sequencing Race

The SCD group at Wayne State University, led by Dr. Jayne Weiss,
initiated sequencing of genes within the SCD candidate region (shown in Figure
1.5, J.S.W, unpublished results). Other laboratories were also sequencing the
coding exons of the thirty-one genes in the region (see, for example, Oleynikov et

al., 2007). Dr. Jayne Weiss contacted Michael Nickerson (M.L.N.), Director,
20



Genome Research Division, Transgenomic, Inc. (Gaithersburg, MD) to initiate a
collaboration in the summer of 2006. Initial involvement of M.L.N. consisted of
his review of sequencing already performed by laboratories at Wayne State and
by re-sequencing selected genes in the region of interest.

Candidate genes in the region were examined by PCR and automated
Sanger fluorescent sequencing. Protein coding exons of genes that were
examined by the author and other laboratories included ENO1, CAG6,
LOC127324, SLC2A5, SLC25A33, PIK3CD, CLSTN1, CTNNBIP1, LZIC,
NMNAT, RBP7, UBE4B, K1F1B, PGD, CORT, DFFA, and PEX14. No
pathogenic mutations were reported by any of the research groups involved.
Late in 2006, several groups were working to identify the SCD gene, and the
possibility that adequate genetic analysis of genes in the SCD region had been
performed was considered (M.L.N., unpublished observations). Possible
explanations for the failure to identify the SCD gene included incomplete gene
annotation for the SCD region, SCD mutations lying outside protein coding
regions and splice junctions, locus heterogeneity for the disease, or a mistake in
defining the candidate disease locus.

The situation in late 2006 required a re-examination of the locus, nearby

genes, affected status of key patients, and a close inspection of the
21
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Figure 1.6. Location of mMTOR / FRAP (1) and Angptl7  (2) genes relative to
the published proximal border of the SCD region.

The proximal boundary of the published SCD region is indicated towards the left
side of the figure. Just outside the region linked to disease (~200 kb) are mTOR
/ FRAP (1) and Angptl7 (2), two genes of biological interest. Shown is the region
of interest of chromosome 1p from the UCSC genome browser, March 2006

build.
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recombination events defining the published SCD region. This was undertaken
by the author, and two candidate genes were noted that resided just outside
(~200 kb) the proximal border of the SCD region (Figure 1.6). These were the
mammalian Target of Rapamycin gene (mTOR) and the angiopoietin-like 7 gene

(ANGPTL7). The mTOR signaling pathway has been shown to integrate nutrient
sensing and growth factor responses. The pathway is involved in lipid-mediated

signaling via the phosphoinositide kinases (PIKs) and could be involved in SCD,
a disorder affecting cholesterol and lipid balance in the cornea. ANGPTL7 was a
gene that was specifically expressed in cornea and was a reasonable candidate
for analysis. The author initiated sequencing of these two genes while additional
review of patients was undertaken, particularly members of SCD families 2 and
9, in which recombination events defined the distal and proximal borders,
respectively, of the SCD locus. Even though “only” two genes were involved in
this stage of the analysis, this new effort was not trivial, as mTOR / FRAP alone
contained approximately 54 exons that required examination. Sequencing of
MTOR and the ANGPTL7 by M.L.N. (unpublished results) did not reveal any

sequence alterations in affected individuals.
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G. A Revised Familial Haplotype and New Locus Bound aries

Key pedigrees reported by Theendakara et al. (2004) were reviewed by
M.L.N. and Dr. Jayne Weiss (Wayne State University, Detroit, Ml), including
affected status and genotyping of microsatellite markers and single nucleotide
polymorphisms (SNPs). A review of clinical details associated with each patient
revealed a discrepancy in the affected status reported for one patient. Individual
l1I-5 in Family 9 had been classified as unaffected based upon a self-assessment
and the opinion of her father (Theendakara et al., 2004). However, records from
the ophthalmologic examination listed her as affected. The patient had evidence
of non-crystalline SCD, and disease manifestations were consistent with signs
observed in several other affected members of this family. Affected members of
Family 9 presented with diffuse, confluent clouding of the cornea without obvious
crystalline deposits (Weiss et al., 2007). The phenotype of disease observed in
Family 9 was mild compared to corneal findings in other SCD families. Affected
members of Family 9 were not significantly affected by visual morbidity and often
maintained excellent visual acuity well into old age (>60 years). Thus, the error
in classification was an administrative one in which a discrepancy in data
associated with one patient was not properly reviewed, and subsequent analyses

included an incorrect entry.
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Figure 1.7. Haplotype revision due to misclassifica  tion of an individual
(111:5) in SCD family 9.

The original haplotype published in 2004 is shown (top) with the revised
haplotype (inset). Horizontal lines indicate borders of the prior and newly revised

SCD critical region. Adapted from Theendakara et al., 2004.
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Figure 1.8. Genes in the revised SCD interval.
A screenshot of the UCSC Genes data track in the UCSC genome browser
reveals eight new genes of interest, including several with multiple splice variants

(M.L.N., unpublished observations).
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The centromeric, proximal boundary of the SCD region had been defined
to be D1S1635 by a recombination in patient Ill:4 in Family 9 (Theendakara et
al., 2004). Individual 1lI-5, whose status was mistaken, and patient lll-4 are
sisters. A detailed assessment of genotypes showed that the recombination in
patient Ill:4 was confirmed. However, revised haplotyping of the entire family,
which incorporated the newly recognized affected status of patient III-5, resulted
in dramatic reorganization of the Family 9 haplotype (M.L.N., unpublished
observations). Incorporating these changes with analysis of other SCD families
led to identification of a new region linked to SCD: D1S244 — D1S2667 (Figure
1.7). The revised critical region for SCD was approximately 930 kb and
contained eight new genes, including mTOR and ANGPTL7 (Figure 1.8, M.L.N.,
unpublished observations). Additional new genes included Clorfl27, TARDBP,
MASP2, SRM, EXOSC10, and UBIAD1. No function was known for Clorfl27;
TARDBP was reported to be a transcriptional repressor and regulator of
alternative splicing; MASP2 was described as a mannan-binding lectin serine
protease; SRM as spermine synthase; EXOSC10 as a component of the
exosome involved in nonsense-mediated decay; and UBIAD1 as a member of
the E. coli UbiA domain containing prenyltransferases. Genetic analysis of each

of these genes was initiated by M.L.N.
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H. Identification of Familial SCD Mutations in the UBIAD1 Gene

Seven genes were sequenced by M.L.N., and no pathologic alterations
were observed that could be associated with SCD. Sequence variants that were
observed, such as several variants observed in mTOR / FRAP and ANGPTL7,
were either in the SNP database or were observed in unaffected family
members. Sequencing of the UBIAD1 gene (Figure 1.9) revealed variants in
each of the probands from an initial group of six SCD families; results were
published in 2007 (Table 1, Weiss et al., 2007). These were predicted to alter
single amino acids in the UBIADL1 protein in a nonconservative manner.

The UBIAD1 gene was named after an E. coli enzyme, UbiA. The
gene name is a shortened version of UbiA-containing domain 1. E. coli UbiA
(ubiguinone synthesis pathway protein A) enzyme is related to 4-hydroxy-
benzoate octaprenyltransferases. These enzymes have been shown to be
involved in ubiquinone synthesis and the electron transport chain in bacteria.
Review of available data (by M.L.N.) revealed that the human UBIAD1 gene
locus produced five transcripts encoding a total of five exons (Figure 1.9). Exons
1 and 2 encoded a transcript designated as a Reference Sequence
(NM_013319) where all five mutations were located. UBIAD1 had been

previously identified
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Figure 1.9. Genomic structure of the  UBIAD1 gene.

Data from the UCSC genome browser is shown (March 2006 build) for UBIAD1
at chromosomal location 1p36 (top left arrow). The reference sequence
containing all SCD mutations so far characterized is indicated (top right), as well
as three alternatively spliced exons (right). Transcripts from different tissues
(left) and analysis of sequences with potential promoter and regulatory
significance (left and bottom) are indicated. See individual browser data track

summaries for more information about content. Adapted from Weiss et al., 2007.

33



Family and Individual ID Mutation Codon

T MI-3 GGT=CGT GI177R
Q II-11 AAC=AGC N102§
Y I3 AAC=AGC N102§
U AAC=AGC N102§
BB1 AAC=AGC N102§
BB2 AAC>AGC N102§

Table 1. SCD mutations in affected members of six S~ CD families.
Mutations were only observed in affected members of SCD families (see text).

Adapted from Weiss et al., 2007.
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and published under a different name, TERE1, transitional epithelia response
protein 1 (McGarvey et al., 2001). These authors observed that the gene was
expressed in most human tissues, including cornea. Expressed sequence tags
for UBIAD1 5 and 3’ untranslated regions were identified in cornea, but the
specific identify of the cells expressing the gene within the cornea was not
known. Affected, but not unaffected, individuals from Families Q, Y, U, BB1, and
BB2 had a DNA variant that was predicted to change an asparagine at position
102 to a serine in the protein (N102S). A variant was observed in two affected,
but not in two unaffected, members of Family T that was predicted to change a
glycine at position 177 to an arginine (G177R). Notable among the first group of
families examined was that protein-altering variants were not observed in the five
UBIAD1 exons examined in six SCD families of reported Swedish-Finnish
ethnicity (M.L.N., unpublished observations). The families showed definitive
linkage to the chromosomal region harboring UBIAD1, which potentially indicates
a category of mutation(s) that appear to exist outside the DNA sequence of
exons and splice junctions that are causal for SCD.

Five of six families possessed a DNA change that resulted in an identical
N102S mutation. The reported locations of the families were Europe and the

United States, so a founder effect was possible (Weiss et al., 2007). The
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reported ethnicities of the families appeared to be diverse: Families T, Q, and U
were identified as being from the United States, Family Y was German, and
Families BB1 and BB2 were from England. As these families were potentially all
of European descent, there existed a possibility of a founder effect.

Each mutation cosegregated with the disease in SCD families. In total,
seven unaffected blood relatives and twelve affected members from six families
were examined. Over 100 Caucasian control DNAs from healthy individuals of
European ancestry were analyzed, and neither alteration (N102S or G177R) was
observed. In conclusion, analysis of a first group of SCD families showed that six
families had DNA changes that resulted in an amino acid change, and five

families of Swedish-Finish ancestry did not.

I. Analysis of the UBIAD1 Gene in a Second Cohort of SCD Families

In order to confirm the causal relationship between mutation of UBIAD1
and SCD, additional SCD families were recruited and subjected to genetic
analysis by Nickerson and colleagues (Weiss et al., 2008). The goals of this
study were to define a more complete mutation spectrum and determine the
frequency of mutation of a putative mutation hotspot at the N102 residue.

Fourteen apparently unrelated SCD families of various ethnicities were analyzed
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by sequencing affected and unaffected individuals. An African American family
with SCD was included in this group of families, as SCD had not previously been
described in individuals of this background.

Protein coding sequences, splice junctions, and the 5’ and 3’ untranslated
regions of the UBIAD1 reference sequence (NM_013319) were examined in DNA
from thirty-six individuals from fourteen families. Affected individuals were from
11 to 80 years old. All thirty affected patients and none of the six unaffected
family members possessed novel alterations of the gene (Table 2). Eight
different alterations were observed including several that had been previously
described: N102S (Weiss et al., 2007; Orr et al., 2007); T175I (Orr et al., 2007);
and G177R (Weiss et al.,, 2007). Novel mutations included D118G, L121F,
S171P in exon 1, and G186R and D236E in exon 2. Of note, a novel alteration,
D236E, was observed in the first African American SCD family analyzed. An
independent set of 100 DNAs from healthy individuals of European ethnicities

was analyzed, and none of these DNA sequence changes were observed.
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Table 2: Genetic analysis of UBIAD1 in a second group of SCD families.

Adapted from Weiss et al., 2008.

Family Ethnicity Gene mutation® Protein” Exon Loop" Affected” Unaffected®
BB Czech.' 037 A>G N102S 1 1 1 0
DD Taiwanese 637 A>G N102S 1 1 1 0
K German 637 A>G N102S 1 1 5 0
L American 037 A>G N102S 1 1 1 0
R American 037 A>G N102S 1 1 1 0
BB3 British 693C>T L121F 1 1 2 0
O American 693C>T L121F 1 2 2 0
H American 685 A>G D118G 1 2 1 1
G German-American 888 G = A G186R 2 2 2 3
] Hungarian-American 856 C>T T1751 1 2 8 1
K1 German 8343 T>C S171P 1 2 2 0
X Taiwanese 861 G>A G177R 1 2 1 0
Z Kosovar 861 G>A G177R 1 2 2 1
FF African-American 1040 C=>G D236E 2 3 1 0

#Location of mutation in RefSeq NM_013319.

PPredicted effect of genetic mutation on protein NP_037451.

“Loop, see Figure 4.4B.

daffected, number of affected individuals with DNA sequence information in the
family.

®Unaffected, number of unaffected individuals with DNA sequence information in
the family.

‘Czechoslovakian.
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J. Protein Modeling

In order to gain insight on the structural and functional impact(s) of SCD
mutations on the UBIAD1 protein, physiochemical properties of amino acid
changes were examined in published articles on which M.L.N. was a senior
author (Weiss et al., 2007, 2008). All UBIAD1 changes in SCD families reported
by Weiss et al. and a second group (Orr et al., 2007) were single amino acid
changes with no insertions, deletions, non-sense, or splice site mutations. Most,
but not all, of the SCD alterations reported through 2007 by our group and others
(Orr et al., 2007) were nonconservative amino acid changes. Dramatic
differences in size and shape were observed between wild-type and mutant
residues in seven of eight cases: N102S, D118G, L121F, S171P, T175l, G177R,
and G186R. Amino acid charge was altered in two cases: D118G and G186R,;
and hydrophobicity in five: D118G, S171P, T175l, G177R, and G186R.

The locations of SCD mutations were plotted on a linear model of the
protein (transcript A, Weiss et al., 2007; Figure 1.10A). The most frequently
altered residue appeared to be a mutation hotspot at the N102 codon. Based on
analysis of E. coli UbiA and menA enzymes, a putative prenyldiphosphate-
binding site was identified that contained the N102 hotspot residue (Figure

1.10B, Suvarna et al., 1998). Another site of SCD mutation, D112, was also
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located in the putative active site. Both residues were completely conserved
across species from fruit fly to human. In fact, between human, mouse, chicken,
frog, and puffer fish, the residues in the putative substrate binding site were
identical. Comparing homology of human UBIAD1 to other, similar, transferase
enzymes from humans, and with E. coli enzymes UbiA and menA, UBIAD1 was
an outlier. This appeared to indicate a function that was highly conserved yet

distinct from known human farnesyl- and geranyltransferases.

K. Speculation on UBIAD1 Protein Function

Comparison with other proteins allowed speculation about UBIAD1 protein
function (Figure 1.10B, C). Protein prenylation of vitamin K, ubiquinone, heme A,
dolichol, and cholesterol occurs in the mevalonate pathway, which is mediated by
prenyltransferase enzymes. The menA protein of E. coli encodes a
prenyltransferase active in vitamin K biosynthesis (Suvarna et al.,, 1998). A
function distinct from menA was implied by differences in homology (Figure
1.10C) and by the inability of humans to synthesize vitamin K2 (humans obtain
this vitamin from their diet or from intestinal bacteria). E. coli UbiA participates in
ubiquinone biosynthesis. The coenzyme Q2 reductase (COQ2) enzyme

catalyzes a similar reaction in human cells (Lopez-Martin et al., 2007). A
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different role for UBIAD1 that carried out by COQ2 was likely due to low

sequence homology with COQ2 (Figure 1.10C).

L. Genotype-Phenotype Correlation

Mutation of the UBIAD1 gene with respect to SCD clinical manifestation
was examined to determine if there was a genotype-phenotype correlation.
Corneal photographs were arranged (by Dr. Jayne Weiss, J.S.W.) in a blinded
fashion first by mutation then by phenotype. Some individuals with the same
mutation from different families had very different clinical presentation (Figure
1.11, Weiss et al.,, 2008). Significant phenotypic variation was also observed
within families, i.e. among affected individuals with the same mutation (Figure
1.12). There were dramatic phenotypic differences between affected individuals,
and it appeared that the nature of the UBIAD1 gene mutation does not account
for differences and similarities in SCD presentation between individuals.
Differences in phenotypic variation observed in SCD may result from interaction
between multiple genes, exposure to different environmental insults, or other yet-

to-be-determined factors (see additional details in Weiss et al. 2008).
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Figure 1.10. Analysis of UBIADL1 protein sequence.

A. A linear model showing locations of familial SCD mutations. Mutations
reported by Orr et al., 2007 (blue arrows), Weiss et al., 2007 (black arrows), and
Weiss et al., 2008 (green arrows) are shown. A red arrow identifies the S75F
polymorphism that has been previously reported (Weiss et al., 2007; Orr et al.
2007). A predicted prenyltransferase domain is indicated (solid line, bottom);
grey boxes indicate eight membrane-spanning helices. B. Alignment of
sequences from different species across a putative active site of UBIAD1 based
on the active site of E. coli UbiA enzyme. Locations of N102S and D112G SCD
mutations are shown. C. Prenyltransferases and metabolically similar enzymes
from humans were aligned with E. coli MenA and UbIA to examine evolutionary
relationships. Additional details can be found in Weiss et al. 2008. Adapted from

Weiss et al., 2008.
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Figure 1.11. Genotype-phenotype comparison: part |

Two corneal slit-lamp photographs showing a pattern of central corneal
crystalline deposition with a denser, scalloped border. Individuals with almost
identical corneal presentation of disease have different UBIADL1 alterations. A. A
42-year-old African American female with SCD from Family FF with a D236E
alteration. B. A 70-year-old German male from Family K1 with a S171P

alteration. Adapted from Weiss et al., 2008.
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Figure 1.12. Genotype-phenotype comparison: part Il

Two SCD individuals with the same UBIAD1 mutation (G177R) are shown in slit-
lamp photographs to have different patterns of corneal crystalline deposition. A.
A 38-year-old woman from Taiwan from Family X with central corneal crystalline
deposition around an area of fewer crystals and dense corneal opacification. B.
A 39-year-old male from Kosovo Family Z with less prominent corneal
opacification and central corneal crystalline deposition. Adapted from Weiss et

al., 2008.
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M. Previous Studies of UBIAD1

As previously noted, UBIAD1 had been published under a different name,
TEREL1, transitional epithelia response protein 1 (McGarvey et al., 2001). These
authors observed that the gene was expressed in most human tissues, including
cornea. Expressed sequence tags for UBIAD1 5 and 3’ untranslated regions
were identified in cornea but the specific identify of cells expressing the gene
within the cornea was not known. The protein was shown to interact with APOE
by yeast two-hybrid assay and specifically with the C-terminus of APOE
(McGarvey et al., 2005). The interaction was confirmed by immunoprecipitation.
Significantly, APOE mediates cholesterol removal from cells by reverse

cholesterol transport (Kruth et al., 1994; Zhang et al., 1996).

N. Conclusion

Several conclusions can be described from work on SCD, UBIAD1
genetics, and the UBIAD1 protein up to late summer 2008, when work on this
dissertation began (see Weiss et al.,, 2007, 2008). The UBIAD1 gene was of
immediate interest to us upon inclusion of the gene locus in the region linked to
SCD. Sequencing of the gene in SCD families has identified genetic mutations in

UBIADL1 in twenty unrelated families, with ten having an N102S mutation. The
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results suggest that N102S may be a mutation hot spot due to a high frequency
of independent mutational events that appear to have occurred in unrelated
affected families. There did not appear to be a significant genotype-phenotype
correlation. No mutations in UBIAD1 were observed in Swedish-Finnish families
in the two exons and splice junctions of the reference sequence, or in the
additional three exons and splice junctions that comprise two alternately spliced
transcripts originating in the locus.

The gene is predicted to encode a protein with a prenyltransferase domain
and eight transmembrane helices. Identification of a putative ligand binding site
in UBIAD1 based on comparison with polyprenyldiphosphate binding sites in E.
coli UbiA and menA showed high sequence homology of this putative ligand
binding sequence between fish and humans. This suggests a conservation of
function for this region of the protein. Located within the putative ligand binding
site were two SCD mutations, N102S and D112G, including the most frequent
SCD mutation observed to date (N102S). The SCD mutations in parts of the
protein outside the putative ligand binding domain were of interest, as these may
indicate portions of the protein involved in orienting ligands for processing in the
putative binding site or in binding other proteins to which a prenyl-containing

molecule could be attached.
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Future experiments are planned that should further elucidate the function
and structure of SCD gene and protein. Recruitment of SCD families will be
continued as long as novel genetic alterations continue to be identified.
Determining the subcellular localization of the wild-type and mutant proteins
should help clarify the potential site of interaction with binding partners. Two-
and three-dimensional (3D) modeling of the protein may provide insight on how
SCD mutations affect protein structure-function.

The sections of this dissertation that follow are devoted to research
performed in the laboratory of Dr. Michael Dean, National Cancer Institute at

Frederick (Frederick, MD) between August 2008 and April 2010.
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Chapter 2

Materials and Methods

Outline

A. Patients and Samples

B. DNA Extraction and Sequencing

C. Homology and Phylogeny

D. Localization of Human UBIAD1

E. Cholesterol Measurements

F. Protein Models

F.1. Putative two-dimensional (2D) protein structure in the membrane

F.2. Three-dimensional (3D) modeling

F.3. Substrate docking simulations
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A. Patients and Samples

New patients were recruited as previously described under Institutional
Review Board (IRB) approval of University of Massachusetts Medical Center and
Wayne State University School of Medicine (Weiss et al., 2007, 2008; Nickerson
et al., 2010). IRB approval was also obtained from the NIH Office of Human
Subjects Research. Establishment of cell lines and analysis of patient samples
described in this study are covered by the IRB approved protocol. All adults and
parents of minors who participated in the study provided written informed consent
under the research tenets of the Declaration of Helsinki. Affected probands were
recruited from other physicians and also were self-recruited by internet contact
with J.S.W. Family history, ophthalmologic examination, and blood samples
were obtained by J.S.W. and M.L.N. on all affected patients. When possible,
other family members were recruited to confirm the inherited nature of the SCD
mutations.

Ophthalmologic examination conducted by J.S.W. included assessment of
visual acuity and slit lamp examination of the cornea detailing location and
characteristics of the corneal opacity. Notation was made as to the presence of

central corneal opacity, mid-peripheral haze, arcus lipoides, and corneal
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crystalline deposition. Slit lamp photographs were obtained whenever possible to

document the diagnosis.

B. DNA Extraction and Sequencing

DNA was extracted using standard methods and either Puregene (Gentra/
Qiagen, Valencia, CA) or other Qiagen reagents (All Prep DNA/RNA Kit).
Genetic analysis of patient DNA was performed as previously described (Orr et
al., 2007; Weiss et al., 2007), except that FastStart PCR reagents (Roche, South
San Francisco, CA) and ABI (Foster City, CA) thermal cyclers were used.
Sanger sequencing was performed using Big Dye reagents (ABI) and subjected
to chromatography using a 3730 Genetic Analyzer (ABI). Sequence
chromatograms were analyzed using Sequencher, v4.8 (GeneCodes, Ann Arbor,
MI). More than 100 control DNAs from healthy donors were examined by
double-stranded sequencing for each DNA sequence change to ensure that
nucleotide alterations were novel, associated with SCD, and unlikely to be rare
polymorphisms. Healthy DNA samples were obtained from the Dean Lab

database (MD) and the Coriell Institute for Medical Research (Camden, NJ).
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C. Homology and Phylogeny

The following UBIAD1 sequences from nineteen indicated species were
identified using the Ensembl database: NP_037451.1 [Homo sapiens, human];
XP_001137312.1 Predicted [Pan troglodytes, chimp]; XP_544571.1 Predicted
[Canis familiaris, canine]; XP_585287.3 Predicted [Bos taurus, cattle];
XP_001492378.1 Predicted [Equus caballus, horse]; NP_082149.1 [Mus
musculus, mouse]; XP_233672.1 Predicted [Rattus norvegicus, rat];
NP_001026050.1 [Gallus gallus, chicken]; XP_686705.2 Predicted [Danio rerio,
zebrafish]; ENSORLT00000000192 Predicted [Oryzias latipes, medaka/killifish];
NP_523581.1 [Drosophila melanogaster, fruitfly]; XP_001639930.1 Predicted
[Nematostella vectensis, sea anemone]; XP_001175897.1 Predicted
[Strongylocentrotus purpuratus, sea urchin]; ENSCPOG00000011678 Predicted
[Cavia porcellus, Guinea pig]; ENSFCAG00000000057 Predicted [Felis catus,
cat]; ENSLAFG00000015673 Predicted [Loxodonta Africana, African elephant];
ENSPCAG00000003043 Predicted [Procavia capensis, hyrax];
ENSMODGO00000011080 Predicted [Monodelphis domestica, opposum];
ENSTTRGO00000001324 Predicted [Tursiops truncates, bottlenose dolphin]; and
ENSPVAG00000014788 Predicted [Pteropus vampyrus, megabat/flying fox].

Alignments were performed using Clustal 2.0.11 (Larkin et al, 2007). A global
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alignment performed on all proteins was followed by local optimization of
overlapping, sequential regions of protein in approximately fifty amino acid

increments (Nickerson et al., 2010).

D. Localization of Human UBIAD1

Antibodies that specifically recognized UBIAD1 were previously published
(McGarvey et al., 2005) and were obtained upon request from the laboratory of
Bruce Malkowicz (University of Pennsylvania). Normal human keratocytes were
purchased from ScienCell Research Lab (Carlsbad, CA). SCD and normal
human keratocytes were cultured at 37°C in Fibroblast Medium (catalog no.
2301) also obtained from ScienCell Research Lab. For immunofluorescence-
labeling experiments, the keratocytes were rinsed three times with Dulbecco's
phosphate-buffered saline (DPBS) before being fixed with 2% formaldehyde for
10 minutes at room temperature. Cells were then blocked with 10% FBS in
DPBS for 30 minutes, and then treated for 15 minutes with avidin/biotin blocker
(Vector Laboratories, Burlingame, CA), with a DPBS rinse between each step of
the procedure, as described by the manufacturer. Chicken anti-UBIAD1 was
diluted to 5 pg/ml in FBS blocking solution containing 0.2% Triton X-100, and

incubated with keratocytes for one hour at room temperature. After three five-
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minute rinses with DPBS, biotinylated goat anti-chicken immunoglobulin Y (lgY;
catalog no. 103-065-155 from Jackson Immunoresearch, West Grove, PA)
diluted to 5 pg/ml in FBS blocking solution was incubated with keratocytes for
one hour. This primary labeling of UBIAD1 protein was then visualized by
incubating keratocytes with 5 pg/ml Alexa 594 (red) streptavidin diluted in DPBS
(catalog no. S32356, Molecular Probes, Eugene, Oregon).

To determine the subcellular localization of UBIAD1, keratocytes were
further incubated for one hour with either 5 pg/ml mouse 1gG2b monoclonal anti-
protein disulfide isomerase (catalog no. S34253, Molecular Probes); an
endoplasmic reticulum marker; or 5 pg/ml mouse IgG1 monoclonal anti-OXPHOS
Complex | subunit, NADH dehydrogenase (catalog no. A31857, Molecular
Probes), a mitochondrial marker. This was followed by incubation with 5 pg/ml
Alexa fluor 488 (green) anti-mouse IgG (immunoglobulin G, catalog no. A11029,
Molecular Probes) for one hour to label the subcellular markers. All antibodies

were diluted in FBS blocking solution.

E. Cholesterol Measurements

As described in Nickerson et al. (2010), lymphocytes were isolated from

patient blood samples using lymphocyte separation medium and were
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immortalized using Epstein-Barr virus. Standard culture conditions utilized RPMI
1640 media (Invitrogen), 15% FBS (Hyclone, Waltham, MA), and 2x L-glutamine
(Invitrogen). Six-well plates were used to grow approximately 1 million cells per
well, which were rinsed three times each with Dulbecco's phosphate-buffered
saline (DPBS) plus Mg?*, Ca**, and 0.2% bovine serum albumin (BSA), and then
DPBS plus Mg®* and Ca®". Cells were harvested from wells by scraping into 1 ml
of distilled water, and then processed as described previously (Kruth et al., 1995).
Lipids were extracted from an aliquot of cell suspension using the Folch method
(Folch et al., 1957). The cholesterol content of cells was determined according to
the fluorometric method of Gamble etal. (1978). Protein content was determined
on another aliquot of cell suspension by the method of Lowry et al. using BSA as

a standard (Lowry et al., 1951).

E. Protein Models

F.1. Putative two-dimensional (2D) protein structure in the membrane

Membrane-spanning (transmembrane) regions of UBIAD1 were identified
by integrating the predictions of several programs: MEMSAT 3 (Jones et al.,
1994); TMHMM + ALOM / PSort (Nakai and Horton, 1999); TMPred (Hofmann

and Stoffel, 1993); and SOSUI (Hirokawa et al., 1998). Pongo (Amico et al.,
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2006) was also used to finalize a consensus structure. The consensus structure
was visualized and annotated using TOPO2 (Johns, S.J., TOPO2, Trans-

membrane protein display software [www.sacs.ucsf.edu/TOPO2/)).

F.2. Three-dimensional (3D) modeling

UBIAD1 transmembrane helices and topology were analyzed using the
HMMTOP program and server (Tusnady & Simon, 1998, 2001). The
Brookhaven Protein Data Bank (PDB) and PHYRE (Protein Homology / analogY
Recognition Engine) were searched for proteins homologous to UBIAD1 using
BLASTp (basic local alignment search engine for protein; Gisch & States, 1993;
Tusnady & Simon, 1998). Homology between UBIAD1 and other
prenyltransferases was examined using Molecular Operating Environment (MOE;
Chemical Computing Group Inc., Montreal, Canada). Transmembrane helices
were manually examined using available X-ray structures of prenyl-converting
enzymes as templates, such as prenyl synthases (cyclases), protein
prenyltransferases, and the recently developed model of the all-alpha-helical E.
coli UbIA prenyltransferase (Brauer et al.,, 2004, 2008). Alignment was
performed as previously described (Brauer et al., 2008). The positional

placement of geranylpyrophosphate and a single magnesium cation were
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extracted from the E. coli UbiA model. The model obtained from MOE was
refined using the molecular dynamics refinement tool YASARA, and
stereochemical quality was analyzed with PROCHECK (Laskowski et al., 1996).
All parameters evaluated were better (overall G-factor) than required for an
analogous X-ray of better than 2 A resolution. Inspection of the fold quality was

done with ERRAT (Colovos & Yeates, 1993).

F.3. Substrate docking simulations

Substrate suitability was approached by examining homologous proteins
in the Uniprot Knowledgebase Release 15.2 database. Substrate binding and
dynamics (4-hydroxybenzoic acid and 1, 4-naphthalin-diol) were evaluated using
automated docking and molecular dynamics simulations (Genetic Optimization

for Ligand Docking [GOLD], Jones et al., 1997).
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Chapter 3

Results Part I: Genetic Results from New SCD Famili es

Outline

A. Demographics of Ten New SCD Families

B. Novel UBIAD1 Gene Alterations
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A. Demographics of Ten New SCD Families

Ten affected probands with SCD from ten different families were recruited
(Nickerson et al., 2010). This represented the third set of SCD families
examined by M.L.N.: Set 1 detected alteration of UBIAD1 in six families and no
alterations in five families of Swedish-Finish ethnicity (Weiss et al., 2007); Set 2
consisted of fourteen families, and UBIAD1 alterations were observed in all
families (Weiss et al., 2008).

Six newly recruited families resided in the United States: Families AA, GG,
II, KK, LL, and MM. Four newly recruited families resided outside the United
States: Family CC from Japan; EE from Taiwan; N from Germany; and F1 from
Finland. Identification and clinical features of Family N were previously
described (Riebeling et al., 2003). Five unrelated individuals representing
families EE, GG, II, KK, and LL with manifestations of SCD, but with no family
history of SCD were tested for germline mutations. A family history of SCD was
identified in the remaining five families, and in three of these families (AA, F1, N)
more than one affected individual participated in our study. Affected patients

demonstrated findings of SCD, including superficial corneal crystals (Figure 3.1A,

top).
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This study (Nickerson et al., 2010) included a first report of SCD in a
family of Native American ancestry. The 69-year-old proband demonstrated
diffuse cornea haze with scattered superficial crystals and peripheral arcus
lipoides (Figure 3.1B). Probands from other families had similar corneal findings

(Figure 3.1C and 3.1D).

B. Novel UBIAD1 Gene Alterations

Compiled results from genetic analysis of the UBIAD1 gene in SCD
families are shown with ethnicities in Table 3 (Weiss et al., 2007, 2008; Orr et al.,
2007; Yellore et al., 2007). Figure 3.1A-D (bottom) shows proband sequencing
in UBIAD1 for Families GG, AA, KK, and LL. Five families exhibited novel
mutations, A97T (Family GG); D112N (LL); V122E (AA); V122G (F1); and L188H
(EE). Five newly analyzed families possessed a N102S mutation: families CC, II,
KK, MM, and N. Alteration of the N102 residue is likely to be due to distinct
mutational events since families with this change do not appear to be related, or
share a common ethnicity or geographic origin. Examination of the haplotypes
generated in linkage studies did not indicate a founder effect in families with this
alteration. More than 220 chromosomes from unrelated CEPH (Human

Polymorphism Study Center) individuals were sequenced and examined at the
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Figure 3.1. Corneas and UBIAD1 sequencing of SCD probands.

Corneal photos (top) and patient sequence chromatograms (bottom) are shown
above a wild-type sequence. A. Proband from family GG with a novel A97T
mutation.  External photograph of the cornea demonstrating central and
paracentral crystalline deposition in a 36-year-old male. B. Proband from family
AA with a novel V122E mutation. The cornea shows central and paracentral
crystalline deposits, diffuse corneal haze, and arcus lipoides in a 69-year-old
male (top). C. Proband from family KK with a N102S mutation. The cornea
shows central crystalline deposit, mid-peripheral haze, and arcus lipoides in a 61-
year-old male. D. Proband from family LL with a novel D112N mutation. The

cornea shows paracentral crystalline deposition in a 25-year-old male.
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Descending order 5' to 3' nucleotide number in the Reference Sequence.
Alternating shading by sequential mutated amino acid.

Ethnicity is given if known; otherwise location of proband is listed.

Location of mutation in RefSeq NM_013319.2.

Predicted effect of genetic mutation on protein NP_037451.

Loop, see Figure 4.4B.

CA, Canadian Native American.

Nucleotides re-numbered based upon updated RefSeq NM_013319.2.
Clinical description of family N originally described in Riebeling et al., 2003.

Table 3. Summary of mutations in SCD Families. 2

Adapted from Nickerson et al., 2010.
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site of each novel DNA sequence alteration. No alterations were found in these
healthy individuals confirming that the DNA sequence changes observed were
likely associated with SCD and were not rare polymorphisms.

A phenotype-genotype discrepancy was noted in Family F1, in which a
patient was diagnosed as affected by corneal exam but did not possess a V122G
familial mutation. This may have been due to difficulties of making the diagnosis
of SCD in some patients and/or families, as was the case for individual patients
in Family 9 (details above and in references: Weiss et al., 2007; Nickerson et al.,
2010). The family and mutation were included in this study, as evidence strongly
suggests this is a valid SCD alteration. The same residue was mutated (V122E)
in the Family AA proband but not his unaffected sister. Examination of DNA from
more than 110 healthy individuals failed to indicate the presence of rare

polymorphism(s) at this codon.
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Chapter 4:

Results Part Il: Protein Characterization and Chole  sterol Analysis

Outline

A. Highly Conserved UBIAD1 Residues Are Mutated in SCD

B. Localization of UBIAD1 to Mitochondria in Kerato cytes

C. Protein Models

C.1. Models of linear protein and putative structure in a lipid bilayer

C.2. Protein threading model of UBIAD1

C.3. Substrate docking simulations

D. Cholesterol Measurements
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A. Highly Conserved UBIAD1 Residues Are Mutated in SCD

The entire protein sequence was examined across species, with a focus
on residues mutated in SCD because mutation of conserved residues could
suggest interruption of an ancient function. A previous analysis examined
homology across 23 amino acids of a putative prenyltransferase active site
(Weiss et al., 2008). UBIAD1 protein homologs were identified in nineteen
species, and protein sequences were aligned using ClustalX (Larkin et al., 2007)
(Figure 4.1) Homology was high among mammals based upon pairwise
alignment scores. Compared to human, chimp was 99.7% similar, mouse 92%,
rat 92%, cattle 91%, and dog 89%. The protein was also conserved in non-
mammalian vertebrates. Compared to human, similarity to chicken was 81.7%,
zebrafish 78.9%, and fruit fly 59.6%. Locations of seventeen amino acids
mutated in SCD are indicated (Figure 4.1A, 4.1B). Fifteen out of seventeen
(88%) were universally conserved in all nineteen organisms examined from sea
urchins to humans, including A97, D112, V122, L188. Groups of SCD mutations
were clustered in regions of protein exhibiting the highest degree of conservation
between species. These were separated by regions of protein that are less
conserved. Based upon the alignment, a phylogenic tree was created (Figure

4.1C). The tree is consistent with the high conservation of the protein in
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Figure 4.1. Highly conserved UBIAD1 residues are m  utated in SCD.

A. Locations of 17 amino acids mutated in SCD patients are indicated by arrows.
Taller bars in the graph below the alignment indicate greater conservation. B.
Regions of alignment encompassing human SCD mutations A97, D112, V122,
L188 are shown. The position of the human protein in the alignment is indicated
on the left (box). C. Evolutionary relationships based upon UBIAD1 homology.

Additional details can be found in Nickerson et al., 2010.
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mammalian species and lesser but substantial conservation in other vertebrates.

B. Localization of UBIAD1 to Mitochondria in Kerato cytes

To examine whether SCD mutations altered UBIAD1 protein trafficking,
the subcellular localization of wild-type and mutant human UBIAD1 was
examined (Figure 4.2). Localization within cultured normal human keratocytes of
UBIADL1 and protein disulfide isomerase, an enzyme marker for the endoplasmic
reticulum, is shown (Figure 4.2A—C). Co-localization of UBIAD1 and a subunit of
the oxidative phosphorylation (OXPHOS) complex | (NADH dehydrogenase), an
enzyme in mitochondria, is shown in Figure 4.2D—F. UBIAD1 did not co-localize
with the endoplasmic reticulum (Figure 4.2C), but did co-localize with
mitochondria (orange in Figure 4.2F). Figure 4.3 presents localization of UBIAD1
in SCD and normal keratocytes. Co-localization of SCD mutant UBIAD1 protein
and OXPHOS complex | mitochondrial marker in disease keratocytes (Figure

4.3A—C) and normal human keratocytes (Figure 4.3D-F) is shown.

C. Protein Models

C.1. Models of linear protein and putative structure in a lipid bilayer
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Figure 4.2: Cellular localization of wild-type human UBIAD1

Co-localization within cultured normal human keratocytes of UBIAD1 protein and
protein disulfide isomerase, an enzyme in endoplasmic reticulum, is shown in
panels A—C. Co-localization of UBIAD1 and OXPHOS complex I, an enzyme in
mitochondria, is shown in D—F. UBIAD1 labeling is red (B and E). Protein
disulfide isomerase and OXPHOS | are green (A and D). UBIAD1 did not co-
localize with the endoplasmic reticulum (C), but did co-localize with mitochondria
(co-localizing red and green show as orange in F). Bar is 50 um and applies to

all.
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Figure 4.3. Localization of SCD mutant UBIAD1

Co-localization of UBIAD1 and OXPHOS complex | mitochondrial marker in
keratocytes derived from the Family KK proband (N102S mutation, panels A-C)
and a healthy donor (D—F). UBIAD1 (red, A and D) and a mitochondrial marker
(green, B and E) show co-localization (orange) in both normal (F) and SCD

disease keratocytes (C). Baris 25 pm and applies to all.
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An updated linear diagram (see also Figure 1.10) and 2D model of UBIADL1 in a
lipid membrane (Figures 4.4A and 4.4B) demonstrate the number and location of
newly reported and previously published familial SCD mutations (details available
in Table 3; Orr et al.,, 2007; Weiss et al.,, 2007, 2008; Yellore et al., 2007;
Kobayashi et al., 2009; Nickerson et al., 2010). All SCD mutations were
observed to lie within residues of the prenyltransferase domain (horizontal line
along bottom of Figure 4.4A). Family GG possessed the most N-terminal SCD
alteration yet described, A97T. N102, the site of seventeen familial mutations
(41%, Table 3), is located at the predicted first transmembrane-spanning region.

Figure 4.4B shows predicted arrangement of UBIAD1 amino acids in a
lipid bilayer. This 2D model showed that residues altered in SCD lie in portions
of the protein close to one side of the membrane (top of Figure 4.4B). The
mutations appear to occur in three clusters composed of aqueous “loops” of
protein and proximal hydrophobic regions. These clusters are circled in Figure
4.4B and labeled as Loops 1-3. No mutations were observed in portions of the
protein predicted to face the other side of the membrane or in a potential Loop 4
(not labeled).

A putative active site identified using E. coli UbiA and menA was located

in Loop 1 (Weiss et al., 2008). The N102 residue that was predicted to be part of
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Figure 4.4. Familial SCD alterations in UBIAD1

A. A linear diagram of the UBIAD1 protein with independent familial mutations
(arrows). Novel familial mutations presented in this study are indicated by green
arrows. Previously published SCD mutations are indicated (black arrows).
Predicted transmembrane (grey boxes) and prenyltransferase domains
(horizontal line, bottom) are indicated. A previously described S75F SNP is
indicated (red arrow). Adapted from Weiss et al., 2007. B. Locations of SCD
mutations in a proposed 2D model of UBIADL1 in a lipid bilayer. Solid black: SCD
mutations; orange: amino acids outside the prenyltransferase domain; blue:
acidic residues; red: basic residues; HRM: heme regulatory motif (box); CxxC:
oxidoreductase motif (CAAC, small circle); green: S75F polymorphism. Adapted

from Weiss et al., 2008 and Nickerson et al., 2010.
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this putative active site was observed to lie precisely where the first
transmembrane helix was predicted to emerge from the membrane. Loop 1 of
the protein was affected by 28/41 (68%) of familial SCD mutations (Table 3).

Loop 2 was altered by 10/41 (24%), and Loop 3 by 3/41 (7%).

C.2. Protein-threading model of UBIAD1

To examine UBIAD1 structure-function relationships and assess the
potential impact of SCD mutations, 3D modeling was performed using protein
threading.  Available X-ray structures of prenyl-converting enzymes were
examined, including a recently developed model of the all-alpha-helical E. coli
UbiA (Brauer et al., 2004, 2008; Wessjohann and Sontag, 1996; Wessjohann et
al., 2009; Brandt et al., 2009). Modeling using MOE indicated UbiA, but not other
proteins, possessed an arrangement of alpha helical structural elements that
could be superimposed on UBIAD1 (Figure 4.5A). The positional placement of
geranylpyrophosphate and a single magnesium cation were extracted from the E.
coli UbiA model and fitted into the model of UBIAD1. A second magnesium
cation was manually added to the model due to an additional aspartate residue

close to the putative binding site of the pyrophosphate moiety in UBIAD1.
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PROCHECK assessment of stereochemical quality of the model obtained
from MOE and refined using YASARA indicated that 87% of all amino acid
residues were located in the most favored area, and only three residues were in
disallowed (uncertain) loop regions. All parameters evaluated were better
(overall G-factor) than similar values for an analogous X-ray crystal structure at a
2 A resolution. Inspection of the fold quality revealed a quality indication of 94%,
with low-quality scores in only five small regions. More than 30 models were
generated and evaluated to obtain the model shown in Figure 4.5B and 4.5C.
Transmembrane helices created an approximate circular pattern to form a
substrate-binding cleft on one side of the membrane. The N102 residue
occupied the position where the first TM helix exited the membrane and its
sidechain pointed inwards toward the center of a putative prenyldiphosphate-
binding pocket (Figure 4.5C). A docked farnesyldiphosphate is shown with
magnesium cations in the active site. The prenyl substrate appeared to
approach the active site containing N102 from the central cavity.

Amino acids mutated in SCD were found in the vicinity of the active site,
including A97, N102, D112, V122, and L188. Figure 4.6 shows locations of
individual residues mutated in SCD. Clusters of SCD mutations in Loops 1-3

(see Figure 4.4B) are highlighted in Figure 4.7A and B, side and top views of the
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Figure 4.5. 3D modeling of human UBIAD1

A. Alignment of E. coli UbiA and human UBIAD1 with predicted transmembrane
helices (pred, bold italics); H = helix; | = inside; o = outside. Organic
diphosphate-binding residues are underlined. B. Rainbow representation (side
view) of a putative 3D structure of UBIAD1 in a membrane. Approximate location
of the lipid bilayer is indicated (horizontal lines). Inside and outside are arbitrary
labels of membrane sidedness. Magnesium cations (green spheres) in the active
site with a docked farnesyl-diphosphate (red stick representation) are shown.
The sidechain of N102 is shown as space-filled atoms. C. Top view as described
in Fig. 4.5B. Magenta atoms show potential binding of a putative substrate. D.
Hypothetical docking of farnesyldiphosphate and a 1,4-dihydroxy aryl compound.
Substrate recognition by N102 (arrow) and R235 via hydrogen bonds and by
hydrophobic interactions with P64 are indicated (dashed lines). The distance of
the C2-atom of the hydroquinone to the C1 atom of the farnesyl moiety is 3.8 A
(red dashed line). E. Docking arrangement of the two putative substrates as in
Figure 4.5D upon in silico mutation of UBIAD1 from asparagine 102 to serine
(arrow). The aromatic substrate is no longer recognized by N102, but by S69
and, as before, by R235 and P64. C2 of the aromatic substrate is no longer

positioned correctly to allow prenylation. F. Active site of UBIAD1 with a
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menaquinone-farnesyl derivative that optimally docks to the protein. Substrates
with longer fatty acid tails were also successfully docked. The interaction is
stabilized by hydrogen bonds (dashed lines) with N102 and R235. R235 may be
influenced by neighboring residues, N232, N233, and D236, which cause SCD
when altered. The quinone moiety and farnesyl chain are recognized by P64,

F107, and other indicated residues via hydrophobic interactions.
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protein model, respectively. The N102 residue is shown as a space-filled atom
with a docked farnesyldiphosphate. Significantly, a previously described
polymorphism, S75F (Weiss et al., 2007; Orr et al., 2007), did not appear in the

models to be functionally important to substrate docking or catalysis.

C.3. Substrate docking simulations

The model allowed docking of potential ligand(s)/substrate(s) to be
examined including those involved in reactions catalyzed by UbiA (Figures 4.8—
4.10) (Brauer et al., 2004, 2008; Nickerson et al., 2010). Database searches
revealed homology between the binding site in the model and 1,4-dihydroxy-
2-naphthoate octaprenyltransferases (e.g. Q17BA9 _AEDAE). This suggested
that, similar to aromatic prenyltransferases, a second (aromatic) substrate may
be involved in catalysis, e.g. 4-hydroxybenzoate (cf. UbiA) or a 1,4-dihydroxy-
naphthaline derivative (Figure 4.9). For the latter case, bacterial menaquinone
(vitamin K-2) is the product of a similar prenylation reaction, a farnesylation in
position 3 of the aromatic substrate 2-methyl-1,4-naphthohydroquinone (Figure
4.10). This molecule is structurally similar to 1,4-dihydroxy-2-naphthoate.
Speculative second substrates 4-hydroxybenzoic acid and 1,4-naphthalindiol

were successfully docked into the putative active site of the model (Figure 4.10).
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Figure 4.6. Locations of selected SCD alterations

A. Side view of UBIAD1 showing locations of wild-type amino acids mutated in
SCD. B. Top view as in Figure 4.6A. In each view, only several residues
mutated in SCD are visible. Farnesyldiphosphate is shown as a stick
representation. The sidechains of SCD mutations reported in this paper are

shown as space-filled atoms: A97, N102, D112, V122, and L188.
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Figure 4.7. Locations of loops 1-3 containing clusters of SCD m utations

See Figure 4.4 and Table 3 for SCD mutations in each loop. Two views are
shown, a side view (left side) and top view (right side). These highlight the loop
regions containing amino acids implicated in SCD. Loop 1 (containing amino
acids A97 to R132) is shown in orange; loop 2 (Y174 to A184) in blue; and loop 3
(L229 to S257) in green. Mutated S102 is shown as a space-filled atom, and a
docked farnesyldiphosphate is shown as a stick representation (red).

Reproduced from Nickerson et al., 2010.
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Figure 4.8. Enzymatic prenylation reaction catalyzed by E. coli UbiA during
biosynthesis of ubiquinone

Prenylation of 4-hydroxybenzoic acid by oligoprenyl diphosphates is shown
(n>1). A two-substrate reaction is shown similar to that proposed for human
UBIAD1 (see Discussion, Brauer et al., 2008; Wessjohann et al., 2009).

Reproduced from Nickerson et al., 2010.
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Figure 4.9. Docking simulation with naphthalinediol as a putati ve substrate

Tertiary protein structure model with “ribbon” representation of helices of human
UBIAD1 with eight transmembrane helices and a putative naphthalinediol
substrate docked (shown as a space-filled atom representation). Reproduced

from Nickerson et al., 2010.
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Docking simulations were compared using models of wild-type and SCD
mutant (N102S) UBIADL1 protein and substrates, farnesyldiphosphate and a 1,4-
dihydroxy aryl compound. The diphosphate-binding site was identified in the
putative active site of both models in close proximity to N102. In the wild-type
protein, N102 formed weak hydrogen bonds to the 1,4-dihydroxy aryl compound
(dotted line), which were lost upon mutation to a serine residue. Lastly, substrate
docking was examined using prenylated aromatics with a role in human metab-
olism (Figure 4.10). This showed that menaquinone (vitamin K-2) fits excellently
into the substrate-binding cleft of UBIAD1 models. While this class of molecules
is not a likely substrate for UBIAD1, it may consist of ligands that are transferred

to protein-binding partners.

D. Cholesterol Measurements

Mutation of UBIAD1 in SCD is thought to result in disregulation of
cholesterol and lipid metabolism, resulting in their accumulation in the cornea
and leading to corneal opacification and visual loss (Weiss, 2007). No significant
differences were observed in total cholesterol, cholesteryl ester, and unesterified
cholesterol in cell extracts prepared from immortalized B cell lines from SCD

patients compared to those from healthy controls (Table 2).
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Figure 4.10. Structures of potential substrates suc  cessfully docked with the
UBIAD1 model
A. Farneslydiphosphate (CisH2507P2%). B. Menaquinone (C11HgOz2). C.

Naphthalenediol (C10HsO2). Reproduced from Nickerson et al., 2010.
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Table 4. Analysis of cholesterol in SCD patients an  d healthy donors

See text for details and Nickerson et al., 2010.
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A. Recruitment of SCD Families and Genetic Analysis

Recruitment and analysis of new families with SCD continued to facilitate
investigation of the genotypic and phenotypic spectrum of this disease. Of ten
new families recruited for the most recent study (Nickerson et al., 2010), five
possessed novel UBIAD1 alterations. SCD mutations A97T (Family GG), V122E
(Family AA), and V122G (Family F1) expanded the size of the Loop 1 mutation
cluster (Figure 4.4B). Variant L188H (Family EE) expanded the Loop 2 cluster.

Table 3 documents the total number of SCD families (n=30) analyzed by
the author in three publications (Weiss et al.,, 2007b, 2008; Nickerson et al.,
2010). These were analyzed by a combined effort of the author and Dr. Jayne
Weiss, who recruited and diagnosed SCD probands. The author (M.L.N.)
extracted DNA and RNA from patient blood samples, established EBV-
immortalized B-cell lines with NCI Laboratory of Genomic Diversity staff,
performed PCR and Sanger sequencing, developed protein models, wrote
publications, and managed a multinational collaboration of physicians and
researchers.

Alteration of the UBIAD1 gene in a total of forty-one SCD families was
reported as of this writing (April 2010). A review of the published alterations

revealed that all were single amino acid substitutions. In most cases, the
107



changes altered amino acids in the UBIAD1 protein in a nonconservative
manner. All five of the novel amino acid substitutions reported by Nickerson et
al. (2010) represented nonconservative changes that are consistent with
previously described alterations (Table 3): A97T (nonpolar to polar); D112N
(negative to neutral); V122E (nonpolar to polar-negative); V122G (aliphatic to
non-aliphatic); and L188H (nonpolar to polar-positive).

It is interesting that no insertions, deletions, or other genetic alterations
that would be predicted to alter the protein in a more dramatic fashion have been
observed. Considering this in light of a dominant mode of inheritance of SCD
may indicate that single amino acid changes give rise to SCD though inclusion of
a protein that is defective in a multiprotein complex. UBIAD1 haploinsufficiency
due to complete loss of protein or structural alteration greater than single amino
acid changes may not result in disease, as these conditions may inhibit complex
formation with other UBIAD1 subunits. A protein with an alteration that allows
complex formation with other UBIAD1 subunit(s) but which alters other functions,
such as catalysis of substrate (N102S, for example) or binding of proteins-to-be-
prenylated (Loop 2 or 3 alterations?), may be required for disease. A dominant
mode of inheritance has been observed for the disease, and a model can be

envisioned that results from inclusion of SCD-altered protein in a complex
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composed of more than one UBIAD1 protein. Alteration of one subunit by a
change of a key amino acid, rather than greater structural alteration or loss of
protein, may allow inclusion of defective subunits in a complex with native protein
that has altered biological function.

Failure to detect a variant in protein-coding exons, splice junctions, and 5’
and 3’ untranslated regions in probands from a group of five families with SCD of
Swedish-Finish ancestry is interesting (M.L.N., unpublished observations). The
families showed definitive linkage to the chromosomal region harboring UBIAD1
(Theendakara at el., 2004; Shearman et al., 1996), potentially indicating a
category of mutation(s) that exists outside the DNA sequence of exons and
splice junctions that are causal for SCD. A founder effect is likely based upon a
common region of origin for these families. Ancestors of the families appeared to
originate within a 100-kilometer radius from each other in a region near the Bay
of Borthnia in southwest Finland (Weiss, 1992). Affected members of the

families also shared a common haplotype (Shearman et al., 1996).

B. Functional Implications of Genetics and Protein Models

Three distinct lines of evidence indicate that SCD results from loss of

function of UBIAD1 protein due to a mutation: genetics, experimental
109



mutagenesis of UbiA, and modeling of substrate-UBIAD1 interactions. There
are three cases (Table 3) where UBIAD1 amino acids were mutated to other
residues in SCD families: aspartic acid 112 to an asparagine or a glycine; leucine
121 to a valine or a phenylalanine; and valine 122 to a glutamic acid or a glycine.
There were significant chemical differences between resulting mutant amino
acids and those from wild type. For example, substitution of nonpolar valine 122
with either polar, negative glutamic acid or nonpolar, neutral glycine results in
SCD. This suggests that loss of valine 122 may be necessary for the formation
of SCD rather than a gain of function.

Despite low overall homology between E. coli UbiA and human UBIAD1
proteins, comparison of individual amino acids aligned in Figure 4.5A suggest
SCD mutations may result in loss of function of UBIAD1. In prior work on UbiA
(Momose & Rudney, 1972; Brauer et al., 2004, 2008; Wessjohann et al., 2009),
five aspartic acid residues were judged as crucial for catalytic activity based on
modeling. These were individually mutated, and all five inhibited product
formation by >95%. Figure 4.5A shows that mutagenized UbiA residues (R137
and D191) aligned with amino acids in UBIAD1 that are mutated in human SCD,

L181 and D236. Thus, mutagenized UbiA amino acids that resulted in loss of
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function aligned to UBIAD1 residues mutated in SCD. This is a second piece of
evidence that an SCD mutation may lead to loss of function of UBIAD1.

Modeling of UBIAD1 substrate docking indicates critical roles for several
residues mutated in SCD by suggesting that a mutation of these residues would
block critical steps in catalysis. For example, naphthalin-1,4-diol was docked as
a speculative second substrate of UBIAD1 and fitted nicely into the binding
pocket (Figure 4.9). However, an SCD mutation, N102S, changed the binding of
this substrate completely, rendering its prenylation at position 3 impossible
(Figure 4.5D and E). Although detailed modeling of active site residues can be
full of uncertainty, this approach presented here is supported by modeling of
UbiA that accurately predicted loss of enzyme activity that was subsequently
experimentally verified (Brauer et al., 2008). Further, modeling of UbiA was able
to connect the decreases in enzyme activity to specific chemical functions of
mutated residues, i.e. activation of a phenolate intermediate by residue D191.
This residue aligned to an SCD mutation at residue D236 in UBIAD1. This
provides a third indication that a mutation of UBIAD1 in SCD may be due to a

loss of function of the protein/enzyme.
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C. UBIAD1 Subcellular Localization

UBIAD1 was observed to localize to mitochondria in SCD and normal
human keratocytes using a well characterized, highly-specific antibody
(McGarvery et al., 2005) even though a mitochondrial localization signal was not
detected by protein bioinformatic analyses. Disease keratocytes were obtained
by cell culture of an SCD patient cornea obtained after cornea removal during
penetrating keratoplasty. The result that UBIAD1 did not localize with a marker
for endoplasmic reticulum (Figures 4.2 and 4.3) while both wild type and N102S
mutant UBIAD1 did co-localize with a mitochondrial marker, OXPHOS complex,
demonstrated that mislocalization of N102S mutant protein is not likely to be a
factor in SCD. Mitochondrial localization of UBIAD1 needs to be reconciled with
results from a previous report demonstrating interaction between UBIAD1 (also
known as TERE1) and apolipoprotein E (McGarvey et al., 2005). To our
knowledge, a mitochondrial localization for apolipoprotein E has not been
reported. However, some UBIAD1 immunostaining was localized outside of
mitochondria in these analyses, making interaction with apolipoprotein E outside
of mitochondria possible.

It has been postulated that the corneal disease may result from a local

metabolic defect of cholesterol, lipid, or lipoprotein processing or transport in the
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cornea. Accumulation of phospholipid, unesterified cholesterol, and cholesterol
ester in the corneal stroma previously described by Gaynor et al. (1996) and
Rodrigues et al. (1987) may be due to an imbalance in the local factors affecting
lipid/cholesterol transport or metabolism. A role for mitochondria in cholesterol
metabolism is unclear. However, E. coli UbiA enzyme is related to 4-
hydroxybenzoate octaprenyltransferases, and these enzymes have been shown
in bacteria to be involved in ubiquinone synthesis and the electron transport
chain. These functions reside in mitochondria in eukaryotic cells (Aguilaniu et al.
2005), so perhaps human UBIADL1 retains some aspects of this ancient function.
UBIAD1 function may provide a link between normal functioning of the
mitochondrial electron transport chain and cholesterol/lipid metabolism. Defects
in UBIAD1 observed in SCD may result in accumulation of HDL components
(Gaynor et al.,, 1996) derived from mitochondrial function due to impaired

interaction between UBIAD1 and APOE (McGarvey et al., 2005).

D. Examination of Cholesterol in B-Cell Lines

SCD has been associated with deregulation of cholesterol metabolism in
the cornea based on staining of corneal tissue from an SCD patient following

keratoplasty. The stains were specific for lipids and unesterified cholesterol and
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showed accumulation of these cellular components (Rodrigues et al., 1987). The
UBIAD1 gene had been shown to be expressed in B cells (McGarvey et al.,
2001), so we sought to examine cell extracts derived from SCD patients with two
different UBIAD1 alterations compared to healthy cell lines. No significant
differences were observed in overall levels of several cholesterol metabolites in
extracts of B-cell lines established from SCD patients (with known UBIAD1
alteration) compared to an unaffected family member and to healthy donors
(Table 4). The cholesterol content of cells was determined according to the
fluorometric method of Gamble et al. (Gamble et al., 1978). This method
accurately quantitated amounts of cholesterol metabolites present in cell extracts
and is not necessarily in disagreement with the observations of Rodrigues et al.
(1987). These authors showed accumulation of lipids/cholesterol in SCD corneal
crystals.

This finding may indicate that UBIAD1 has a specialized corneal function
that affects cholesterol/lipid transport rather than overall metabolite amounts,
perhaps relying on specific protein-protein interactions (such as with
apolipoprotein E) or in post-translational modification of binding partners,
possibly with a cholesterol or a cholesterol-like moiety (Breitling, 2007). In this

regard, substrate docking simulations indicated that menaquinone fits well into
114



the interior of UBIAD1 (Figure 4.5F). This may be significant since a relationship
between menaquinone and cholesterol metabolism has been suggested by prior

publications (Shirakawa et al., 2006).

E. Docking Simulations

Experiments were undertaken to determine if the 3D model of UBIAD1
could be used to identify ligands/substrates. A number of molecules were
examined, and UBIAD1 was found to accept oligoprenyl diphosphates, i.e. these
molecules could be successfully docked with the protein (see details in Materials
and Methods). An optimal binding pocket for this type of compound was
apparent in the model and docking simulations (Figure 4.5B and C). Additionally,
UBIAD1 may be an aromatic prenyltransferase, as indicated by its closest known
protein homologues. If so, a second substrate or ligand moiety may be involved
in enzyme catalysis, e.g. 4-hydroxy benzoate or a 1,4-dihydroxy-naphthaline

derivative. These molecules were successfully docked to UBIAD1 in simulations.

F. Conservation and Homology of UBIAD1

The high degree of conservation of the protein across species, and

particularly residues mutated in SCD, indicates that the protein may have an
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essential, or at least ancient, metabolic function. This function(s) may play a role
outside the cornea, as the gene is widely expressed in human tissues (McGarvey
et al., 2001) and the protein is present in species without eyes, such as the sea
urchin (Figure 4.1). Modeling of UBIAD1 indicates the possibility of aromatic
prenylation as an enzyme activity. This biochemistry may evolutionarily be at
least as old as aerobic life, and it has been described in human metabolism.
Accordingly, UBIAD1 may have a common origin directly from E. coli UbiA, but

may not necessarily act as a transferase (see Figure 4.8).

G. A Proposed Mechanism

Mutations causal for SCD appear likely to inhibit UBIAD1 function, as
discussed above. Many details remain to be described about how alteration of
UBIAD1 activity results in crystalline and non-crystalline forms of SCD. However,
details provided by several studies of SCD and UBIAD1/TERE1 offer some
clues. Gaynor et al. (1996) found that cholesterol, rather than phospholipid,
appeared to preferentially accumulate in affected corneas. This extends a
previous result that showed accumulation of labeled cholesterol in affected
corneas when labeled cholesterol was administered to an SCD patient before

keratoplasty (Burns et al. 1978). Electron microscopy of SCD corneas revealed
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cholesterol crystals, large multilamellar vesicles/liposomes, as well as electron-
dense granules accumulated in the extracellular matrix of the corneal stroma and
anterior, acellular Bowman'’s layer (Gaynor et al., 1996).

Immunohistochemistry of HDL and LDL apolipoproteins in affected
corneas indicated accumulation of HDL components, apoA-I, apoA-Il, and APOE,
but not LDL (Gaynor et al., 1996). This fits well with observations that UBIAD1
interacted with APOE by yeast two-hybrid assay (McGarvey et al., 2003; 2005).
The interaction was confirmed by immunoprecipitation. Significantly, APOE
mediates cholesterol removal from cells by reverse cholesterol transport (Kruth et
al., 1994; Zang et al., 1996).

A tentative mechanism to explain SCD clinical manifestation is that an
altered interaction between APOE and UBIAD1 due to SCD mutation results in
decreased cholesterol removal from cells of the cornea by HDLs. Cholesterol
that is not correctly “loaded” into HDLs may accumulate extracellularly to create
the corneal cholesterol crystals observed in SCD. This proposal raises questions
that can be addressed experimentally. Studies of APOE interaction with mutant
and wild-type UBIAD1 are planned. A defective alteration between APOE and
SCD-mutant UBIAD1 may provide insight into cholesterol loading in corneal

HDLs.
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It is not clear how UBIADL1 in mitochondria interacts with APOE, as APOE
has not been reported to localize to mitochondria. Studies above show a minor
UBIAD1 protein signal in the cytoplasm outside mitochondria. This may be due
to vesicles (containing cholesterol) traveling to the plasma membrane, where
they could interact with APOE. Alternatively, cholesterol export from cells may
be linked to cellular bioenergetics, as determined by mitochondrial function. It is
possible that APOE travels to mitochondria, as delivery of cholesterol to
mitochondria has been reported (Garcia-Ruiz et al., 2009). Accumulation of
cholesterol in mitochondrial membranes was recently associated with disease,
including Alzheimer’s disease (Garcia-Ruiz et al., 2009). Detailed analysis of
SCD may provide insight into altered pathways involved in cholesterol turnover in

mitochondria.

H. Improved Treatment of SCD

Presently, the only treatment for SCD is corneal replacement by
penetrating keratoplasty (PKP) once corneal opacification causes decreased
vision. PKP is performed in the majority of patients above the age of 50 years
with SCD (Weiss, 2007). Unfortunately, there are no current therapies to prevent

the progressive lipid deposition in the cornea, which results in this visual loss.
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Figure 4.11. Mechanistic diagram of UBIAD1 alterat ions manifesting as
SCD

A dominant inheritance pattern might be explained by inclusion of SCD-defective
UBIAD1 protein in multi-protein complexes where the alterations exerts a
dominant-negative effect. Defects in lipid and cholesterol transport might result
in accumulation of these lipoprotein components either intra- or extracellularly,
the latter case is depicted. Possibilities for apoE interaction with UBIAD1 include
locations at the mitochondrial membrane or via vesicle trafficking in the
cytoplasm. Cholesterol and lipids may not load correctly onto apoE containing
HDLs due to a failed prenylation reaction which transfers these molecules to

apoE or another apo E or UBIAD1 binding protein.
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Prior studies have demonstrated that normalizing blood cholesterol levels with
cholesterol lowering drugs such as statins does not affect the relentless
deposition of corneal lipid that occurs with age (Lisch et al., 1986). Hopefully,
further understanding about the biochemical impact of UBIAD1 gene mutations in
SCD will lead to interventional strategies to prevent the accumulation of corneal
lipid, which causes visual loss in these patients. Our results suggest that
UBIAD1 protein function is lost or decreased by SCD mutations. Thus,
therapeutic analogs of substrates that were successfully docked to the UBIAD1
model (Figure 4.10) may further inhibit, rather than restore, protein function.
Examination of protein binding partners may allow useful therapeutic targets to

be identified.
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