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ABSTRACT

The complete nucleotide sequence of four regions of DiGeorge Sydrome Critical
Region in human chromosome 22, band ql1 1, totally 482 kb, has been determined by
sequencing an overlapping set of cosmid genomic clones that have been mapped to these
regions. The sequencing strategy involved a modified diatomaceous earth-based large
scale DNA isolation procedure to obtain the genomic cosmid clone, physical shearing of
the clones by nebulization to generate randomly distributed DNA fragments, subcloning
the end-repaired, kinased and size-selected DNA fragments into pUC-based vectors to
get chimeric subclones. The chimeric subclones then were isolated using a modified
alkaline lysis procedure manually or automatically on a Beckman® Biomek 2000 robotic
workstation. Cycling Sequencing reactions were performed using dye-labeled primer or
terminator chemistry, and loaded on an ABI® 377 DNA sequencer for automated sample
electrophoresis, detection, data collection and base calling. The ABI-called shotgun
sequences were transferred to Sun® SPARCstation and then edited, assembled and
proofread by using several available editing and assembly programs. The final
contiguous sequence in each regain was analyzed for features such as potential
promoters, potential coding regions, repeated elements and database homology using

XGerail and Powerblast.

From the data collected, part of the genomic sequence of the human clathrin
heavy chain like gene (CLTCL), entire genomic sequence of the human homolog of yeast
repressors of histone gene transcription HIR1 and HIR2 (HIRA), the human ubiquitin-
fusion degradation protein 1-like gene (UFDI1L), the human homolog of mouse T10
gene, and a putative transmembrane gene were revealed. CLTCL may be involved in
endocytosis. HIRA may be a negative regulator of core histone gene transcription.

UFDIL may be involved in protein degradation. The T10 gene and the putative

Xvii



transmembrane gene have no homolog to any known functional genes in the database.
The sequence of this approximate 0.5 mb of human genomic sequence reveals a gene
density of slightly more than one gene per 100 kb with numerous ESTs and an extensive
amomnt of repeat sequences. In addition, a ribosomal protein L34 pseudogene and a
human Tigger 1-like transposon were reported. Different families of interspersed
repetitive elements and their contents also were determined. The total content of these
repetitive elements in these region is about 32%. The comparison of two 36 kb
fragments of human genomic sequences from two individuals revealed a overall
difference of 0.2%. A fragment of 90 kb of mouse genomic sequence syntenic to human
HIRA gene also was sequenced and compared with human sequence. Although the
coding regions of the human and mouse HIRA gene are almost identical and the genomic

sequence level similarity between these two genes is low, their genomic organization is

similar.
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Chapter I

Introduction

1.1 DiGeorge syndrome

1.1.1 History and nomenclature

The original description of DiGeorge syndrome was presented in a published
discussion at an immunology meeting [!] and DiGeorge [2] published a formal report
three years later. A report by Strong [3! predated this formal report and probably
represented the same variable disorder and since DiGeorge syndrome overlaps clinically
with the disorder described by the Japanese as "conotruncal anomaly face syndrome”
(456, it would be appropriate to use Takao syndrome for those cases with cardiac
defects in contrast to the low T cell and hypocalcemic levels in DiGeorge syndrome and
the craniofacial and palatal abnormalities typical of Shprintzen syndrome. Because all
three phenotypes have been shown to have a 22q11 deletion, Wilson et al. [7] proposed
the acronym CATCH22 (Cardiac Abnormality/abnormal facies, T cell deficit due to
thymic hypoplasia, Cleft palate, Hypocalcemia due to hypoparathyroidism resulting
from 22q11 deletion) as a collective acronym for those with this common genetic
etiology. Shprintzen (8] objected to lumping velocardiofacial syndrome with the
DiGeorge anomaly, arguing that there was no valid evidence to suggest that
velocardiofacial syndrome was etiologically heterogeneous whereas the DiGeorge
anomaly was known to be so, but Hall %] cited data of Driscoll et al. [10] indicating that

velocardiofacial syndrome was etiologically heterogeneous.



1.1.2 Description and clinical features

The major symptoms of DiGeorge syndrome are hypocalcemia arising from
parathyroid hypoplasia, thymic hypoplasia, and outflow tract defects of the heart. (2!
Disturbance of cervical neural crest migration into the derivatives of the pharyngeal
arches and pouches has been proposed to account for the phenotype, which in most
cases, results from a deletion of chromosome 22q11. (7. 10. 14. 15, 22.24.25] Thjs
deletion also may have a variety of phenotypes: Shprintzen syndrome, conotruncal
anomaly face (or Takao) syndrome, and isolated outflow tract defects of the heart. [5-8]
A small number of cases of DiGeorge syndrome have defects in other chromosome,
notably 10p13 and in the mouse, a transgenic hox-1.5 knockout produces a phenotype

similar to DiGeorge syndrome as do the tetratogens retinoic acid and alcohol. [9]

DiGeorge syndrome is clinically characterized by neonatal hypocalcemia, which
may result in tetany or seisures, due to hypoplasia of the parathyroid glands, and
susceptibility to infection due to a deficit of T cells. The immune deficit is caused by
hypoplasia or aplasia of the thymus gland. A variety of cardiac malformations also are
seen, in particular, those affecting the outflow tract. These include tetralogy of Fallot,
type B interrupted aortic arch, truncus arteriosus, right aortic arch and aberrant right
subclavian artery. in infancy, micrognathia may be present and the ears are typically
low set and deficient in the vertical diameter with abnormal folding of the pinna.
Telecanthus with short palpebral fissures also is seen and both upward and downward
slanting eyes have been described. The philtrum is short and the mouth relatively
small. In older children the features overlap Shprintzen syndrome with a rather
bulbous nose and square nasal tip and hypernasal speech associated with submocous or
overt palatal clefting. Cases presenting later tend to have a milder spectrum of cardiac

defect with ventricular septal defect being common. (2.7. 11-25]
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Short stature and variable mild-to-moderate learning difficulties are common in
patients with DiGeorge syndrome and a variety of psychiatric disorders have been
described in a small proportion of adult cases of velocardiofacial syndrome. These
have included paranoid schizophrenia and major depressive illness. Clinical features

seen more rarely include hypothyroidism, cleft lip, and deafness. (2. 7. 23]

1.1.3 Genetics of DiGeorge syndrome

1.1.3.1 Inheritance

DiGeorge Syndrome is usually sporadic and results mainly from de novo 22
deletion. A long series of reports has recognized the variable features resulting from
this deletion in multiple family members with the variable phenotype behaving as an
autosomal dominant trait [17.22-26]. Stevens et al. (261 suggested that such familial
cases should be regarded as being velocardiofacial syndrome. The variable phenotype
was described by Strong 3! prior to the recognition of DiGeorge syndrome. The
mother of that family developed a psychotic illness. The first dominant pedigree in
which marked clinical variability was associated with dominant transmission of a 22q1 1
deletion was reported by Wilson et al. [27]. The mother had the typical dysmorphic
features and of her three affected children, one had coarctation of the aorta, one a
ventricular septal defect, and one DiGeorge syndrome. Wilson et al. [27] also found
five of nine families with familial outflow tract defects to have 22q11 deletion. Subtle
dysmorphic features typical of those seen in DiGeorge syndrome were apparent in
several of these affected family members.



1.1.3.2 Cytogenetics

De la Chapelle et al. (28] suggested that DiGeorge syndrome may be due to a
deletion within chromosome 22 or partial duplication of chromosome 20 p arm, based
on finding the syndrome in members of a family with a 20;22 translocation.
Specifically, they observed DiGeorge syndrome in four members of one family and
demonstrated monosomy of 22pter-q11 and 20p duplication. They also mentioned a
patient previously reported briefly by Rosenthal et al. [291 with complete monosomy 22
and DiGeorge syndrome. Their interpretation that DiGeorge syndrome might result
from monosomy for 22q11 was confirmed by Kelley et al. (30 in three patients with

translocation of 22q1 1-qter to other chromosomes.

Greenberg et al. (311 observed partial monosomy due to an unbalanced 4;22
translocation in a two-month-old male with type 1 truncus arteriosus and features of
DiGeorge syndrome. The asymptomatic mother showed partial T-cell deficiency and
the same unbalanced translocation with deletion of proximal 22q11. Augusseau et al.
[32] observed telecanthus, microretrognathia, severe aortic coarctation with hypoplastic
left aortic arch, decreased E rosettes, and mild neonatal hypocalcemia in a patient with
balanced translocation involved chromosome 2 and 22: t(2:22)(ql4:q11). The same
translocation was present in the clinically normal mother and maternal aunt who had her
fourth pregnancy aborted because of cardiac and other malformations detected on
ultrasound and this translocation has proved important in analysis of the expressed

sequences in the deleted segment.[28. 30.31. 32]

The recognition of the importance of 22q11 deletion grew with improving
techniques. Greenberg et al. (33] found chromosome abnormalities in S of 27 DiGeorge

syndrome cases, 3 with 22q11 deletion though only one of these was an interstitial



deletion. Wilson et al. (34! reported high resolution banding in 30 of 36 cases of
DiGeorge syndrome and demonstrated 9 cases of interstitial deletion. All other cases
were apparently normal. Use of molecular dosage analysis and fluorescence in situ
hybridization with probe isolated from within the deleted area revealed deletion in 21 of
22 cases with normal karyotypes giving pooled results of 33 deleted among the
consecutive series of 35 cases [351. Driscoll et al. [36] also found deletions at the

molecular level in all 14 cases studied.

Whereas 90% of cases of DiGeorge syndrome may now be attributed to a
22q11 deletion, other chromosome defects have been identified. In the report of
Greenberg et al. 331, there was one case of DiGeorge syndrome with a deletion in
10q13 and one with a 18q21.33 deletion. Other chromosome defects also were
reported to be associated with DiGeorge syndrome. A deletion of 10p was reported by
Monaco et al. [37], Shapira et al. [38], and Schuffenhauer et al. [391. Lindgren et al.
reported that a chromosome duplication of 9q(21.12-q22.1) was related to DiGeorge
syndrome [40]. Greenberg et al. reported that deletion 17p13 was associated with DGS
(411 and van Essen et al. reported a case with isochromosome 18q(46, XX, i(18q)) who
had combined manifestations of monosomy 18p and trisomy 18q and with DiGeorge
syndrome [42. Lai et al. reported a DiGeorge syndrome case with simultaneous partial
monosomy 10p and trisomy 5q (43]. Fukushima et al. found a female infant with a
deletion of 4q21.3-q25 and with DiGeorge syndrome [44]. DiGeorge syndrome
implicated with either of the two sex chromosomes, X or Y, has been reported. Most
of them involved in a chromosomal translocation of 22, with either X or Y, resulting in
a monosomy of 22q. The possibility of an unrecognized submicroscopic deletion of
22ql1 also was considered in these cases, although it is clear that the disturbance of
neural crest migration presumed to underlie DiGeorge syndrome may be caused by

several distinct defects at the molecular level. [45-49]
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1.1.3.3 Mapping

Cytogenetic studies support the presence of a DGS critical region in band 22ql1
but a small number of cases with microdeletions were undetectable by cytogenetic
analysis even with high-resolution banding techniques. Molecular analysis methods
can detect deletions in those patients with normal karyotypes. RFLP (restriction
fragment length polymorphism), gene dosage analysis and FISH (fluorescence in situ
hybridization) have been used to study in mapping the critical region of DGS. (50-531 In
RFLP analysis, genomic DNA is digested by certain restriction enzymes and the
resulting fragments are separated by electrophoresis. Radiolabeled probes are
hybridized to appropriate bands by Southern blot. Normally, there are two bands for
each probe, one is from maternal and the other is from patemal. If one of the probe-
binding region is deleted, only one band can be seen. Gene dosage analysis is to
determine the copy number of the DNA by quantitative analysis of Southern blots. A
control probe binding to a region not involved in DGS is used simultaneously as a
comparison. FISH analysis with a fluorescence labeled probe that can hybridize to
metaphase chromosomes can be used to visualize the location of a large deletion. Since
1989, the laboratories of Drs. Emanuel in Philadelphia, Desmaze in Paris and Scambler
in London have been isolating probes from 22q11 to determine the smallest region of
overlap in DGS patients. These different groups used different probes on different

patients to locate the DiGeorge critical region [30-53],

Studies [36-50.54] conducted by Dr. Emanuel's group showed that loci D22S9
(p22/34) and D22S43 (pH32) flank the critical region proximally. Loss of an allele at
more distal locus, BCRL?2, in one of the patient suggested that the distal boundary for
DGCR might be in proximity to the BCRL2 locus. Other loci used as probes include



pHI98 (D22S57), pH11 (D22S36), pR32 (D22S259), pH160b (D22S66), pH162
(D22568), N25 (D22S75), W21G (D22S24), and 22C1-18 (D22s10). Probes N25,
H160b, pR32 and translocation cell line GM5878 (a human -hamster hybrid carrying
t(10;22)(q26.3;q11.2) translocation and retaining the der(10) as the only relevant
human chromosome) were detected in all patients studied. Desmaze et al. (521 used
many of same probes as well as additional probes such as 33-11Tg (carrying a
reciprocal t(x;22) translocation), 48F8, 100C10, NOT54, and ICB 100 (carrying a
recurrent t(11;22)(q23.2;q11.2) translocation). They found the longest deletion region
is flanked by probe D22S9 and ICB 100 and the smallest deletion region is between
pHI11 and GM5878. Scambler et al. [55] on the other hand, detected shortest deletion
region which is between pH11 and GM5878. Maps of DGCR from these three groups
are provided in Figure 1. The overlapping region of the three maps occurs from pH1 1
to GMS5878. Because it is still possible that the disease may be caused by contiguous
gene deletion, it is important to study the largest deleted region to understand the

variable spectrum of phenotypes.

1.1.3.4 Molecular genetics

Augusseau et al. [32] described a female patient (ADU) with DGS (see 1.3.2
Cytogenetics) that had a balanced translocation involved chromosome 2 and 22:
t(2;22)(ql4;q11). The same translocation also was present in her mother (VDU). The
original paper reported that VDU had no features of DGS, but Budarf et al. [56 [ater
observed that subsequent publications cited VDU as mildly affected with VCFS and
DGS. The DGS phenotype in ADU, the VCES phenotype in VDU and a balanced
translocation of chromosome in both led Budarf et al. [56] to clone the translocation,

sequence the region containing the breakpoint, and analyze the DNA sequence for
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transcript identification. A gene (DGCR3) disrupted by the rearrangement was
identified. Their analysis suggested that there are at least two transcripts (DGCR3 and
DGS-B) on opposite strands in the region of the t(2;22) breakpoint. The breakpoint
disrupted a predicted open reading frame of one of these genes (DGS-B), deleting 11
nucleotides at the translocation junction. Additional fluorescence in situ hybridization
studies and Southern blot analysis demonstrated that the deletions in chromosome 22
deletion-positive patients with DGS/VCEFS include both of the transcripts at the t(2;22)
breakpoint. The answer to whether either of these two putative genes may be of
significance in the etiology of DGS will lie in determining whether all deleted patients
are hemizygous for these loci and whether mutations in these genes are detectable in
non-deleted patients with DGS. Lacking such evidence, the possibility that the
translocation separates a locus control region from its target gene or produces a position
effect will still remain. Most recent research suggested that a common polymorphism
in DGS-B may lead to a frameshift in this open reading frame (Holmes et al.,
unpublished). A transcription map of the DGS and VCFS minimal critical region on
22q11 was published in 1996 by Gong et al. [571. This study found transcription units
such as DGS-A, LAN (DGS-C), DGS-D, DGS-E, DGS-F, DGS-G, DGS-H, DGS-I,
CTP (DGS-J), CLTCL (DGS-K) in the minimal critical region. LAN gene, also named
IDD gene, which is close to ADU breakpoint, was first isolated by Demczuk et al. (58]
and Wadey et al. (59]. This is an integral membrane protein and is a putative adhesion
receptor protein, which could play a important role in neural crest migration to the third
and fourth pouch in embryogenesis, a process which has been proposed to be improper
in the development of DGS. DGS-G is 94% identical in amino acid level to Mus
musculus serine/threonine kinase gene [571. CTP (citrate transport protein) is 98%

similar in amino acid level to rat tricarboxylate transport protein gene (571,



A patient named TOH has several features which also have been reported in
individuals with DGS/VCEFS. This patient carries a de novo constitutional balanced
translocation (21;22)(p12;q11) which has been identified within minimal DGCR (601,
Budarf et al. (6!l cloned and sequenced the breakpoint of translocation and showed that
it occurred in the CLTCL gene (result partially from the research of this dissertation).
Because the breakpoint of the translocation on 21p12 is in a repeated region telomeric to
the tDNA cluster, it is unlikely that the patient's features are caused by interruption of
sequences on 21pl2. The chromosome 22 breakpoint disrupts the 3' coding region of

the CLTCL gene and leads to a truncated transcript.

Halford et al. [62] analyzed the extent of deletion in patients with DGS/VCFS
phenotypes and refined the molecular cytogenetic map of the region. They found in no
case was a deletion smaller than 300 kb and the boundary of the smallest deletion
region is between scl11.1a and C1/79. C1/79 is a probe about 275 kb telomeric to
scF5. (see Figure 1). Probe scFS was used to screen a human fetal brain cDNA library
and a mouse embryo cDNA library and located a cDNA for a transcriptional regulator,
TUPLEI, which is similar to yeast TUP1 gene. This gene contained WD40 repeat
motifs, which were first described in the beta subunit of transducin, the GTP-binding
protein. Two years later, the study of Lamour et al. [63] showed that this gene is more
similar to two yeast genes, HIR1 and HIR2, that are repressors of histone gene
transcription. Therefore the name of TUPLE1 was changed to HIRA. This

dissertation will reveal the whole context of the genomic organization of this gene.

Because the majority of the patients have larger deletions than the minimal
DGCR, studies on neighboring regions also were carried out. Aubry et al. [64]
identified a zinc finger gene ZNF74 which has an open reading frame containing 12

[, ]
zinc finger motifs as well as N-terminal and C-terminal non-zinc finger domains. This
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gene was found to be hemizygously deleted in 23 out of 24 DGS patients and
expressed in human and mouse embryos but not in adult tissues. Hemizygous deletion
of this gene may result in changes of the dosages of putative transcription factor.
Halford et al. [65] isolated a cDNA at D22S134, which is distal to minimal DGCR.
This gene, named T10, is expressed during early embryogenesis in mouse and encodes
a serine/threonine rich protein. The genomic organization of this gene was determined
during part of this dissertation research and will be discussed later. Kurahashi et al.
(66] reported a gene, designated LZTR-1, which has an open reading frame encoding
552 amino acids and has several characteristics of DNA-binding proteins. This gene is
transcribed in several essential fetal organs. Their study showed that this gene is
hemizygously deleted in 7 out of 8 DGS patients. Its structural characteristics
identifying it as a transcriptional regulator suggest that it may play a role in
embryogenesis and that haploinsufficiency of this gene may be partly related to the
development of DGS. Pizzuti et al. (671 found a human cDNA homologous to the
Drosophila’s dishevelled (dsh) segment-polarity gene, a gene required for
establishment of fly embryonic segments. The 3' UTR (untranslated region) of this
transcript (DVL-22) was located in DGCR and was deleted in a DGS patient they
studied. The pivotal role of dsh in fly development suggests an analogous key function
in vertebrate embryogenesis of its homologue gene. Since DGS may be due to
perturbation of differentiation mechanisms at decisive embryological stages, this gene
also might be a candidate for the pathogenesis of DGS. Demczuk et al. (681 also found
a gene, DGCRG6 in DGS critical region. The putative gene encodes a protein similar to
Drosophila's gonadal protein, which participates in gonadal and germ-line cells
development, and the y-1 chain of human laminin, which upon polymerization with o-
and f3- chains forms the laminin. Laminin binds to cells through interaction with a
receptor and has functions in cell attachment, migration and tissue organization during

development. COMT gene was first mapped to chromosome 22 by Brahe et al. [69] and
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further mapped to 22q11 by Winqvist et al. [70l. Lachman et al. associated this gene to
DGS/VCEFS in 1996 (71l COMT (catechol-O-methylitransferase) has two forms. One
is soluble and the other is membrane bound. Lachman et al. identified a polymorphism
in membrane-bound form leads to a valine to methionine substitution at amino acid 158.
Homozygotes for COMT 158met has a 3-4 fold of reduction in enzymatic activity
compared with homozygotes for COMT158val [711,

Demczuk et al. (2] pointed to the existence of a strong tendency for 22q11.2
deletions in DGS, VCFS and isolated connotruncal cardiac disease to be of maternal
origin. With their experience of 22 cases in which parental origin could be determined.
combined with recent results from literature, 24 cases were found to be of maternal

origin and 8 of paternal origin, yielding a probability level lower than 0.01.

1.1.3.5 Heterogeneity and population genetics

The association of the DiGeorge syndrome with at least 2 and possible more
chromosomal locations suggests strongly that several genes are involved in control of
migration of neural crest cells and their subsequent fixation and differentiation at
different sites. In the mouse, Chisaka and Capecchi (73] described a knockout of hox-
1.5 which produced a recessive phenocopy of DGS. Mice heterozygous at the hox-1.5
locus appear normal, whereas hox-1.5/hox-1.5" mice die at or shortly after birth. The
homozygous mice have deficiencies remarkably similar to the pathology of the human
congenital disorder DGS but this gene maps to human chromosome 7, in an area not

yet implicated in the cause of the human DiGeorge syndrome.

One explanation for the wide variation in phenotype would be the need of more

than one gene defect to produce the severe version. Thus, for example, multiple



signals and receptors should be effected to produce the full phenotype. Environmental
factors also could play an additional role as features of DGS have been described in
children with clinical evidence of fetal alcohol syndrome [74]. The alcohol may have
directly disrupted neural crest migration or have exposed a genetic predisposition. In
addition Lammer et al. 75} studied a series of pregnancies exposed to the teratogen
isotretinin (vitamin A) and several of the infants satisfied the diagnostic criteria of DGS.
Thus, it is likely that these environmental changes are exposing the same susceptible
pathways of development as are impaired by the 22q11 deletion although the possibility

of an interaction between the insult and genotype remains open.

No formal population study has yet been completed, although a preliminary
study in the Northern region of England, which has a birth population of 40,000 per
annum, has revealed 9 cases born in 1993 with 22q11 deletion who presented with
neonatal DGS features. The overall birth prevalence of DGS therefore would appear to

be approximately 1 in 4,000 {76].

1.1.4. Sequencing analysis

The majority of patients with DGS/VCFS (about 90%) have a common large
deletion, and a minority have smaller deletions, unbalanced translocations or no
detectable abnormality of 22q11.2 [611. Though the phenotype is highly variable, there
is no apparent correlation between deletion size and phenotype [36]. The minimal
DGS/VCES critical region (MDGCR), defined as the region most likely to contain the
gene or genes for DGS/VCEFS, has been studied extensively. Different groups have
their own definitions of MDGCR because of the different probands they used (see
1.1.3.3. Mapping for detail). With the help of DNA sequencing, a transcription map of
MDGCR has been published [57). Combined with this transcription map and studying

13



of balanced translocation, three disrupted transcription units were found. One of them,
DGCRS3 1571, seems to be within another newly found transcription unit, DGCRS [771.
The other transcription unit recently was found to be the functional gene for CLTCL,
clathrin heavy chain-like gene [6!1]. The sequence data of the genomic context of this
gene revealed that the breakpoint is within intron 27 (611, DGCRS and CLTCL genes
are the only two genes in MDGCR which span the balanced translocations. However,
the relationship between genes and the features of DGS/VCES still remains unknown.
It is possible that the translocation breakpoints are exerting position effects on a gene or
genes in the region or the neighboring region. To further understand the deletion
mechanism and the genomic organization of the critical region of DGS/VCEFS, Dr.
Roe's research group has been sequencing the entire 1.4 megabase DGCR. This
sequence data has been proven to be a great help in establishing the transcription map,
localizing known genes in the region, studying the genomic organization of genes,
revealing the details of translocation breakpoint, and discovering new genes within the
region [56.57.61. 78] This sequence data in the DGCR is from numbers of overlapping
cosmids, fosmids, BACs, and PACs. A map of these cosmids, fosmids, BACs and
PAC: is provided in Figure 2. Database searches reveal the locations of several known
genes and human homologs of known genes of other species. The presence of
numerous STS's and EST's also has aided the discovery of new genes in this region.
Computational approaches, such as Xgrail, promoter scan, and signal scan programs,
are used to predict the potential exons and promoter regions. Combining the locations
of predicted exon cluster, potential promoter region and EST's together can be very
useful to discover new potential genes. A large number of interspersed repeat elements
and single repeats also have been identified. The distribution of these repeats
throughout the region can help to understand the clue of how the chromosome DNA is
organized. After all known and potential genes are localized in the region and the

genomic organization of all these genes are revealed, one can possibly answer the
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questions: Which gene or genes are responsible for DGS/VCEFS or which regulatory
factor or factors are responsible for DGS/VCFS? What causes the broad spectrum of
severity observed in DGS/VCEFS patients? How are the products of potentially
responsible genes involved in early embryonic development which causes DGS/VCFS?

What is the cause of deletions? What is the deletion mechanism?

1.2 DNA

1.2.1 Inheritance and DNA

Far before DNA was discovered, the phenomenon of inheritance was observed
and attempts were made to understand its mechanism. As ancient Chinese put it:
"Dragon breeds dragonet, a phoenix breeds a little phoenix, and mice’s son can surely
dig holes". Inheritance was defined as the ability of passing parental characteristics to
next generation. However, its physical basis was not understood until the first year of
the twentieth century, when, during a remarkable period of creative activity, the
chromosomal theory of heredity was established. Hereditary transmission through the
sperm and egg became known by 1860, and in 1868 Haeckel, noting that sperm
consisted largely of nuclear material, postulated that the nucleus was responsible for
heredity. When the theories of mitosis, meiosis and fertilization were accomplished, it
could be seen that unlike other cell constituents, the chromosomes were equally divided
between daughter cells. Moreover, the complicated chromosomal changes in meiosis
which reduced the number of chromosomes of sperm and egg in half became
understandable as necessary to keep the chromosome number consistent after

fertilization. These facts suggested that chromosomes carry the heredity information

[79. 80. 81],
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It was not until 1900 that Gregor Mendel's basic rules of heredity were accepted
by the scientific community. Although Mendel proposed his basic rules of heredity in
1865, they were completely ignored by prominent biologists of that time. After de
Vries, Correns and Tschermak, all working independently, reached similar conclusions
before they knew of Mendel's work, the great importance of Mendel's forgotten work
was realized. Mendel's work traced the results of breeding experiments between
strains of garden peas (Pisum sativum) differing in well defined characteristics.

Mendel first related the physical appearance (phenotype) with its genetic composition
(genotype), and proposed that a pair of "particulate factors”, one from each parent,
carried the information of heredity, passed unchanged from parent to progeny, and
control the offspring's appearance. He also developed the concepts of dominance,
recessivity, segregation and independent assortment. The dominance/recessivity
concept discriminated two particulate factors carried by one individual. The dominant
one will control the phenotype while the recessive one is in effect irrelevant. These two
particulate factors have no permanent effect on one another when present in the same
individual but segregate unchanged by passing into different gametes. When two
different characteristics were reviewed, he concluded that the factor-pairs controlling
different phenotypes will segregate independently, in modem word, nonhomologous

chromosomes undergo independent segregation [79. 80. 811,

Walter Sutton, in 1903, emphasized the importance of the factor that the diploid
chromosome group consists of two morphologically similar sets and that, during
meiosis, every gamete receives only one chromosome of each homologous pair. He
used this fact to explain Mendel's results by relating "particulate factors” to
chromosomes. Though Sutton's work didn't prove the chromosomal theory of
heredity, it was very important in bringing together the independent disciplines of

genetics and cytology (79-80.82]. [n 1910, Johannsen called these "particulate factors”
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genes [79.80.81]_[n 1910, Morgan's work on Drosophila melanogaster proved that a
specific gene always lies on a certain chromosome. It also was observed that if two
genes are on the same chromosome (linked genes), they tended to be inherited together
(linkage). Linkage is seldom complete because homologous chromosomes attach to

each other during meiosis and often break at identical spots and rejoin crossways [79:

80, 81, 83],

The relationship between the structures of the genes and the biochemical
mechanism by which they control the cellular characteristics was the next question.
Each gene exists in a variety of different forms called alleles. Different alleles arise
from inheritable changes called mutations. Studies on large amount of spontaneous
mutations in Drosophila led to the conclusion that many genes worked together to
control one character such as eye color and wing shape [79.80.81. 841 Garrod was the
first to propose the general hypothesis of a gene-enzyme relationship in 1909. In his
studies of an hereditary disease affecting amino acid metabolism, he suggested that the
illness was caused by a lack of a particular enzyme, which was required in the amino
acid metabolism pathway, and proposed that the gene controlled the synthesis of the
enzyme [79.80.85]  [n [94], Beadle and Tatum introduced a red bread mold
(Neurospora) as a genetic model system to study metabolism. Different mutants were
generated by irradiation with X-ray and selected for their inability to grow on a medium
that could allow the wild-type cell to grow. By adding additional nutritional
compounds to the medium, the mutant's ability to grow was restored. They concluded
that each mutation disrupted a certain gene whose product is involved in one of the
metabolic steps and made the cell unable to use the nutrition the wild-type is able to use.
Because each mutation blocked a particular step of metabolic pathway, adding the
nutrients which appeared downstream of this step restored the cell growth. Based on

this study, they proposed the "one gene-one enzyme" theory and confirmed Garrod's
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hypothesis (81861, In more modern terms, considering some proteins consist of more
than one kind of subunit, it is more precise to express "one gene-one enzyme" as "one

gene-one polypeptide chain” (811,

Studies by Fred Griffith in 1928 on bacterium Pneumococcus strains brought
the first idea of DNA as the genetic material. Pnewmococcus kills mice by causing
pneumonia. The virulence of the bacterium is determined by the capsular
polysaccharide, a component of the surface, which gives smooth appearance and
protects the bacterium from destruction by the host. A wildtype strain of
Pneumococcus (1 S), which is able to synthesize a capsular polysaccharide and has the
ability to kill the mouse, and a mutant strain of Pneumococcus (II R), which has lost
the ability to synthesize the capsular polysaccharide, has rough surface and can not kill
the mouse, were used. Their results showed that coinjection of heat-killed smooth
bacteria (I S) and live rough bacteria (II R) into mice resulted in pneumonic infection
and death, whereas injection of only Heat-killed I S or live I R did not. Furthermore,
the virulent bacteria recovered from the mixed infection had the smooth coat of type L.
Based on these observations, Griffith presented his transformation hypothesis that
some "transforming principle” from dead type I S bacteria can transform the live
avirulent II R bacteria so that they make the type I capsular polysaccharide, and as a
result become virulent (8!.87], Griffith's "transforming principle” was chemically
characterized by Avery, MacLeod and McCarty in 1944 after purifying the
"transforming principle” from extracts. When the "transforming principle” was treated
with deoxyribonuclease, an enzyme that specifically degrades DNA molecules to their
nucleotides and has no effect on the integrity of protein molecules or ribonucleic acid
(RNA), transforming activity of the extract was destroyed. The addition of either
enzyme ribonuclease, which degrades RNA, or various proteolytic enzymes, which

destroy protein, had no influence on transforming activity. They then concluded that
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the "transforming principle” to be deoxyribonucieic acid (DNA) [81.88]_ At that time,
DNA was not even known to be a component of bacterium. However, it had been
recognized for many decades that DNA was a major component of eukaryotic
chromosomes. The results that showed that the genetic material of a prokaryote also is
DNA indicated DNA is probably the genetic material in both prokaryote and eukaryote

[81]

In 1952, Hershey and Chase confirmed that DNA also was the genetic material
of a quite different system, T2 bacteriophage. When phages were labeled with 32P in
DNA or with 35S in protein of phage coats, the 32P label entered the infected bacteria
and can be recovered from progeny phages. The 35S label was found to be in empty
phage coats but not inherited by the progeny [8189], The similar observation also was
obtained from studies in eukaryotes. When purified DNA containing information of
particular phenotype mixed with single eukaryote cells which lack this particular
phenotype, some of the cells could uptake the DNA and obtain this phenotype (811,

These experiments showed directly that DNA is the genetic material. Now we
know that all known organisms and many viruses use DNA as genetic material.
However, some viruses use ribonucleic acid (RNA) as genetic material. In these

circumstances, RNA serves the same role as DNA.

1.2.2 DNA components

DNA is a polymer consisting of a chemically linked sequence of nucleotides.
Each nucleotide contains three major components: a nitrogenous base, a five carbon
sugar in ring form, and a phosphate group. DNA has four kinds of nitrogenous bases

(Figure 3). They fall into two groups, pyrimidines and purines. DNA has adenine and
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Figure 3: Structures of bases, pentose and phosphate in DNA.



guanine as purines and cytosine and thymine as pyrimidines. The five carbon sugar in
DNA is 2-deoxyribose (Figure 3). The nitrogenous base is linked to position | on the
pentose ring by a N-glycosidic bond from Ng of purines or N; of pyrimidines. The
phosphate group is linked to 5' position of the pentose via phosphodiester bond.
Nucleotides are building blocks from which DNA is constructed. The DNA
polynucleotide is an unbranched polymer whose backbone consists of an alternating
series of sugar and phosphate residues. The 5' phosphate of one nucleotide is bound
covalently to the 3' hydroxyl of the sugar on the adjacent nucleotide. The terminal
nucleotide at one end of the chain has a free 5' phosphate group and the other end has a
free 3' hydroxyl group. Thus, the DNA chain has a direction. In 1951, Chargaff, et
al. found out that double stranded DNA consists of equal amounts of adenosine (A) and
thymidine (T) and equal amounts of guanosine (G) and cytidine (C). The molar ratios
of ([A]+[TV[G]+[C]) differed among organisms, a finding which suggested that DNA
molecules might be more complicated than originally considered. Chargaff
hypothesized that the variable base compositions reflected differences in the base
sequences among organisms, which somewhat revealed the complexity and diversity of

genetic material {79. 80.90],

1.2.3 DNA structure

Three major pieces of evidence helped Watson and Crick in 1953 conclude that
DNA usually consists of two complementary polymeric strands that form a double
helix. First, X-ray diffraction data showed that DNA has the form of a regular helix,
making a complete turn every 34 Angstroms (3.4 nm), and with a constant diameter of
20 angstroms (2 nm). Because the distance between adjacent nucleotides is 3.4
angstroms, there are 10 bases per tumn of the helix. Second, the density of DNA

suggests that the helix must contain two polynucleotide chains. The constant diameter
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of the helix can be explained only if the bases in each chain face inward and a purine is
always opposite a pyrimidine, because purine-purine pairs are too large and pyrimidine-
pyrimidine pairs are too small. The hydrophobicity of bases also suggests that bases
face inward, making a hydrophilic backbone on the surface of the helix. Third, the
proportion of G and C is always the same in DNA (G = C), and it also is true for the
proportion of A and T (A =T). This indicated that A might pair with T and G might

pair with C [79. 80. 81,91, 92. 93],

Watson and Crick proposed that most of the time, hydrogen atoms in the bases
are found at precise locations instead of as was previously assumed, that they are
highly mobile, randomly moving from one ring nitrogen or oxygen to another. The
nitrogen atoms attached to the bases are almost always in the amino (NH;) form rather
than imino (NH) form and the C-6 atoms are keto (C=0) rather than enol (COH).
These structure features of the bases allow hydrogen bonds only between A and T, and
G and C (Figure 4). Thus, the DNA molecule has two polynucleotide chains coiled
together in opposite direction (antiparallel) to form a right-handed double-helix. The
nitrogenous bases face inward and two hydrogen bonds between A and T in different
chains and three hydrogen bonds between G and C keep these two chains together.
Bases are flat structures lying in pairs perpendicular to the axis of the helix (base-
stacking). This base-stacking allows interaction of the aromatic 7 electron clouds and
diminishes the electrostatic repulsion expected between the negatively charged
phosphate backbones of two chain. Besides the hydrogen bonds, hydrophobic base-
stacking also keeps the DNA structure stable. The twisting of two strands around one
another gives two grooves on the surface of the helix, narrow and wide grooves. The

narrow groove is about 12 angstroms and the wide groove is about 22 angstroms [79-

80, 81]
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Figure 4: Hydrogen bonds between bases and antiparallel backbones.



This structure represents a common form of DNA, B-form, existing in solution
under physiological conditions, but there are other forms of DNA. The A-form DNA is
very close to the conformation of double-stranded regions of RNA, where the presence
of 2'-OH group prevents adoption of the B-form. In A-form DNA, there are 11 bases
per turn and the diameter of the helix is about 23 angstroms and the bases are not lying
perpendicular to the axis but tilted (80. 94.95.96.97.98] The Z-form DNA, is a left
handed double helix having only one deep groove with a greater density of negative
charges than either groove in B-form (See Figure 5). Z-DNA contains 12 base pairs
per turn with a diameter of approximately 18 angstroms, making this structure much
more compact than B-form DNA [80.99.100. 101 The Z-form DNA double helix
occurs in polymers with a sequence of alternating purines and pyrimidines as in CpG
island which is seen in the promoter region of most house keeping genes. Besides the
sequence of the nucleotides, negative supercoiling is another factor that determines
which form DNA adopts. Negatively supercoiled DNA seems to have greater
possibility of exiting in a Z-form than relaxed DNA . Since Z-form DNA has been
reported in regions of SV40 virus that regulate transcription, Z-DNA is thought to have
an effect on transcription [102], Proteins bound to DNA also may affect the ability of
DNA to adopt different forms [103]. Methylation of key cytosine residues also may
influence gene functioning through its potentiation of the transition from B-form to Z-
form [104.105], Miller, et al. reported that the conversion from B-form DNA to Z-form
in nucleosomes could change the superhelical density of a DNA segment, and therefore

alter gene expression (106,



Figure §: Comparison of A-form, B-form, and Z-form DNA.



1.2.4 DNA and genetic information

How does the DNA structure relate to the genetic information it carries? How is
this information coverted to biochemical metabolic functions? The central dogma
proposed by Francis Crick may answer these questions [197]. The central dogma
defined the paradigm of the molecular biology: genes are perpetuated as sequences of
DNA (or in some cases, RNA), but the functions are carried out by being expressed in

the form of proteins.

Central dogma contains two components (Figure 6): The first is DNA
replication. Duplication of DNA to make an identical copy passes the genetic
information from one generation to next. The second is gene expression which
contains two stages. DNA replication provides a way for genetic information to pass
from parent to offspring. Two major features should be mentioned here for DNA
replication. First, DNA can only be synthesized from 5'-end toward 3'-end. Second,
no known DNA polymerase activity can initiate a DNA chain de novo, instead, it is
extended from a pre-existing chain (primer), DNA or RNA, with a free 3'-OH end [80-
81. 110, 111, 112. 113]_ In gene expression, transcription generates a single-stranded
RNA identical in the sequence with one of the strands of the duplex DNA. Translation
converts the sequence of RNA into the sequence of amino acids comprising a protein.
In eukaryotes, DNA is in the nucleus and protein synthesis occurs in the cytoplasm.
RNA acts as a messenger to transfer the information DNA carries outside the nucleus
into the cytoplasm. This RNA is called mRNA (108.109] Only one DNA strand is the
template for mRNA synthesis. The template DNA strand which is copied and thus
complementary to the mRNA is called the anticoding or negative strand. The other one
which has the same sequence as mRNA (except in RNA a U is used instead of a T) is

called the coding or positive strand [79.80.81],
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Figure 6: Central dogma of molecular biology



Transcription utilizes RNA polymerase. There are three RNA polymerases in
eukaryotes. RNA polymerase I is responsible for synthesis of ribosomal RNA (rRNA)
which is a constituent of ribosome (114}, the factory of protein synthesis. RNA
polymerase II is responsible for mRNA synthesis. RNA polymerase III is responsible
for synthesis of transfer RNA (tRNA), which recognizes a free amino acid and
transfers it to a ribosome for protein synthesis [!15]. Transcription is facilitated by the
presence of specific promoters, containing specific consensus sequences, which are
recognized by RNA polymerase. Promoters for RNA polymerase I, and most
promoters for RNA polymerase II are located upstream of the transcription startpoint
(116, 117, 118. 119] and in most cases promoters for RNA polymerase III lie downstream
of the startpoint [120]. Because RNA polymerase II transcription results in mRNA, it
will be emphasized here. RNA polymerase II usually requires specific consensus
sequences in promoter region, such as the TATA box, with a consensus sequence of
TATAA, which is located 25-30 base pairs upstream from the transcription start site.
The TATA box is recognized by TFIID (transcription factor [ID) and delineates the
correct positioning of the RNA polymerase II for transcription initiation and specifies
the 5' cap termini in the mature mRNA [121. 1221 Further upstream from TATA box is
a region which can contain one or more upstream regulatory elements such as the
CAAT box and the Spl (a transcription factor containing zinc-fingers) consensus
binding sitt GGGCGG. The position of CAAT box can vary considerably from the
transcription startpoint. It may also be present in either orientations. CAAT box may
play a role in controlling the efficiency of the promoter. GGGCGG sequence (GC
box) usually has multiple copies in different locations and can occur in either
orientations [123. 124,125,126, 127] Even though these regulatory elements are often
described as promoters, none of them are essential, and a gene promoter region may

lack any one of them and still be transcribed. In addition, several eukaryotic promoters



have been shown to not necessarily function alone. Enhancers, which may be located
at a variable distances from promoter, upstream or downstream, can increase the
activity of promoter enormously. Enhancers also may not be specific for certain
promoters, and can stimulate any promoter placed in its vicinity [128. 129, 130],
Response elements are found either in promoters or enhancers, and are recognized by
factors that coordinate the transcription of particular groups of genes. Response
elements are switches that can turn particular gene(s) on in the presence of certain
factors, such as some metals, hormones (e.g. glucocorticoid) and serum. Such a factor
binds to a receptor in cytoplasm, the complex then goes into the nucleus and binds to

response elements that regulate the transcription [131.132],

Little is known about the mechanism of termination of transcription of RNA
polymerase II. A consensus sequence, known as poly(A) signal, is usually found near
the end of transcription stop point. This sequence may not signal the termination of the
transcription but rather signal the addition of poly(A) tail to mRNA. Actuaily, RNA
polymerase II may continue elongating the RNA chain far beyond the polyadenylation
signal site, but after it is somehow terminated, the nascent pre-mRNA then is cut by a
specific endonuclease, which creates the correct 3' terminus for polyadenylation and
releases downstream sequences for rapid degradation. The poly(A) tail is believed to

control the stability and the lifetime of a mRNA (133,134, 135]

The coding regions, termed exons, usually are not continuous in eukaryote
genes as they are separated by non-coding regions, termed introns. The size of the
introns usually is much larger than the size of the exons [80.81. 136, 137. 138, 139] The
immediate product of RNA polymerase II is only a precursor of mRNA because it
contains large amount of non-coding regions. Before the mRNA precursor can be used

as a template of protein synthesis, the introns must be removed by a process called
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splicing, which occurs in the nucleus {138. 1401, During splicing the pre-mRNA is
cleaved after a G residue (underlined in 3'-end of exon and 5'-end of intron consensus
junction: (C/A)AG/gt(a/g)agt, the bold is most conserved (141. 142]) at the end of the
upstream exon. The resulting free guanosine at the end of the intron reacts with a
residue (usually an A) in the middle of the intron (usually near the right end of the
intron) to form a §' to 2' phosphodiester bond [143. 144, 1451 After this lariat structure
is formed, the 3'-end of intron and 5'-end of the down stream exon consensus junction
((t/c)pn(c/t)ag/G) [141. 142] is cleaved between two G's and the two exons are ligated.
This process has been studied in detail and shown to require small nuclear
ribonucleoprotein particles, termed snRNPs, which contain small nuclear RNAs and

special proteins [146. 147. 148]

1.2.5 DNA packaging: genome and chromosome

The three billion base pairs of the human genomic nuclear DNA in a single cell
is roughly one meter long and mainly B-form double helix. Human genomic DNA is
organized and packaged into a set of 46 chromosomes in a haploid cell, two copies of
chromosomes 1-22 and the sex chromosomes XX or XY. The shape of a typical
chromosome in metaphase is provided in Figure 7. A large number of proteins is
bound to DNA. Some of these proteins, histone and non-histone proteins, help
package the DNA into very dense form. The basic structural unit of a chromosome is
chromatin. Chromatin consists of densely packed nucleosomes. A nucleosome
contains a characteristic length of DNA, usually about 200 bp, wrapped two times
around an histone octamer containing two of each histone: H2A, H2B, H3, and H4.
Histone H1 binds to the DNA between nucleosomes and facilitates chromatin

packaging. Nucleosomes are organized into chromatin which is a helical fiber of 30 nm
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Figure 7: Typical human chromosomes in metaphase.



diameter having six nucleosomes per turn. Without H1, the chromatin is 10 nm in
diameter, in which nucleosomes are organized edge to edge and stacked along.
Non-histone proteins are responsible for further packaging (149. 150. 151. 152, 1531 The
chromatin packaging is regulated by phosphorylation of histone H! prior to mitosis,
and dephosphorylation following mitosis. As a result of this covalent modification,
chromatin has different densities. The very densely packed region, in a condition
comparable to that of the chromosome at mitosis, is known as heterochromatin.
Heterochromatin is a region of relatively inactive transcription [!54]. Two kinds of
heterochromatin exists. Constitutive heterochromatin counsists of particular regions that
are not expressed, such as repetitive sequences. Facultative heterochromatin is regions
inactive in one cell lineage but which may be expressed in other cell lineages [8!1. In
most regions however, the chromatin is less densely packed than in the mitotic
chromosome. These regions are called euchromatin. Euchromatin is actively

transcribed (1551,

1.3 Large scale DNA sequencing

1.3.1 History of DNA sequencing

The first approach to nucleic acid sequencing followed the same strategy of
protein sequencing. The molecule was first broken into small overlapping pieces with
different reagents and the composition of each small fragment were determined. By
overlapping the small pieces, the exact sequence of the molecule was deduced. This
method is practical for protein because twenty amino acids provide a large variety, but
for DNA, there are only four different nucleotides and the composition hardly reflects

the sequence. It was only possible for this initial approach to sequence very short DNA

[156. 157],
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In 1978, two different methods of DNA sequencing were introduced. The first
one, developed by Maxam and Gilbert in Cambridge, MA, is a chemical cleavage based
approach (58] and the second, developed by Sanger and Coulson in Cambridge,
England, is an enzymatic synthesis based approach [159]. The two methods share the
same general principle. Each method generates a series of single-stranded DNA
molecules, each molecule is one nucleotide longer than the last. This set of DNA
molecules is separated on an acrylamide gel, because the acrylamide gel has the ability
to separate DNA molecules only one nucleotide different in size. If there are four
different reactions which can generate a series of DNA molecules with one of their ends
known, upon separation on the gel in four parallel lanes with each lane containing only
one specific ending, one can deduce the sequence according the ladder of bands on the
gel. The difference between these two methods lies in the methods to generate the

series of DNA molecules.

The Maxam and Gilbert technique involved chemical cleavage of a DNA strand
by using different base-specific modifying chemicals. Two aspects must be
emphasized. First, the cleavage must be specific. Because four distinct chemical
agents were not available, combinations of chemicals were used. G cleavage
(dimethylsuifate and heat) is very effective with guanine but it also has a weak effect on
adenine. The difference of the reactivity is sufficient to distinguish on a gel. The
reaction, dimethylsulfate and acid, cleaves at A, but also cleaves weakly at G.
Hydrazine and salt together will cleave only at C, but hydrazine alone will react with C
and T. Second, the cleavage should be partial at any susceptible position. Any site
with appropriate base should only have a small possibility to be cleaved so that every

sites will have the same opportunity. With only the 5' end labeled, if the cleavage is
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complete, only one band can been seen on the gel and the sizes of resulting fragments

will not reflect the DNA sequence (1581,

Sanger and Coulson developed a sequencing method which utilized the
polymerase activity of the Klenow fragment of E. coli DNA polymerase [. With the
presence of small amount of 2',3'dideoxynucleotides, the chain elongation will be
terminated if dideoxynucleotide is randomly incorporated because the ending
dideoxynucleotide lacks the 3" hydroxyl group required for polymerization. If four
dideoxynucleotides are used in four separated reaction, each reaction will give a set of
DNA molecules in different length with the end according to the dideoxynucleotide
used. DNA polymerization is from a defined site beginning with an oligonucleotide
primer which is required for the enzyme and different labeling systems can be used for
the detection of the resulting nested fragments. Primer, Dideoxynucleotides or building
block deoxynucleotides can be labeled. Because initially, Sanger and Coulson used
32P-labeled deoxynucleotides and four separated terminator reactions, the resulting sets
of DNA molecule fragments were loaded into separated parallel lanes on the gel and the
DNA sequence could be deduced by the pattern of bands ladder on the gel. For
example, in the A-specific lane, a band terminated with a dideoxyATP presents a T that
occurred in the complementary template sequence. This method, dideoxy chain
termination sequencing, is very simple and extremely accurate and today is preferred

over the Maxam/Gilbert chemical method [159].
1.3.2 Improvement of DNA sequencing

Since the original Sanger sequencing method was introduced, efforts have
emerged that result in improvement in both its sensitivity and efficiency. Among these

modifications, several are worthy of mention here.
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1.3.2.1 Enzymes in DNA sequencing

Different enzymes have been used in DNA sequencing. In Sanger’s original
method, the Klenow fragment of E. coli DNA polymerase I was used. The Klenow
fragment is the large C-terminal fragment of the enzyme resulting from proteolysis of
the enzyme. The Klenow fragment has both the DNA polymerization and 3' to 5'
exonuclease activities but has the 5' to 3' exonuclease activity domain removed because
it will remove the common 5' end (162]. Modified bacteriophage T7 DNA polymerase
(Sequenase) is another enzyme often used in DNA sequencing. This enzyme's 3'to 5'
exonuclease activity is eliminated by in vitro mutagenesis in addition to already lacking
5' to 3' exonuclease activity (1631 It has higher efficiency of polymerization and wider
tolerance for nucleotide analogs than Klenow fragment. Sequenase also tolerates the
fluorescent dye-labeled dideoxynucleotide terminators. More recently two thermal
stable enzymes have been introduced: Bst (Bacillus stearothermophilus) DNA
polymerase (164] and Taq (Thermus aquaticus) DNA polymerase [165]. The optimum
reaction temperature for Bst DNA polymerase is 65°C. This feature of the enzyme can
help to reduce the DNA secondary structure and GC compression problem. The ability
of polymerization even under low concentration of template of this enzyme because of

high polymerization efficiency can significantly reduce the cost of sequencing.

Taq DNA polymerase has an even higher temperature tolerance and thus has an
advantage over Bst DNA polymerase. The optimum temperature of Taq DNA
polymerase is 72°C. Taq DNA polymerase as well as several mutant forms of this
enzyme are the most widely used enzyme used in DNA sequencing today. The first
mutant of original Taq DNA polymerase is AmpliTaq form ABI (Applied Biosystems
Division of Perkin Elmer) (1661, AmpliTaq is formed by removal of 3' to §'
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exonuclease activity domain from original Taq DNA polymerase. It can tolerate INTP
analogs and DMSO can be included in the reaction to reduce the secondary structure. [t
also can be used in both dye labeled primer and terminator chemistries. AmpliTaq
exhibits a strong discrimination against incorporation of ddNTPs and requires high

concentrations of expensive dye labeled terminators. {166. 169]

DNA polymerases differ in their ability to distinguish between dNTP and
ddNTP. [1691 T7 DNA polymerase prefers ANTP by only several folds [163. 167],
Others prefer ANTP by several hundreds to several thousands folds [165. 1681 The
molecular basis of this lower discrimination against ddNTPS of T7 DNA polymerase
was first recognized by Tabor and Richardson, and resided in a single hydroxyl group
on the benzene ring of the residue tyrosine at position 526 (1691, At corresponding
position of Taq DNA polymerase, position 667, it is a phenylalanine. When Phe667 is
mutated to Tyr, the discrimination against ddNTPs of Taq DNA polymerase reduces
250 to 8000-fold [169]. The decreased discrimination against ddN'TP not only reduces
the cost of DNA sequencing but also improves the quality and read length of sequence
data by giving more even signals and less background. KlenTaq-TR, developed by
Barnes et. al., is a mutant form of Taq DNA polymerase I [170. 1711 Actually, the
precursor of KlenTag-TR is KlenTaq, a Taq DNA polymerase I mutant without 5' to 3'
exonuclease activity in addition to its already absence of 3’ to 5’ exonuclease activity
(wildtype Taq DNA polymerase I lacks the 3' to 5’ exonuclease activity already).
KlenTaq DNA polymerase first was developed to increase the fidelity of PCR reaction
[172], KlenTaq-TR, also named as Taquenase, contains the 3' to 5' exonuclease
KlenTaq deletion but also carries the Phe667Tyr mutation. This mutation reduces the
discrimination against incorporation of ddNTPS. ThermoSequenase, developed by
Tabor and Richardson and marketed by Amersham, is similar to KlenTag-TR but the

deletion in N-terminal (responsible for removing exonuclease activity) in
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ThermoSequenase is shorter. AmpliTaq-FS (73] also has a similar Phe667Tyr
mutation and is marketed by ABI, but the N-terminal mutation of this enzyme has not

been revealed.

1.3.2.2 Fluorescence labeling and cycle sequencing

DNA sequencing was improved dramatically by the introduction of fluorescent
labeling methods to replace radioisotopic detection. Fluorescent 5'-labeled primers
were first used instead of radioisotope >2P labeled primers [174]. One year later,
fluorescent labeled ddNTP terminators were introduced (1751, These two labeling
system were commercialized by ABI. In ABI's sequencing kits, fluorescein and
rhodamine derivatives, FAM, JOE, TAMRA and ROX, each with a slightly different
maximum emission wavelength, are used in dye-primer reactions. Four rhodamine
derivative dyes, R110, R6G, TAMRA and ROX are used in dye-terminator reactions.
Four different dyes in sequencing reaction allow loading four base-specific reactions
into one lane and still can be distinguished. In dye-terminator chemistry, four base-
specific reactions even can be done in the same single tube. Fluorescent labeled
dideoxynucleotides also reduce compressions because the large fluorescent group
attached to the ddNTP does not allow base stacking on the end of newly synthesized
chain. Background also is reduced because abortive stops are undetected if they are not

terminated with a labeled ddNTP. [160. 161]

With thermostable enzymes available, cycle sequencing was introduced to
increase the amount of reaction product and thus improve its detection on fluorescence
(176, 1771, In cycle sequencing, all the reaction components are combined and incubated
for several repeated temperature cycles of denaturation, annealing and extension. Cycle

sequencing can yield a large amount of fluorescent labeled DNA extension products by
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cycling linear amplification. Furthermore, the use of thermostable enzyme elevates the
extension temperature and reduces the secondary structure which interferes with the
DNA sequencing and allows for lower template concentration. Cycle sequencing also
is convenient for sequencing reactions using double-stranded template because no initial
denaturing step is needed. For custom primer reactions in gap closure stage, dye
labeled primers are impractical because the labeling of each primer increases the cost
and time dramatically. In contrast, a dye labeled terminator reaction can use any

primer, and therefore this approach is used exclusively in the gap closure stage.

1.3.2.3 Nucleotide analogs

Deoxyguanosine triphosphate has been replaced by deoxyinosine triphosphate,
o-thionucleotide triphosphate or deoxy-7-deaza guanosine triphosphate to eliminate the
gel artifacts caused by short stretches of dyad symmetry, especially those regions
containing a high proportion of G/C, that result in intrastrand secondary structure.
Although dITP can pair with dCTP, only two hydrogen bonds are formed and it, like

o-thionucleotide, can reduce the possibility of secondary structure. 7-deaza-dGTP
does not participate in base stacking thus also reduces the possibility of secondary
structure [160. 161],

1.3.3 Large scale DNA sequencing strategy

Strategies for large DNA sequencing basically fall into two major categories:

directed sequencing and random shotgun sequencing.
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1.3.3.1 Directed sequencing strategy

Directed sequencing entails sequencing the target DNA directly from both ends
using a series of primers. Primers for the first set of sequencing reactions are based on
the known sequencing data in the cloning vector. The primers for the next set of
sequencing reactions are synthesized based on the data of previously sequenced
regions. Every step uses the newly synthesized primers and the same target DNA as
template. The sequence data can be extended into the unknown region by this stepwise
pattern. By sequencing 300-400 bp each time, all of the unknown region can be
covered. This strategy is very straightforward and does not result in any assembling
problems, because the exact locations of all newly sequenced data are known. This
strategy is very useful and has been widely used to sequence relatively short cloned
DNA fragments such as eukaryotic cDNAs. If the target DNA fragment is large, prior
digestion with restriction enzymes is necessary. The resulting shorter DNA fragments
then are cloned and directly sequenced. This strategy has shortcomings. First, it is
slow as only two sequencing reactions can be performed at the same time and the next
step can not be carried out until the sequence data is available. Second, it is expensive
where every sequencing reaction requires a newly synthesized primer. Furthermore,
dye labeled primer reactions are impractical for this strategy because of the expensive

labeling process.

Another directed sequencing strategy eliminated the requirement of primer
synthesis. Instead of walking along the target DNA into the unknown region, in this
method the target cloned DNA is degraded unidirectionally by exonuclease III, which
digests the DNA from the 5" protruding or blunt end but the sequencing primer binding

site is protected by having a 3' overhang. The nested set of deletions from one end of

40



the target DNA then are ligated back to the end with sequencing primer binding site. In
this way, the unknown region of the target DNA is effectively moved closer to the
sequencing primer site. Universal sequencing primer on the vector then is used to
sequence the target DNA and the assembly is easy because the order of the nested set of

DNA fragments is known based on the time of the exonuclease digestion (178. 179],

1.3.3.2 Random shotgun sequencing strategy

In the random shotgun sequencing strategy, the target DNA is not sequenced
directly, but instead, various techniques are employed to generate a library of subclones
which contain randomly distributed DNA fragments from the initial target DNA. These
resulting subcloned DNAs then serve as templates for sequencing. Techniques
involved in generation of randomly distributed DNA fragments are sonication [180
181] nebulization [182. 183] transposon insertion [184], and partial restriction
digestion [185. 1861 The random shotgun sequencing strategy can deal with a very
large DNA project, and with new automation techniques, is efficiently applied to large
sequencing projects such as large insert clones from the human genome project.
Because a large amount of sequence data from randomly distributed DNA fragments is
generated, computer programs are needed to assemble the overlapping fragments into a

single contiguous sequence.

The number of random subclones required depends on the length of the target
DNA and accuracy demanded. The accuracy of the sequence depends largely on the
redundancy, i. e., how many times a base has been sequenced with high redundancy
yielding high accuracy. The accuracy also is improved when both strands of the DNA
are sequenced. For example, a compression problem observed in one sequencing

direction may not occur in the opposite direction. Because a very large number of
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subclones is needed to cover 100% of the target DNA by a totally random shotgun
approach, after data from a certain number of sequencing reactions has been collected
and the sequence of the most of the target DNA is known, a more directed approach
then is used. This is because most of the gel readings collected after that time will fall
into the known region and will not help to cover the gaps between known regions.
When the redundancy reaches a certain level, which is practically determined to be
enough to maintain the accuracy, random sequencing will be stopped. Directed
sequencing then is engaged to close the remaining gaps. The redundancy only reflects
the average number of times a base has been sequenced. If the subclone generation
were absolutely random, every base would have same coverage, but in reality this
process is not random. However, the randomness of subclone generation is sufficient
if highly random cleavage approaches are employed and these more randomly generated
subclones will require fewer gel readings to reach the same degree of accuracy. The
question of how many gel readings needed to finish a project turns out in more of a
question of when the shotgun sequencing should stop and the directed sequencing
phase should start. A project can be finished by using a very large number of shotgun
sequencing gel readings with only a few short gaps left, therefore using only a few
directed sequencing gel readings, or it can be finished by using a minimum number of
random sequencing gel readings and a large amount of directed sequencing data to (1)
close large numbers of remaining gaps and (2) resequence large numbers of regions
with less accuracy. The answer to this question lies in the answers to the following
questions: How expensive is a shotgun random sequencing reaction? How expensive
is a directed sequencing reaction? What accuracy is required for a project? Which,

shotgun sequencing or directed sequencing, needs less time?

When random shotgun sequencing is stopped and all gel readings are

assembled, we will get a series of contigs. The orientation of these contigs are



important to know in the gap closure stage if PCR is used to generate the templates over
the gap regions. In M13-based single-stranded sequencing, the order of the contigs
and their relative positions in the genomic target sequence are difficult to determine,
although restriction map and some sequenced tags may be helpful. In plasmid-based
double-stranded sequencing, because both ends of the insert are sequenced, the
orientation of the matched forward and reverse sequence pair is known. This
information is extremely useful to determine the orientation of the contigs as well as to

assure the correctness of final assembly.

Gap closure stage is one of the most challenging and time consuming steps in
large scale DNA sequencing because various difficulties may be encountered. In this
dissertation, a strategy of gap closure has been worked out. This strategy involved
resequencing the ends with different chemistries, primer walking, PCR, and PCR
product and subclone fragmentation (see Methods and Materials for detail).

1.3.3.3 Cloning vectors in large scale DNA sequencing

DNA cloning is an extremely powerful way to amplify individual DNA
sequences. Here, the target DNA is inserted into a carrier, called a vector, which then
is transformed into the host cell where it can be replicated by host enzymes. The vector
has the ability to replicate both itself and inserted DNA. The vectors used in this study
include plasmids, bacteriophages, cosmids, forsmids, BACs and PACs.

Plasmids are double stranded, extrachromosomal DNA often naturally found in
several bacterial strains. Naturally occurring plasmids typically contain important genes
such as antibiotic resistance genes, bacterial conjugation gene for its transferring from

one cell to another, and replication regulatory genes. [!87] Plasmids also have sequence
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representing the region for origin of replication, but the replication of plasmids usually
relies on entirely on enzymes supplied by the host. [188] [n some instances, plasmid
replication also is regulated by several proteins encoded by the plasmid itself. [189]
Under normal growth condition, a few copies of the plasmids are maintained in a host
cell. (1901 To be used as a cloning vector, the negative regulation system of the
replication is weakened by introducing mutation into the relevant gene, [188] therefore a
larger number of plasmids can be obtained from a single cell. pUC vectors are such
kind of vector genetically engineered to have the copy number as high as 500-700. (19
The number and position of restriction enzyme cleavage sites where the foreign DNA
insertion will take place are engineered. pUC vectors now have been engineered to
contain over a dozen such sites. (1921 The capacity to accept fragments of foreign DNA
for a plasmid is limited in the transformation step, because the efficiency of
transformation is inversely related to the size of the plasmid. Selectable markers are
important characteristics of a plasmid vector. The most commonly used selectable
markers are genes that confer resistance to antibiotics. {1931 When plated on antibiotic-
containing media, only those cells which uptake the plasmid upon transformation can
survive. Other selectable markers are to distinguish host cells carrying nonrecombinant
plasmids from those carrying an interesting DNA fragment. Here, a segment of DNA
derived from the lac operon of E. coli was included in the original pUC vector system
because it contains the regulatory sequences and the coding information for the first 146
amino acids (Lac Z') of the enzyme B-galactosidase which cleaves lactose. [1921 A
polycloning site is inside the B-galactosidase gene but does not disrupt the function of
the gene. This kind of vector is used with host cells that code for the carboxyl-terminal
portion of B-galactosidase. Although neither the host-encoded nor plasmid-encoded
fragments are active, they can associate to form an enzymatically active protein. [194]
Thus, when foreign DNA is inserted into the polycloning site, the insert causes

expression of a dysfunctional lac Z' protein. In the presence of isopropyl-B-D-



thiogalactopyranoside (IPTG), an inducer of the synthesis of Lac Z', and 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (Xgal), a chromogenic substrate for -
galactosidase, cells carry a nonrecombinant plasmid will produce a functional -
galactosidase protein which cleaves Xgal resulting in blue colonies, whereas those with
inserted DNA will produce dysfunctional B-galactosidase and resulting colorless
colonies. This color selection mechanism allows for differentiation between cells with

only vector pUC DNA and those cells with pUC vector containing inserts.

A bacteriophage or phage is a virus that infects a bacterium. The infection of
the host cell by phage involves injection of phage DNA into host cell. After replication
and expression, a large amount of phage progeny will be released into the medium.
This feature of phage's life cycle makes the phage a suitable cloning vector. (871 Major
families of bacteriophage vectors are A phage derivatives and M 13-alike vectors. The A
phage derivative vectors have linear double-stranded genome. Soon after entering the
host cell, the cohesive termini of the linear DNA associate to form a circular molecule.
Foreign DNA is inserted by cutting the linear phage genome into two pieces and
integrating the foreign DNA into the A phage genome. The life cycle of this vector is
relatively complex. (195. 1961 The length of foreign DNA that can be cloned were
limited because the capacity of the phage head prevents genomes that are too long from
being packaged. Thus, the nonessential portions of the phage genome were removed.
However, the resulting genome itself is too short to be packaged into the phage head.
Thus only those genomes with approximately 20 kb of foreign DNA fragments can
generate phage progeny. The size of insert DNA depends on how much of the A phage
genome is removed, because the A phage can pack the DNA from 78% to 105% of the
size of wild-type A phage genome. (1871 M13 bacteriophage is a quite different bacterial
virus. It is one of the members of filamentous bacteriophage. [197. 198. 199] [t contains

a single-stranded closed circular molecule of DNA and after entering the host cell, the
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single-stranded DNA (+ strand) is converted to double-stranded RF DNA where the (-)
strand is used as templates for expression and replication. The replication mechanism
is rolling-circle replication. The resulting (+) strand progenies are cleaved and
circularized. [200-203] Another feature of M 13 is the morphogenesis of phage particles.
Unlike most other bacterial viruses, they do not assemble phage particles inside the cell.
Instead, the DNA, bound with single-stranded DNA binding protein, moves to the host
membrane where the binding protein is stripped and the DNA is extruded through the
membrane and becomes covered with capsid. [204-205] This important feature gives
this vector no strict limit to the size of foreign DNA to be cloned. (2061 For M13-
cloning, the RF DNA of the M 13 phage is isolated and used as vector because it is
double-stranded. Like plasmid vectors, M 13 vectors also contain genetically
engineered polycloning sites, antibiotic resistance gene(s), and other selectable

markers.

The attempt to combine some of the advantages of plasmids and phages led to
the construction of cosmids. Cosmid vectors are modified plasmids that carry a copy

of the DNA sequences, cos sequences, required for packaging DNA into bacteriophage
A particles. Because cosmids carry an origin of replication and selectable markers as
plasmids, cosmid vectors can be propagated as plasmids. Because they contain cos
sequences, they can be packaged in vitro into A phages. By eliminating the large-sized
phage genome, they can carry foreign DNA fragments up to 40 kb. [187.207-2101 YAC
(yeast artificial chromosome) and recently developed BAC (bacterial artificial
chromosome) fosmid and PAC vectors also are useful for cloning even larger DNA

fragments. [211-214]
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1.3.3.4 Automated instruments for large scale DNA sequencing

The development of cycle sequence and fluorescent labeling systems opened the
door for automated large scale DNA sequencing. Cycle sequencing was developed
based on the same strategy as PCR but with only one primer used. [176. 177] Cycles of
denaturation, primer annealing and extension allow the repeated use of the template
resulting in very high signal intensity from a small amount of template. These two
advantages of cycle sequencing made the automation feasible. The high signal intensity
made the signal detection easier and with less template being required, template
isolation was less expensive. The fluorescent labeling system brought a safer, quicker
and more efficient way of signal detection. Several fluorescent DNA sequencing
instruments were developed in about a decade. One DNA sequencer was developed by
Ansorge et al. [215. 216] at the European Molecular Biology Laboratory (EMBL) and is
marketed by Pharmacia. This instrument employs only a single dye, with the four
base-specific reactions performed in four separate tubes and electrophoresed in four
different wells of a denaturing polyacrylamide gel. The fluorescent dyes are excited by
a laser beam directed into the gel and the detector is position perpendicular to the
direction of laser excitation. Hitachi developed a similar fluorescent sequencer. The
detection system differs from the EMBL system in that the emitted fluorescence is
screened through bandpass filters, enhanced by an intensifier and detected by a camera
before the data is communicated to an associated computer for analysis. Li-Cor
introduced an automated DNA sequencer in 1992, which differs from Pharmacia and
Hitachi as it uses infrared fluorescence technology. It also uses single dye labeling
system and it can simultaneously detect two reactions in one four-lane set by using two

different dyes and loaded together. (217. 218]
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The DNA sequencer developed by Perkin Elmer’s Applied Biosystems was the
first commercially available fluorescent sequencer and today is most widely used. (219
2201 All data in this dissertation research was collected from either of the two types of
ABI's instruments, ABI DNA sequencer 373A or the updated model ABI 377. Both
instruments utilize a principle of four different fluorescent dyes which allows the four
base specific reactions to be pooled and electrophoresed in a single lane of a
polyacrylamide gel, thereby increasing the number of samples which can be processed
per machine run by a factor of two or four with respect to the other instruments
available. Both ABI instruments have a scanning argon laser, as in Pharmacia and
Hitachi's machines, for excitation, but the ABI 377 uses a CCD (charged coupled
device) camera instead of a PMT (photomultiplier tube), which is used in ABI 373, for
detection. In the 373, the laser excites the fluorophores through a circular bandpass
filter, one for each fluorophore. The emitted photons have characteristic wavelengths,
depending on the fluorophore. The photons are detected, amplified by a PMT and the
raw data stored by the associated computer. In contrast, the 377 detection system uses
the same type of argon laser to excite the fluorophores but a series of lenses collect and
focus the emitted light onto a spectrograph diffraction grating which separates the light
based on wavelength into a predictably spaced pattern across a CCD camera. Using the
collected light intensities from the CCD camera, the collection software records the
amplified emission signals from the CCD camera and the raw data is stored by an
associated computer. The CCD detection system is much more sensitive than the 373
PMT detection system. Over the past few years, the sample loading capacity of ABI
373A and ABI 377 has been increased from 24, to 36, to 48, and now to 64 samples
per gel. The polyacrylamide gel thickness used in ABI 377 is 0.2 mm and 0.4 mm in
the ABI 373A.
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Chapter 11

Methods and Materials

2.1 Random shotgun sequencing strategy

Large scale DNA sequencing can be achieved by two strategies: one is directed
sequencing and the other is random shotgun sequencing. In directed sequencing, the
target DNA initially is sequenced directly from both ends to obtain the sequence at the
vector-insert junction. From this data, sequence walking primers are synthesized and
sequencing reactions once again are carried out using these newly synthesized primers
and the target DNA as template. Thus, the sequencing data can be extended from the
known into the unknown region. This procedure is repeated until all of the unknown
region is sequenced. This method has several shortcomings. First, it is slow. Every
time sequencing reactions are performed, only two ends of the target DNA are
sequenced. Second, it is expensive. New unique primers are needed for every
sequencing reaction. Random shotgun sequencing strategy in the other hand, does not
use the target DNA directly as a template. Instead, the target DNA first is broken into
small pieces and after sub-cloning, these small pieces are used as templates for the
sequencing reaction. Because these small pieces are subcloned into the same kind of
vector, the same universal primer, whose complementary sequence resides inside the
vector, can be used to sequence different inserts. This approach solves the problems
directed sequencing has. However, random shotgun sequencing also has its
disadvantages. Because the random breaks in the target DNA are not truly random and
because of the possible bias of subcloning, every base (or region) in the target DNA
may not have the same chance to be sequenced. Some regions may be sequenced

excessively while some regions may not be sequenced even once. The problem can be

49



solved by applying the directed sequencing strategy once the initial data is collected by

random shotgun sequencing.

Random shotgun sequencing strategy can be divided into two stages. The first
stage is break down. Target DNA such as cosmid, PAC, or BAC usually is large. It
has to be broken into small pieces about 3 kb in size. Such small pieces of DNA are
subcloned into vectors such as M13 or pUC18. The end sequences of these small
pieces are obtained and entered into a database. The second stage is assembling. The
end sequences of these small pieces are assembled together into large contigs by the
means of computer programs which find overlaps of small sequences and align them.
Finally, all the sequences are joined to form a full length contig which represents the
sequence of the original target DNA (Figure 8). However, even after several-fold
coverage of shotgun clones have been sequenced, there still are regions for which
sequence data has not been obtained and directed sequencing should be performed.
Therefore the key consideration in any strategy is when to switch from random
sequencing to directed sequencing. This depends on two things. One is how much
coverage is needed for every base of the sequence and the second is the cost of directed
sequencing. Usually, directed sequencing will cost more than shotgun sequencing, and
if shotgun sequencing is stopped too early, it is difficult to reach the required coverage
for every base without an excessive number of directed sequencing reactions, and the
cost of a project will be extremely high. On the other hand, if too many shotgun
sequencing reactions are performed, large amounts of unnecessary coverage occurs at

many areas and this also increases the cost.
To obtain a final sequence accuracy of less than one error or uncertain base per
10,000 bases sequenced, it has been established that every base must have at least

three-fold coverage and that the sequence from at least one opposite directioned clone
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spans each base. A diagram is provided to visualize this requirement (Figure 9). Thus,
it has been established that, based on cost and efficiency, large numbers of shotgun
clones should be sequenced until the average coverage reaches five to six fold and then,
the directed sequencing phase should begin. Directed sequencing in this stage usually
entails primer walking on existing subclones covering the region, or if there is no
subclones covering the region, a PCR product covering the region is generated from the
original target DNA. Because the shotgun stage is usually easy and routine, most
difficulties will be encountered in this gap closure stage. A gap closure strategy will be

discussed below.

At the early stage of this dissertation research, sonication was used as the
physical force to shear the large-sized target DNA. Because of the possible
unrandomness of sonication shearing and the difficuity of controlling of the sonic
strength needed to produce desired size of products, nebulization was employed to

overcome the shortcomings of sonication.

Single-stranded M13mp18 vector also was used at the initial stage of this work
because the single-stranded DNA sequencing method was sophisticated at that time. It
was believed that single-stranded template was easier to sequence than the double-
stranded ones. With the development of thermo-stable DNA polymerases, the cycling
sequencing reaction with high denaturing temperature, and improved double-stranded
template preparation, the double-stranded DNA sequencing became practical. Double-
stranded DNA sequencing has several advantages in large scale DNA sequencing.
Obviously, template number required for finishing a project can be reduced by one-half
by using double-stranded template comparing with using single-stranded template
because double-stranded template allows one to sequence both ends of the insert with

universal forward and reverse primers. Double-stranded DNA sequencing also has the
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advantage of being helpful in assembling the gel readings and organizing the database.
When two sequences from both ends of one template are present in the database, the
information about the orientation of these two sequences is known. This information
can be used as quality assurance that the final assembly is correct and thus a misjoint
would be observed if the orientation of two sequences from one template is not correct.
It also is very useful to obtain the orientation information about two unjoined contigs if
there are enough information of pairs of sequences from same templates. When a
large-sized repeat region is encountered, known orientation of two sequences from one
template also can be very useful to determine where one sequence should be oriented

when the position of the other one is known.

2.2 Material preparation

2.2.1 Large scale DNA isolation

The method used for large scale cosmid DNA isolation is based on a
modification of alkaline lysis procedure. (221 After crude DNA was isolated, different
methods were tested to further purify the DNA. At the early stage of the dissertation
research, equilibrium ultracentrifugation in cesium chloride-ethidium bromide gradients
was used. [222] This method gave very pure DNA but the dealing with the carcinogen
ethidium bromide was dangerous and the procedure was time consuming. A more
recent method using diatomaceous earth to bind-elute DNA was less hazard and easy to
do. 223] The disadvantage of diatomaceous earth based method was that in some cases
the yield of DNA was reduced. Recent results indicated that the diatomaceous earth
purification step could be omitted if extreme care was taken during the cleared lysis
phase, and the resulting DNA quality was sufficient to allow it to be used as a template

for shotgun sequencing.



2.2.1.1 Large scale DNA isolation by diatomaceous earth

A smear of colonies of cosmid were picked and transferred into a 12X75 mm
Falcon tube containing 3 m! of LB medium (10 g Bacto-Tryptone, 5 g Bacto-yeast
extract, and 10 g NaCl in 1 L H,0, autoclaved) with appropriate antibiotic. After
incubating at 37°C for 8 hours with 250 rpm shaking, the culture was transferred to a
250 ml flask containing 50 ml of the same medium and incubated for 8 hour under the
same conditions. Then, all 53 ml of the culture was transferred into a 2 liter flask
containing 1 liter same medium and incubated for additional 8 hours. After harvesting
the cells by centrifugation at 7000 rpm for 20 minutes in 500 ml bottles in the RC5-B
using the GS3 rotor, cell pellets were frozen and stored at -70°C. Prior to use, the cells
were thawed and resuspended in 35 ml of GET (50 mM glucose, 25 mM Tris-HCI, pH
8.0, and 10 mM of EDTA, pH 8.0) by gently teasing the pellet with a spatula and then
70 mg of lysozyme was added to a final lysozyme concentration of 2 mg/mi. After
mixing gently, to make sure lysozyme was dissolved completely, the solution was
incubated at room temperature for ten minutes. Then 70 ml of alkaline lysis solution
(0.2 N NaOH and 1% SDS) was added and after gently mixing until the solution was
homogenous, it was incubated for 5 minutes in an ice-water bath. Then 70 mi of 3 M
NaOAc, pH 4.8 was added and mixed gently by inverting the bottle several times and
then the bottle was placed an in ice-water bath for 45-60 minutes. The lysate was
cleared from precipitated SDS, proteins, membranes, and chromosomal DNA by
pouring through a double-layer of cheesecloth, transferring the lysate into 250 ml
centrifuge bottles and centrifuging at 10,000 rpm for 30 minutes at 4°C in the RC5-B
using the GSA rotor. If necessary, an additional centrifugation was performed to
ensure that all insolubles were removed. The supernatant then was transferred into a

500 ml bottle and DNase-free RNase A (stock solution of 20 mg/ml of RNase A in |
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mM NaOAc, pH 4.5 is boiled for 10 minutes and cooled down in room temperature
before using) was added to the final concentration of 100 ug/ml. After incubating in
37°C water bath for 30 minutes, an equal volume of isopropanol was added and mixed
well, the solution was held at room temperature for S minutes prior to centrifugation at
9,000 rpm for 30 minutes in RCS5-B using GS3 rotor. The supernatant was decanted
and the pellet drained. The DNA pellet then was dissolved in 20 mi of 10:1 TE (10 mM
Tris-HCI, pH 7.6, 1 mM of EDTA, pH 8.0), divided into two 50 ml Corning
centrifuge tubes and 40 mi of the defined diatomaceous earth (suspend 10 g of
diatomaceous earth in 100 ml distilled water and let it settle down for 3 hours, decant
the supernatant) in 6M Guanidine-HCI (100 mg defined diatomaceous earth/ml, 50 mM
Tris-HCI, 20 mM EDTA, final pH 6.4) was added into each tube. After mixing well
and setting at room temperature for S minutes with occasional mixing, and
centrifugation in Beckman GS-6R centrifuge at 3000 rpm for 10 minutes, the
supernatant was decanted and 40 ml of wash buffer (equal volume of 10:! TE and
ethanol) was added to each tube to resuspend the diatomaceous earth. After
centrifugation as before, and decanting the supernatant, the diatomaceous earth was
suspended in 40 ml of acetone and centrifuged for 10 minutes, following by decanting
the supernatant and drying in a vacuum oven. After the diatomaceous earth was dry,
20 ml of 10:1 TE buffer was added and after incubation at 65°C water bath for 10
minutes, and centrifugation in the GS-6R for 15 minutes at 3000 rpm, the supernatant
was collected. To improve the recovery, another 20 ml of 10:1 TE buffer was added to
the diatomaceous earth, and after resuspending and incubating at 65°C, the supernatant
was collected as before and pooled with the first supernatant prior to standard ethanol
precipitation (2.5 volume of 95% ethanol with 0.12 M NaOAc, incubate in ice-water
bath for 30-45 minute and precipitate). The final pellet was washed with 1 volume of
70% ethanol and dried. The dried pellet usually was dissolved in 2 ml of ddH,0 and

the DNA concentration was estimated by agarose gel electrophoresis.



2.2.1.2 Large scale DNA isolation by CsCl gradient purification

The cell growth and cell lysis procedure were the same as in the procedure
given above, but once lysed and centrifuged, the clear lysate was mixed with one-
fourth volume of 50% PEG/0.5 M NaCl by swirling and incubated in an ice-water bath
for 1-2 hour. After collecting the PEG-precipitated DNA by centrifugation at 7000 rpm
for 20 minutes at 4°C in the RC5-B using the GSA rotor, the pellets were dissolved in
a combined total of 32 ml solution containing 100:10 TE buffer, S ml of 5 mg/ml
ethidium bromide, and 37 g cesium chloride. After transferring the sample into 35 ml
polyallomer centrifuge tubes, removing all of the air bubbles, and sealing, the tubes
were centrifuged at 60,000 rpm for 16-20 hours at 15-20°C in Sorvall OTD-75B
ultracentrifuge using the T-865 rotor. The DNA bands were visualized under long-
wave UV light and the lower DNA band representing the supercoiled DNA was
collected by puncturing the tubes with a 25 gauge needle on a 5 ml syringe. The
ethidium bromide was removed from the DNA sample by passing through a previously
equilibrated 1.5 ml Dowex AG column (the Dowex AG resin is treated with | M
NaOH, water and then 1 M Tris-HCI, pH 7.6, until the Dowex solution has a pH of
7.6) and 0.5 ml fractions were collected. Fractions with an A260 of 1.0 or higher were
pooled into 35 ml Corex glass tubes and the DNA was precipitated, washed and

quantitated as described above.

2.2.2 Mini-prep isolation of subcloned DNA

The mini-prep DNA isolation methods for both single-stranded and double-

stranded subclones are discussed below because even though the doubled-stranded
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pUC vector was used throughout most of this research, m13 single-stranded vector

was used at the early stage.

2.2.2.1 Double-stranded plasmid isolation

Double-stranded plasmid DNA was isolated in 1.5 ml eppendorf tubes during
the initial stage of this research but more recently in a 96 well block format employing
the same general strategy as the large scale DNA isolation described above. Here, 1.75
ml of TB medium (12 g Bacto-Tryptone, 24 g Bacto-yeast extract, and 4 ml glycerol in
900 ml ddHO, autoclaved) with TB salt ( 10x TB salt stock solution: 2.31 g KH>POy,
and 12.54 g K;HPO, in 100 ml of ddH;0) and 100 ug/ml of ampicilin was added to
each well of a Beckman 96 well block. Individual white pUC plasmid colonies were
picked with a toothpick from an LB plate and inoculated into separate wells on the
block. The cells were incubated in a 37°C shaker at 350 rpm for 22 hours and then
harvested by centrifugation in Beckman GS-6R tabletop centrifuge at 1800 rpm for 5
minutes. The supernatant was decanted and the cell pellets were drained by inverting
on a paper towel. Cell pellets then either were frozen at -70°C for at least one hour
before use or were stored at -70°C for later use. The following isolation steps were
done either manually or on a Beckman's Biomek 2000 workstation robot. The cells
were resuspended in 200 ul of TE-RNase solution (50 mM Tris-HCI, pH 7.6, 10 mM
EDTA, pH 8.0 and 100 ug/ml of DNase-free RNase A) by pipetting up and down
several times with 12-channel P-200 pipette until all the cells were resuspended. Then,
an equal volume (200 ul) of alkaline lysis buffer (0.2 N NaOH, 1% SDS) was added.
The block was placed in a 350 rpm shaker for about 15 minutes to mix and then an
equal volume (200 ul) of 3 M NaOAc (pH 4.8) was added to every well and the block
was shaken again in a 350 rpm shaker for 10 minutes. The block then was sealed and

set in a -20°C or -70°C freezer for at least half hour. The block then was removed



from the freezer and the solution was thawed. After centrifugation at 3000 rpm in
Beckman GS-6R for 25 minutes to pellet the precipitated SDS, proteins membranes and
E. coli genomic DNA, 400 ul of the clear supernatant from each well was transferred to
another block containing | ml of 100% ethanol in each well. The block was incubated
in an ice-water bath for 30-45 minutes, centrifuged at 3000 rpm for 25 minutes at 4°C
in Beckman GS-6R centrifuge and the solution was decanted. The pellet was washed
with 1 ml 70% ethanol and after 5 minutes spinning at 3000 rpm, the solution was
drained and the pelleted DNA was dried in a vacuum oven. Resulting pellet was
resuspended in 50 ul of ddH,O.

2.2.2.2 Single-stranded M13 DNA isolation

An early log phase culture of JM101 was prepared by inoculating a glycerol
stock of JM101 into 50 ml of 2xTY medium (16 g Bacto-tryptone, 10 g Bacto-yeast
extract, and S g NaCl in | L. ddH;0, autoclaved) and pre-incubating the medium in a
37°C water bath for one hour without shaking. Then I ml of early log phase JIM101
culture was aliquoted into 12x75 mm Falcon culture tubes and individual M 13 plaques
were picked into these tubes with sterile toothpicks. The infected cultures then were
incubated in 37°C 250 rpm shaker for 4-6 hours as incubation for more than 6 hours
may result in cell lysis and contamination of the phage DNA with host genome DNA.
The culture then was transferred to 1.5 ml microcentrifuge tubes and centrifuged for 15
minutes at 12,000 rpm at 4°C to separate bacterial cells from the viral-containing
supernatant. The microcentrifuge tubes then were placed in a special rack which fits
into the Biomek 1000 workstation and the following pipetting and transferring steps
were performed by Biomek 1000 robot. Two 250 ul of the supernatant of each sample
were transferred into wells of 96-well flat-bottomed microtiter plate (Dynatech). Fifty

ul of 20% PEG in 2.5 M NaCl solution was added to each well and mixed by pipetting
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up and down. The plate was covered with plate sealer and incubated at room
temperature for 15 minutes. After centrifugation in the GS-6R at 2400 rpm for 20
minutes to pellet the precipitated phage, the PEG solution was decanted by gently
draining the plate upside down on a Kimwipe. The plate was returned to Biomek 1000
workstation and 200 ul of PEG:TE (1:3) was added to each well. After centrifugation
and draining as above, 70 ul of TTE (10 mM Tris-HCI, pH 8.0, 0.5% Triton X-100,
and 0.1 mM EDTA, pH 8.0) were added to each well and gently tapped to resuspend.
The solution from two paired wells were pooled into 1.5 ml microcentrifuge tubes and
incubated in 80°C water bath for 10 minutes to denature the viral protein coat. The
DNA was precipitated by standard ethanol precipitation and after drying was resuspend
in 20 ul of ddH,0.

2.3 Random shotgun DNA subclone library construction

Large-sized cosmid DNA was sheared initially by sonication and then at later
stage of this research by nebulization. The size of the resulted DNA was controlled by
adjusting the strength of the physical force and the viscosity of the solution. The
resulting DNA fragments have different types of the ends, i. e., blunt, 3' protruding or
5' protruding and in the later two instances, to subclone them into blunted-end vectors,
the ends have to be repaired to become blunted-end. After end-repair and
phosphorylation, the DNA fragments were size-selected by electrophoresis and elution
from a low-melting temperature agarose gel with appropriate molecular weight marker.
The excised DNA band was extracted with phenol-chloroform method and after ligation
into blunted-end vector, was plated out. A diagram is provided to show the general

procedure for the library construction (Figure 10).
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2.3.1 DNA shearing

2.3.1.1 DNA shearing by sonication

The generation of random DNA fragments by sonication was performed by
placing a Microcentrifuge tube containing the buffered DNA sample into an ice-water
bath in a cup horn sonicator and sonicating for a varying number of 10 second bursts
using maximum output and continuous power essentially as described by Bankier and
Barrell. [181] The optimal sonication conditions were determined for each given DNA
sample as they varied from sample to sample. Approximately 100 ug of DNA sample
was dissolved in 350 ul of 1x TM buffer (50 mM Tris-HCI, pH 8.0, 15 mM MgCl,).
This DNA solution was distributed into ten 1.5 ml microcentrifuge tubes. Five tubes
were used to test and determine the optimal sonication conditions. Each of these five
was placed in a Heat Systems Ultrasonics W-375 cup horn sonicator set on 'HOLD',
'CONTINUOUS', and Maximum 'OUTPUT CONTROL' =10. The DNA sample then
was subjected to sonication for 10, 20, 30, 40, and 50 seconds with at least one minute
pause between every 10 second bursts to cool down the sample. This cooling down
period was important because temperature increase will result in uneven fragment
distribution patterns. After briefly centrifuging to collect the samples, 10 ul of each
was loaded onto an agarose gel along with the appropriate molecular weight markers to
determine which condition produced the desired DNA size distribution. The remaining
5 tubes then were sonicated under the chosen conditions. All of the fragmented DNA
samples were pooled and precipitated by adding 2.5 volumes of 95% ethanol
containing 0.12 N NaOAc. After washing the sample with one volume of cold 70%
ethanol, and drying in a speedy-vacuum, the DNA sample was dissolved in 35 ul of 1x
TM buffer and ready for end-repair.
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2.3.1.2 DNA shearing by nebulization

A nebulizer is a small device which originally was designed for clinical use to
break liquid samples containing either medication or nutrition, into fine droplets. A
picture of the nebulizer used in this research is shown in Figure 11. After the DNA
liquid sample was added to the bottom of the bowl, pressured nitrogen gas was
introduced into the nebulizer from the top. The nitrogen gas was guided into a small
chamber that was connected to a tube that extended to the bottom into the liquid DNA
sample. The flowing nitrogen gas created a vacuum in the chamber and the DNA
sample traveled up the tube and out the hole in the bottom of the small upper chamber,
where it formed small droplets after colliding with the protruding semi-spherical shaped
hard plastic surface. The size of product DNA fragment is inversely proportional to the
pressure of the nitrogen (actually the flow rate of the nitrogen gas), and also is related
to the temperature and viscosity of the liquid DNA sample. Glycerol was added to the
DNA solution to increase the viscosity of the solution and to prevent the freezing of the

DNA solution. [182. 183]

Approximately 50 ug of DNA was added to the nebulizer to a final volume of
2.0 ml containing 500 ul of glycerol, 200 ul 10X TM buffer. The nebulization was
carried out in a -20 °C alcohol-dry-ice bath. The nitrogen pressure was adjusted to 8 to
12 psi and the nebulization time was 2.5 minutes. After nebulization, the sample was
collected by briefly centrifuging the device in a Beckman tabletop centrifuge at 1500
rpm. DNA sample then was divided into four microcentrifuge tubes and ethanol
precipitated. The dried DNA was dissolved into 35 ul of 1X TM buffer and ready for

end-repair.
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2.3.2 End-repair and phosphorylation

Since both sonication and nebulization generated DNA fragments contain a
certain percentage of single-stranded ends, the fragments were end-repaired prior to
ligation into blunt-ended vectors. E. coli DNA polymerase I, large (Klenow) fragment
was used in end-repair. Klenow fragment is a proteolytic product of E. coli
polymerase I which retains 5’ to 3' polymerization activity and 3' to 5' exonuclease
activity, but has lost 5’ to 3' exonuclease activity. The 5' overhang of the DNA
fragment was filled-in by the enzyme's 5' to 3' polymerization activity and the 3'
overhang of the DNA fragment was degraded by enzyme's 3' to 5' exonuclease
activity. Because T4 DNA polymerase has a 3' to 5' exonuclease activity which is
much more active than that found in the DNA polymerase [ Klenow fragment, it also
was useful to add T4 DNA polymerase as well. After the ends were repaired, T4
polynucleotide kinase was used to add a phosphate group to 5’ hydroxyl terminus of
the DNA fragment. T4 polynucleotide kinase also catalyzed the removal of 3'-
phosphoryl group if any were present.

Here, 35 ul of DNA solution in 1X TM buffer, 6 ul of 10X kinase buffer, 6 ul
of 10 mM rATP, 10 ul of 0.25 mM dNTPs, 2 ul of T4 DNA polynucleotide kinase
(New England Biolabs), 2 ul of T4 DNA polymerase, and 3 ul of Klenow DNA
polymerase I fragment (New England Biolabs) were added and the reaction was
incubated at 37°C water bath for 30 minutes. After stopping the reaction by incubating
at 70°C water bath for 10 minutes and then cooling the sample on ice, 6 ul of agarose
loading buffer was added to the solution, which then was loaded onto a low-melting

temperature agarose gel for size selection.
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2.3.3 DNA size selection

DNA solutions from end-repair and phosphorylation reactions with about 10%
of agarose loading buffer were loaded into separate lanes of a 0.8% low-melting
temperature agarose gel with Hind III digested A DNA and Hae III digested ¢X-174
DNA size markers run in parallel. After electrophoresing the gel at 120 mA for 60
minutes, DNA bands in the size range from 1.3 to 4 kb were quickly excised from the
gel with sterile blazer while being visualized on a long wave UV light box in dark room
because the duration of exposure of the DNA sample to the UV light should be
minimized to prevent DNA damage. The gel slices then were placed into 1.5 ml
microcentrifuge tubes and frozen in -20°C for at least 30 minutes. After melting the
sample by incubating in a 70°C water bath, an equal volume of TE (10 mM Tris-HClI,
pH 7.6, 1 mM EDTA, pH 8.0) saturated phenol was added and after a brief vortexing,
was centrifuged for 5 minutes at room temperature to separate the phases. The upper
aqueous layer was transferred to a clean tube and the lower organic phase was
discarded. Half volume of TE saturated phenol and half volume of chloroform then
were added to the aqueous phase, and after vortexing and centrifugation as above, the
upper layer was transferred to a clean tube and an equal volume of chloroform was
added. After again vortexing and centrifugation as above, the upper layer was
transferred to a clean tube. An equal volume of water saturated ether was added,
vortexed briefly and centrifuged for 5 minutes. The upper ether layer was removed and
discarded and the DNA in the aqueous phase was concentrated by ethanol precipitation.
After drying, each tube of DNA was resuspended into 20 ul of ddH>O and ready for

ligation.
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2.3.4 DNA ligation and transformation

The phosphorylated blunt-ended DNA was ligated into Smal linearized and
dephosphorylated double stranded either M 13 replicative form or pUC18 vector. The
reaction, catalyzed by T4 DNA ligase (New England Biolabs), results in the formation
of a phosphodiester bond between juxtaposed 5’ phosphate and 3’ hydroxyl termini in
duplex DNA. It s also able to repair single stranded nicks in duplex DNA. For every
set of DNA from different nebulizations, different amounts (usually from 0.1 to 1 ug)
of DNA were used to determine the optimal ligation condition. The ligation reaction
always was carried out with positive and negative controls. The positive control was
the ligation reaction using the target DNA previously digested with Alu restriction
enzyme. The purpose of this control was to insure the reaction was carried out
correctly and that every ingredient functioned as they should. The negative control was
the ligation reaction containing everything but insert DNA fragment. This was to

determine the extent of any vector self-ligation background.

A typical ligation reaction was as follows: in a microcentrifuge tube, an optimal
amount of DNA fragment (usually from 0.1 to 1 ug), 20 ng of vector (pUC18 Smal-
linearized, Calf Intestinal Alkaline Phosphatase-dephosphorylated vector), 1 ul of 10X
reaction buffer, 1 ul of T4 DNA ligase (400 U/ul), and ddH;O to bring the final
reaction volume to 10 ul were mixed and the reaction was incubated at 4 °C over night.

It then was ready for transformation.

DNA transformation is the process by which bacterial cells take up DNA
molecules, in this case, pUC18 plasmid containing a ligated insert. Because the
plasmid DNA has an origin of replication recognized by the host cell DNA polymerase,
the bacterial will replicate the plasmid DNA along with its genomic DNA. The plasmid
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also encodes the ampicilin (or any other antibiotic) resistant gene and the host bacterial
genome does not. Thus when the host is subjected to an environment containing
ampicilin (or other antibiotic), only those host containing such plasmid will survive.
Because the object of transformation is to get the host cells containing foreign plasmids
which carry insert DNA of interest, another selection is needed to discriminate host
cells containing plasmid with and without an insert of interest. Plasmid such as pUC18
has lac Z' spanning the polylinker region. lac Z' operon, when induced by IPTG and
when not interrupted, will express lac Z' gene and the product of this gene is
galactosidase. Galactosidase will metabolize X-Gal, a modified galactose, to produce
blue-colored products. When the plasmid carries an insert at polylinker site, lac Z'
gene is interrupted and no blue color will be seen. It should be noted that both the M13
bacteriophage and pUC18 used in this study contain similar polylinker cloning sites and

the lac Z' region.

The host bacterial cells usually have limited ability to take up foreign DNA.
Thus the cells need to be treated to increase this ability. The cells with increased
efficiency of transformation are called competent cells. (2241 To prepare competent
cells, a frozen glycerol stock of the appropriate strain of E. coli, IM101 for M13 based
vector and XL1 Blue for pUC based vector was thawed, transferred to 50 ml of 2xTY
in 250 ml flask and incubated at 37°C water bath for 1 hour without shaking. Then,
the cells were further incubated in a 37°C shaker at 250 rpm for about 2.5 hours to
reach early log phase of growth. The cells then were transferred to a sterile 50 ml
polypropylene centrifuge tube and collected by centrifugation at 2000 rpm in a
Beckman GPR centrifuge for 5 minutes. After decanting the supernatant, the cells were
suspended in 25 ml of cold 50 mM CaCl; and incubated in an ice-water bath for 20

minutes. For M13 transfection, 10 ml of original cells culture was saved in an ice-
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water bath for later use. The cells were collected by centrifugation as above,

resuspended in 5 ml cold SO mM CaCl; and then were ready for transformation.

For transformation, the ligation reaction was mixed with 200 ul of competent
cell in a 12x75 Falcon tube. After incubating in an ice-water bath for 45-60 minutes,
the cells were heat shocked by incubation at 42°C water bath for two minutes without
any shaking. The cells then were chilled in ice-water bath for 5 minutes. For M13
based transfection, 25 ul of 25 mg/ml IPTG in ddH20, 25 ul of 20 mg/ml x-gal in
dimethylformamide, 0.2 ml of non-competent cells, and 2.5 ml of 55°C lambda top
agar (10 g Bacto-tryptone, 10 g Bacto-agar, and 5 g NaCl in | L of ddH2O, autoclaved
and kept warm) were added, briefly mixed and quickly poured onto a lambda agar plate
(10 g Bacto-tryptone, 15 g Bacto-agar, and 2.5 g NaCl in 1 L ddH20, autoclaved and
poured into petri dishes). After the top agar solidified, the plates were inverted and
incubated at 37°C overnight. For pUC based transformation, 1 ml of 2xTY was added
and the samples were incubated in a 37°C shaker for 25 minutes. The cells were
collected by centrifugation at 1500 rpm for 2 minute, the supernatant was decanted and
then the cells were suspended in 200 ul of 2xTY, to which 25 ul of IPTG and 25 ul of
X-Gal were added. The samples then were plated onto an LB plate (10 g Bacto-
tryptone, 5 g Bacto-yeast extract, 10 g NaCl, and 15 g Bacto-agar, autoclaved, cooled
to 55°C to add antibiotic and poured to petri dishes) with an ampicilin concentration of
100 ng/ml. The plates were inverted and incubated at 37°C overnight. White colonies
containing DNA fragments of interest were picked and grown in TB medium as
described above for plasmid DNA miniprep isolation. Positive and negative controls
were performed in parallel where the positive control contained circular intact pUC
plasmid to determine if the competent cells were viable and the transformation was

carried out correctly, while for the negative control, only competent cells were plated to
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determine if the competent cells were contaminated by other antibiotic-resistant

plasmids.

2.4 Dideoxynucleotide DNA sequencing

Sequencing methods used in this research all were based on the Sanger's
dideoxynucleotide terminator sequencing procedure with detection exclusively using
fluorescent dyes. The labeling methods included dye-labeled primers and dye-labeled
dideoxynucleotide terminators and different DNA polymerases were used to achieve the

optimal results for different sequencing templates.

Fluorescent dye labels instead of radioactive labels in the sequencing reaction
are safer to handle, easier to automate and overall yield better quality sequencing
results. The dye primer sequencing reaction, as will be discussed later, requires four
separate reactions for four specific bases. In gap closure stage, dye primer chemistry is
rarely used because every custom synthesized primer needs to be labeled. The dye
terminator chemistry does not have these disadvantages but the difficulty with this
chemistry is that the originally available DNA polymerases have very low affinity for
then-existing dye labeled terminators. Dye terminator chemistry now is widely used
since new enzymes with high affinity for dye terminators, such as KlenTaq-TR and
AmpliTag-FS DNA polymerase, are available. In the very early stage of this research,
dye labeled primer was used, but for the majority of the research in this dissertation,
dye labeled terminators were used. AmpliTaq DNA polymerase was the enzyme of
choice for most of dye primer reactions and more recently was replaced by KlenTaq-TR
or AmpliTaq-FS DNA polymerase in the dye terminator reactions. Sequenase was
used for dye terminator reaction in gap closure stage before ABI introduced new dyes

for terminator labeling. AmpliTaq-FS DNA polymerase was largely used in gap
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closure stage to resequence the contig ends and also used to resequence the regions
difficult to sequence by other DNA polymerases. Automated sequencing instruments
from Perkin Elmer’s Applied Biosystem Division were used throughout this work.
The ABI 373A initially was used and then was replaced by the more advanced ABI
377. Both instruments use a laser to excite the fluorescent dye but the emission
detection are different, as discussed above, and the ABI 373A uses a PMT but the ABI

377 uses a CCD camera for detection.

2.4.1 AmpliTaq catalyzed fluorescent labeled primer cycle sequencing

The fluorescent dyes used to label primers from PE's ABD were JOE (4',5'-
dichloro-2'7'-dimethoxy-6-carboxyfluorescein), FAM (5'-carboxyfluorescein),
TAMRA (6-carboxytetramethylrhodamine), and ROX (6-carboxy-X-rhodamine). The
dyes were covalently attached to the 5’ end of the primer by an amide linkage. Each
base-specific fluorescent-labeled cycle sequencing reaction routinely included
approximately 100 or 200 ng of single-stranded DNA or 200 or 400 ng of double-
stranded DNA for A and C or G and T reactions respectively, buffer, four deoxy- and
one dideoxy-nucleotides, AmpliTaq DNA polymerase and primer labeled with one of
four fluorescent dyes. Sequencing reaction was carried out in four separate tubes, with
the terminating dideoxynucleotide corresponding to the fluorescent labeled primer for
that particular terminator. The final reaction volumes for A and C were 5 ul and G and
T were 10 ul. Each ingredient in G and T tubes was doubled over that in A and C
tubes. The final reaction contained 80 mM Tris-HCI, pH 9.0, 20 mM (NH4)>SOq4, pH
9.0, 5 mM of MgCly, pH 7.0, and 1% of DMSO as reaction buffer. The
concentrations for dANTPs and ddNTP were as follows:

For A reaction: 12.5 uM dATP, 50 uM dCTP, 75 uM of ¢’dGTP, 50 uM

dTTP, and 300 uM ddATP,
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For C reaction: 50 uM dATP, 12.5 uM dCTP, 75 uM c’dGTP, SO uM dTTP,

and 150 uM ddCTP,

For G reaction: 50 uM dATP, 50 uM dCTP, 19 uM ¢’dGTP, 50 uM dTTP, and

25 uM ddGTP, and

For T reaction: 50 uM dATP, 50 uM dCTP, 75 uM c’dGTP, 12.5 uM dTTP,

and 250 uM ddTTP.

The cycling conditions were 30 cycles of a seven temperature profile of 95°C
for 4 seconds, 55°C 10 seconds, 72°C for 1 minutes, 95°C for 4 seconds, 72°C for |
minute, 95°C for 4 seconds, 72°C for 1 minute. This cycling profile was linked to a
4°C soak file for storage. After cycling, four reactions for each template were pooled
together and precipitated with 250 ul 95% ethanol. Dried samples were stored at -20°C

prior to loading.

2.4.2 Sequenase catalyzed fluorescent dye terminator sequencing

Single-stranded template Sequenase dye-terminator reaction requires about 2 ug
of template DNA. DNA template and 3.2 umol of primer in 12 ul of 40 mM MOPS,
pH 7.5, 50 mM NaCl, 10 mM MgCl,, 5 mM MnCl,, 15 mM isocitrate and 2.5%
glycerol solution were denatured at 65-70°C for 5 minutes. The primer was allowed to
bind to the template by allowing the reaction to cool at room temperature for 15
minutes. To each reaction, 7 ul of ABI terminator mix, 6.5 unit of Sequenase and 1 ul
of 2 mM of a-S-dNTPs were added and the reaction was incubated for 10 minutes at
37°C water bath. Then 20 ul 9.5 M ammonium acetate and 100 ul 95% of ethanol were
added to the mixture to stop the reaction and precipitate the DNA, which then was
washed with 300 ul of 70% ethanol twice to remove any unincorporated dye

terminators. The sample was dried and stored at -20°C prior to loading.



For double-stranded template, S ug of double-stranded template was denatured
in 12 ul of 0.33 N NaOH solution at 65-70°C for 5 minutes. After denaturing, 3 ul of
8 uM primer, 4 ul of MOPS-acid buffer (1.35 M acid form of MOPS and 100 mM
MgCl,) and 8 ul ddH,0 was added and after brief mixing, 4 ul of 10X Mn2+/isocitrate
buffer (50 mM MnCl,, 150 mM isocitrate and 25% glycerol), 6 ul of ABI terminator
mix, 2 ul (6.5 units) of Sequenase, and 1 ul of 2 mM a-S-dNTPs then were added.
After incubating for 10 minutes at 37°C water bath, the reactions were stopped and

precipitated as above mentioned.

2.4.3 AmpliTaq catalyzed fluorescent labeled terminator cycle

sequencing

About 0.5 ug of single-stranded or 1 ug of double stranded template, 0.8 or 3.2
pmol of primer for single-stranded or double-stranded template respectively, and 8 ul of
the reaction pre-mix were mixed in a total volume of 20 ul. Reaction pre-mix for ten
reactions was pre-made by adding 40 ul of SX TCAS buffer (400 mM Tris-HCI, 10
mM MgCl,, and 100 mM (NH4),SO4 pH 9.0), 10 ul of dNTPs mix (750 uM dITP,
150 uM dATP, 150 uM dTTP, and 150 uM dCTP), 10 ul of each dye-labeled ddNTP
terminator (concentration of ddNTPs was not provided by the manufacturer), 5 ul of
AmpliTaq DNA polymerase (8 U/ul) together. The reaction was cycled for 25 cycles of
a three temperature profile of 96°C for 15 seconds, S0°C for 1 second, and 60°C for 4
minutes. This cycling profile was linked to a 4°C soak file. The reaction then was
applied to a Sephadex G-50 spin column to remove any unincorporated dye

terminators, dried and ready to load.
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2.4.4 KlenTaq-TR (Taquenase) catalyzed fluorescent labeled terminator

cycle sequencing

KlenTaq-TR DNA polymerase is a mutant form of Taq DNA polymerase, in
which the N-terminal 280 amino acids has been deleted to eliminate the activity of 5' to
3’ exonuclease, and a mutation of F667Y reduces the discrimination against
dideoxynucleotides that is observed with the wild-type Taq DNA polymerase. About
0.5 ug of plasmid DNA was used for sequencing reaction and the reaction buffer
contained 50 mM Tris-HCI, pH 9.2, 16 mM (NH4),SOy4, 3.5 mM MgCl,, | mM
MnSO;. The concentrations of the dNTPs were 150 uM for each of dATP, dCTP, and
dTTP, and 450 uM of dITP. The primer amount was 6.5 pmol. The dye labeled
dideoxynucleotides were used as 0.01 ul of ddA, 0.02 ul of ddG, 0.004 ul of ddT and
ddC from ABI (initial concentrations were not given by ABI and thus were unknown).
If the pure dye labeled ddNTPs were not available, 0.01 ul of regular dideoxy
terminator premix from ABI of unknown concentration were used. The final reaction
volume was 20 ul. The reaction was cycled for 25 cycles of a three temperature profile
of 96-98°C for 15 seconds, 50°C for 1 second, and 60°C for 4 minutes. This cycling
profile was linked to a 4°C soak file. The post cycling treatment was the same as in the

AmpliTaq catalyzed dye terminator sequencing.

2.4.5 AmpliTaq-FS catalyzed fluorescent labeled terminator cycle

sequencing

AmpliTaq-FS DNA polymerase is similar to KlenTag-TR and is commercially
available from PE-ABD. As recommended by ABI, the amount of single-stranded
template was from 50 to 100 ng and the amount of double-stranded template was from

300 to 500 ng. For purified PCR product, about 30 to 180 ng was recommended. The
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template was mixed with 3.2 pmol of primer, 8 ul of reaction pre-mix (ddNTPS, dITP,
dATP, dTTP, dCTP, Tris-HCI pH 9.0, MgCl,, thermal stable pyrophosphatase, and
AmpliTaq-FS DNA polymerase, the concentrations of above mentioned reagents were
not available from the supplier and the information of other probably used ingredients
also was not provided by ABI). The cycle condition was 25 cycles of 96°C for 10
seconds, 50°C for 5 seconds, 60°C for 4 minutes. The post cycling treatment was the

same as in the AmpliTaq catalyzed dye terminator sequencing.

2.4.6 Unincorporated dye terminator removal by Sephadex G-50 spin

column

Sephadex G-50 was prepared by adding 20 g of Sephadex G-50 powder to 250
ml ddH,O and allowed the G-50 to hydrate for several hours before using. The
column was packed by adding 400 ul of hydrated Sephadex G-50 to each well of
Millipore 96 well filter plate. The filter plate was placed on the top of a microtiter plate
and centrifuged at 1600 rpm for 2 minutes in a GS-6R centrifuge. The water that was
collected in the microtiter plate was discarded and the plate was placed back onto the
bottom of the filter plate. Then, 200 ul of 1:5 diluted G-50 was added to each well of
the filter plate and centrifuged for another 2 minutes at 1600 rpm as before. The water
collected in the lower microtiter plate was discarded as before and a new clean
microtiter plate was placed below to collect the sample. All 20 ul of terminator reaction
was added to the center of the top surface of G-50 in each well of the filter plate. After
centrifugation at 1600 rpm for 2.5 minutes to collect the DNA sample, the microtiter
plate was covered with Kimwipe, the samples were dried under vacuum and stored in

-20°C before loading.
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2.4.7 Sequencing gel preparation, sample loading and electrophoresis

on ABI 377

The polyacrylamide gel used in automated DNA sequencing on the ABI 377
instrument usually was 4.25% polyacrylamide gel containing 8 M of urea in TBE (10 X
TBE buffer was made by dissolving 108 g Tris, 55 g boric acid, and 8.4 g EDTA in 1
L solution) buffer. A stock of gel mix was prepared by adding appropriate amount of
urea (360 g in 1 L solution) to 1 X TBE buffer and dissolving at 55°C with stirring.
After the urea dissolved completely, the solution was cooled and the appropriate
amount acrylamide and bisacrylamide (40% stock solution is made by dissolving 380 g
of acrylamide and 20 g bisacrylamide in 1 L solution) were added. The solution was
filtered to remove any undissolved particle and degassed by vacuum to remove any air
dissolved in the solution. Before gel casting, 625 ul of 10% ammonium persulfate
(APS) and 25 ul of TEMED were added into 50 ml gel mix to catalyze the
polymerization. After mixing by swirling gently, the solution was immediately poured
into a preassembled plate set. The thickness of the gel was 0.2 mm. The sharktooth
comb was inserted backward and the glass plates were clamped tightly. The
polymerization was at room temperature for usually more than 2 hours. If long time
storage was needed, both ends of the plate are sealed with plastic wrap covering a moist

paper towel to avoid gel drying.

After the gel had been polymerized, the glass plates were washed with warm
water, rinsed with ddH;0 and ethanol, and dried in a hood. The sharktooth comb was
removed, inverted and inserted back to form the sample wells. The plates were
assembled into the ABI 377 machine using the gel cassette, and a plate check using the
PLATE CHECK option in the ABI data collection software was performed to assure

the cleanness of plates. Then, | X TBE buffer was added to the upper and lower
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buffer chambers and the gel was pre-run by choosing the PRERUN option in the ABI

data collection software until the gel temperature reached 51°C.

Then, 1 ul of loading dye (10 mg/ml blue dextran and 5 mM EDTA in deionized
formamide) was added to each dried sample, which was heated to 95°C for 4 minutes
to denature. The samples were ready to load. However, before loading, the sharktooth
well was cleaned with 1 X TBE buffer using a syringe. The odd number lanes were
loaded first and after a 2-5 minutes prerun, the even number lanes were loaded and
RUN option of the ABI data collection software was chosen to electrophoresis the
sample and collect the data while for 48 lane loading, every third lane were loaded prior
to the prerun followed by additional two cycles of loading and prerun. A typical ABI
377 run took 3.5 hours at 3 kV (limiting parameter) using a 4.25% polyacrylamide, 8
M urea gel and a Long Ranger run on the ABI 377 took 7 hours at 1.68 kV (limiting

parameter) using 5.3% Long Ranger polyacrylamide, 8 M urea gel.

The collected data was analyzed by the ABI analysis software. This analysis
software required manual tracking because the tracking lines created by the software did
not represent the actual lanes. Once the gel had been tracked, the software would
extract the data from each lane, correct the baseline, enhance the signal, correct the
mobility shift from the fluorescent dyes, calculate base spacing, and finally, call the
bases. The collected sequence data then was manually transferred to SUN

SPARGC:station for further analysis.

2.5 Shotgun sequence data editing and assembling

In contrast to the directed sequencing approach, each gel reading of random

shotgun sequencing has an unknown position relative to others. Thus the gel readings
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must be assembled by aligning them based on overlapping and for large scale random
shotgun sequencing data assembling, various computer programs can be used. These
include XGAP (X-window genome assembly program) (2251, FAKII (fragment
assembly kernel), CAP2 (contig assembly program) [226], and PHRAP (Phil's revised
assembly program) [227). XGAP, CAP2 and FAKII require pre-edited sequence data
as input and TED (trace editing program) [2281 is used for editing purpose. PHRAP has
it own editing program called PHRED [227] and these two programs are linked together
as a package. All four of these assembly programs are based on Smith-Waterman's

algorithm (2291,

XGAP was written by Roger Staden at the MRC in Cambridge, England and is
based on basic Smith-Waterman algorithm. With this user friendly program, the user
can view and edit the aligned sequence data at all the stages of assembly easily. The
sample electrophoresis chromatogram can be easily viewed from within XGAP to
verify the quality of the base calling. The parameters for the alignment can be set by the
user and the assembled contig can be broken if the user considers the assembly has any
problem. A "Find internal joins" option lets the user view the alignment before
assembly under a looser stringency, and a "Join contigs"” option lets the user join two
contigs. XGAP also can calculate the consensus of a contig and put the resulting
output into different formats. It also allows the comparison between the incoming
sequence data and pre-assembled data already in the database and assembles the
incoming data into the pre-existing database. Because XGAP does not have a base
calling quality check function, the sequence data must be manually edited by TED
before assembly. TED lets the user view the electrophoresis chromatogram and mask
the 5' end cloning vector sequence and 3' end ambiguous sequence. The sequences
containing vector only or very short insert are screened out before the remaining data is

entered into the database. The shortcomings of this program are that it is time
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consuming, requires significant manual interaction, and does not provide a measure of

sequence data quality.

FAKII was written by Gene Myers and Susan Larson at the University of
Arizona and based on an extended Smith-Waterman algorithm. This program also
needs pre-edited (by TED) sequence data as input. It assembles all of the sequence data
each time when a new data set is entered and the results can only be viewed and edited
after converting the FAKII database into XGAP format. No quality measurements are
provided with FAKII but it has the advantage of speed and is capable of handling large

amounts of data.

CAP2 was written by Dr. Huang at the Michigan Technical University and used
a further modified Smith-Waterman algorithm. As with FAKII, CAP2 needs pre-edited
(by TED) sequence data as input and assembles all of the sequence data when new data
is added. It has some degree of quality checking as certain regions arbitrarily defined
by the user to have higher quality will be weighted heavier during assembling. The
program does not have the capability to let the user define the better quality region for
each individual gel reading. Instead, these numbers are pre-set for each project and the
program considers that all of the gel readings have the same quality distribution pattern.
The main advantage of CAP2 is that the initial data included in the assembly is weighted
for accuracy and thus usually produces fewer contigs than FAKII. Like FAKII, the

CAP2 database must be converted to XGAP format to be viewed and edited.

PHRED/PHRAP is a program package written by Phils Green at the University
of Washington. It has a quality check method which gives a quality score to each base
and thus is more precise than CAP2. PHRED, the editing part of the package,

calculates the ratio of signal to noise for each base and the peak to peak spacing to
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produce the quality value which then is used in assembling. Because every base in the
gel reading has a quality score, the 3' end ambiguous sequence does not need to be
masked and can be used as low quality information in assembling. The result of
PHRED/PHRAP can be viewed and edited by CONSED (consensus sequence editing
program) or it can be converted to an XGAP viewable and editable database.

Because each assembly program has it own advantages and disadvantages, the
research in this dissertation was assembled by different assembly programs and the
results of each assembly program compared. Any discrepancies were resolved by

additional sequencing.

2.6 Final sequence data analysis

After the sequence project was finished, the consensus of the sequence was
converted to fasta format for analysis. Generally speaking, the analysis contains two
major parts. First, the sequence was used as a query to search all major DNA
databases to identify any similarities of known features, which include known genes,
EST's ( expressed sequence tags), STS's (sequenced tag sites), repeats and other
sequences already in the databases. This part of the analysis was done using a
computer program called BLAST (basic local alignment search tool). (230] Several
modified BLAST programs can be used. [23!] Basically, the repeat elements in the
query sequence were filtered by searching the human repeat database. The unique
nonrepeat regions then were compared with known sequences in the databases and the
similarities were aligned with query sequences for reference. Second, any potential
features of the sequence were predicted. These features include potential exons,
promoters, CpG islands, and poly(A) signals. The structure feature prediction was

done using GRAIL (gene recognition and analysis internet link) program. (2321 This
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program also gives a visualized pattern of C/G content, full length repeat elements and
single base repeats. Potential exon prediction was based on codon usage in open
reading frame regions, hexanucleotide distribution and the occurrence of a consensus

exon-intron splice site.

In addition to these two basic analysis tools, other programs were used to study
selected regions of interest further. The following GCG (Genetic Computer Group)
programs were used in this research (2331 : the BESTFIT program for DNA alignment,
the TRANSLATE program to translate DNA sequence to amino acid sequence, the
COMPOSITION program to calculate the G/C content of the DNA sequence, the
STEMLOOP program to view inverted repeats, the MAP, MAPSORT and MAPPLOT
programs to display the position of restriction sites, the COMPARE and DOTPLOT
programs to graphically display the homology comparison for two sequences. Des
Higgin's Multiple Sequence Alignment program ClustalW (234] also was used for
amino acid sequences alignment and the Cross-match program (developed by P. Green
at Washington University, unpublished) also was used at the later phase of this study
for homology comparison. In some cases, Staden's SIP (Sequence Identification
Program) and NIP (Nucleotide Interpretation Program) were used as alternative
analysis methods. (2351 Dr. Dan Prestridge's SIGSCAN program [236] was used to
find and list homologies of cis-acting regulatory elements and trans-acting factor
binding sites in DNA sequence. Finally, an on-line protein secondary structure
prediction program, TMpred [237] , provided by Human Genome Center at Baylor
College of Medicine (http:/kiwi.imgen.bcm.tmc.edu: 8088/search-launcher/) was used

to study protein secondary structure.
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2.7 Gap closure

After 5-6 fold coverage of shotgun sequence data has been collected and
assembled into a database, collecting more random shotgun sequences is not
economical and thus a directed sequencing method was applied to close the remaining
gaps. Gap closure stage is one of the most challenging stages in large scale sequencing
because various difficulties may be encountered. In this dissertation research, the

following gap closure strategy was developed (Figure 12):

I. All the contig ends were resequenced using the AmpliTag-FS kit from ABI
with 5-10% DMSO on a 48 cm, 5.3% Long Ranger gel with 8 M urea. Sometime the
denature temperature of cycling reaction also was increased to eliminate the secondary
structure of the templates. Usually, AmpliTaq-FS polymerase reaction products
resolved on a Long Ranger gel will give longer reading in a single run than KlenTaq-
TR. However, because AmpliTaq-FS kit is more expensive than KlenTaq-TR which
was used in shotgun sequencing stage, a study performed as part of this dissertation
research revealed that the sequencing reaction volume could be reduced from 20 ul
recommended by ABI to 5 ul without any significant loss of signal. Typically, 70-80%
of initial gaps and ambiguous region could be closed by this method.

II. Primer walking then was performed using custom synthesized primers on
the template pUC-based clones covering the remaining gap. Before primer walking,
the gap size was determined by PCR using universal forward and reverse primers. If
the gap was very large (>2 kb), either the PCR product would be nebulized directly, or
the clone would be digested by appropriate restriction endonuclease to extract the insert

and the insert would be nebulized. The nebulized DNA fragment then were subcloned
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Figure 12: Gap closure strategy



and sequenced. If there was no clone covering the gap, PCR reaction would be

performed as described below.

III. For any gaps with no clone coverage, the gap usually could be obtained by
PCR using synthesized flanking primers and cosmid DNA as template. The size of the
PCR product could be estimated by determining the size of the PCR product on agarose
gels and then, either primer walking or nebulization would be used to close the gap.
Usually, all the gaps could be closed by one of the above mentioned three alternative
methods.

IV. In the rare cases that there was no clone covering the gap and attempts to
PCR the gap failed, the first choice was to re-nebulize the entire cosmid using a low
pressure (4-6 psi) and low temperature (-20°C) to generate larger DNA fragment, i.e.
approximately 4-8 kb. These fragments were subcloned and end-sequenced to find a
clone covering the gap. In other instance, larger DNA fragments could be generated by
appropriate restriction endonucleases. The resulting restriction digested fragments then
were gel purified, cloned and end-sequenced to find the clone covering the gap. The
restriction endonucleases chosen were selected by mapping the available sequence of

contigs of the cosmid with GCG's MAPPLOT program.

2.7.1 Oligonucleotide primer synthesis and PCR

Oligonucleotide primers, either used in primer walking or PCR, were chosen by
computer programs using the following criteria. First, the primer must be unique i.e.,
it must bind only to the one desired site. Second, it must have about 40-50% of G/C
with no obvious inverted repeat motifs and the melting temperature (Tm) of the primer

should be between 50-55°C. Third, when possible, the 3’ end of the primer should be
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either a G or a C. The computer programs used in this research to select primers were
the primer selection function in XGAP, the OSP (oligonucleotide selection program)
from Washington University, the PRIMER program from Whitehead Institute for
Biomedical Research, and in the later stages of this research, the Primo program from
Southwest Medical Center, Dallas.

Oligonucleotides were synthesized according to manufacturer's procedures on
either the Beckman Oligo 1000M DNA synthesizer or ABI 392 DNA/RNA synthesizer
using the phosphoramidite chemistry. Post-synthesis treatment of oligonucleotide
entailed ammonium hydroxide cleavage of oligonucleotide from the solid support,
removal of protection group by heating the ammonium hydroxide solution,
concentration by butanol precipitation and measurement of the final primer yield. Here
one ml of ammonium hydroxide was used to cleave the oligonucleotide from the
column at room temperature for 1.5 hours. The solution then was incubated in 70°C
water bath for at least 2 hours. Four 100 ul aliquots were removed and each was mixed
with 1.25 ml of butanol. After vortexing to mix and centrifugation at 4°C for 10
minutes at 13,000 rpm in a microcentrifuge, the oligonucleotides were dried in vacuum,
and dissolved in 100 ul of ddH;O. The amount was estimated in a spectrometer by
reading the 260 nm absorption and assuming one A260 unit in 1 ml solution ina 1 cm

path is 37 ug of single-stranded DNA.

PCR (Polymerase chain reaction) (238 typically was performed by mixing 10-
20 ng of template DNA, 100 pmole of each primer, 20 nmole of each deoxynucleotide,
5 units of AmpliTaq DNA polymerase and 10 ul of 10X PCR buffer (500 mM KCl,
100 mM Tris-HCI, pH 8.5, 15 mM MgCl,) in 100 ul reaction volume. The solution
was denatured in 95°C for 5 minutes before thermal-cycling begins. The reaction was

cycled for 25 cycles of a three temperature profile of 96°C for 1 minute, 55°C for 1
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minute, and 72°C for 2 minutes. This cycling profile was linked to a 4°C soak file.
After the cycling, 10 ul of the reaction was loaded on a 0.8% agarose gel to estimate the
size and amount of PCR product. The PCR product then was purified by low-melting

agarose gel electrophoresis followed by phenol-chloroform-ether extraction.

For the templates difficult to PCR, 5% to 10% of DMSO [239. 240] was added,
the denaturation temperature was increased, or a new primer corresponding to a nearby
region was synthesized. For long PCR (5 to more than 40 kb), the GeneAmp XL PCR
kit from Perkin Elmer was used according to the protocol provided by the

manufacturer.
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Chapter II1

Results and Discussion

3.1 Summary

Totally 13 cosmids and one PCR product that form four contigs from the
DGCR region of human chromosome 22 and one BAC clone syntenic to this region
have been sequenced. Cosmid 59c10 makes one contig in the proximal portion of the
DiGeorge Critical Region. Cosmid 19d3, 98c4, 49¢c12, 102g9, 83cS, and 129f8 form
the second contig more distal to the first with the mouse b264n1 BAC syntenic to a
portion of this second contig. Cosmid 105a, 81h, 31le, Gap! (the PCR product) and
100h form the third more distal to the DiGeorge Critical Region contig. Cosmid 68f
and 24b form the fourth contig in the most distal portion of the DiGeorge Critical
Region. A cosmid map is provided in Figure 13. The size, the number of gel readings

used, and the redundancy of the coverage of each cosmid are listed in Table 1.

The accuracy of the sequence data was estimated by three methods: observing
the discrepancies in overlapping regions between cosmids, observing the discrepancies
between genomic sequence data and published cDNA sequences in the region, and
comparing the sequenced cosmid vector sequence with the known sequence of the same
vector. In this dissertation research, there was no discrepancy between any two
overlapping cosmids and the sequence of the cosmid vector agreed exactly with known
sequence of the cloning vector. There were some discrepancies between the genomic
sequence data and published cDNA sequences in the same region and all these

discrepancies were examined carefully and evaluated. Because of polymorphism
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Table 1:

Summary of cosmids sequenced

Contig name cosmid name size of insert # of gel readings coverage
contigl
59¢c10 43995 682 3.35
contig2
19d3 39706 795 4.74
$8c4 38712 851 4.05
49c12 39546 949 4.47
102g9 43945 979 6.27
83c5 42074 780 5.36
129f8 43699 492 2.15
contig3
105a 38478 1285 6.13
81h 43481 1011 5.39
3le 35711 591 4.57
gapl 4717 164 11.14
100h 40646 727 5.56
contig4
68£f 39573 748 5.69
24b 38987 1085 3.91
Total=533276
mouse BAC b264nl 89500 1905 5.46

Grand total=622776

Note: Gapl is a PCR product covering the physical gap between cosmid 3le and

100h
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between different individuals, these discrepancies may not reflect sequencing errors in

either the genomic or cDNA sequence.

Ambiguity of the sequence data was calculated by dividing the total number of
bases in all contigs by the total numbers of N in the sequence. Overall, the ambiguity

was less than 0.0027% in the four human genomic regions of over 533.27 kb.

3.2 Comparison of 36 kb of genomic sequences from two individuals

Cosmid 19d3 contains 36172 bp and overlaps with BAC 72f which was
sequenced by Axin Hua in the lab. Because this cosmid and BAC come from two
different individuals, comparison of these two sequences revealed the allelic variations
in this region. After aligning the two sequences with the GCG BESTFIT program, the
results shown in Figure 14 were obtained. As also shown in Figure 14, this region
contains the 3' end of human HIRA gene and the adjacent 3’ region of the gene. The
position of exons and introns of the human HIRA gene in this region also are given in

this figure.

There are 73 (0.20%) differences between these two sequences. Among the 73
allelic variations, 34 (46.58%) are transitions (nucleotide substitutions of a purine by a
purine, or a pyrimidine by a pyrimidine), 15 (20.55%) are transversions (nucleotide
substitutions of a purine by a pyrimidine, or a pyrimidine by a purine), and the
remaining 24 (32.88%) are nucleotide insertions or deletions. The frequencies of
transitions, transversions, and insertions/deletions observed in this study are different
from previous report. [241.242] [n the factor IX gene, [241] the frequencies of
transition, transversion and indels (insertions/deletions) are 62%, 23% and 14.6%

respectively. In human immunoglobulin A gene, (2421 the three frequencies are 58%,
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30% and 12% respectively. In this region, transitions occur more frequently than
transversions which agrees with those reported previously. However, the
insertions/deletions in this region is much higher than those observed before. Most of
the insertions/deletions (22 out of 24) occur inside repetitive elements. Considering all
the variations, more than half (49, 67.12%) occur inside repetitive elements which
include Alu, L1 and MLT. Only one variation occurs inside a human HIRA gene exon

and that is in the last exon, in the 3' untranslated region.

The variation is not equally distributed throughout the region. There are two
“clusters” of variations in this region. In position 11529-11597, there are 8 variations
and in position 18533-18647, there are 8 variations. A map of all variations is

provided in Figure 14.

3.3 Analysis of contig 1

Contig | consists only one cosmid, 59c10, which is located within the 250 kb
region of DiGeorge minimal critical region (MDGCR). (571 It is 43996 bp and overlaps
the proximal cosmid 15c10 and the distal BAC 72f. The database similarity search was
performed with Powerblast program and the functional regions were predicted by
Xgrail program. Figure 15 shows the results of Powerblast and Xgrail analysis. The
sequence shown is in the direction from centromere to telomere and reveals 18 exons of
the clathrin heavy chain-like gene (CLTCL). In position 29955 to 30250, which is
within intron 5 of CLTCL, there is an EST with homology to 60S ribosomal protein

L34 that probably represents a non-functional pseudogene fragment.
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3.3.1 Clathrin heavy chain-like gene

Exons 4 to 21 of the clathrin heavy chain-like gene are within this contig. The
alignment of the genomic sequence and the cDNA sequence of CLTCL is provided in
Figure 16. Clathrin heavy chain-like gene is present in various species. [61] The
function of CLTCL is unknown except its homology to clathrin heavy chain (CLTC).
[243.244] The similarity of CLTCL and CLTC in human is 85% at amino acid level but
the expression of CLTCL is more restricted to adult. It was revealed that CLTCL is
expressed highly in human skeleton muscle but lowly in heart and other adult tissues.
[61] Because velopharyngeal insufficiency which presents in more than 90% of VCFS
and DGS patients results from hypoplasia of the lateral pharyngeal wall musculature, it
suggests CLTCL may play a role in the etiology of these syndromes [61].

A DGS patient (TOH) who shows some but not all of the common features
associated with DGS carries a de novo t(21;22)(p12;q11) balanced translocation which
disrupts the CLTCL. [6!] Clathrin is known to form triskelion structures composed of
three heavy chains and three light chains. The triskelions form a lattice that line coated
pits and vesicles and the carboxy terminus of the heavy chain is believed to important
for trimerization. [244.245] The translocation in patient TOH disrupts CLTCL product
at C-terminus. [61] If the product of CLTCL is like CLTC to form triskelion, the
disruption of the gene in TOH will clearly disrupt endocytosis and membrane receptor
trafficking. Further more, it was detected that CLTCL is expressed in early (9-12
week) fetal tissues. If CLTCL is involved in receptor-mediated endocytosis like CLTC
does, it may play an important role in intercellular signaling processes in early

developmental stage when DGS evokes. (611
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In another report, Northern and Southern blot analysis of meningiomas
suggested that CLTCL also may be involved in the tumorigenesis and can be

considered as a candidate tumor suppresser gene. [246]

Comparing the CLTCL exons with both Xgrail predicted and Powerblast found
exons, one can see that Xgrail missed exon 5 and Powerblast failed to find exons 10,
12 and 16. In addition, four exons predicted by Xgrail in this region are not present in
CLTCL mRNA (see Figure 15 for detail).

The CLTCL DNA sequence from genomic clone agrees perfectly with the
mRNA sequences in GenBank, except for two bases. The first discrepancy locates at
base 1907 of contigl which is a "T" but in mRNA sequences itis a "C". This
discrepancy results in a change of codon from GCG to GCA both of which are for
alanine. The genomic sequence of this site has four-fold coverage with one forward
and three reverse gel readings. It is possible that this discrepancy is a result of
sequence polymorphism. The second disagreement is located at base 17026 which is a
"C". The five mRNA sequences in GenBank differ in this position too, namely
HSCLH22AS (X95486), HSU411763 (U41763) and HUMEX23G (L42356) agree
with contigl but HSU60803 (U60803) and HSU60802 (U60802) have a "T" at this
position. The "T" to "C" change results in a difference of codon from AAG to GAG
which code for lysine and glutamic acid respectively. The genomic sequence of this
base has seven coverage with three forward and four reverse gel readings and clearly is

a "C" in this cosmid.
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Figure 16: Alignment of genomic sequence and CLTCL
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1083

641

atcagtgagatgcagagccctagggagaggggactcactt

ac]tgctccrgetggctgactgaacaacttccaggtaagag

S R S A S QVVETLY S

gaagggtcgteccctetgatataggagttgatggettect

S P DD GRTI Y SNTIOATEK
tcaccaaatctttctggagetgggettgggccagetgact

v L D KQLQAQATLQ S

ccacacagcaggctcattgcatctctccgcaaactcatat

W V A P ENUCREATFEY
gcccggtccaggttteccaatgtgctcgatcaggac |l ctagg

A RDULNGTIHETITLUV Q

ggttatgagaggacttccattctctgcaacatctagtecag

intron 20, sequence 681-1800 not shown

gtggcagaaggtgctaggtccgacatgecttacactcagca
gcccac | ctggattgetgaggcattcatatcaaacttgtgy
V Q I A S A NMUD F K H

aaaacggtgaaggcctcectcatacagtgcgetgetgacag
.......................... Cuerecnnnnnnnns
F v T F A E E YL A S § V A

cgatgctcegegatgtecagtgcgtcatagttgtccaggeg

I s A I DL ADYNDITULR

gctgatgtactccatgacccogtgtgeggtctgecttgatg

S I Y EM VR RTIRUDAIKTI
gcagtcaggatcaacagattctgtagattce | ctgaggagag

A TUL I L L NOQTLN R

agggtggtcagcacggecatcccaggaacgaaggctgeaca

intron 19, sequence 2081-7560 not shown

7561

cagaagatgagtatcaagcagatgttttgaatctgeetgt
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clathrin h <
59C10 >
u60803 <
clathrin h <
59C10 >
59C10 >
59C10 >
U60803 <
clacthrin h <
59C10 >
U60803 <
clathrin h <
59C10 >
U60803 <
clathrin h <

7601 gtccacagcracccctggcatagectcac| ctgtgeteget
3110 e emeeceaan
1019 R H E S
7641 gaagacagagttatccagaactatcttctccagcagttca
100 P VsSNDLVIKETLTELTE.
7681 atcagttcattaggcaggteggctgtcataaaggetttga
293 ILENGPLTODATNMEAEK.Y
7721 cagtgaccgaaatctcttcaggatccecgtgtttcectgacaa
375 ‘rvsIEEPDRTESTL
7761 tgctgtctgtaccac | ctggttttaaaaagcatttgaaaga
2978 i iicieee eeen.
972 A T Q VvV V Q D
7801 acttgattaaagtcaattcaagactgtatctttgaagera
intron 18. sequence 7841-11360 not shown
11361 ggcaaaatgcaggtgtgcagacatacccatctctgtgect
11401 cac|ctggtcaattagetgtectectggatgggttggtetee
563 v 0 DI LQRRSEPENTE.
11441 tcaaggacgtgagceccagagetceggatectttctgeata
yre ELVHAWLTETPDTEKTE RTCUV
11481 ccaggtagcgggcctegettttgaacagagaattctcatt
535 LY R AESKFLSNTEN
11521 gcacac | ctgaaatgagcacactcatgtgtgtgacacagca
2846 ...... ..
932 cC vV K
11561 gccaaccagceggaagctgcttgggaggacacaccccaatt
intron 17, sequence 11601-12840 not shown
12841 aagcttccctgggageccagggttacatgggcagctcage
12881 acatctgctacccac | cttgatgagctcaaggtcacactge
2843 N
925 v K I L EL D C Q
12921 ccecegctcataggcaacacaggccagatgggggtcteget
1 G R R YAV EA LR R K
12961 tctcacagtageggeccaccacgetgetgtcatagtagge
e RV REVVEE YA
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13001
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2655
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13121
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attcrtetctcaggaagcacteggggetgtgttgetgteg

........................................

........................................

I YI KALANU HTA P E E

cacagccttcctgaatctgggactccagccagggaageag

........................................

C GE QI QS ELWUPULL

cagcttgagc | ctttgaaagaaggaaggtgcetgtaaagtct

caaggctaccactggaagtcttgagggcaactccaggget

intron 16, sequence 13201-13400 not shown

13401

13441

13481

13521

13561

13601

13641

attagacagaaacaacaacagacactagaatccaggggta

agagaaaacaccaagtaaggacaccttac | CTATTTCTTTT
R N R K

TTCTACTTCAGCCACCAACTCATCAGTAGAGAACTGTCCT
E V EAVULEUDTSTF QG

CTCACTGCCATGATTAAGTGTTTAATCACTTCCTCAGAAC
R Vv a M I L HIKTIUVEESC
AATCCACATCAAGCAGCCCTCCAATCACAGCTGGGGTCCG

DV DULU LG GTIUVAUPTR

GCTAGGGTTGAC | ctagggtagtcaaggtcaagtaacrrca
S P N V

gtgttgcaaacacaagttattgttagaagecctcctacgac

intron 15, sequence 13681-14160 not shown

14161

14201
2464
794

14241
2424
781

14281
2384
768

14321
2344
764

14361

gcccagaggcagecgggtgtcactccagggagecageagt

ac|cttctgcacgtagatctcaatgtacctetgcaggttgt

v K Q VY I EI Y ROQULNN
tgcggtataaatataggacaaggtcatggacaaagccaaa
"R YL YLVLDEHTVTEGF
acgatcacacacgatgatgaggggaagcetggtctgtgage
R D CVIIUL PLQDTUL

ttggcetcl ctgaggattagaatgcacagaacaagtcagag

agtggagaaaccagacagccagacctcggactcattgeac
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intron 14, sequence 14401-15360 not shown

59C10 > 15361 ccatcagcaagggcagctcatggaaggaggcagcactgga
59C10 > 15401 acacac|cttcaggaagttcttcacacgctctgggttgtag
U60803 < 2337 e teeeseacccecseroartotocennonsnoan
clathrin h < 754 K L FNKVIREUZPNY
59C10 > 15441 cagctgetcetceteggcatatcectctecacctecttgatct
060803 < 2302 ittt ettt ee e e
clathrin h < 740 C S S ERCTIIRIEVEIKTIHOQ
58C10 > 15481 gccetgtcettacaggcagectgaatgtatttcagatgecac
U60803 < 2262 0 i e it cerreraaneectreset e aeen
clathrin h < 727 G T K C A A Q I ¥ KULHV
59C10 > 15521 atctgggtcttggctgaagttcacgattgagecccaggaag
U60803 < 2222 ittt tceteccenaareteeceetenaans ey
clathrin h < 714 D P DQSFNUVISGULTF
59C10 > 15561 tagaagaggc | ctatgaagagagaccattccatttttgtce
U60803 <2182  ieeeei... ..

clathrin h < 710 Y F L G

53C10 > 15601 ttgtaacacctgectgteteccteegtagectgetgeccace

intron 13, sequence 15641-16920 not shown

59C10 > 16921 aggaggtgtagtcacatggtggggtcggcgagaggetgea
59C10 > 16961 tggtttacl|ctttgtaactcttgaaggattcaaagagctcec
U60803 < 2173 f etteesceceaceseser e aan
clathrin h < 700 G K Y S K F §$ E F L E
58C10 > 17001 accagggectgcgtgcecccagetgetegtggtacttagagg
060803 < 2140 it tet ittt | -,
clathrin h < 686 VL AQTGUL Q KH Y K S A&
58C10 > 17041 ccacctgcacacacagctgaaggttetgtetgatgttage
U60803 D N
clathrin h < 673 V Q V. C L QL NQRTINA
59C10 > 17081 agacagcatggcatgcagacactccacagaatccteccace
U60803 < 2060 i it iitieieicr st aeenn
clathrin h < 660 S L MAHULTGCEUV S DEV
59C10 > 17121 gataaggagccaaagaaattgacaagcca | ctgggaacaag
U60803 < 2020 ittt itetettr e eeeaen
clathrin h < 649 S L $S G F FNVULW EP

\

|

c

clathrin h < 649

58C10 > 17161 gaagagtctgtccacaacgatgcaccactctaaagattge

intron 12, sequence 17201-17680 not shown
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17681 acattaattgcatagacaacagccataataggagtgcceca

17721 ggggtacacagtac | CTCGGGATTGAGGAGGTGAGTGTGGA
E P N L L HTHV

17761 CCACAGCCCTCTTGATGTCATAGAGGTCGGTGTAGTGCTC
VA RIKTIUDVYULUDTTYHE

17801 CAGTGCTTGCTGCAGGAGGCCTGCCTTCTCACAGAGCTGG
L AQOQTLULGA AI KT ET CTLQ

17841 GCAATGTGGGCCCGGTCGTAATGAGTAAACATTTTATTITC
A I HARUDVYHT TV FMI KNG

17881 CAAGGATGGCATCTGCAAC | ctatgaaacagggagttcggt
L I A DAV

17921 gagaagccctgatcaatggcaataactttttaagaccage

intron 11, sequence 17961-21280 not shown

21281 gctcaagtctgcaaacccagagaggtgccacaggtgetct
21321 gcctctoggtgttagectacaagtcactgac|ctggggtge
18288 Ll e
592 v Q P A
21361 atgaacaaggttcatctccaacagccatgtctgcaggagt
18
579 HV L NMETULTULWTOGQTULTL
21401 ccctcagetgggegattattcttcaaggcatccaataaga
o B
565 G E A PRNNIKULAUDILTLF
21441 aggaagtacactgctgaattaaactgttttccatgaaaat
I U
552 S T CQ Q I L S NEMTFTI
21481 gtccacaat | ctgaaacatatccaagceccacattttcactca
1697 ........ .o

548 D VvV I Q

21521 gtatgttttcattcagtgtttcattttectattgaaatag

intron 10, sequence 21561-23920 not shown

23921 cgaatcaaagaaatcttctagatggctctaaaaageccaca
23961 aaaagttgtccaaaactgcctacgctcac | CTGGCTAATGT
Q S I N

24001 TGGCCAGCGGCTCCTCGTCCTGCACTAGCATTCGAGAAAA
A L P EEDAGQVLMZPBRSF

24041 CTGCAGGCCCTGTTCCGGACTGATCTTCATTACACCCCTC
Q L GQEP SI KMV GR

24081 AGCAGAAAGATCCAGTCTGGGGTGTACCCAAC | ctagaage
L L F I WDUPTYG V

24121 aagggagcaccaatcaggaaaatcaatgaaaaaccctgag
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intron 9, sequence 24161-24640 not shown

59C10 > 24641 gagtaatctgtgagatgecagtggttcaacacacgttacl
Ue0803 < 1566 .
clathrin h < 508
59C10 > 24681 ctttttggcatagagcacaattttctggaattggeetgtt
Us0803 L -1 1
clathrin h < 495 K K A YLV II KO QT FOQGT
59C10 > 24721 tctgcaaaacactggatcactttgcttggcacatttgeee
U60803 D - - T
clachrin h < 481 E A FCQTI VKS P VNAR
59C10 > 24761 gaaggtacacactcagagcgagcatggggtcagtggtttt
160803 D .
clacthrin h < 468 L Y VS L A LMPUDTT K
58C10 > 24801 aaccaagtctccgagetcectctgagecactcecag | ctgtggt
16ea8Q3 < 1445 Geveeorncsvonsonnsoconenasonnanns
clathrin h < 457 VL DGIL EUESTCEL
59C10 > 24841 atgccaagggacaaggcaaagttaggaggcaggtagggag
intron 8
538C10 > 24881 cctggaccaagttttcaagetgtgegggggggctacgage
59C10 > 24921 tcacaagtgtttctac!cttatcttctttcagccacttcee
U60803 < 1412 ettt trer e
clathrin h < 449 K D E KL W K E
59C10 > 24961 taggagttgcttacgceccctgctgaagaaccagatggcaa
160803 < 1388 ittt iite ettt ettt
clathrin h < 436 L L Q KRGOQOQUL UV L HOZC
59C10 > 25001 agttctaaggattcaagtttattgagctgacecctggtcga
U60803 D A 7 3 -
clathrin h < 422 L EL S EL KNULOQGUOGQUDUL
58C10 > 25041 gcaggattccgaagtactgcagcaatggagaagectggec
U60803 B A 1
clathrin h < 409 L I GF Y QULULUPS AOQG
S9C10 > 25081 agactgagcgggtatactetggaatttctggaccgtctet
U60803 D 171 = -
clathrin h < 396 S Q A P I S Q F KQV TE
59C10 > 25121 ctggtacgcaggattcc|ctaataataaatggaaaaatagg
60803 < 1228 it ..
clathrin h < 389 R T R L I G K
59C10 > 25161 tcattgtgttgtaatcacaggggatcccttcactcaactt

intron 7, sequence 25201-25960 not shown

58C10 > 25961 attttcctectcaaggttggttcettaacactcagaacactt
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clathrin h <

26001 gaacagtattcaaggrtrtatcac|ctttggtgcagacgctg

1212 e erecscrcecaaeanan
384 K P A S A A
26041 caactttggecggcttcagcatagetgecctgtgcaaagag

1 VK AAEAYSGOAFTL

26081 ggtattgaattttctcacaaacaacttetetgecccagee

e TN FKRVFELEKTEAGA.

26121 aggttactacgaacggccaaacgcagaccaaggtetggat

e DR SRV ALRLE LY R W

26161 tctgaagcacgttggttgcataattcacaatgttatctte

B TR VR AY RV WD R

26201 ctcaacacaaactgacagtac | ctgtaaggacacaacaagt
0 7 ceen

323 EV C VS L V Q

26241 gagagcagcccggectagaagagtgetccaccatccctct

intron 6, sequence 26281-27160 not shown

27161 agtccctaatgaatggaaaaggttcgcaaatgaatgtcag

27201 agttacacacictggccctttttgttgacaccaataattcc
L1006 e i it ie it
314 Q G K K NV G I I G

27241 agaggttggtttgtgtggagcagtgacaaatattgtgtca

301 sT P KEHEPATVEFTITD.

27281 gcactaatacggttcatgcagatgcacacgecagacteta

267 ASIRNMCICTYGSE.L

27321 ggtcgtacagatgaagatagccatactttgtgatcaagta

274 ‘DY LHLYGYKTTITLY

27361 aataacaccatgtttagctccaat | ctataagaagacagag
265 TvVeHKAGTI 0

27401 agcaagaggttggaaagtaaggaggagaagccatgegggt

intron 5, sequence 27441-30720 not shown

30721 cctgtatctggggaggtgctagagtagatttaggacatga

30761 agatgtttagagagcagcacattcgtac|ctgecatageccac
854 ........ C-—————m—ne— T - T -
268 H K A G I Q M A V



39C10 >
060803 <
clathrin h <
S9C10 >
60803 <
clathrin h <
59C10 >
U60803 <
clathrin h <
58C10 >
59C10 >
59C10 >
U60803 <
clathrin h <
5¢C10 >
U60803 <
clathrin h <
59C10 >
U60803 <
clathrin h <
59C10 >
760803 <
clacthrin h <
59C10 >
U60803 <
clathrin h <
59C10 >

30801 tggaaaatcattctgtgcectctggaggaaaaaacacatct
N N N N
30841 actgctttctttacaaaaggttggtttcccgetgcagget
235 VAKKVEPQNGAATEP.Q
30881 gtccaactrcaatgatgtgeaal ctagaagagagattttag
2r EVETTRL x
30921 gtcaatcaaggggaccgcectgtggtggtgggcaagtgeta
intron 4, sequence 30961-34240 not shown
34541 ccagctcatgacacttttctcagggagaagacagtagagt
34281 gggatcttaclcttgcctcctgtgggattacgtacagcaaa
218 WS R R
34321 gcagaaaagggtggcaggcttggcattcccetecatecttg
205 ¢CFL T AP KANGEHMEK.
34361 aactctgcaaaagccgcagcatggecttctatgggttgtyg
To1 FEAFAAAEHGTETLGPQS
34401 aaaccttcectatccacagagtagagctgcattgetecaac
17 VK RDVSYLOQMAGTY
34441 cacacggttttg|ctaagaaaagatattatgcaatgaaagg
m VRN
34481 gagagaaaagagaggaatataaagaaacaattcttaaaat

Note: Not all sequences are shown. The transcription direction of CLTCL is

from telomere to centromere on the complementary strand of 59¢10. ".

indicates the identity. Discrepancies are bold. "I" indicates the splice site.
Capitalized sequences represent the exons 10, 12 and 16 which the Powerblast

program failed to find.
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Table 2: Splice sites of CLTCL comparing with the consensus sequence.
exon intron exon
3 ...cttttcttag|CAAAACCGTG... 4
4 ...AGGAGGCAAGlgtaagatccc... 4 ...tctcttctag|TIGCACATCA... S
S ...GGCTATGCAGIgtacgaacgt... 5 ...cttcttatag|ATTGGAGCTA... 6
6 ...AAAGGGCCAGlgtgtgtaact... 6 ...gtccttacag|GTACTGTCAG... 7
7 ...TGCACCAAAG|gtgataaacc... 7 ...ttattattag|GGAATCCTGC... 8
8 ...AGAAGATAAG|gtagaaacac... 8 ...cataccacag|CIGGAGTGCT... 9
9 ...TGCCAAAAAG({gtaacgtdgtg... 9 ...ttgcttctag|GTTGGGTACA... 10
10 ...CATTAGCCAG|gtgagcgtag... 10 ...tatgtttcag|ATTGTGGACA... 11
11 ...TGCACCCCAGIgtcagtgact... 1l ...tgtttcatag|GTTGCAGATG... 12
12 ...CAATCCCGAGIgtactgtgta... 12 ...ttgttcccag|TGGCTIGTCA... 13
13 ...AGTTACAAAGI|gtaaaccatg... 13 ...ctcttcatag|GCCICTICTA... 14
14 ...CTTCCTGAAGIgtgtgttcca... 14 ...taatcctcag|GAGGCCAAGC... 15
15 ...CGTGCAGAAG|igtactgctgg... 15 ...actaccctag|GTCAACCCTA... 16
16 ...AARGAAATAG|gtaaggtgtce... 16 ...tctttcaaag|GCTCAAGCTG... 17
17 ...GCTCATCAAG|gtgggtagca... 17 ...ctcatttcag|GTGTGCAATG... 18
18 ...AATTGACCAG|igtgaggcaca... 18 ...ttaaaaccag|GIGGTACAGA... 19
12 ...GCGAGCaCAG!gtgaggctat... 19 ...ctctcctcag!|GAATCTACAG... 20
20 ...AGCAATCCAG|gtgggctgcet... 20 ...taacccctag!GTCCTGATCG... 21
21 ...AGCAGGAGCA|gtaagtgagt... 21
consensus (C/A)AGIgt(a/glagt...... (t/cipnlc/t)aglG

Note: Upper case letters are exons while lower case letters, introns. The bold
letters are those do not match with the consensus.
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The splice sites for exons 4 through 21 are listed in Table 2. The sequences of
these sites were located by comparison with the consensus splice site sequences and
analyzing the amino acid codons at the terminals of each exon. It is shown that most of
the splice sites are conservative with one exon end and several exon beginnings as
exceptions. The study of the splice sites of the gene is important because it is possible
that there exists alternatively spliced transcript forms of CLTCL gene. [243]
Determining the entire genomic context of this gene now makes it possible to
understand the proteins produced by these splice variants that may reflect differences in

the resulting protein function.

3.3.2 Ribosomal protein L34 pseudogene

In region 29881 to 30320 of this contig, Powerblast found a homology to
putative human ribosomal protein L34. However, it is more likely that this region
contains a non-functional pseudogene similar to ribosomal protein L34. This region
contains almost all the mRNA sequence without any intron. It lacks an ATG start
codon and there is no putative promoter within 7 kb of the 5' end based on Xgrail
prediction. Previous studies showed that it is likely that there are several copies of L34
genes in the mammalian genome, but in no instance has it been shown that more than
one of the genes is functional [247-250], The presumption is that for each ribosomal
protein the genome contains only one gene that is expressed, and the other copies are
non-functional pseudogenes [251). There is a putative ribosomal protein L34 gene
proximal to BRCAL1 at 17q21. (2521 Alignment of the cDNA sequence and genomic
sequence shows only 82% identity. In position 30229 and 30230, an "A" to "T" and a
"G" to "A" changes occur respectively, making a stop codon UAG instead of CUG for
leucine in the mRNA sequence. The alignment is shown in Figure 17.
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Figure 17: Alignment of region 29881 to 30320 of contig! and human ribosomal

protein L34 cDNA.
59C10 > 29881 aggtgtgagccaacgcgeccggecaagatttettatatat
59C10 > 29921 tttacatccaactggtttatctacagaggaatgttttctg
138941 <365 ..
ribosomal < 114 K Q
59C10 > 29961 actctgtgcectttgacacttccacaacaatattctgetce
L33%41 <35 0 ... t.Geeeeenn. | - ol U R
ribosomal < 109 S Q A Q AV KV I I K QE
\
|
cctteca
ribosomal < 107 K L
59C10 > 30001 tcaataaggaaagcacacttgatcctgtcacgaacacact
L389%41 < 313 PRI« Geverroconaconccesenns t.
ribosomal < 85 E I L F AR KTIURUDUZRUVTCIK
53C1Q > 30041 tagcacacacggaaccaccacaggeectgetgacatgtgt
L389%41 < 273 e Beveennnnnn oG, t.
ribosomal < 72 A CM S GG Y A R S V HK
59C10 > 30081 tcetgttttagggaacctcacaagaacttcaggtetcata
L38941 < 233 c.te.e... g.ac..t.o...Ceceennn. | AN c.c.
ribosomal < 59 K T K S L RMUL VKPRV
59C10 > 30121 gcacgaactcctcgaagtctggctaggcacatgccacatg
L38941 < 193 N« RO Covevennnn €..C..geeen.. [of- PN
ribosomal < 45 P R VG RUL KGUPCV G C A
59C10 > 30161 caggttcaggtgttttceccaaccttcttgatgtaaaggtg
L38941 < 153 U R - AP« [« - TUN a
ribosomal < 32 S K P A KGV KKT VYULY
59C10 > 30201 aataattctcccaccaggggcttgggactacctagtetea
L38941 < 113 e eCaveenn atT..coveen CeCuown ATceeennne tg
ribosomal < 19 vV I R NG P TR S L RTK
R 4
58C10 > 30241 ctagaggctgcgtgtcaaaggetgggecattctgaatgec
L38941 < 73 Cevenononne
ribosomal < 15 N § A T
59C10 > 30281 agctcaaaggactgtccctgggagctctaggetecctcaa

Note: A "*" indicates where a stop codon occurs instead of leucine.
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3.3.3 Repetitive elements in contig 1

DNA sequences containing interspersed repetitive elements and simple repeating
units were identified using both Xgrail and Powerblast programs with a library of
human repeat sequences. Alu is the most commonly occurring repetitive element found
in the human genome. It is believed that Alu is a pseudogene derived from 7SL RNA.
Previous studies estimated that one Alu sequence appeared in about every 2 kb of
genomic DNA. A typical Alu is about 300 bp in size and consists two homologous
halves, each of which has an A-rich tail. Alu sequences found in the human genome
can be whole length, half length or quarter length. [253-256] There are other
interspersed repetitive elements in contigl, L1, MER and MLT, which occur at much
lower frequencies. Powerblast identified 33 individual Alu elements, 11 L1's, | MLT
and I MER. Besides these interspersed repeat elements, Xgrail identified 21 single
repeat units within this contig, all present in intron regions. The interspersed repetitive

elements are summarized in Table 3.

Table 3: Interspersed repetitive elements in contig 1.
Family number bases % of region
Alu 33 8579 19.5

L1 11 4150 9.4

Mer 3 297 0.7

Mt 2 809 1.8
Total non-Alu 16 5256 11.9
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3.4 Analysis of contig 2

Contig 2 contains 6 cosmids, namely from centromere to telomere, they are
19d3, 98c4, 49¢c12, 102g9, 83c5 and 129f8. They form a contig of 211,386 bp in
length. For the convenience of analysis with Xgrail, this contig has been divided into
two contigs. The first contig, called contig2.1, has 118,000 bp and contains the entire
human HIRA gene. This contig is presented as the reverse and complement here
because human HIRA gene is expressed in the telomere to centromere direction. The

second contig, named contig2.2, has the remainder of this 211,386 bp sequence.

3.4.1 Contig 2.1

The total length of contig2.1 is 118,000 bp. Database homology search reveals
that this region contains the human HIRA gene. The results of Xgrail and Powerblast
are provided in Figure 18. Comparing the results of Xgrail and Powerblast,
Powerblast failed to identify only two of the known exons of the human HIRA gene.
Both of the exons are relatively small, 71 bp and 59 bp, and are very close to
neighboring exons. In contrast, Xgrail failed to predict five of the 25 HIRA exons and
instead predicted several exons which are not found in the human HIRA cDNA
sequence. Most of the additional predicted exons lie in three large introns of the HIRA
gene, namely intron 1, 21 kb, intron 15, 14 kb and intron 24, 20 kb (see below for
detail). Powerblast results showed that those additional exons were homologues to
widely expressed EST's in the GenBank but the similarities were low. These
additional exons may belong to a family of pseudogenes that appear to be the result of

tandem reiterations of DNA segments during evolution. The structural similarities of
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601

Note:

Figure 18:  Result of Powerblast and Xgrail analysis on contig 2.1

T0K 3K o

on 10, 20 missed by powbl

1 2345 6789 1113 1415 1619, 21-24 = 5
Human HIRA gene

#4, 6, 13, 17, 21 not predicted by xgrail

Xgrail result is on the top. The gray line is DNA sequence., The peaks are predicted exons, The small
color bars above or below the peaks indicate the quality of exons, Green for excellent, blue for good
and red for marginal. Peak above the gray line means the exon is on forward strand while peak under the
line, reverse., The intensity of the gray line means the GC contents., The lighter the region is, the
higher the GC contents, The pink boxes on the gray line are CpG islands.

Powerblast result is on the bottom. The black-gray line is DNA sequence, The gray regions are repeat
sequences. The small colored bars are matches found in GenBank. The numbers under green bars are exon
numbers of human HIRA gene,



these DNA segments to specific functional genes are the reason why Xgrail predicted

these regions as exons. [80-81]

3.4.1.1 Human HIRA gene

Analysis of contig2.1 reveals the genomic organization of the human HIRA
gene. The transcription direction of this gene is from telomere to centromere. The
human HIRA gene contains 25 exons. Comparative analysis of the genomic sequence
and the cDNA sequence reveals the position and the size of all 25 exons (Table 4).
The HIRA cDNA sequence originally reported contained only 61 nucleotides upstream
of the initiation codon {631 which later was shown not to be correct since RNase
protection experiments indicated that the S' end of the cDNA sequence should extend
further 159 nucleotides. [257] The full-length HIRA transcription therefore consists of
4018 nucleotides and a poly(A) tail. The boundaries of exon/intron are determined with
the available genomic data to preserve the nearly invariant consensus 5' GT and 3' AG
dinucleotides of intron boundaries. The comparison of all splice sites and the

consensus is provided in Table 5.

The alignment of genomic DNA and HIRA cDNA is provided in Figure 19. A
poly(A) signal at position 110194-110199 indicates the end of the last exon. These two
sequences match perfectly except in their 3' UTR as here there are five mismatches
(including three "n"s in cDNA sequence) and five indels. All discrepancies were
checked carefully. In all cases, there was more than six-fold redundancy in genomic
DNA sequence. The alignment of human (X89887) and mouse (X92590) cDNA
shows great similarity (87.53% identity by cross_match). Approximately 40% of the
discrepancies are observed in the 5' and 3' UTR. The identity at amino acid level is

about 97%.
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Table 4: Position and size of exons and size of introns of human HIRA gene in

contig 2.1
Exons Introns

Exon Start End Size Intron Size
1 9232 9488 257 1 20662
2 30150 30212 63 2 2122
3 32335 32445 111 3 1208
4 33654 33744 91 4 1303
5 35048 35142 95 5 7699
6 42842 42937 96 6 1044
7 43982 44142 161 7 22717
8 46420 46587 168 8 2127
9 48715 48828 114 9 3545
10 52374 52444 71 10 666
11 53111 53216 106 11 1974
12 55191 55406 216 12 1814
13 57221 57306 86 13 5552
14 62859 63056 198 14 2075
15 65132 65293 162 15 13697
16 78991 79195 205 16 385
17 79581 79685 105 17 1752
18 81438 81586 149 18 2284
19 83871 84032 162 19 601
20 84634 84692 59 20 364
21 85055 85160 106 21 1640
22 86801 86923 123 22 476
23 87400 87563 164 23 1909
24 89473 89561 89 24 19799
25 109361 110221 861

Note: Exon | contains 5' untranslated region. Start codon ATG begins at position
231 of the first exon. Exon 25 contains 3' untranslated region. Stop codon
TAG begins at position 115 of the last exon.
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Table 5:

consensus: (C/A)AGigt(a/g)agt

Exon/intron boundary of human HIRA gene

exon intron exon
1 ...AACCACAATGigtgagtgcgc... 1 ...ttgtttccag|GCRAGCCGAT... 2
2 ...GGAGGACAAG{gtatgtttat... 2 ...tttgttccag!|GGCAGGATTC... 3
3 ...AATCACTTAG|gtattacaga... 3 ...ttcttcccag!|CATGTGTGAA... 4
4 ...AGCGGGCTACIgtaagcatca... 4 ...tctcacacag|GTACATCGGC... 5
5 ...CATTCAGGCG|gtgagtggga... 5 ...cttctttcag|ATGIGATGGA... 6
6 ...AAGTTCCCAGlgtctggggec... 6 ...ttcttcacag|AAATTCTAGC... 7
7 ...TTTTGATGAG|gtaagtgggg... 7 ...cttctttcag|TGTGGAGGAA... 8
8 ...GACTGTCGIGIgtgagtgcec... 8 ...ttggctttagl|AAATTCAACC... 9
9 ...TTCTGICTGGlgtgagectge... 9 ...ttccttecag | CTCACATGTC. .. 10
10...ATATTTCCTGIgtaaggtgga.. .10 ...tgtctttcagiGACTCTGAAT... 11
11...GGAGGAGAAG|gtaggctgac...1l ...gcttccccag | AGCCGCATTC. .. 12
12...TATCAGGAAG|gtgagagcece...12 ...gctttgecag |AATCTTTTGA. .. 13
13...TGGACACTGG|gtactggtte...13 ...ttgatgacag|GGACTICTCC... 14
14...ATAAAGACAG|gttagtgggt...14 ...ttcaccccag!|TATGAATGCT... 15

15...CTGTGGARAAG|gtaggtggta. . .15
16...GTCTGTCCAG|gtgaggccag. . .16
17...CACCCTCCAG|gtaagttcta...17
18...CGGGCAGCTG lgtaagggtygy. - .18
19.. . TCTCTGTCTGIgtgagaggca. . .19
20. . .ATCCTGGCAG | gtaatgcagg. . .20
21...TTTCCACATGIgtaagcaagc. ..21
22...GCACCTCCAAlgtacgtgacc. ..22
23.. .GTAAACGAAG|gtgaggctcee. . .23
24...AACAGTAGTG|gtaggtgcte. . .24

......

...ttttgtgcag | GTTAARAGAG. .. 16

. ..gctettececag | TCTCCAGCTG. .. 17
...Cttcatccag| GTCAGCTCCG. .. 18
.. .gccttctcag | TGACGTGGTG. .. 19
. ..tccctectag | GGATGTTCAC. .. 20

...ctgtcctcag| GAAGTGATAT. .. 21
. . .gcctceccag | GAACCTGGTT. .. 22
.. .gtctectgcag | CTCGGGAAGG. .. 23
...ctgtaattag|GGTTTGAATA. .. 24
.. .gtgtccacag| GGTCTGCGGA. .. 25
(t/c)yn{c/t)agiG

Note: Upper case letters are exons and lower case letters, introns. The bold letters are

those do not match with the consensus.



Figure 19: Alignment of genomic DNA and human HIRA cDNA

contig2.1 > 9213 gaggaggagcggcgcaggggatgeggetgtggtggeggeg
human O
contig2.1l > 9253 gcggeggecgagegegggtggeggetgtggeggeggagag
human > 22 it tetcer ettt
contig2.1l > 9293 gggcgcgggccggcgatggegeggeggecctgagggegeg
human > 62 i te ittt
contig2.1l > 9333 gggcgggcggceggccggagggegggcggcgcgggaggaag
human D 1
contig2.1 > 9373 cggecggcggtggcteccatggececgggegegetgagggace
human > 142 i et ettt trer et
contig2.1 > 9413 cggcgctegectcageceggeggeggeggeggecgaacaa
human > 182 ettt ccttictcr et
contig2.l > 9453 tgaagctcctgaagecgacctgggtcaaccacaatgigtga
human > 222 it i et ctcei o ncce et e,
HIRA >1 M KL L K P TWV NHNG
contig2.1l > 9493 gtgcgcgcaggggtcgegggaggcecgageccggagtcgag

intron 1, sequence 9533-30092 not show:

contig2.1l > 30093 acacttcaatgaataaaagccaatttagatactgtatttt
contig2.1 > 30133 tttttctttgtttccag|gcaageccgattttttcagttgat
human > 257 fe et erecccenenneenenaen
HIRA > 13 G K P I F S V D
contig2.1 > 30173 attcaccctgacgggaccaagttcgcaactggaggacaag|
human B - 5
HIRA > 21 I H P DG TKUF ATG GG Q
contig2.1l > 30213 gtatgtttatggaataaagaaagggaaagcttaacagcce
human > 321 .

HIRA > 34 G

contig2.1l > 30253 tgccaccttgctcttetectgetgtccatttagetgtaga

intron 2, sequence 30293-32292 not shown

contig2.1 > 32293 ctactccttgeacattcagccatttctgetectttgttee
contig2.1 > 32333 ag lggcaggattctgggaaggttgtgatctggaatatgtct
human B 5 = AU
HIRA > 34 G Q D S G KV V I WNMS
contig2.1 > 32373 ccagtcctcecaggaggatgacgagaaggatgaaaatatte
human > 359 ittt ittt c ettt cat o
HIRA > 47 P VL QEUDUDEI KDENTI
contig2.1 > 32413 ccaagatgctttgccagatggacaatcacttaglgtattac
human B 1
HIRA > 60 P K ML CQMUDNU HL
contig2.l > 32453 agagtggccctttgcaggctttgegtgttggcagagtgec

intron 3, sequence 32493-33612 not shown
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contig2.1l 33613 gactactggattttcatcaccrtatttttrtttctrecca
human 430 .
HIRA 70
contig2.1l 33653 glcatgtgtgaactgtgtgcggtggtcaaacagtgggatgt
human 431 e et eseceeererreeretre oo,
HIRA 71 A C V NCV R WS SN S G M
contig2.1 33693 atttagcttctgggggagatgacaaactgattatggtgty
human L 0 5
HIRA 84 Y L A S GG DD KILTIMVUVW
contig2.1l 33733 gaagcgggctaclgtaagcatcattttectttettecacatt
human SI1 eeeeeaeees .e.
HIRA 38 K R A T Y
contig2.1 33773 ttatttttagaagctgetttgetggtctttatcaaagcca
intron 4, sequence 33813-34972 not shown
contig2.1l 34973 gctggctgcagggagcatttctatgcagtgecccagageac
contig2.1 35013 tccatgagtgcectttttggeccctttctcacacagigtaca
human 523 L.
HIRA 102 Y
contig2.1l 35053 tcggccccagcacegtgtteggetecagtggtaagettge
human =172
HIRA 103 I G P S TV F G S S G KL A
contig2.1l 35093 caatgtggagcagtggcggtgtgtetctatecctccggaat
human - 2
HIRA 117 N V E Q WR CV S I L RN
contig2.1 35133 cattcaggceg lgtgagtgggactgcctgttggggtgggtag
human 608 @ L..e.....
HIRA 130 H S G
contig2.1 35173 gcccctgacacctggctcagatcagcagcaccgacacgte
intron 5, sequence 35213-42772 not shown
contig2.1l 42773 ctggccaagctaatagacaagggcatcaccaggtaagaga
contig2.1 42813 tctcaccagaacccetctgtettetttcag|atgtgatggat
human 617 e eetereseaen
HIRA 133 D VvV M D
contig2.1l 42853 gtagcatggtctccccacgatgectggctagectcatgea
human 273 U
HIRA 137 VvV A W S P HD AWULA S C
contig2.1l 42893 gcgtggataacactgtecgtcatctggaatgctgtaaaget
human (== U
HIRA 150 S VDN TV VI WNAVIKF
contig2.1 42933 cccagigtcectggggectocctetgactggttaacagcaagca
human 709 .....
HIPA 164 P
contig2.1l 42973 gtacrtgcctgtcagtttctggagcaggggttgggetgtet
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contig2.l > 43933
contig2.l > 43973
human > 711

HIRA > 164
contig2.1 > 44013
human > 745

HIRA > 176
contig2.1 > 44053
human > 785
HIRA > 189
contig2.1 > 44093
human > 825
HIRA > 202
contig2.1 > 44133
human > 865
HIRA > 216
contig2.l > 44173
contig2.1 > 46373
contig2.1l > 46413
human > 873
HIRA > 218
contig2.1l > 46453
human > 908
HIRA > 230
contig2.1l > 46493
human > 948
HIRA > 243
contig2.1 > 46533
human > 988
HIRA > 257
contig2.1 > 46573
human > 1028
HIRA > 270
contig2.l > 46613
contig2.1 > 48653
contig2.l > 48693
human > 1042
HIRA > 275
contig2.1 > 48733
human > 1061
HIRA > 281

intron 6, sequence 43013-43932 not shown

intron 7, sequence 44213-46372 not shown

intron 8, sequence 46653-48652 not shown

tcatgttrecctcagacaacacctetccacattccttts

tcttcacag|aaattctagetactetgagaggtcattetgg

P E I L ATULUZRGH S G

cttggtcaaagggttgacatgggaccctgttggtaaatac

L VXGL TWDUPV G K Y

atagcttctcaagctgatgaccgcagectaaaggtgtgga

I A S Q A Db DURSLKUVW
ggacgctggactggcagttggagaccagcatcaccaagee

R T L DWQULUETSTITKP

ttttgatgag|gtaagtggggacagctcagggagctgagec

ccecgeagetgeeccagectcttectgacttctgtgtacag

cacaaaggtggccttgagctcctttcaagtgcagatgett
ctttcagl tgtggaggaacgacccatgtgttgeggcteage
E C GG T THV L R L s
tggtcacctgatgggcattacctggtgtctgeccatgeea
Ws P DGHYLVSAHA.
tgaacaactcaggccccactgcccagatcatcgaacggga

M NN S GPTAGQTITIZETRE

gggatggaagaccaacatggactttgttgggcaccggaaa

........................................

...............

gatgggctccaagattcagcaaatattaattettggttta

gggcacaggggacatgectgatgettgattaattatttet

aacatctgttatttggctttaglaaattcaacccaaaaatc

F K K K Q KNGS S a K P
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contig2.1l
human
HIPA

contig2.1l
human
HIRA

contig2.1

48773 gctgeccgtactgetgetgtgetgttggcagcaaggaccg
5 0 AU
294 S C P Y CCCAUV G S K DR

48813 ctegetttectgtetgg | gtgagectgetatectgagetttt
114 e e
308 S L S VW

48853 gttgcaggacgggaggtgtaggttggtaaagtagcaagtg

contig2.1l

contig2.1l

contig2.1

contig2.1l

intron 9, sequence 48893-52332 not shown:
52333 ttcagtaatttcattaaccttgactgtgtctttecttecca

52373 g | CTCACATGTCTGAAACGGCCGCTGGTGGTCATCCATGAA
L T CULI KR RUPIULVV IHE

52413 CTGTTTGACAAATCCATCATGGATATTTCCTG | gtaaggtg
LFDKJSTIMDTISW

52453 gattctacttacaggaataggttaagaaaggagaagcecac

contig2.1l

contig2.1
human
HIRA

contig2.1l
human
HIRA

contig2.1
human
HIRA

contig2.1
human
HIRA

contig2.1l

intron 10, sequence 52493-53052 not shown
53053 ggcacatgtgtctgectggggctcttgctaccaggetget

53083 gatggccatgtcetttcagigactctgaatgggectgggcatc
1227 e eeeecesseestencaneae,
336 W T L NG UL G I

53133 ttggtatgctctatggacggctctgtggcattcetegact
1250 i eteeccceecreace et aeaean
344 L VvV CSMDG S V aF L D

53173 tctcccaggatgagettggegatcccctgagogaggagga
1290 ittt eiecerctcc ettt et
357 F S Q b EL GD P VL S E E E

53213 gaag|gtaggctgacggctettgtgetgctgggtgetctgt
1330 e
371 K

53253 ggccattgccacaatagctctgagagacccctttgactac

contig2.1l

contig2.1
human
HIRA

contig2.1
human
HIRA

contig2.1
human
HIRA

contig2.1
human
HIRA

intron 11, sequence 53293-55132 not shown

55133 cagcactggccacactggcactcatgetggcatgtcatge
55173 ctctecttgettecceag | agccgcattcaccagtccacct
1332 e teseecssireeaenaaanae.
371 K S R I HQ S T

55213 atggcaagagcctagccatcatgaccgaggeccagetete
7 v RS LA W TR AL e
55253 cacagccgtcattgagaaccctgagatgctcaagtaccag
393 TAVIENPEMLEKTYOQ

55293 cgaaggcagcagcagcagcagcectggaccagaagagtgetg
306 RRQQOQOQQLDOQEKS A
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contig2.l > 55333 cgaccagggagatgggctcagccaccrcagtcgcaggegt
human b TP
HIPA > 419 A TR EMG S A TSV aG v
contig2.1 > 55373 tgtcaacggggagagtcttgaagatatcaggaag lgtgaga
human B - X
HIRA > 433 V N G E S L EDTIRK
contig2.1 > 55413 gccetgectggtggcgectaaagacatggacatatgeccag
intron 12, sequence 55453-57172 not shown
contig2.1l > 57173 tagttggccaaaacttttgcattcatttatgtaactctge
contig2.1 > 57213 tttgccag | aatcttttgaagaaacaagttgagactcggac
human > 1548 ce tetecssecsasresccsccsssnenanonen
HIRA > 443 K N L L KK VETR RT
contig2.1l > 57253 agcagatggccggagaagaatcacgcctctctgecatagca
human B 1 7
HIRA > 455 A DGRRRTITU®ERBRBLOTCTIA
contig2.1 > 57293 cagctggacactgg lgtactggttcattccectttcatggt
human > 1622 e .
HIRA > 468 Q L DT G
contig2.1l > 57333 cttatctggcgagatctteoctgtettetttcagecggttaa
intron 13, sequence 57373-62812 not shown
contig2.1 > 62813 tggcacctgactttcaaggctgacttttgttcttacttga
contig2.l > 62853 tgacag |lggacttctccacggcattctttaacagcatcecce
human > 1635 et eteccscitrats ettt
HIRA > 472 G D F S T A F FN S I P
contig2.1 > 62893 ctcteogggcetecctggegggcaccatgetetettetcata
human > 1670 et eiieae. seececeotrtennensens
HIRA > 484 L §$ G S L AGTMULS S H
contig2.1 > 62933 gcagtccacagcectactgecactggactccagtaccectaa
human B 5 1 .
HIRA > 497 S S P QL L PL DS STUPN
contig2.1l > 62973 ctecctteggegectegaagecttgeacagageetgtggtyg
human P T N
HIPA > 511 S F G A S K&PCTUEU®PV YV
contig2.1 > 63013 gctgccagtgcecagacctgcaggcgattctgtcaataaag
human > 1790 i ittt ittt ettt r e
HIRA > 524 A A S AR PAGUD S VNK
contig2.1 > 63053 acag lgttagtgggtgccaaggcttgttectgtecectgggy
human > 1830 PO
HIRA > 537 D S
contig2.1 > 63093 aaagttcaggtttgcacatagttttgaggacagagaattt
intron 14, sequence 63133-65052 not shown
contig2.1 > 65053 gctccaaataatgcaaatactagacctccagatectetca
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contig2.1l > 65093 ggattgcgcettgacatgcctececctcttcttcaceccag!t
human > 1831 oo .
HIRA > 538 S
contig2.1l > 65133 atgaatgctacctctactcctgetgcattgtcaccttctg
human b 2
HIRA > 539 M N A TS TTUP AU AL S P S
contig2.1 > 65173 tgttaacgacccegtccaagatcgaacccatgaaagegtt
human B - - T U
HIRA > 552 V L T TP S KI E P MIKATF
contig2.1 > 65213 tgactcccggttcacagagcggtccaaagecacaccaggt
human > 1915 e itccectree e e
HIRA > 566 D S R F T ER S KA T P G
contig2.l > 65253 gctectgecctgaccagecatgactccgacagetgtggaaa
human D 8 51 T
HIRA > 579 A P AL TS MTUPTA AV E
contig2.1 > 65293 glgtaggtggtagctgcaggaccctgaaggaccaggcaggg
human > 1995 . .
HIRA > 592 R
contig2.1 > 65333 tgcaggcatgggtcaacagcacagtggcagtgttcccace
intron 15, sequence 65373-78932 not shown
contig2.1 > 78933 cactctttettgcatgaatggtttctgaagggaagtgtga
contig2.1 > 78973 tgtaatgtttttgtgcagigttaaaagagcagaaccttgtg
human > 1994 ce teeseecesecsessensoana
HIRA > 592 R L K E Q N L V
contig2.1 > 79013 aaagagctgaggccccgagacctcctggagagcagcageg
human > 2018 ittt ettt aeaan
HIRA > 600 K EL RPRUDILULUES S s
contig2.1 > 79053 acagcgatgagaaagtccctttggctaaggettectcact
human > 2058 ittt et ectte et
HIRA > 613 D S DEIKUVPLAI KA AS S L
contig2.1 > 79093 gtccaagcgaaaacttgagettgaggtagagacagtagag
human > 2098 ittt ctceeccee e
HIRA > 627 S KR KULELEVETV E
contig2.1 > 79133 aagaagaagaaagggcggcctcggaaggactctcgtcetca
human > 2138 i ittt ettt e
HIRA > 640 K K K KGRPURIKDSU RL
contig2.1 > 79173 tgcetgtgtetctgtetgtecag |l gtgaggccagtgggece
human > 2178 et iitr et iteaas
HIRA > 653 M P V S L § VQ
contig2.l > 79213 atcctgecttcetttageccacctttctgtacttagagett
intron 16, sequence 79253-79532 not shown:
contig2.1 > 79533 accccgtagtgttagagcaaggctcaggaacgtttetgge
contig2.1l > 79573 tcttecagl tecteccagetgecctaaccgcagagaaggagge
mouse > 2195 e [ | S oF- P

HIRA prote >

659 S P A AL S TZEKE a
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contig2.l > 79613 catgtgtctgtctgcaccagcacttgeactgaagetgeca
mouse > 2227 ittt ce ettt
HIRA prcte > 670 M CL S A P AL AL K UL B
contig2.1 > 79653 attccaagcccccagagagcattcaccetecagigtaagee
mouse > 2267 @ ...... [« FUMRY SRR Fevovoeonnocnn .-
HIRA prote > 683 I PG P QRA F TULOQ V
contig2.1l > 79693 ctaggaccctgccagttctcoctcaggecacacccagacat
intron 17, sequence 79733-81372 not shown
contig2.1 > 81373 ccttggagcatgtcacctgggetgeggeccttgtetgage
contig2.1 > 81413 agacccgtgtgtttacttcatccaglgtcagetccgatect
human > 2301 et teeeececneenean
HIRA > 694 L Q vV § § D P
contig2.1 > 81453 tccatgtacattgaggtggagaatgaagtgacagtagtgg
human D K. 7 P
HIRA > 701 S MY I EV ENZEV T V V
contig2.1 > 81493 ggggcgtgaagctgagecgectgaagtgcaaccgggaagg
human > 2361 @ ......... Ceeeecceresersecserocnnannsanon
HIRA > 714 G GV KL S RL KCNIUZREG
contig2.1 > 81533 gaaggagtgggagacggtactcaccagccggatcctcact
human > 2401 it iteriieeeecc et et e,
HIRA > 728 K EWETUV L TSR RI LT
contig2.1 > 81573 gctgegggcagetg | gtaagggtgggcaggtecttagecgy
human > 2441 00 i
HIRA > 741 A A G S C
contig2.l > 81613 cccaggigacacaggcacacatgccatcattetgggectg
intron 18, sequence 81653-83812 not shown
contig2.1 > 83813 actgtcttggctgcagcactcageccccatgacacctgee
contig2.1l > 83853 cccactctgecttceteag | tgacgtggtgtgtgtegectgt
human > 2454  teeerecseserecneeeaan
HIRA > 745 C DV V C V A C
contig2.1 > 83893 gaaaaaaggatgctgtcagtgttcetccacctgtggtegee
human b
HIRA > 753 E KRMUL SV F S TCGR
contig2.1 > 83933 gtctcectetcteccatcctectgecateccecgatctetac
human > 2517 e it cice it et et et
HIRA > 766 R L L S P I L L P S P I ST
contig2.1. > 83973 tttgcattgcacaggctcctacgtcatggegetcaceget
human > 2557 i ittt ettt ceac ettt
HIRA > 780 L HC T G S ¥ VM ALTaA
contig2.1 > 84013 gcagccacactctctgtctg | gtgagaggcaggcacagggt
human > 2597 ittt .
HIRA > 793 A A TUL S V W
contig2.1l > 84053 ggggtgggcttcagccagggcaggacagggcetgtgtagge

intron 19, sequence 84093-84572 not shown
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contig2.l 84573 aggcacactctgatgtgtttacctgggttggtgagtaaac
contig2.1 84613 tgtteccctgtetccctectag | GGATGTTCACAGACAGGTG
D VHR QV
contig2.1l 84653 GTTGTGGTGAAAGAAGAGTCTCTACACTCCATCCTGGCAGH
VvV VvV V K EE SLHS IUL A
contig2.1 84693 gtaatgcaggcaacaggctgtcectactcttttgggggee
intron 20, sequence 84733-85012 not shown
contig2.1 85013 gctgatcagagcacacccagaactcatteecatgetgtee
contig2.1 85053 tcaglgaagtgatatgacggtatcacagatcttgctgacgce
human 2673 ces reresecccosestetatsacsesenantanonenn
HIRA 818 A G S DMTUVSQTIILULT
contig2.1 85093 agcatggaatcccagtaatgaacctgtcecgatgggaagge
human 73 P
HIRA 831 Q HGI PV MNTLSDGIK A
contig2.1 85133 gtactgctttaatccgtcactttccacatg lgtaagcaage
human 2752 et ititeee e, Chheeseceees .
HIRA 845 Y C FN P SL ST W
contig2.1l 85173 tgaccecccagtcoctatteectggaagagtgtctgtcotget
intron 21, sequence 85213-86732 not shown
contig2.1l 86733 tctggttggcaaagaggccaaccagatetettggttttee
contig2.1 86773 tgagctctgetecctgectttgectecccag | gaacctggte
human 2781 e eeeseeene-
HIRA 854 W N L Vv
contig2.1 86813 tctgacaagcaggactcactggctcagtgtgcagacttta
human P
HIRA 858 S DK Q b SL AQCADF
contig2.1l 86853 ggagcagcctgccatcccaggacgecatgetgtgetcagg
human 722
HIRA 871 R S S L P $S Q DAMTULTCSG
contig2.1 86893 accgttagccataatccagggecgcacctecaal gtacgtg
human 2872 i, - e
HIRA 885 P L A I NQGMRTSN
contig2.1 86933 acctgaatgccatggcecactgtcettagtectgcecetggg
intron 22, sequence 86973-87332 not shown
contig2.1 87333 cacgggggcagttcctgactcetgtgtagtgectgetgece
contig2.1l 87373 catcatggaaactctcectggtctctgcagl ctcgggaagge
human 2905 e
HIRA 896 S G R
contig2.1 87413 aggctgcceggetcttctecgtgectcatgtggtgeagea
human 7
HIRA 899 Q A ARL F SV PHUV YV QOQ



contig2.1 > 87453 agagaccaccctggectacctagagaaccaggtggcagca
human > 2956 0 it eiitctccceeretreccere e e naean
HIRA > 913 E T TUL A Y L ENOQV A A&
contig2.1 > 87493 gcactcaccctgcagtccageccacgagtacegecattgge
human > 2996 0 ittt eersctcect ettt
HIRA > 926 A LTULGQS S HEYVYU RIUHW
contig2.l > 87533 tcctegtcetacgcacggtacctegtaaacgaag | gtgagge
human > 3036 eeeteseeseonn cereeenens ceresnoen .
HIRA > 939 L L VY ARYULVNE G
contig2.1 > 87573 tectggcagecctgageagecttectecttetgeecctecca
intron 23, sequence 87613-89412 not shown
contig2.1 > 89413 aatgtgttcctatttctgttttgtettttgttgttgttgt
contig2.1 > 89453 ttgtttgtttttctgtaattag|ggtttgaataccgacttc
human > 3067 e eeececrcenceecennn
HIRA > 950 G F E Y R L
contig2.1 > 89493 gagaaatatgcaaggacttactgggtceggttcactacte
human > 3087 it ccieccrarcetcesas st
HIRA > 956 R EI C K DL L GUPUV HY S
contig2.1 > 89533 cactggaagccagtgggagtcaacagtagtg igtaggtgcet
human > 3127 it ettt et et et .
HIRA > 970 T G S Q W E S T V V
contig2.1 > 89573 tctttcattgttgctgcaagaattctttcttgaaacatga
intron 24, sequence 89613-109292 not shown
contig2.1 > 109293 gccaggaaagtccccacaatctaggtctcttcactgacac
contig2.l > 109333 ttgcactcagctgtcactcetgtgtccacag | ggtctgegga
human > 3157 f eseereenns
HIRA > 980 G L R
contig2.1 > 109373 agagggagctgctgaaggagctgcetaccagtcatcgggea
human D Y 2
HIRA > 983 K R EL L K EULULUPV I GQ
contig2.l > 109413 gaacctccgattccagcgectettcacecgagtgtcaggaa
human B {6 1
HIRA > 997 N L R FQ RULFTUET CUQE
contig2.1 > 109453 cagctcgacatcctgagggacaagtagectgeeccagect
human > 3248 it ci ettt ettt et
HIRA > 1010 Q L DI L R D K#**
contig2.1 > 109493 gccctggetgcagcaagggcagggecacactctcgecget
human D - 2
contig2.1 > 109533 gatgacatgcaggaccgcectctcacctgaccaggetgtag
human B 1 7. -
contig2.1l > 109573 ggggaggagacactggcaggagatgtgctgtcctgecacca
human > 3368 ittt et e ittt et
contig2.1 > 109613 gcgccagcccagctccctgggcagatgtgeectgtgtect

human

v

3408 ettt ettt ettt e e



concig2.l > 109653 gggtctgacattgcctcaggagggggaagctcatccctce
human B 7

contig2.1 > 109693 ctccaagcccecgatgeggagetagggetggagetetgee
human > 3488 0 i iciccterreatccsse s ng.

contig2.l > 109733 caggtgccctggggccagcaaggcagtcccaggectgecyg
human > 3528 i iieeiccccrcttecrccce st nroans

contig2.1 > 109773 tctccagcacggecccaaggtggacactagecectgetge
human > 3868 it iiiccececrtcetcerccsco e cana

contig2.1 > 109813 tgcaggcgccatgctgcttcagcagtgacgattgagecat
human B 11 2

contig2.1 > 109853 ttgtgagagagaatccggaagcgttaggtattacagcaga

human > 3648 ........ Cevererennns ¢ A MNeveeoon
\ \
1 1
a a
contig2.1 > 109893 ctgacctaagacctatgtaaaaggaaagctgttccaacac
human > 3690 i eisciscstreescs et ann
\ \
| |
c a
contig2.1 > 109933 acggactatttttgtactagaatttgctaacttgtaatat
human b 0 Y
\
|
a
contig2.1 > 109973 tgaatttcctttggccgataatcaggatttccctataagt
human b L

contig2.l > 110013 cacttggacattggtcacttgtaggaaatttaaactctaa
human > 3813 it tr et c et ee e,

contig2.1 > 110053 ttatgacagctacactgaaaaataattgtactgaaattaa
human > 3853 it ittt ettt st reannn
contig2.1 > 110093 cttgtctatcttcatttggttttaatttttaaatgtetgt
human B 1 X

contig2.1 > 110133 aaaaagagactgttttgggggaatggggcaaaggggtggg
human > 3933 i i ittt ettt

contig2.1 > 110173 cgatttcrtttgtaagtgtaaaatasatgaacacgcattg
human > 3973 i ittt ittt ettt nn

contig2.1 > 110213 aataccaaaccctcectgatttcetcttgecttttectteta
human > 4013 ......

contig2.1 > 110253 actttcatcctccccacacagtgcatctctectectgaaget

Note: Not all sequences are shown. "." indicates the identity. "I" indicates the splice
site. Capitalized sequences are exon 10 and 20 which Powerblast program
failed to find. For exon 17, Powerblast only found mouse cDNA. Poly(A)
signal is bold.



The N-terminal part of HIRA protein containing exons 1 to 11 is highly similar
to a corresponding region in the yeast HIR1 protein. [63-258] They both contain seven
WD [259] repeats and have a similar arrangement. No relationship is observed between
the structure of exon/intron and the distribution of the WD repeats. WD repeat I spans
exons 1,2 and 3. II spans exons 3 and 4. Il is in exons 5 and 6. IV and V are in
exons 7 and 8 respectively. VIis in exons 8, 9 and 10. Finally, VII is in exons 10 and
11 (Figure 20). The C-terminal part of HIRA protein (exons 13 - 25) encodes a region
of significant similarity to the yeast HIR2 protein. [63.2581 Exon 12 encodes a

glutamine-rich region unique to HIRA.

The yeast HIR1 and HIR2 gene products have been identified as a negative
regulator of core histone gene transcription. [258] They are required for the periodic
repression of three of four histone gene loci during the cell cycle. Not surprisingly,
HIRA transcription product contains basic dipartite nuclear localization signals (one in
exons 8 and 9, one in exon 16) which direct it to the nucleus. [260.261]1 As with HIR1

and HIR2, HIRA does not contain any of the known DNA or RNA binding motifs. [63]

Part of the 3' end of the HIRA gene lies within the smallest DGS critical region.
In situ hybridization experiments performed on mouse and chick embryo sections
showed that the murine and avian homologs of HIRA were expressed in the neural
crest region. [262.263] This observation is compatible with the implication of the gene
product in the early development of the tissues affected in DGS. If like HIRI and
HIR?2 in yeast, HIRA protein is expected to interact with several other proteins to
preserve the function of the multicomponent regulatory complex, it will be necessary in
future studies to find the human counterparts of those proteins to study the function of

HIRA and the involvement of this gene in DGS.



¥cl

Figure 20:  Exon/intron organization and features of human HIRA gene in contig2. |
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Note: Exon (green) sizes are not shown in scale, Introns are shown in scale approximately.
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3.4.1.2 Nucleotide composition of the 5' region of the HIRA gene

The overall G/C content of contig2.1 is 46%. The G/C content of the
noncoding region of exon 1 is as high as 86%. The G/C content of the 5' region of the
HIRA gene from -1020 to 220 (see Figure 21), which is from 8212 to 9452 in
contig2.1, is 74%. As predicted by Xgrail program, there is a CpG island from
position 7705 to 9721 which includes about 1.6 kb of 5' region, exon 1 and about 0.23
kb of intron 1. This large CpG island categorizes HIRA gene to the family of widely

transcribed house keeping genes containing a CpG island in their promoter region.

Detailed analysis of the 5' region of the HIRA genc is visualized in Figure 21.
The studied region is from -1200 to 393 (defining the start position of exon | as
position 1) which is from 8123 to 9716 in contig2.1. This region consists of 1.2 kb of
proximal HIRA promoter, followed by exon 1 and 228 bp of the 5' end of intron 1.
This region has an unusual cluster of 19 rare G/C-containing restriction sites including
five BssHII (gcgcgc), three Nael (gccgge), one Narl (ggegec), one Sacll (ccgegg), five
Smal (cccggg) and four Xmalll (cggcecg).

A TATA box is not evident in the sequence of this region. However, it is
normal for a G/C rich promoter not to have a TATA box. [264.265] Furthermore,
several GC boxes (GGGCGG), which bind the Sp1 transcription factor and have been
shown to be required for interaction of transcription factor [ID (TFIID) with a TATA-
less promoter, [264.266] are present. There also is a putative TFIID binding site. Other
putative regulatory elements in the region were identified using online SIGNALSCAN
against the TRANSFAC database to identify transcription factor binding sites. These
identified potential sites are: AP-2 (retinoic acid-inducible activator protein 2), CCAAT

box, CREB (cyclic AMP regulatory element binding protein), GR (glucocorticoid
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receptor), H4TF-2 (human histone H4 gene-specific transcription factor), LF-Al (liver

specific trans-acting factor), NF-1 (nuclear factor 1), NF-1/L (nuclear factor 1-like),

NF-E (erythroid specific nuclear factor), NF-kappaE2 (nuclear factor kappa enhancer

2), SRF (serum response factor). The positions of these potential elements are shown

in Figure 21.

Figure 21: G/C-rich region of 5’ of HIRA gene

-1200

-1140

-1080

-1020
-960

-900
-840

-780

~720

-660

-600

-540

~-480

-420

-360

-300

-240

attgcaatgctcccaaacccagggelcttctaactacttgatatgacagcaaggtcaacg
Smal LF-Al

tggaaggttttECRARatctttcgttcagaccaCg@@gacttaagcaggaccgctgete
TFIID GR

geCa&gggtgctcagattttcatgcataagagtcacgaccagatggctcateecctgagata
NF-1

ttcgtggactgggaggcgagcagggagcacaggcgagtcctggeggacagtcgegaagac

cccgeacgegecct@ggectcecgetatCcggeegegtccgecactcaccecgetagtegyg
LF-2Al NF-E NF-1
gcgcagggctagcegagatacttcgcagcacggaggecgtcatggectaccctegecgette

cgggcgtgegcCeeteCacagtceggeccgeaggtgeccectgetgag@teeggcagacca
Spl SacII H4TF-2

ggcgeccagcgctcaggegttecggetgegtgggetgggacgegectgteeeegeeeceyg
GR Spl

acgcagccccgectagggtgtcagetgegCacacacgagggecttgegtttcacgegget
Spl
cgg@@tectcecttcegtecce€geeegtgetgggagegcgcctctgcageg@ggeacagt
H4TF-2 Spl BssHII LF-Al

ctagi€CRgtcaggccctageeggttggteggtcEgegecctcgegegggecteggetecg
NF-1 Spl

cagtgcagccggageagccqgas@@ggegtccctctgctectecgagtCCdaatgttcatg
XmaIIl Spl NF-1

tctaggcaaacggccccgatetetaataaacgegt€egeeecagcctcccccaccaggg
GR Spl

ttggctcegteccccgeattcgttcgagtecgaageccggatcgeattceggegecagege
Nael

ggagcccggegctcgcaagatgcCCadtagecgegtgttgatgaatga@eggaagetagtta
SRF/CCAAT box CREB

ataagtcggactcagactggcgaggCagagctggtgacgggeggtecacgecacetgagc
GR CREB Spl H4TF-2 NF -kappak2

ccecgectgectetgegg@geggcccgggttgcaactgcaggecceegetcgetgtecgeegt
Spl  Smal NF-E



-180 €€aggcgaa€gCeLtttctggggcgccegegeccgggecccgaccegaageccctgeCdg

NF-1 Spl NarI Smal NF-1
-120  cggaggagccgg@g@eggcccagtccgegtgggg@geggttte€eegetggggcgacttgge
Spl ap-2 Spl NF-1/L
-60 aggtgcegegeegtgacttccggegttgeccgggagecgectgaggaggageggcgcaggg
BssHII Smat
1 GATGCGGCTGTGGTGGCGGCGGCGGLGECCGAGCGCGGGTGGCGGCTGTGGCGGCGGAGG
XmaIIT
61 GGGGCGCGGECCEECGATGGOGCGECGECCCTGAGGGCECGGEGOGGGCGGCGECCGGAG
NaeI XmaIII
121 GGCGGGCGGCGCGGGAGGAAGCGGCGGCGETGGCTCCATGGCCCGGGCGCGCTGAGGGAC
Smal BssHIIL
181 CCGGCGCTCGCCTCAGCCCGGCGGCGGCGGCGGCCGAACAATGAAGCTCCTGAAGCCGAC
XmaIIl M KL L KUPT

241 CTGGGTCAACCACAATGgtgagtgcgcgcaggggtcgecgggaggecgageceggagtegyg
W V N H N BssHII

301 gteggggtcetggagtcegagtoggggegegggcaagtectgectgtetegeccctgacgee
BssHII

361 cggtacccggtgeccaagecaagaageeeacag
Nael

Note: Position 1 corresponds to the start site of exon | of the complete cDNA
sequence. The sequence of exon | is capitalized, with the deduced amino acid
sequence below the coding region. The G/C containing restriction sites are
underlined and the putative regulatory elements are outlined.

It also is interesting to note that there are three H4TF-2 (human histone H4
gene-specific transcription factor) binding sites present in the promoter region of the
HIRA gene since the putative function of the human HIRA gene is to negatively
regulate core histone gene transcription and H4TF-2 is required for maximal
transcription of histone H4 gene. Thus it is possible that there is a mechanism
controlling the competitive binding of H4TF-2 to the histone H4 gene and the HIRA
gene to maintain the appropriate amount of H4 in the cell, or H4TF-2 binds to the
HIRA gene as an inhibitor of HIRA gene transcription to achieve the high transcription

rate of the H4 gene in the S phase of the cell cycle. [258]



3.4.1.3 Repetitive elements in the HIRA gene region

Alu, L1, Mer, Mir and Mlt are interspersed repetitive elements found in
contig2.1. Total repeat sequence content of contig2.1 is 32.0% (37737/118000). The
individual Alu elements found in this region tend not to be full length and are small in
size and the Alu percentage (total Alu bases divided by total contig length) is only
15.7%. A summary of all repetitive elements is listed in Table 6. Comparing the
repetitive elements in the HIRA region and those in other regions, one can tell that there
are big differences. For Alu elements, the percentage in other regions is almost two-
fold higher than in the HIRA region (31.2% and 15.7% respectively). The percentage
of non-Alu elements in other regions also is significantly higher (18.9% Vs 13.3%). It
is worth noting that none of the interspersed repetitive elements appears to be in

translated regions within the contig.

Table 6: Interspersed repetitive elements in contig 2.1

HIRA gene region other regions total
Family number bases % region number bases % region % region
Alu 62 15824 15.7 19 5312 31.2 17.9
L1 15 9818 9.7 4 2421 14.2 10.4
MerMir/Mlt 9 3562 3.5 2 800 4.7 3.7
Total non-Alu 24 13380 13.3 6 3221 18.9 14.1




The human HIRA gene is a relative large gene which covers approximately
101.1 kb. The percentage of intronic sequence of this gene is 95.9%, which is higher
than the average percentage of intronic sequence of most large genes (89.8%), while
the percentage of repeat elements of this gene is 29.0% which is almost the same as the
average (30.4%). [267]

3.4.2 Contig 2.2

Contig2.2 is 93,386 bp in length. It contains one known gene, the gene for
human ubiquitin fusion-degradation protein (UFDIL). The entire UFDIL gene lies in
the first one third of contig2.2 and the transcription direction is from telomere to
centromere. The results of Xgrail and Powerblast are provided in Figure 22. The
Xgrail result showed there is a exon cluster region right after the human UFDI1L gene
and Powerblast found that the first three exons belong to an EST which is the 5" end of
a cDNA similar to heparan sulfate proteoglycan. This adjacent exon cluster region,

therefore may represent a second putative gene in this region.

3.4.2.1 Human ubiquitin fusion-degradation protein gene

Human ubiquitin fusion-degradation protein gene is found in contig 2.2 from
position 38227 to 9699 with coding on the negative strand. Previous study revealed
that this gene encodes a product containing 343 amino acids, [268] but this does not
agree with the genomic DNA sequence. However, mouse UFD1L cDNA agrees with
human genomic DNA very well. Carefully examining these three DNA sequences
revealed that the previously reported human UFDIL cDNA has an extra exon which is
almost identical to an adjacent exon. This extra exon, termed exon S', encodes for

thirty-six amino acids. The first twenty-seven amino acids can be found at the
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Figure 22: Result of Powerblast and Xgrail analysis of contig 2.2
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color bars above or below the peaks indicate the guality of exons, Green for excellent, blue for
good and red for marginal. Peak above the gray line means the exon is on forward strand while peak
under the line, reverse, The intensity of the gray line means the GC contents. The lighter the
region is, the higher the GC contents. The pink boxes on the gray line are CpG islands.

Powerblast result is on the bottom. The black-gray line is DNA sequence. The gray regions are repeat
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numbers of human UFDL1 gene and putative gene.



beginning of exon 5 which is right after exon 5’ according to previous report. The last
six amino acids can be found at the end of exon 4 which proceeds exon 5'. [2681 A
dotplot showing the comparison of the previous reported cDNA and human genomic
DNA is in Figure 23. The DNA sequence of human genomic DNA (contig 2.2) has
been carefully examined, and no suspect region was found. Based on the accuracy of
genomic DNA sequence data and the exon structure of mouse UFDIL cDNA, it might
be concluded that the previous report of human UFDI1L cDNA contained an error. In
addition, another discrepancy observed is that the previous reported cDNA has an
additional ten bases at the beginning, and this also may represent a sequencing artifact
in the cDNA sequence. Alignment of genomic sequence, human UFDI1L ¢cDNA and
mouse UFD1L cDNA is provided in Figure 24.

Despite the extra exon and the extra ten bases at the beginning of exon one, the
similarity of human cDNA and genomic DNA is very high, 99%. The deduced human
UFDIL gene coding region sequence and the amino acid sequence from genomic DNA

are listed in Figure 25.

The size of each of the exons and the size of the introns as well as the splice site

of the exon/intron boundaries are listed in Table 7.
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Figure 23: Dotplot comparison of human UFDIL cDNA (U64444) and human genomic DNA.,
Genomic DNA is horizontal and part of UFDIL cDNA is vertical.



Figure 24: Alignment of genomic sequence, human UFDIL ¢cDNA and mouse

UFDIL cDNA

contig2.2 > 9405 tttagtcaccttcataggttttgacagaattagggatgca
contig2.2 > 9445 gaattgctectgctgaggcagtgggagcteccctcaaget
U64445 < 1294 feeeTerceennean ..., c.Geu.n.
contig2.2 > 9485 gaaagcgtgaagaggtgaggaggcagctatctacaggece
U64445 < 1262 g.-——..C.g.08cccrccnnu.. caac.a...g...a..

\

|

g
contig2.2 > 9525 tcagggacagctctttgtetttccccaaatcaagcataca
U64445 < 1224 CeceCummmmmm i m == i ieneen. [~ S C...
contig2.2 > 9565 actacaaagtcctgetgcetccacttccaagtcaaacttaa
U64445 < 1193 Y o < <IN ttgta....g.a...g...g.
contig2.2 > 9605 taattcttaggtaactctaaataaatcettaagtaacagag
064445 < 1153 ceeeeCuinnnnann ....C.Ci@eec@evnnnnnn
contig2.2 > 9645 tattctctgatgaggctegteocctgtcagtgecagtaact
U64445 < 1113 T g~——m—————e Ceeeuns [- SO

poly(A) signal

contig2.2 > 9685 aaaagccaagatgttgcaaacgatccttttattatottce
U64445 < 1084 gt...... g.—===..e... (o« - DN ————
U64444 < 1156 ... -7 S,
contig2.2 > 9725 aatcagccaacagtcctcacttagggctttctreccttet
U64445 < 1051 I = SR ol o - c.
ubiquitin < 302 ~“~~P K R G K K

\

|

g
U64444 D 5 1 1 0
ubiquitin < 338 ~“~~P K R G K K
contig2.2 > 9765 tacgcaatgactgtccttcetccagagaaagegacgaatct
U64445 < 1010 Y R (o P, -
ubiquitin < 289 R L S Q GEG S F AV F R
U64444 < 1090 ittt ecc et
ubiquitin < 325 R L S Q G EG S F AV F R
contig2.2 > 9805 gcctecagettcatce| ctaggtttgaagagaagatactatt
U64445 < 970 e ..
ubiquitin < 283 G G A E D E
U64444 < 1050 ... ..
ubiquitin < 319 G G A E D E
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contig2.2

contig2.2

contig2.2
U64445
ubiquitin

contig2.2
U64445
ubiquitin

contig2.2
U64445
ubiquitin

contig2.2

contig2.2

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2

contig2.2

contig2.2

AANAAYV AANAAY

AANANAY

9845 ttcagaaactccctggaggtttacaataaatgecttacte
~—~——~intron 11, sequence 9885-13764 not shown--~~——
13765 atcactagcaaataaatcteetcattaccaaccaaggaaa
13805 tacaaggaaatacactcac|ctcttcaacctttttgacaag
956 e tereescecccencencnenn
277 E E V K K V L
13845 gggacgtgaatttctgatgaaagttatcttaccaagteta
934 i ittt cteeaeeaa, Oevvcoenanes c...
264 P R S NRTIVPTTII KSGTLK
13885 aattcataattgggaattcct | ctgtaagaagagacagaga
8%4  _.... gee--- [ S,
256 F E Y NP I G R
13925 cagagaaatgttatttccaggaaaaaaggactaaaattca
~—~~~~intron 10, sequence 13965-14684 not shown-—-—-
14685 aggctgeccgaccecagegggetggcacagatectectee
14725 tgtcctggaggagagccaggacagacctac|cttttaatat
8s3 e
289 R K I D
864 .
253 D
14765 ctccaggcttgattggggaggggctgggctctaccecettt
12 50
276 G P K I P S P S P E V G K
863 ittt a..... CeeBuveoecns
240 G P K I P S P S P E V G K
14805 cttctrtccatccagtetattgecagatccagagaaage|c
G003 ettt et etiitertrroos e aens
263 K K G DL RNGS G S F A
823 Covenn Covrenncnronnns Cevune Aeveeenns
228 K K G DULRNGS G S F
14845 tagacaggaagtaggtgagtcatataataagcccaagtgt
~ ~~intron 9, sequence 14885-15604 not sh e
15605 ctctaatttcaaggagcagagggcacagcaatataagtca
15645 agtggtctggtactcac | GCGGAAGCCCAGCTCTCCAGCAT

R F GL EGAY
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contig2.2

contig2.2

contig2.2

contig2.2
U64444
ubiquitin

contig2.2
U64444
ubiquitin

contig2.2

contig2.2

contig2.2
U64444
ubiquitin

contig2.2
U64444
ubiquitin

contig2.2
U64444
ubiquitin

contig2.2

contig2.2

contig2.2
U64444
ubiquitin

contig2.2
U64444
ubiquitin

A

15685

15725

~~~—~~intron 8, sequence 15765-15884 not shown

15885

15925
817
235

15965
779
225

16005

AGCCACTGTGGTCGGCTTCACCTTC | ctgacagggaaaaagq
G S H D A E G E

aaaaacaggtgagctcectcageggggacacccagettcec

agcatgcagcaggacagcaaaggacactgaggataacact

tac]tgtcgactectcatgetggacttgtetttcgggttet

T S EE HQV QREUPE

ttgtagcccaggggagcatcaaagtecac| ctgtgttteca

K Y GL P A DVF DV

ggattttaaaagtaaaatattgagacatgaccacccttgg

~~~~~~—~intron 7, sequence 16045-17084 not shown~————~~

17085

17125
753
219

17165
731
205

17205
691
201

17245

ggtcaccaactgeccatcctcccagggeccaggetcactg

taactggacagagccactcacigttcatgtcacactcaatg

I s Vv A KDU&PIKTEMMV VR RL

gttcgtagat | ctgtggggcaaacacagaaatcagttggat

ggtttcctggcagcactggagctgtcgetgtecatgttac

~~~~~-~intron 6, sequence 17285-24204 not shown---~—--~-~

24205

24245
717
207

24285
672
186

ccccattcaaacattagaatggacactgcaggtggetett

gtcaggaatgacctgcatgaactgggeteac|cttttcatt

.........

Y NI A I V DGTTTULC A
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contig2.2
U64444
ubiquitin

contig2.2

contig2.2

contig2.2
Ue4444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
u64444
ubiquitin
U64445
ubiquitin

contig2.2

contig2.2

contig2.2
U64444
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

A

ANANAVYV AANAAV ANAANYV

AANMNAMY

A

ANNANAY

24325 aagttcctaagtgegtittetaat | ctgecagacacattctg
632 et et

178 F N R L ANVETL

24365 tcaaggcaacatggcaagatggataccttaatctgaaaca

~incron S, sequence 24405-26884 not shown

26885 tttaacaaccgccagcacactctectttgtctagaagaac
26925 tccgettatttgaaaaagataclacggetttggggttggtyg
608 ettt
172 V A K P NT
519 . a
136 P N T
26965 atgtccaggaagtcagggctctgaggttggaatttggagt
590 @ e Cerececencncraccnaanncocs
158 I DL F D A S Q P Q F K S Y
510 PO =, Cevnw. C..@c...
122 I DL FDPS QP QFIK S Y
27005 aggtggccacttgaaggttgacgctetccacctggaccag
1511
145 T A V Q L NV S EV Q V L
470 Y [« SR a..Ceeeennns [- D
109 T A V Q L NV 8§ EV Q V L
27045 gccgcecttetteccaagagtaagttcrgeatcat | ctgaaag
52 0
134 G G E EL L L NQ MM
430 ceeChornn Cevene CeeCov@evrrvecncenn
98 G G E E L L L NQ MM
27085 gaagaagaggctacatgagactcctagagatgaagcagee
~~~~~~~intron 4, sequence 27225-30685 not shown-~-——~~
30685 gggccaggactctcgagtgcaggagatgtctctgectaag
30725 tggctgctcrctagagaccctggcagecccactcac i ccag
369 e
97 W
30765 tgtgggaggtagcagatgccctcatcagecacaaacteca
365 ittt = P | N
83 H P L Y C I G E DAV F E L
380 LLeee... - P Covevenen -
83 P L Y C I G EDAVVFEL
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contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2

contig2.2

contig2.2

contig2.2

contig2.2

contig2.2

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

contig2.2
U64444
ubiquitin
U64445
ubiquitin

AAANANY

AANAAYV

AANAAY AANANAVYV AANANAY

AANAAY

30805
325
70
353
70

30845
285
57
313
60

30885

34085

34125

34165

34485

34525
214

242
40

34565
194
26
222
26

34605
154

gcacgccacaatgegtcatgoggtocgaattettattggt

........................................

.t..a8..9..g..C.-... TSR D
V GC HTM®BRUD S NI KNT

cagtttgaacagcatgggataggtaatgttaagteggelct

......................................

LK FLMUPYTTIN

gaaaataagagagagactatgaggcacagcetcctatgaag

~intron 3, sequence 30925-34084 not shown~~—~——

actcttggtgtccatatgtacattatctaagtecttaagt

cactcagaagatacttac| TGAGTTGGTCCAGGGCCGAGGG
L Q DL A S P
TGGCATAATTA | ctgtggaaagaacatttaagaaatattaa
P M I I

aaaataaaaataaaaaggacagaccaaaggcaagatgcag

intron 2, sequence 34245-34484 not shown~—~—~~

ctacagcattgcagacttagggcaggaaaagttactattc

aaataaaaacaagcacatacltcttceecctectttetecaca

....................

D S RDNWPGAULMSUV S F

agcagcggtactgtgtggagaagcggttttggaagacect

........................................

C R Y QT S F RNGQTF VR

gggaatagggtggtcgaacatgttgaaagagaa i ctagaag
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contig2.2

contig2.2

contig2.2
u64444
ubiquitin

contig2.2
ued4444

contig2.2
u64444

contig2.2

34685

38085

38125

38165

73

38205
33

38245

gaggaaagagaaacaagtattaaaacaaaggtacattrct

intron 1, sequence 34725-38084 not shown~—~~———

cctgeeccgtegggtectacctcaggeccegggccaagge

ccagccccegtcoegetgtecgtcagegettac| catgatgy

ctgcegecgegecaagecggtacgecccagaggctcaceg

Note: Not all sequences are shown. The transcription direction of UFDIL is from

LLEN | B4

telomere to centromere while contig2.2 is opposite. "." indicates the identity.
"I" indicates the splice site. Poly(A) signal is bold. "A*A" indicates stop codon.
Capitalized sequences are exon 3 and 9 which Powerblast program failed to
find. Exon 5’ is not shown. U64444 is human cDNA and U64445 is mouse
cDNA.
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Figure 25: The human UFDIL gene coding region deduced from genomic DNA

1 atgttctctttcaacatgttogaccaccctattcccagggtettccaaaa

M F S FNMVFDUHUPTIUPRVTF FAQGQN

51 ccgctterccacacagtacegetgettctetgtgteccatgctagcaggge
R F S TQY RCVF SV SMULAG

101 ctaatgacaggtcagatgtggagaaaggagggaagataattatgccacce
P NDR S DV EKGGI KTITIMPTP

151 tcggecctggaccaactcagecgacttaacattacctatcecatgetgtt

S A L DQUL SRULNITYPMTILF

201 caaactgaccaataagaattcggaccgecatgacgecattgtggegtgetgg
K L T N KN S DU RMTHT CGUV L

251 agtttgtggctgatgagggcatctgctaccteccacactggatgatgecag
E FVADEGTITCYULUPHWMMDZ Q

301 aacttactcttggaagaaggcggectggtceccaggtggagagegtcaacct

N L LL EEGGILVQV ESVNTL

351 tcaagtggccacctactccaaattecaacctcagageectgacttestgg
Q VA T Y S K F Q P Q S P DF L

401 acatcaccaaccceccaaagccgtattagaaaacgcacttaggaactttgee
D I TN P K & VL ENALUZRNTF A

451 tgtctgaccaccggggatgtgattgccatcaactataatgaaaagatcta

cC L T TGD VI AINVYNTEITZ KTIZY

501 cgaactgcgtgtgatggagaccaaacccgacaaggcagtgtccateateyg
E L RV METI KU?PDI KA AV STITI

551 agtgtgacatgaacgtggactttgatgctecectgggctacaaagaaccee
E CDMNUV DV FDAUPILGYKEP

601 gaaagacaagtccagcatgaggagtcgacagaaggtgaagecgaccacag

E RQV QHEESTEGEATDH S

651 tggctatgctggagagctgggetteccgegetttctetggatctggcaata
G Y A G EL G F RAVF S G S G N

701 gactggatggaaagaagaaaggggtagagcccageccectceccaatcaag

R L DG X KK GV EUPSUP S P I K
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751 cctggagatattaaaagaggaattcccaattatgaatttaaacttggtaa
P G D I KRG I P NTYTEFIHKULGK

801 gataactttcatcagaaattcacgtcoccttgtcaaaaaggttgaagagg
I T F I R NS U RUPULV KIKUVEE

851 atgaagctggaggcagattegtegctttctectggagaaggacagtcattg
D EAGGRV FV AF SGEGOGQSTL

901 cgtaaaaagggaagaaagccctaa
R K K G R K p~

Note: Disagreements with human cDNA are shown in bold. "A*" indicates stop
codon.

Table 7: Size and boundary of exons and introns of the human UFDIL gene

exon intron exon
size # # size #
91bp 1 ...GTCCATCATGl!gtaagcgctg... 1, 3480bp ...ctccttctag|TTCTCTTTCA. .. 2
133bp 2 ...GGAGGGAAGAlgtatgtgctt... 2, 369bp ...ctttccacag|TAATTATGCC. .. 3
33bp 3 ...GACCAACTCAlgtaagtatct... 3, 3299bp ...ttattttcagl|GCCGACTTAA... 4
122bp 4 ...CCCACACTGGigtgagtgggg... 4, 3683bp ...ttcctttcag|ATGATGCAGA.. . 5
131lbp 5 ...CCAAAGCCGTIgtatcrtttt... 5, 2598bp ...gtgtctgcag|ATTAGAAAAC. .. [
73bp 6 ...TAATGAAAAGIgtgagcccag... 6, 7062bp ...tgccccacag |ATCTACGAAC. . . 7
69bp 7 ...TGACATGAACIgtgagtggct... 7, 1151bp ...ggaaacacag|GTGGACTTTG... 8
66bp 8 ...GGAGTCGACAlgtaagtgtta... 8, 217bp ...tccctgtcag|GAAGGTGAAG. .. 9
48bp 9 ...GGGCTTCCGClgtgagtacca... 9, 857bp ...tecetgtctag!GCTTTCTCTG... 10
89bp 10 ...ATATTAAAAGigtaggtctgt...1l0, 850bp ...cttcttacaglAGGARATTCCC... 11
82bp 11 ...GGTTGAAGAGIgtgagtgtat...ll, 4004bp ...tcaaacctag|GATGAAGCTG... 12
121lbp 12 .oceiennnn. ATCATTTGCA
consensus: (C/A)AGIgt(a/sglagt............. (t/clpn(c/tiaglG

Note: Upper case letters are exons while lower case letters, introns. The bold
letters are those do not match with the consensus.

140



Although this protein lacks significant sequence similarity to any human
proteins of known function, Blastp program reveals that it has a high similarity to the
known yeast protein ubiquitin fusion-degradation protein 1 (UFD1P), therefore this
gene most likely represents the human equivalent of ubiquitin fusion-degradation
protein. UFDIP protein is believed to be involved in ubiquitin fusion degradation
proteolytic pathway (UFD pathway). The common feature of UFD pathway is the
covalent conjugation of ubiquitin to short-lived proteins prior to their degradation by the
proteasome, a multisubunit, multicatalytic protease. The actual function of this protein
still remains unknown although it is known that UFD1P does function at a post-

ubiquitination step of UFD pathway. [269.270]

A multiple sequence alignment of the human, mouse and yeast ubiquitin fusion-
degradation proteins using the ClustalW multiple sequence alignment program is
provided in Figure 26. The identity between the human and mouse UFDIP is 98.7%
while the identity between human and yeast is only 36.6%. The major areas of
sequence conservation occur at the middle of this protein, most notably between
residues 43 to 200 and the C-termini diverge greatly because of large insertions in yeast

UFDIP.
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Figure 26:

CLUSTAL W(1.60) multiple sequence alignment among yeast, human
and mouse ubiquitin fusion degradation protein 1.

CLUSTAL W(1.60) multiple sequence alignment

h- vsS. m. L2 2 R 2 2 222222222222 R 2222122222222 2222222223222 222 2222222 2°3
humanufdll MFS-FNMFDHPI PRVFQNR-FSTQYRCFSVSMLAWPNDRSDVEKGGKI IMPPSALDQLSR
mouseufdll MFS-FNMFDHPI PRVFQNR-FSTQYRCFSVSMLAGPNDRSDVEKGGKI IMPPSALDQLSR
yeastufdlp MPSGFSSEGG@GFVMQYPEEFFRCYPIAMRIRKDDAWGG&[FLPPSMS&SM
h/m/Y *hkk & & . L S .- XK wRAAE wE

h- vsS. m. L2222 222 2222222232222 222232222222 222222 2222222222222 2222233 23
humanufdll LNITYPMLFKLTNKNSDRMTHCGVLEFVADEGICYLPHWMMONLLLEEGGLVQVESUVNLQ
mouseufdll LNITYPMLFKLTNKNSDRMTHCGVLEFVADEGICYLPHWMMONLLLEEGGLVQVESVNLQ
yeastufdlp LNIRYPMLFKLTANETGRVTHGGVLEFIAEEGRVYLPOWMMETLGIQPGSLLQISSTDVP
h/m’ly R HEEAREREREN . t»fi ftttt_t.tt t*t.t't..t .. * f_f. - .

h. vs_ m. i 2222222 2 2 £ 4 ttttfi’f*'*ttt*tt'it*t’tttttf*tt**tttfftti’*tfﬁﬁ_
humanufdll VATYSKFQPQSADFLDITNPKAVLENALRNFACLTTGDVIAINYNEKIYELRVMETKPD-
mouseufdll VATYSKFQPQSPDFLDITNPKAVLENALRNFACMTTGDVIAINYNEKIYELRVMETKPD-
yeastufdlp LGQFVKLEPQSVDPLDISDPKAVLHVVLRNFSII.TVDDVIBISYNGKTFKH(ILEVKPES
h/m/y . * ’tt ttt*t Akt Thetw ._t ki & *h * . e e tt_

h. vsS. m. s 2 222 R 2122222222222 22 L NGNS JEE £ 2 2 3 1 SN A2 22 23 % 2 4
humanufdll --KAVSTHECDMNVDFDAPLGYKEPE---~RQVQHEES - —~=————~~—=~ TEGEADHSG
mouseufdll --KAVSIIECDMNVDFDAPLGYKEPK-~--RPVQHEES - =~ =——=—=~m=— TEGEADHSG
yeastufdip SSKSICVIETPDLVTDFAPPVGWEPDYKALKAQQDKHGWSFGKGQVLDPSVLGQGSMSP
h/m/y e R, *x LR A A 2 . .

h. VS. m. _-_tf**.*_____t'k*t*tfi't**ti'f*tttttttf**t*tttttit'*t*tt'ttt
humanufdll -~=-YAGELG-----FRAFSGSGNRLDGKKKGVEPSPSPIKPGDIKRGI PNYEFKLGKITF
mouseufdll ---YAGEVG-—~—- FRAFSGSGNRLDGKKKGVEPSPSPIKPGDIKRGIPNYEFKLGKITF
yeastufdlp RIDYPGIPNSSRMQ.SKFVGQGQNISGKAPKAEPK-QDIMITFDGEPAKLDLPEGQL
h/m/y L 22 . . . * ¥ * *

h. VS. m. 12 2322232222232 22 22 st 2 1122222222232 2 3 22 )

humanufdll IRNSRPLVKKVEEDEAGG---RFVAFSGEGQSLRKKG~-RKP

mouseufdil IRNSRPLVKKVEEDEAGG---RFVAFSGEGQSLRKKG-RKP -
yeastufdlp FFGFPMVLPKEDEESAAGSKSSEQNFQGQGISLRKSNKRKTKSDHDSSKSKAPKSPEVIE
h/m/y . .. - .i' * * L 3 t.t L2 2 2 4 . L 2 4

h. vs. m.

humanufdil -—

mouseufdll -

yeastufdlp D

h/m/y

Note: "*" indicates identity, "." indicates similarity, " " (space) indicates dissimilarity,
and "-" indicates deletion/insertion. Similarity parameters above amino acid
sequences indicate the comparison between human and mouse and those below
indicate similarity among all three.
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The 140 bp in ' region, the first exon and 276 bp of the first intron of UFDIL
gene are located in a CpG island. The CpG island is 488 bp in size and has a G/C
content of 67.8 while the overall G/C content of contig2.2 is 48.9%. The 300 bp of 5’
region (from 38527 to 38228) was analyzed by the SIGNALSCAN program against
the TRANSFAC database and the results are shown in Figure 27. A potential TATA
box is present in position -200 and two potential SP1 binding sites are within the -100
region. The position of the TATA box seems too far away from transcription start
point indicating that this TATA box might be false. Other putative regulatory elements
that were identified include the GR (glucocorticoid receptor), F2F (a transcriptional
repressor in nonpituitary cells), LF-A1 (liver specific trans-acting factor), NF-E

(erythroid specific nuclear factor), and Pit-1 (pituitary transcription factor-1).

Figure 27: 5' region of UFDIL gene

gtgggtagtgtagtcgtaaggacaatgggccctact8a8&8tcgtctggag -251
Pic-1

gggaata@t@tCaacacgtaatttassataacgrttaaaaatacctatas -201
NF-E F2F TBP

&aggggaaatasstcacgaaagggclttttaatgcttctactgagggtgt -151

pPic-1 LF-Al
tttagagcctagcgtettogectggecttttetcttttgecagecgacgect -101
ttgteeegggcaccceeeeteegggtctcgggtccggcacttecggtgag -51
GR SP1

ccretgg@FeFTaccggettggegeggeggcageggcageggeggetggg -1

Spl

Note: The start point of transcription is defined as position 1. Qutlined regions are
putative regulatory element or transcription factor binding sites. See text for
detail.
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3.4.2.2 A Putative gene in the distal region of contig 2.2

Powerblast program found three regions of homology to the EST database in
contig2.2 at the region from about 38700 to 41900 which were homologous to
EST64671 (T34235). Actual alignment of this EST and genomic sequence showed that
Powerblast failed to find a match between positions 76 to 132 of this EST. T34235 is
the 5' end of a human cDNA whose origin is not clear. There is another EST,
EST35508 (T31599), which is identical to T34235 but is 62 bases shorter at the 3' end.
This EST is a human cDNA's 5' end which is similar to heparan sulfate proteoglycan
from a human embryo cDNA library. There are eight other regions with EST
homology found, and the Xgrail program predicted a cluster of exons at the region
from about 38700 to 79800. Since the direction of EST hits and the cluster of exons
are the same, when the results of Powerblast and Xgrail are taken together, a putative

gene is expected in this region.

In the first EST hit, there is an ATG start codon at position 39039 followed by
an open reading frame. Assuming this is the first exon of the putative gene, the first
exon/intron boundary could be located by comparing the genomic DNA sequence and
the conservative exon/intron splice site. The second exon is found by comparing the
EST sequence (from positions 76 to 135 of the EST) and the genomic sequence. The
third and fourth exons also were found by comparing the genomic sequence with the

'second and third EST hits and the consensus exon/intron splice site. Among the
remaining exons, exons 16, 18, 19 and 20 also have homology to ESTs in the data
base. The remainder of the exons were deduced by studying the Xgrail results and
exon/intron boundary consensus sequence using Xgrail version 1.3 and both exon
predicting models, 2 and 1a. Exons 5, 7-15, and 17 were predicted by exon model 2

and exon 6 was predicted by exon model la. The other exons were predicted by EST
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homology. Exon 20 does not contain any coding region but has homology to the 3’
end of an EST whose 5’ end is contained within exon 19. Thus, the coding region of

this putative gene ends at exon 19, and exon 20 contains the poly(A) signal sequence.

Throughout this dissertation research, the main criterion for determining exons
is that the quality of Xgrail predicted exons was high and that the exon/intron boundary
agreed well with consensus. If the boundary matched well but this boundary
introduced a stop codon into the open reading frame by causing a shift in the translation
frame, this boundary would not be used. The open reading frames predicted by this
method were translated into amino acid sequence and then used as a query to search the
protein database. Any high score (> 100) hit was aligned with the open reading frame
using Clustal program and compared. By this comparison, any missed and extra exons
predicted would be revealed and the context region of the genomic sequence would be

examined to resolve the problem.

The predicted coding region is hypothetical and even arbitrary and may not
reflect the true coding region of the gene because of following reasons: 1) the
exon/intron boundaries were not always conserved, 2) In some instance, Xgrail did
not predict all the exons, and in other, it predicted extra exon(s), 3) there also were
more than one "good" exon/intron boundary near each other, 4) this gene predicting
method cannot predict the 5’ and 3' untranscribed regions without additional direct
evidences for promoters and poly(A) signal regions, respectively. Further study is
needed to define the true coding region of the gene. Similarity analysis (Powerblast) is
the most successful method for accurately predicting coding regions, especially exons
with UTRs. However full-length cDNA data sometimes are not available or

incomplete. Xgrail predicts exons very well but fails to identify 5' and 3' UTRs. It is



possibly because UTRs lack splice acceptor (5' UTR) or splice donor (3' UTR) and do

not start or end with the coding regions.

The alignment of the genomic sequence with the putative gene exons is
provided in Figure 28. One can see that the similarity between T34235 and genomic
sequence is perfect with only two "n"s in T34235 sequence. The identity between
these two sequences is 99.4% (320/322) and the exon/intron boundaries of this putative

gene match consensus as shown in Table 8.

Table 8: Comparison of the exon/intron boundary of putative gene and the
consensus sequence

exon intron exon
.. .CCAGAGCCAG|Igtgacgecca... 1 ...tcccegatagl AGGGTCCTTC. .. 2
.. .GATCCTTCAG|gtgagttctg... 2 ...ctctctccag|GCCTTGTTCC. .. 3
.. . TAARGAACAG|gtattgaaga... 3 ...tttttetcag|TTTCATTATT... 4
... TGTCGTCAAT |gtatacaacyg... 4 ...ttgaacttag|ATCAAATTAC... 5
. . .GTTAGAAGAG|gtgagtttgg... S5 ...cttgctacag|CTTCGCAAGG. .. 6
.. .GATGTTCTTG|gtggtgttgg... 6 ...cctgtatcag|GAGATAGTGG... 7
.. .AGGCCCGGAGIgtgagtctgt... 7 ...tcaagtttag|CATTTTTCCA... 8
.. . TGGGACATCG|gtaagtatga... 8 ...ttccttacag| TCAGCCATGG... 9
9 ...TGTTGCCTTIG|gtcagtgcca... 9 ...cttettecag| GTGGGCCATC. .. 10
10...AGATCACTCAlgtaaggacac... 10...ttttttccaglAATGRAATAC. .. 11
11...TCTCCTTTGAlgtatgagtat... 1l...ttgactgcag|GCCCAGCCTC... 12
12...CAGACATGGGIgtgagtgact... 12...ctctttccag| TCTTCCCCTG. .. 13
13.. .ATAAATTTIGG|gtaaacacac... 13...cccatgacag|GATGAAGGAC... 14
14...GCCTCTCCAG{gtagcaggag... 1l4...cctgttacag|GAGTAACCTG... 15
15. . .TCTCATGGAG |gtcaggcttc... 15...gcctecgecag|GGCACTCCAG. .. 16
16.. . TGTIGIGTICGIgtgaggggcc. .. 16...gactccatag| ACAAAGAACC. .. 17
17.. .ACAGGAAGAAlgtgagcaget ... 17...gtgtcagcag!CTTTTTIGGG. .. 18
18. . .GACCTCTCAG|gtgagagtct... 18...attacttcaglTAATTGAGCT... 19
19...CIGTCCTAGGlIgtgagttaca... 19...tgttttctag|AATTTGATTC... 20
consensus (C/A)AG|gt({a/glagt..... (c/c)nn{c/t)aglG

@~V AW N

Note: Upper case letters are exons while lower case letters, introns.
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Figure 28: Alignment of genomic sequence and exons of putative gene in contig 2.2

contig2.2 > 38725 ccaaagtaaagatgtCegEeeC€agcgtcgettttetgggta
Spl
contig2.2 > 38765 aaagcgagtCagagttgaaggg@gg@gCRacagtgtttgegtt
GR LF-Al
contig2.2 > 38805 cggcctCagagatgacgcetetttgggggegggctggagt
GR CREB Spl
contig2.2 > 38845 tttctggecgtgaatggCgagcgetaatggecgecteca
GR
contig2.2 > 38885 atgtggcCeaatcagaaagaaaggaaggctgggaactaag

SRF/CCRAT box

contig2.2 > 38925 aagctatiggttggtgatccctggaCCaltcggaggagce
CCAAT box SRF/CCAAT box
contig2.2 > 38965 gtgattrggeg@ggagtcttgaccgecgecgggectettggt
Spl
contig2.2 > 39005 acctcagecgcgagecgecaggcgtceggecgecgtggetat
T34235 D
M
contig2.2 > 39045 gttcgtgtccgatttecgcaaagagttctacgaggtggtc
T34235 >27 ... o
F V $S$ D FRIKEFYEUV YV
contig2.2 > 39085 cagagccag | gtgacgeccagteccgggacccccgecgagge
T34235 > 67 0 ieeeeen..
Q S Q
contig2.2 > 39125 cttgcecggtggggaagggatgagggggagegaccegtgggt

intron 1, sequence 39145-39164 not shown

contig2.2 > 39165 gaccgggaggcaggggagggecggggttcgggtegecgtg
contig2.2 > 39205 ttcagccggtctgetcttccccgatagiagggtecttetct
R V L L
contig2.2 > 39245 tcgtggectcggacgtggatgetctgtgtgegtacaagat
F V. A S D VDAILTGCAYIKTI
contig2.2 > 39285 ccttcag |l gtgagttctgeggaccctaggagggcggggecg
L Q
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contig2.2

39325 gcgegegaggtgagggtgetgegtgggggcgcagggegga

intron 2, sequence 39365-39964 not shown

contig2.2 39965 cttttcaaggtaaattgctaatgtcctaaataagatagge
contig2.2 40005 tttgaaaacactctctctecag lgecttgtteccagtgtgac
T34235 133 et e eraaanean
A L FQ CD
contig2.2 40045 cacgtgcaatatacgctggttccagtttctgggtggcaag
134235 154 e it et
HV Q Y TLV P V S G W Q
contig2.2 40085 aacttgaaactgcatttcttgagcataaagaacaglgtatt
T34235 194 e Necroecocncenconnn
E L ET A F L E H K EQ
contig2.2 40125 gaagatgcgttttagaataacgtggctttttactcaattg
intron 3, sequence 40165-41684 not shown
contig2.2 41685 gaacaactcagaggcttagtgatgaaggaaaaggggccte
contig2.2 41725 ctcgatatagctactttacaatatcttectttttetcagit
T34235 226 e
contig2.2 41765 ttcattattttattctcataaactgtggagctaatgtaga
T34235 735 0
FH Y F I L I NCGANUVD
contig2.2 41805 cctattggatattcttcaacctgatgaagacactatatte
T34235 270 e ceeeenn Cesceresancesenesoanean
LLDIL QU?PUDETDTTITF
contig2.2 41845 tttgtgtgtgacacccataggccagtcaatgtegtcaat lg
T34235 310 eeeieeeieeeas
F v C DT H R PV NV VN
contig2.2 41885 tatacaacgatacccaggtactttttgtgetatgeecteca
intron 4, sequence 41925-42884 not shown
contig2.2 42885 agttttecgtagaaagaggagaggcttaattecttteegt
contig2.2 42925 tttgaacttaglatcaaattactcattaaacaagatgatga
I KL L I KQDDD
contig2.2 42965 ccttgaagttceccgectatgaagacatcttcagggatgaa
L EV P A Y EDTIVFRUDE
contig2.2 43005 gaggaggatgaagagcattcaggaaatgacagtgatgggt
E E D EEH S GND S DG
contig2.2 43045 cagagccttctgagaagcgcacacggttagaagag l gtgag

S E P S E XK R TURUL E E
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contig2.2

43085

contig2.2

contig2.2

contig2.2

contig2.2

52085

52125

52165

52205

contig2.2 53325
contig2.2 53365
contig2.2 53405
contig2.2 53445
contig2.2 53485
contig2.2 54925
contig2.2 54965
contig2.2 55005
contig2.2 55045
contig2.2 55085
contig2.2 55125
contig2.2 56405
contig2.2 56445
contig2.2 56485

incron 5, sequence 43125-52084 not shown:

intron 6, sequence 52245-53324 not shown:

intron 7, sequence 53525-54024 not shown

incron 8, sequence 55145-56404 not shown

tttgggtcrctcacagetateccagaggaacttgcactce

tccttggectetctgataccaccagacagagggcttgggg

tgccttgctacagi cttecgcaaggatgggagectaggetee
L R K DG SUL G s

cactgggcectttgcetggggtggatatggatgttcttgligtg
H W AF A GV DMUDUVTUL

gtgttggctagagtagatgggctactgcetaaaagcttte

aaccttcecttgggctgtggggataaattectggtgeatttg

ctccaccttttgttctcetttgtecctgtateaglgagatag
G D S

tggagcaaaccatgcggaggaggcageggegagagtggga
G ANHA ATETEH BRAARVUVG

ggcecggag | gtgagtetgtgettccagetgctecccagecac
G P E

cagaagcccacttgectgggggtotgtggtgccacceata

gaaaacaaatagtaccatgatttaatttgcatttcattga
atactgtcaagtttaglcatttttccaaaatatttggette
H F S K I F G F

ctgtactgetacttectgttgaagacctgeattttatgte
LY CYFLULI KT CTIULTC

attacagaagagacatcctctttgactacgagcagtatga
H Y R R DI UL F DY EOQ Y E

atatcatgggacatcglgtaagtatgaataggtggaactca
Y HG T S

ctataaagttctgactccaggggtcagtgtcctcaaatgt

gccccagcacatgeecctcccatgagecttagacttetet

gcttccttacag |l tcagccatggtgatgtttgagetggett
S A MV MY F E L A

ggatgctgtccaaggacctgaatgacatgetgtggtacgt
W M L S X DL NDMUL W Y V
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contig2.2 56525
contig2.2 56565
contig2.2 58125
contig2.2 58165
contig2.2 58205
contig2.2 58245
contig2.2 64365
contig2.2 64405
contig2.2 64445
contig2.2 64485
contig2.2 64525
contig2.2 64565
contig2.2 66405
contig2.2 66445
contig2.2 66485
contig2.2 66525
contig2.2 66565
contig2.2 66605
contigz.2 66765

intron 9, sequence 56605-58124 not shown

intron 10, sequence 58285-64364 not shown

intron 11, sequence 64605-66404 not shown

intron 12, sequence 66645-66764 not shown

agcccctgeggeagetgtgtgggagtatttgrtgecteglg
A P A A AV WEUVYULULUPW

tcagtgccacataagcagetctgtectcccacagggaggy

agcccaggtgggctataggecggctcecactgecttotett

cttceag lgtgggccategttggactaacagaccagtgggt
W A I V GL T D QW V

gcaagacaagatcactcalgtaaggacacactcccttgect
Q D K I L Q

tgcagggtcageectgtgctgtggccaggtgcacagectyg

cctaggcttaggctgectggtaagagctggagggaaccag

ccgaggcettgtgctacttttttttccag|aatgaaatacgt
M K Y V

gactgatgttggtgtcctgcagegecacgtttecegecac
T DV GV L QRHVYV S R H

aaccaccggaacgaggatgaggagaacacactctecgtgg
N H R N EDEIENTIUL S V

actgcacacggatctcetttgalgtatgagtatccttgtgg
D C TR I S F E

ccecagectgaggggcacaggcagcaccectgetcageagg

agtgctcagggcggccagtgggtgettgcatgetecttga

ctgcag | gcccagectcegectggtgetctaccagecactgg
P S L RL VL Y Q HW

tcecteccatgacagectgtgocaacaccagetataccgeag
S L HD S L CNT S Y T A

ccaggttcaagetgtggtctgtgcatggacagaagegget
A R F KL WSV HGIG QI KTZRL

ccaggagttccttgcagacatggg ! gtgagtgactgeetgg
Q E F L A DMG

gcctctgcagtgccagecctggeccacceccaagggaaaag

tggtttgggtrtctttccacectgteggtgtatggtgace
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contig2.2

contig2.2

contig2.2

contig2.2

contig2.2

66805 tcactcatgtggcttgggctgctetttecagltectteecee
L P

66845 tgaagcaggtgaagcagaagttccaggecatggacatcte
L K Q V KQ K F Q AMDTI S

66885 cttgaaggagaatttgcgggaaatgattgaagagtctgea
L K ENULIRIEMTITEZES A

66925 aataaatttggligtaaacacacatttttctggatttatcett
N K F G
66965 cattacatccaggttcattaaagtgaagggttctacttta

contig2.2

contig2.2

contig2.2

contig2.2

contig2.2

contig2.2

intron 13, sequence 67005-67524 not shown:

67525 cacatctgttggcctgectggcagtgagagcttgeccaca

67565 atttgagggtgacagctgtgtttgetcccatgacagigatg
M

67605 aaggacatgcgcgtgcagactttcagcattcattttgggt

K DM RV QTF S I HTFG

67645 tcaagcacaagtttctggccagecgacgtggtetttgecac
F K HKPFULASDUVV F AT

67685 catgtctttgatggagagccccgagaaggatggetcaggg
M S L ME S PEIKUDG S G

67725 acagatcacttcatccaggetctggacagectetecag gt
T DH F I Q AL DS UL S R

contig2.2 67765 agcaggagggctgtgggtttgectcatggggccaccactg
intron 14, sequence 67805-73764 not shown:
contig2.2 73765 tttaccaagagttcctgacaagcaccaccaaagecatgtg
contig2.2 73805 tctgececctgttacaglgagtaacctggacaagetgtaccat
S N L DKL Y H
contig2.2 73845 ggcctggaactcgecaagaageagetgegagecaccecage
G L EL A KK KO QULURATZQ
contig2.2 73885 agaccattgccagctgccttitgcaccaacctegteatcte
Q T I A S CL CTNULWVTI S
contig2.2 73925 ccaggggectttectgtactgcetctectcatggag lgtcagg
Q G P FL Y CSULME
contig2.2 73965 cttcccacagagcacaggcgectggtcacagcaccagtgg
intron 15,
contig2.2 74005 cttegtetgaccatcrgtetegeetecgeaglggecacteca
G T P



contig2.2 74045 gatgtcatgctgttctctaggccggecatccctaagectge
DV ML F S RPAS L S L
contig2.2 74085 tcagcaaacacctgcectcaagteetttgtgtgtteglgtgag
L S KHLULKSUPUVC s
contig2.2 74125 gggccaggegggtgctgtgggtacaggagggcaggtgett
intron 16, sequence 74165-75524 not shown:
contig2.2 75525 gttgggctctgggctetgagtgttgagetggggeccacca
contig2.2 75565 taccctgacggagggtgetcteccgactecatag| acaaaga
T K
concig2.2 75605 accggegetgeaaactgctgecectggtgatggctgeece
N R R C KL L PL VM A A P
contig2.2 75645 cctgagcatggagcatggcacagtgacegtggtgggeace
L S MEHGTUVTVV G I
contig2.2 75685 cceccagagaccgacagetcggacaggaagaa | gtgagcag
P P ETUD S S DRKN
contig2.2 75725 cttccactcgtectgggactggagggtegggagtgttggg
intron 17, sequence 75765-75844 not Shown~~—~~——ec—ee—ev
contig2.2 75845 attgcaggccgectggecccegacatgtettgtgtgteag
contig2.2 75885 cagicttttttgggagggcgtttgagaaggcageggaaage
F F G R A F E K A A E S
contig2.2 75925 accagctcccggatgctgcacaaccattttgacctecteag!
T S S RM UL HNUHF DIL S8
contig2.2 75965 gtgagagtctcctgecactctgccacactttcccacctga
intron 18, sequence 76005-77844 not shown~—~~——~~——emewv
contig2.2 77845 gggagttctgtgcectgtettgtgttecccactecetecett
contig2.2 77885 ctcacggctgtttttetttcattacttcagltaattgaget
VvV I E L
contig2.2 77925 gaaagctgaggatcggagcaagtttctggacgcacttatt
K A EDUR S KVFL DA AULTI
contig2.2 77965 tcectectgtectagg | gtgagttacaggggttctgecaggg
S L L §~™
contig2.2 78005 gtggctgcagcagcccoctcagagcccgaccctgatgece
intron 19, sequence 78045-79484 not shown-—~~—~~——e-~
contig2.2 79485 cagtttcttcaattcggtggcacatcaacatcgtttgaaa
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contig2.2 > 79525 cttgttttttcttgttttgttttctaglaatttgattctte

contig2.2 > 79565 cagaatgacctercttatttatgtaactggetttcatttag
contig2.2 > 79605 attgtaagttatggacatgatttgagatgtagaagecatt
contig2.2 > 79645 ttttattaaataaaatgcttattttaggctcececgtccccat

Poly (&) signal

contig2.2 > 79685 tgtggctctggtctegaggecagtgettgagtgtgerctg
contig2.2 > 79725 agcecttetgtgggtcttgggceccaggagecctcagtgec
contig2.2 > 79765 tggcaggaaatcagcatggggattggcccaaaggacaaga
contig2.2 > 79805 tctecttactetgtectccaggecctecgggtggecagtag
contig2.2 > 79845 acagaggtcaggaccectocggcatceccgectectcatag
contig2.2 > 79885 cacctgcaccggecactgectggtggtgecagecagcace
contig2.2 > 79925 tggctctgtccacctaccacttectetggtecacetggec
contig2.2 > 79965 tcagccacatagcaagtccaccctcetcagcecatcecteca
contig2.2 > 80005 cctgtgggtctcaccatccagecactetttecaggtetet

Note: Not all sequences are shown. "." indicates the identity between genomic
sequence and T34235. "I" indicates the splice site. "~A" indicates stop codon.
Poly(A) signal is bold. The potential regulatory sites of the 5’ promoter region

are outlined.
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The 5’ region of this putative gene, the first exon that contains the 5' UTR, the
second exon, the first intron and part of second intron all are within a CpG island
(position 38939-39379 according to Xgrail prediction). The G/C content of this CpG
island is 67.6% and the overall G/C content of contig2.2 is 48.9%. The potential
promoter region from 38725 to 39018 was analyzed by SIGNALSCAN and the
TRANSFAC data base. The putative regulatory elements and transcription factor
binding sites identified are three CCAAT boxes, one CREB (cyclic AMP regulatory
element), three GR (glucocorticoid receptor), one LF-A 1(liver specific trans-acting
factor) and three Sp1 (see Figure 28). There was no TATA box present but three Spl
transcription factor binding sites were present in different locations as required for

interaction of transcription factor [ID (TFIID) with TATA-less promoters.

The deduced amino acid sequence of this putative gene was used to search for
similarities in the non-redundant GenBank protein database with the Blastp program
and four high score hits were found. These were to the yeast protein similar to C.
elegans hypothetical protein F34D10.2 (U53876), yeast ORF YLR103c (Z73275), C.
elegans hypothetical protein F34D10.2 (Z34799), and Ustilago maydis protein Tsd2
(U50276). U53876 and Z7327S are actually the same protein. The alignment of
putative gene amino acid sequence and yeast protein similar to C. elegens hypothetical
protein F34D10.2 was done with the ClustalW program and the result is provided in
Figure 29.



Figure 29:

Alignment of yeast F34D10.2-like protein and amino acid sequence of
putative gene in contig 2.2 by CLUSTAL W
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The similarity between human putative protein and yeast protein is only 40.2%.
There is a large gap (29 amino acids) in the middle of the human putative protein
compared with yeast F34D10.2-like protein. This gap is within exon 14 of the putative
gene, and thus within a predicted open reading frame. Because of the low similarity of
these two proteins, it is possible that these two proteins may carry out slightly different

functions but belong to the same gene family.

The deduced amino acid sequence of this putative gene then was analyzed by
the Online Protein Secondary Structure Prediction Program which is available at the
web site of the Human Genome Center, Baylor College of Medicine. Because the §'
end of this putative gene (protein) is identical to EST35508 (T31599), which is similar
to heparan sulfate proteoglycan, a putative transmembrane protein, searching for
possible transmembrane helices on this putative protein was reasonable and the result of
this search was as expected. Four inside to outside helices and three outside to inside
helices were found by this program. As shown in Table 9 and the graphic output of
this prediction (Figure 30), four significant helices easily can be seen.

Table 9: Possible transmembrane helices in putative gene

The sequence positions in brackets denominate the core region.
Only scores above 500 are considered significant.

Inside to outside helices : 5 found

from to score center

19 ( 19) 45 ( 37) 520 29

201 ( 201) 217 ( 217) 723 209
252 ( 257) 278 ( 274) 964 265
479 ( 487) 505 ( 503) 1096 495
540 ( 545) 561 ( 561) 147 553

Outside to inside helices : 4 found

from to score center
201 ( 201) 217 ( 217) 1142 209
255 ( 258) 276 ( 274) 1085 266
479 ( 484) 501 ( S501) 698 493
491 ( 494) 515 ( 512) 77 504

156



LS]

2000

1900

-1000

-3000

-4000

-6000

~-7000

THpred output for putativegene. fa

-8000 [l 1 L 1 | 1
0 100 200 300 400 300 600 700
Figure 30: Graphic output of transmembrane domain prediction of putative

gene. X-axis: amino acid number, Y-axis: score. "*" represents
the peaks of helices.




[t also can be seen from Table 9 that several regions were predicted as both
inside-to-outside and outside-to-inside helices. The scores for each helix were analyzed

and the preference of each helix orientation was calculated and is given in Table 10:

Table 10: Preferences of the orientation of helices in putative gene

Helices shown in brackets are considered insignificanc.
A "+"-symbol indicates a preference of this orientation.
A "++"-symbol indicates a strong preference of this orientation.

inside->outside | outside->inside
19- 45 (27) 520 ++ l
201- 217 (17) 723 | 201~ 217 (17) 1142 ++
1( 234~ 250 (17) 169 ++ )
252- 278 (27) 964 | 255- 276 (22) 1085 +
479- 505 (27) 1096 ++ | 479~ 501 (23) 698
I( 491~ 515 (25) 77 ++ )

(540- 561 (22) 147 ++ ) |

According to the above table and considering only significant transmembrane
segments (with scores higher than 500), a possible model for transmembrane topology
is suggested as in Table 11. This suggestion is purely speculative, because it is based

on the assumption that all transmembrane helices have been found.

Table 11: Suggested model for transmembrane topology of putative gene
STRONGLY preferred model: N-terminus inside

4 strong transmembrane helices, total score : 3324
# from to length score orientation

1 19 45 (27) 520 i-o
2 201 217 (17) 1142 o-i
3 252 278 (27) 964 i-o
4 479 501 (23) 698 o-i

The 5’ end of this putative gene is similar to that of heparan suifate
proteoglycan. It also probably is expressed in the embryogenesis stage. (27!1 The
function of several membrane-inserted heparan sulfate proteoglycans is to mediate the
adhesion of cells in the embryogenesis stage, [272-276] and recalling that DGS is an

early developmental field disorder involving improper neural crest migration and
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attachment to the third and fourth pouch in embryogenesis, it suggests that this putative

heparan sulfate proteoglycan-like gene play a role in the etiology of DGS.

3.4.2.3 Repetitive elements in contig 2.2

Contig2.2 contains the interspersed repetitive elements Alu, L1, Mer, Mir, Mlt,
Mst and Thelb as found by the Powerblast program. This contig contains 60 Alu
elements which include full, half and quarter-length Alu fragments with a similarity
higher than 70% and 12 L1 elements, all of which were less than 550 bp. Powerblast
also identified 3 Mers, 2 Mirs, 2 Mits, 2 Msts and 2 Thelbs. The total repetitive
element content was 22.6% (21057/93386) and compared with contigl and contig2.1,
contig2.2 contains less total repetitive element sequence since contigl had 31.4% total
repeat in which 19.5% were Alu and 11.9% were non-Alu and contig2.1 had totally
32.0% in which 17.9% were Alu and 14.1 were non-Alu. The content of Alu elements
in all three contigs is comparative while the non-Alu contents differ significantly
(11.9%, 14.1% and 6.2% respectively). A summary of all repetitive elements in

contig2.2 is listed in Table 12.

Table 12: Interspersed repetitive elements in contig 2.2
Family number bases % region
Alu 60 15276 16.4
L1 12 3288 3.5
Mer/Mir/MIt/Mst 9 1982 2.1
Thelb 2 511 0.6
Total non-Alu 23 5781 6.2




3.5 Analysis of contig 3

Contig3 contains 157,885 bp and the Xgrail and Powerblast results for this
contig are given in Figure 31. No known genes were revealed in this region by a
Powerblast search vs. the non-redundant GenBank database, but three regions with
EST homology were found. These three ESTs correspond to no open reading frame
predicted by Xgrail but they correspond to a region similar to human Tiggerl
transposon element (U49973) at positions 53280- 57520 and at positions 134577-
135352 to the human breakpoint cluster region(BCR) gene.

3.5.1 Major similarities found in database by Powerblast in

contig3

EST HS55130 begins at position 121251. The entire EST (127 bp) matches
perfectly with contig3. This EST was prepared by an expression-independent method
and should correspond to an open reading frame. [277.278] However, Xgrail predicted
an excellent exon in this position but in the opposite orientation and thus this EST most
likely would be expressed in the opposite orientation as well, but this was the only

Xgrail predicted exon within 35 kb of either side of this region.

A second region of EST homology was observed to begin at position 141140.
The similarity between this EST, EST H55395, and contig3 is 100% (with a one base
deletion in EST). The origin of this EST is the same as EST H55130 but Xgrail did not

predict any exon in this region.
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Figure 31:  Result of Powerblast and Xgrail analysis of contig 3

80K 9K 100K 10K 120K 130K 140K

AoyoL

2 XK

CpG DNA ._--'|"'|' Ill

7256979
CA repea(f
STS GB8766 EST "7273 EST HB4149 EST H535407
EST H69625 \ s:;;;::f" EST AR286581 EST HS5158 | EST H55395
Human Tigger1 Similar to BCR

Transposable elment
U499173

Note: Xgrail result is on the top. The gray line is DNA sequence. The peaks are predicted exons, The small
color bars above or below the peaks indicate the quality of exons, Green for excellent, blue for good
and red for marginal. Peak above the gray line means the exon is on forward strand while peak under
the line, reverse., The intensity of the gray line means the GC contents. The lighter the region is,
the higher the GC contents. The pink boxes on the gray line are CpG islands,

Powerblast result is on the bottom. The black-gray line is DNA sequence. The gray regions are repeat
sequence., The small colored bars are matches found in GenBank. The blue bars are matches with very
high identity. The pink bars are matches with relative low similarity.



Another region of EST homology to EST H55407 begins at position 147588
that matches perfectly with contig3. The direction of this EST is opposite to two
previously discussed ESTs and the origin of this EST is the same as those just
mentioned. Even though this EST corresponds to no Xgrail predicted exon, there is a
cluster of Xgrail predicted exons nearby. However, about half of those exons contain
internal stop codons. Furthermore, several of the exons without stop codons are
located in repetitive regions. It still is possible that there is a putative gene around this
region but analysis of the genomic sequence alone fails to provide sufficient evidence to

predict it.

Xgrail also predicts many open reading frames throughout this contig in
addition to those discussed above but most of them are located either in repetitive
regions or contain internal stop codons and no significant EST homologies were

observed.

However, beginning at position 33476, there is a region with a perfect match to
GenBank accession number Z56979. Z56979 was purified from genomic DNA by
using a methylated DNA binding column. [2791 Although this method does not screen
the DNA fragments directly by the density of CpG dinucleotides,the restriction enzyme
Msel (recognition site TTAA) was used to cleave out the assumed non-CpG region.
Thus, this DNA fragment represents a putative CpG island containing a short stretch of
DNA with a high density of non-methylated CpG dinucleotides, predominantly
associated with the 5' region of a hurhan gene. However, Xgrail failed to consider this
region a CpG island. Because of the shortcoming of the method of purification of

256979 as a CpG island, this CpG island could be false.



Starting at position 53280, there is a region similar to human Tiggerl
transposon element (U49973) which also closely resembles Drosophila melanogaster
DNA transposon pogo. [2801 A DNA transposon element is a fragment of DNA which
may represent a mobile genomic element that can be excised out of and reintegrated into
the genome. It is different from other interspersed repetitive elements because its
reiteration does not involve retrotransposition, which is a transposition mediated by
RNA. A DNA transposon usually has terminal inverted repeats whose sizes vary and
may contain internal inverted repeats. The DNA fragment carried by a transposon
usually has coding capacity and may code for proteins for a transposase. However, the
inverted repeats and the coding region may be altered during evolution and no longer be

conserved and expressed. (811

The human Tigger!-like transposon element found in this region is 4240 bp
long and the terminal inverted repeats of this transposon are imperfect and short. A
dotplot comparison result between human Tigger! and this region is provided in Figure
32. The comparison showed that the Tigger!-like transposon centains all the sequence
elements the human Tigger! has, but instead of being contiguous, the sequence similar
to human Tigger! transposon in this region is broken into five fragments. The
sequences between fragments are unique to Tiggerl-like transposon, and this
transposon has multiple internal inverted repeats. Almost all of these internal inverted
repeats are within regions unique to this transposon, i.e. regions not found in human
Tiggerl. The positions of major internal inverted repeats are shown in Figure 34.
Human Tigger! transposon has two open reading frames and there is no gap between
them. The first one is a putative transposase similar to the pogo element and the
function of the second one is unknown. [281.282] However, in this Tiggerl-like
transposon, the coding regions have been altered and contain multiple stop codons in all

reading frames. The transiation of the coding region is provided in Figure 33.
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Figure 33: Translation of human Tigger 1-like transposon coding region

(Linear} MAP of: Tiggerlrev.Gcg check: 2950 from: 1 to: 4240

1 caggcacacctgtattttattgtagtttgctttattgeattttatagatattgtgttttc

61 tacaaattgaaggcttgtggcaagcctgtgtctagcaagtctettggtgceattttteca
121 acagtatgtgacctctggctcectetgtgtcacattggtaattctcataatatgtcatactt
181 tttecttattaggtatccatcatggtgateggtgactgtegecggtagagggtegtgact
241 gcaagttgtccaggttcttggtgttttgaacaaagaattggacaaaacacccageaaage
301 aaagaaagaatgaagcaacaaaagaatgaaagcaggtgtttattgaaaatgaaagaacac
361 gccacagtgtgggagcgggcccaagcagtggetcagggeccagatacagaatettettgg
421 gttcaaatacccccaagaagtttceccattggecacttcatgetcatctcatgtaaatgaa
481 gtgatagcccacaatcattctgattggttgcagaaagcagccaaccagaggctgaagtaa
541 tgttacaaaggtcacactcctgtgcaaacatctgattggttgcaaaaagcaatcagagge
601 taggatgaagttacagagttatacttctatgcaaacaaagactctgcccacaatcagtet
661 gattgattgtggacagcaaccattccaaggccagagtgaagttaccaagttgcaaacaaa
721 gactccaccggcaatcagtcagatttgttgaagacagecaattteccatctgecagtgea
781 gaaaaggtgaggatttaggttccctgcttcecagaccctattctectgectcatgagtaat
841 gatttrtTTTTTTTTTTTTGAGACAGGGTCTCACTCTGTCACCCAGGCTGGAGTGCAGTA
901 CTGCAGTCATGGTTCACTGCAGCCTCAATCTCCCAGGCTCAGGCGATCCTCCCACCTCAG
961 CCTCCCGAGTAGCTGGGACCACAGGCACACGTGTGCCACCATGCCTGGATAACTTTTGTA
1021 TTTTTTGTAGAAACTGGGTTTCACCATGTTTCCCAGGCTGGTCTCAAACTCCTGGGCTCA
1081 AGCAATCTACGTGCTTCAGCCTCCCAAAGTGTTGAGATTACAGGTGTGAGCCACTGCALC
1141 cagcctgtgatctttgatgttactattgtcattgttttgggecccggaaccatgecegtat
1201 aagacagtgaacttctgataatatgtgtgttctgactgctccactgactgtccatgccee
1261 atctctctctctctecttaggectcecctattccctgagacacaacaatattgaaattagg

1321 ccaattaataaccctacaatggcctctaagtgttcaagtgaaaggaagggttgcacattt
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E V E P E EGAEULULOQSQDU®PT* TH

K Ws P K KGILWNGCCNTLRTIAGQLEHM
S GARRIRG®*I AATISGSNTILNT *

gaggagttgcttcttagggatgaacaaagaaagtggttecttgagacggaacgtectect
E E L L L RDEUG QURIKMWUF FULETETZRU©PUP

R s C FLGMNIKESSGS ST LRIRNVILIL
G v ASsS *G*TJ K KVV P *DGT S S W

ggggcagatgctgtgaacatggttgcaatgacaacaaagegttcagaatatttcataace
G A D AV NMVAMTTI KU RS EVYU FTIT

G QML * TWIUILQ™*QQ SV QNTIST®*P
G R CCEHGCNUDNI KA ATFIRTITFHNR

gaaaaaacacagcaggcttgagaggatttcraattttgaaagaccttctactgtgggtaa
E KTQQA™* EDVF * F * KTV F Y CG *

K KHS RULEIRTISNVFEWRUZPSTV G K
K NT AGILURGVPFILIULI KU DU LTULTULWUVK

aatggtatcaagcagcctccagtgccgggggccatctectgtgaaaggcagagtcaatca
N G I K Q P P V PG A I S CUEZRWOQSQ S
MV S S S L Q CRGUP S PV KGRV NDOQ
W ¥ Q A A S S AG G HULUL™* KAE STIN
atgtggtaaacttcactgttgtctgatttgaatacattgtcacageceetctacecttea
M W * TS LUL S DULNTULSOQPUL Y PSS
C G KL HCCULTIO®* I HCHSU?PSTULZQ
vV vV N F T VUV * F E Y I VT AUPULUPTF S
gcaaccaccaccctgatcagt cagcagcecatcagcacegaggeaaggeoctccaccagea
A T T TULI S Q Q P s 2P R QG P P P A

Q P P P * 5§V S S HQHIRUGI K AULUHZGQZQ
N H H P D QS A A I STEAIRUPJSTS K
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3661 aaaagattctgactcactgaagacttggatgatcattagtatttttagcagtaaagtret

K R F * L T EDULDDH * -
K P S DSULIKTWMTITIS -
c K I L TH * RULG™* S VL V -

U

3721 ctrttctttttctttcottttttttttttttttagacggagtctcgetetgtcateccagte
3781 tggagtgcaatggcgtgatctcggetcactaccacctecgtetectgggtcaagagatt
3841 cttctgccttagectectgagtagetgggattacaggegegegacaccatgeccagetaa
3901 ctttrtrtttttgtatttttagtagagacggggtttcaccatattgaccaggctggtett
3961 gaattcctgaggtcatgatccteccgectcaaccteccaaaatgetgggattacaggeat
4021 gagccaccacgctcggccaagtatttttaaatgaaggcatataaaaattgttttttttag
4081 atgtgatgctatcctatatttaatagactacagtttagtgtaaacataacttttatatgt
4141 gctgggaaaccaaaaaattcatatgacccacttcattatgatattcactttactgecagtg

4201 tggtctggaactgaactcacactatctccaaagtatgect

Note: Three translation frames are used. Stop codons are shown as "+". Uppercase
regions are the largest internal inverted repeats.
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At positions 134577-135352, there was an observed Powerblast homology to
the human breakpoint cluster region (BCR) gene (U07000). The similarity is
approximately 63% with 189 single base mutation and 100 indels. The similar region
in the BCR gene is within the large intron between alternative exon b and exon 2.
There is no breakpoint in this region and the region contains no known repetitive
elements and thus may represent a previously undescribed low copy number repeat

element.

3.5.2 Repetitive elements in contig 3

The interspersed repetitive elements found in contig3 include Alu, L1, Mer,

Mir, Mit, Mst and Thelb. A summary of these repetitive elements is listed in Table 13.

Table 13: Interspersed repetitive elements in contig 3
Family number bases % region
Alu 126 35601 22.6
L1 50 17239 10.9
Mer/Mir/Mlt/Mst 25 7875 5.0
Thelb 2 443 0.3
Total non-Alu 77 25587 16.2

This region has a high density of non-Alu repeats than contigl and contig2.
Contigl has 11.9% total non-Alu repeats and contig2 has 10.6%. The Alu repeats in
this contig are slightly higher than those in contig! and contig2 as contigl has 19.5%
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and contig2 has 17.2% total Alu, respectively. The total interspersed repetitive

elements in contig3 is 38.8%.

3.6 Analysis of contig 4

Contig4 is 67,378 bp and is located near the distal end of the DGCR. It
contains two overlapping cosmid, 68f and 24b. The consensus of this contig is shown
in the direction from centromere to telomere. The results of Xgrail and Powerblast are
shown in Figure 35. This contig contains the genomic organization information of a
gene highly similar to the mouse T10 gene. The transcription direction of this putative

human T10 gene is from centromere to telomere.

3.6.1 T10 gene

Positions 26936 to 54800 in contig4 contain eight coding regions with high
similarity to the coding regions of the mouse T10 gene. Positions 54801 to 56053
contain the region similar to the 3' UTR of the mouse T10 gene but the similarity is
very low and there is a poly(A) signal sequence at the end of this region. A region

homologous to the §' UTR of the mouse T10 gene was not found in contig4.

A further study of the Powerblast results revealed that the first coding region of
the mouse T10 gene also is highly similar to the 3' end half of EST T53435 in the
database. The 5' end half of this particular EST is highly similar to contig4 in positions
11280-11390. This EST contains the 5’ end of a human cDNA from a placental cDNA
library. In the largest part of this region and the region right proximal of this region,
from 10993 to 11361, there is a CpG island which contains a CAAT box and several

Sp! binding sites, which are the major features of a promoter. In contrast, the close
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Figure 35: Result of Powerblast and Xgrail analysis of contig 4
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Xgrail result is on the top. The gray line is DNA sequence. The peaks are predicted exons. The small color
bars above or below the peaks indicate the quality of exons, Green for excellent, blue for good and red for
marginal. Peak above the gray line means the exon is on forward strand while peak under the line, reverse,
The intensity of the gray line means the GC contents. The lighter the region is, the higher the GC
contents. The pink boxes on the gray line are CpG islands.

Powerblast result is on the bottom. The black-gray line is DNA sequence., The gray regions are repeat
sequence. The small colored bars are matches found in GenBank. The blue bars are matches with very high

identity. The pink bars are matches with relative low similarity. The green bars are exons of T10 gene and
the number under them are exon numbers,



upstream region of the first coding region of the T10 gene does not show any specific
feature of a promoter. Other expression studies showed that the transcript of the T10
gene is larger than the cDNA sequence reported and suggested that T10 has a longer §'
untranslated region than reported. (651 The region from positions 11280 to 11390
therefore may be a potential first exon for the human T10 gene. The alignment of
contig4, EST T53435 and mouse T10 cDNA is provided in Figure 36.

Figure 36: Alignment of contig 4, EST T53435, and mouse T10 gene (X74504)

contig4 > 11240 gggcgceggcacccggaagteggeggeggtgacggagacay

contig4 > 11280 tgagtgcgeggetccggggetggecgactecgetagtgge

T53435 > 17 i ettt e, o W

contig4 > 11320 ccggecggectgggetegggggetecgggetetgggetct

T53435 >57 e B e neereccoccecannconannas

contig4 > 11360 gggtgcgcggaccgggecaggetgettgaag | gtgggtggg
T53435 > 97 e ittt ettt e

contig4d > 11400 ctggccgeacttectcaccetgectecagtttececcttct

intronl, sequence 11441-26839 not shown:

contigd > 26840 gagggcagccctgagtgtctgecatccgectcaactcagtg
contigd > 26880 ttttcetttteccgeag | acctcgegacctgtgtcagcaga
start codon

contigd > 26920 gccgcecectgcaccaccatgtgcatcatcttetttaagtet
X74504 D -

contig4 > 26960 gatcctecgecctgtttccaaaaacgegtacag | gtaaccece
X74504 >74  L....... Ceteracnannnns

contig4 > 27000 ctegetetgcatctgetgegecctgcagggtectgggtge

intron2, sequence 27041-33439 not shown:

contig4 > 33440 acttggctcgetegtttccatctgaageccatcagtgatge
contig4 > 33480 tttcctettgeaglgetcatcttggcagecaacagggatga
X74504 > 103 e it et e a.....



contig4 33520
X74504 133
contigd 33560
X74504 173
contig4 33600
contigd 42520
contig4 42560
contig4 42600
X74504 200
contig4 42640
X74504 236
contig4 42680
X74504 276
contig4 42720
contig4 43520
contigd 43560
X74504 313
contig4 43600
X74504 343
contigd 43640
X74504 383
contig4 43680
X74504 423
contig4 43720
contig4 46000
contig4 46040

intron 3, sequence 33641-42519 not shown:

intron 4, sequence 42761-43519 not shown

intron 5, sequence 73761-45999 not shown

attctacagccgaccctccaagttagetgacttetgggag
...... C.2.8.G-.FccueroeeGeoBocenconannnn

tcagcggtggctgcgecttgttgectteccctagecectgeg

tgcgtcteccagggetgggaaccaggtgggggactggaac

gggtggcatcaatggtggtaacactgtcatctgecacaglg

gctggacatggaggaaggcaaggaaggaggcacatggetg

acctgcagcecgcagetggactggcaggeccgagggegagig

taaggcgagtggggtggggccaaggtgagacagggtggag

agaagagcacatgcctgcagctgtggacacagcatctgtc

cecetgectacaglgtgaacttgtceacccactttctgaccac

cagcactgcctegggggcaggectcaggetcatcaggaag

gggctgtgagatcaccgggcagtgtcggggaggacgecct

atggctgtagtcetgacattctctcecettggectgeagica
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contig4 46080 cagcaaagggagacgtcatttgctactatgggaaccgagyg
T A K G D VI CYYGNUZRG
contig4 46120 ggagcctgatcectategttttgacgecag | gtgagectgee
E P DP I VL TP
contig4 46160 ctggcagcctgatggggtgggggactgtttctatgcagag
intron 6, sequence 46201-51599 not shown:
contig4d 51600 caggtggcaatttgccctgacatggcacagcagggectct
contigd 51640 gcatggccegetgattgetectcacag f gcacctacggget
G T Y G L
contig4 51680 gagcaacgcgcetgctggagactcectggaggaagetgtge
S N AL L ETUPWIRIKULC
contigd 51720 tttgggaagcagctcttectggaggctgtggaacggagee
F G K QL FL E AV E R S
contigd4 51760 aggcgctgeccaaggatgtgctcatcgecagectectgga
Q A L P K DVLTIASTULTULTD
contig4 51800 tgtgctcaacaatgaagaggce | gtgagtgggcgggtectge
V L NN E E A
contig4 51840 tggggtgagccccagtgtcccgecaccagggcagagggaa
intron 7, sequence 51881-53399 not shown
contigd 53400 ggtgggctggggctagacceggetgegggegggccacaga
contigd 53440 gggactaatggccaccacttcetetccatcetgeagigecage
Q
contig4 53480 tgccagacccggccatcgaggaccagggtggggagtacgt
L P D P ATI EDOQGGEYUV
contig4 53520 gcagcccatgcectgagcaagtacgeggetgtgtgegtgege
Q P ML S KY A AV C VR
contigd 53560 tgccctggetacggcaccagigtattgcagcacegtgggtg
C P G Y G T R
contig4d 53600 cgccacctcectatcccatgteccacctcccacgctagagg
intron 8, sequence 53641-54599 not shown
contigd 54600 tcttgecctatttgtggctgtgacaggcagggcagggetg
contigd 54640 agggacaccaggtgaacgagggcccctgetetctttcagla
contigd 54680 accaacactatcatcctggtagatgcggacggecacgtga
X74504 761 ....... Cevcevnenncn €..g..... = 7- T
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contig4 > 54720 ccttecactgagcgtagcatgatggacaaggacctcetecca

X74504 > 801 I SRS a..Geeune. Cevnennn a...ac...t.g
stop codon

contigd > 54760 ctgggagaccagaacctatgagttcacactgcagagctaa
X74504 > 841 @ L...a...... BCiieerevercnncennn

contigd > 54800 cceeacctetgggectggecagtgggctcctggggggece
contigd > 54840 tgccttgaggggcactgtggacaggaaaccttectttgee
contigd > 54880 atactgcattgcactgcccgtggettggecageatcccee
contig4 > 54920 ggatcagggccctgtggtttgcegtgttacccatetgtgte
contigd > 54960 cccatgcccagttcagggtctgectttatgecagtgagga
contigd4 > 55000 gcagcagagtctgatactaggtctaggaccggecgaggta
contigd > 55040 taccatgaacatgtggatacacctgagcccactcttgcac
contigd > 55080 atgtacacaggcactcacatggcacacacatacactcctg
contigd > 55120 cgtgtgcacaagcacacacatgcaaggcatatacatggac
contig4 > 55160 accgacacaggcacatgtacatgcacaggtgtgctacaca
contigd > 55200 tgtgcacacatgcacagttgcacagacacacacacacagg
contigd > 55240 tgcacacacacgatgccgaacaaggcagaagggcgactet
contigd > 55280 cacctctcatgtgettectggecagtaggtectttgttectgg
contig4 > 55320 tccaacgacaggagtaggcttgtatttaaaageggeccct
contig4 > 55360 cctctectgtggecacagaacacaggegtgettggatttt
contigd > 55400 tgacaagcagacctgetcectgcagaggagacagccacatt
contig4 > 55440 tggaattgggcaccgagaagacctgagaaaaacccactct
contig4 > 55480 ctetttttttretttttgagacggagtcttgetctgtcac
contig4 > 55520 ccaggctggagtgcagtggcacgatctcggetcactgcaa
contig4 > 55560 cctcecgecteccaagttcaagcaattctectgecccagee
contig4 > 55600 tcetgattagctgggattacaggcgtgtgeccaccatgece
contig4 > 55640 agctaatttttgtgtttttagtagagacggggtttcacca
contig4 > 55680 tgttggtcaggctggtcttgaactcctgacgtggtgatce
contig4 > 55720 acctgectcggectcccaaagtgetgggattacaggegtg
contig4 > 55760 agccaccacgectggecgaaaaacccactctcataacaga
contigd > 55800 agtgcagactcattgctagattcagtgcecttgagtgtge
centig4 > 55840 cagaggtcctctgtgtttgagacaatcctgtgtgtgecag
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contig4 > 55880 gaggctccgtgtgcaccaggggctctcagaatccegerea
contig4 > 55920 ceccagetggagaccatgectctggcagecccatctcages
contig4d > 55960 agcectgcetetceteoectettecctecaggtgaggcaaact
contig4d > 56000 tcataggaatctgtacctgaatgtgagctcctgatAATAA
poly (&)
contig4 > 56040 Aactctgaggcetttggtgagcgcatttcgaggectttecee

LLEE | 4

Note: Not all sequences are shown. "." indicates the identity. "I" indicates the splice
site. Powerblast program failed to find exons 5, 6 and 7. Start codon and stop
codon are bold. Poly(A) signal is capitalized.

In summary, contig4 contains the human T10 gene. The transcription direction
of this 9 exon containing gene is from centromere to telomere, which disagreed with
that previously reported by hybridization. [65] The first putative exon is similar to a
human EST and the coding region starts in exon 2. Comparative analysis of the human
genomic sequence and the mouse cDNA sequence revealed the position and the size of
all 9 exons (Table 14) except for the first and last exons because the boundaries of the
5" and 3' UTR can not be determined by the information provided only by the genomic
sequence. The boundaries of the exon/intron were determined with the available
genomic data and the nearly invariant consensus 5' GT and 3' AG dinucleotides of
intron boundaries. The comparison of all splice sites and the consensus is provided in

Table 15.
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Table 14: Position and size of exons and size of introns of human T10 gene in

contig 4

Exons Introns

Exon Start End Size Intron Size
1 unknown 11390 - l 15496
2 26897 26991 95 2 6501
3 33493 33581 89 3 9017
4 42599 42718 120 4 853
5 43572 43686 115 5 2391
6 46078 46148 71 6 5518
7 51667 51820 154 7 1654
8 53475 53579 105 8 2127
9 54689 unknown -

Note: The size of exon | and exon 9 are unknown because the genomic sequence data
can not define the boundaries of the 5' and 3’ untranslated regions. Start codon

ATG begins at position 40 of the second exon. Stop codon TAA begins at
position 89 of the last exon.

Table 15:

Exon/intron boundary of human T10 gene

O U WN
e

consensu

exon

. . .CTGCTTGAAG | gtgggtgggac. - -
. . .ACGCGTACAG|gtaacceccet. ..
. . -ATCCTCAGTGligtgagtctte. ..
. . .CGAGGGCGAG |gtaaggcgag. - -
. . .CCGACCTGAG I gtgggtcetge. ...

. . TTGACGCCAG|gtgagcctge. ..
. -.ATGAAGAGGC | gtgagtgggc. . .
.ACGGCACCAG gtattgcagc. . -

(C/a)aGlgt(a/glagt. .

intron

exon

...tttcececgeag | ACCTCGCGAC. . .
. ..cctettgecag | GCTCATCTTG. . .
. ..tctgccacag | GGCTGGACAT. . .
. ..ctgcctacag ! GTGAACTTGT. ..
...tggcctgecag | CACAGCAARAG. ..

. .ctcctcacag | GCACCTACGG. . .
. . .catcctgcag | GCAGCTGCCA. ..
...tctctttcag| AACCAACACT. ..
...(t/c)nn(c/t)aglG

WOy S Wi

Note: Upper case letters are exons and lower case letters, introns.
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The similarity of the coding region between mouse T10 gene and human T10
gene is 83.8% identical at the DNA level and at the amino acid level, they are 87%
identical and 93.5% similar. Using the deduced amino acid sequence of the human T10
gene to search the non-redundant GenBank protein database with Blastp revealed no
similarities for this protein to any protein except for the mouse T10 gene and a weakly
similar C. elegens hypothetical gene (1483279) products. Alignment of amino acid
sequences of these three proteins with ClustalW program is provided in Figure 37. The
similarity between human T10 gene and C. elegens putative gene is only 29.7%

identical and 47.8% similar.

Figure 37: CLUSTAL W(1.60) multiple sequence alignment among human, mouse
and yeast T 10 gene products.

CLUSTAL W(l.60) multiple sequence alignment

h vs m. P R S 2k 2 L I 2 2 R S22 2T T TS
htlOpep___2 MCIIFFKFDPRPVSKNAYRLILAANRDEFYSRPSKLADFWGNNNEILSGLIMEEGKEGGT
mmt 10pep MCIIFFKFDPRPVSKNAYRLILAANRDEFYNRPSKLADFWGNNSEILSGLIMEEGKAGGT
ytl0like_ MCITFIKTAKS~-SLDKYKLILLNNRDEQLLRPTKEMH-WHDG--ILSGVDKQEN-ARGT
h/m/y *xE * * * LR 22 r * * | wERx * o+ '2s
h. vs m. AXKXKEEENT REXTRERRNE __ kERREEAS ARET * AREARRRCRN ARAARR®
ht1l0pep__2 WLGISTRGKLAALTNYLQPQLDW--QARGRGELVTHFLTTDVDSLSYLKKVSMEGHLYNG
mmt 10pep WLGISTRGKLGALTNYLQPRQEP--DARGRGELVSHFLTSDMDSLSYLKKVSTEGHLYNG
ytl0like_ WLGLNENGRIGMMLS ITQTQESKNLHAPSRGGIVNEFLNAN-DTSKMI ESLKKCASKYNG
h/m/y x| * L - xr e xx o« .. *hw
h. vs m. R EREERERE AXRRE AR REER__hh ke ACRRTRRRRERRRARRRRRE AR AT NN+
htlOpep__2 FNLIAADLSTAKGDVICYYGNR--GEPDPIVLTPGTYGLSNALLETPWRKLCFGKQLFLE
mmt 10pep FNIIAADLSTSKGDVVCYYGNR--GEPEPIVLTPGTYGLSNALLETPWKKLCFGKQLFME
ytlOlike_ FQLVAVEKNSTGLYEVRTLANQOVDEIEVCQLKDEYHVVSNSPPTKPYQKA

h/m/y - _* . . . » _ww * *x & w
h. vs m. REE * ERRRREE | AR CRARTERARRRRRNNRN W kTR k AANEE aw
htlOpep__2 AVERSQALPKDVLIASLLDVLNNEEAQLPDPATEDQGG---EYVOPMLSKYAAVCVRCPG
mmt 10pep AVEQSEALPKDVLVTQLLDVLNNEEAQLPDPAIEDQGQ-~-EYVOPILNKYAAVWCRCAS
ytl0like_ HLENSDQFSVDQIFEKLLSTAKNTTQWY PRAQLQYQTONVEEYNRPLSAIFIKYPEGTRM
n/m/y e . e | * r . e . N
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h. vs m EXXARXRREERRAERET HXETREETEE AARE X EAxr Thebhwhw

hellpep_ 2 YGTRTNTIILVDADGHVTFTERSMMDKDLSHWETRTYEFTLQS-

mmt 10pep YGTRINTIILVDANGHVTFTERSMLDKDITSRWETNTYEFTLQS -
ytlOlike_ YGTRCHTLITVDQKDKINILERRLLP-EQSTWHDARFEFVLNGS
h/m/y t'*'--'.f *h .o *k .. . * *x _'* Q’

Note: "*" indicates identity, "." indicates similarity, " " (space) indicates dissimilarity,
and "-" indicates deletion/insertion. Similarity parameters above amino acid
sequences indicate the comparison between human and mouse and those below
indicate similarity among all three.

The potential 5’ promoter region of the human T10 gene was analyzed by using
the SIGNALSCAN against the TRANSFAC database. A potential promoter region
was found within a Xgrail predicted CpG island, and the size of this promoter region is
about 300 bp. The position of the CpG island is from 10993 to 11361 in contig4 and
from -288 to 81 if the beginning of the match of EST 53435 is defined as +1. The C/G
content of this CpG island is 78.6% and the total C/G content of contig4 is 54.2%.

No TATA box or the potential binding sites for transcription factor [ID (TFIID)
were found in this region, but at least five putative binding sites of transcription factor
Spl are present in this region. Other putative regulatory elements and transcription
factor binding sites found by SIGNALSCAN are: NF-1 (nuclear factor 1), cac-binding
protein, and SRF (serum response factor). The position of these putative features are

provided in Figure 38.
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Figure 38: Genomic sequence of 5’ region of the human T10 gene

cccatggegtecctgcaggcagggagecgeggagt ceccgaaggecgctggatcaggaag -240

cgctcagACGLCCgcgeageccgaaget ttggegcagecceGGGaGCaaGECGOCATgas -180

spl Spl NF-1
GIGGcagect ccgagegacagegegeccAGLCAACgggacgecageatgeggegegCoGe -120
cac-binding pro NF-1
CCCGCCCCtcgeTGLGCggeCCAATggt gaacgegecgget tegggetGGGCEGtactgy -60
Spl Spl SRF Spl
gctggctgeggtggcgegegggegeggcacccggaagteggeggeggtggeggaggcgg potential -1

Note: The starting point of match of EST 53435 is defined as +1.

The function of T10 gene is unknown and no putative function has been
proposed. However, its expression analysis has been studied and reported. [65] The
expression level of T10 gene is highest in fetal liver, but is also detected in lung, heart
and kidney. In situ hybridization on mouse embryos from 8.5 days to 15.5 days
showed that T10 gene is expressed during early embryogenesis at a time slightly later
than when the structures commonly affected in DGS are forming. Therefore it is not

likely that the T 10 gene product plays a role in the DGS phenotype.

3.6.2 Repetitive elements in contig 4

Contig4 has an overall G/C content of 54.2%. Compared with the other three
contigs discussed previously, this G/C content is slightly higher, since none of these
three earlier contigs has a G/C content higher than 50% (G/C% of contigl=45.2, G/C%
of contig2=47.2 and G/C% of contig3=48.2). As shown in Table 16, the Alu repeat



element density found in contig4 is slightly more than the other three contigs but the

non-Alu repeat density is much less.

Table 16: Interspersed repetitive elements in contig 4
Family number bases % region
Alu 53 16524 24.5
L1 3 878 1.3
Mer/MI/Mst 9 2066 3.1
Thelb 3 743 1.1
Total non-Alu 15 3687 5.5

3.7 Analysis of a mouse BAC containing the mouse HIRA gene

The 89508 bp mouse BAC b264n1 was sequenced and analyzed. This BAC
was shown to contain exons 1 through 16 of the mouse HIRA gene. The results of
Xgrail and Powerblast are given in Figure 39. Comparing the results of Xgrail and
Powerblast, only one of the known exons of the mouse HIRA gene, namely exon 10
could not be found by Powerblast. This exon is relatively small (71 bp in length) and
very close to exon 11 (intron 10 is 466 bp in size). In contrast, Xgrail failed to predict
exons 1, 4, 9 and 15 but instead predicted several additional exons which are not
present in the mouse HIRA cDNA sequence. The majority of these additional predicted
exons lie in the opposite orientation and within three large introns on the mouse HIRA

gene, namely exon 1, 17 kb, intron 5, 11 kb, and intron 15, 11 kb.
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Figure 39:  Result of Powerblast and Xgrail analysis of mouse BAC b264n1
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Xgrail result is on the top. The gray line is DNA sequence, The peaks are predicted exons. The small
color bars above or below the peaks indicate the quality of exons, Green for excellent, blue for good
and red for marginal. Peak above the gray line means the exon is on forward strand while peak under the
line, reverse. The intensity of the gray line means the GC contents, The lighter the region is, the
higher the GC contents. The pink box on the gray line is CpG islands.

Powerblast result is on the bottom. The black-gray line is DNA sequence. The gray regions are repeat
sequence. The small colored bars are matches found in GenBank. The numbers under green bars are exon

numbers of mouse HIRA gene.



3.7.1 Mouse HIRA gene

If it is assumed that the region of mouse chromosome 16 in BAC b264n! and
the corresponding region of human chromosome 22 are in the same orientation, then
the transcription direction of this gene is from centromere to telomere. Comparative
analysis of the genomic sequence and the cDNA sequence also reveals the positions and
the sizes of exons 1 to 16 and introns 1 to 15, as listed in Table 17. The boundaries of
exon/intron were determined assuming that the nearly invariant consensus 5' GT and 3'
AG dinucleotides of intron boundaries must present at the cleavage point. A list of the

deduced splice sites and the consensus splice sequences is provided in Table 18.

The alignment of the mouse genomic DNA sequence determined here and the
mouse HIRA cDNA sequence (Genbank accession number X92590) is shown in
Figure 40. These two sequences match perfectly except for one mismatch at position
89111, where a "c” occurs in the genomic sequence instead of the "t" found in cDNA
sequence. This discrepancy was checked carefully and there was six-fold redundancy
in genomic DNA sequence with gel readings in both orientations. Thus, at least in the
sequence determined here, a "c" occurs at position 89111 and would result in a Leucine
rather than a Phenylalanine in X92590 cDNA sequence. Immediately after exon 3, at
positions 39174 to 39350, there is an alternatively spliced exon, exon 3a (2631 and at
positions 65451 to 65556, which is in intron 11, there is another alternatively spliced
exon, 11a (2631, Both of these alternatively spliced exons introduce stop codons as

indicated in Figure 40.
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Table 17: Positions and sizes of exons and size of introns of the mouse HIRA

gene

Introns

Exon Start End Size Intron Size
| 20093 20349 257 1 17033
2 37383 37445 63 2 1617
3 39063 39173 111 3 1133
(3a 39174 39350 177 3a 0)
4 40307 40397 91 4 1574
5 41972 42066 95 5 11198
6 53265 53360 96 6 1302
7 54663 54823 161 7 4213
8 59037 59204 168 8 2368
9 61573 61686 114 9 3227
10 64914 64984 71 10 466
11 65451 65556 106 11 2688
(lla 66933 67039 107 lla 1376)
12 68245 68460 216 12 1574
13 70035 70120 86 13 5344
14 75465 75659 195 14 1956
15 77615 77776 162 15 11159
16 88936 89137 202 16 unknown

Note:

Exon 1 contains the 5' untranslated region. The start codon ATG begins at

position 231 of the first exon. The size of intron 16 is unknown and the

alternatively spliced exons 3a and 1 a are in parentheses. Intron 3 includes

exon 3a and intron 3a. Intron 11 includes exon 1la and intron 1la.

186



Table 18: Exon/intron boundaries of the mouse HIRA gene

exon incron exon

.. .AACCACAATG|gtgagtgcac... 1 ...ttgtttccag|GGAAGCCAAT... 2
. . .GGAGGACAAG|gtatgtttgt... 2 ...ttcattccag|GGCAGGATTC... 3
.. .AATCACTTAGIgtattacaga... 3 ...ttcttcccag|CATGTGTIGRA... 4
.. .AGCGGGCTAC|gtaagcatca... 4 ...tttcacacag|GTACATTGGG... 5
.. .CACTCAGGCGlgtaagtaggc... 5 ...tttcttccag| ATGTGATGGA... 6
.. .AAGTTCCCAGIgtctggggtt... 6 ...tccttcacag|ABATTICTTGC... 7
... TTTIGATGAG|gtaacggaaa... 7 ...tttatttcag|TGTGGAGGAA... 8
. . .GACTGTTIGTGIgtgagtgtce. .. 8 ...ttgacttcagiAAATTCAACC... 9
.. .CTCTGTICTGGgtaagcctga... 9 ...cccettgtag|CTCACATGTT... 10
10...ATATTTCCTGIgtaagatgga. . .10 ...tctctttcag|GACTCTGAAT... 11
11...GGAGGAAAAG|gtaggcttge.. .11 ...cttcctacag|AGCCGAATTC... 12
12...TATCAGGAAGIgtgagggcat. . .12 ...actttgccag|AATCTTTTGA... 13
13.. . TGGACACTGG|gtactcactc...13 ...ttaatgacag|GGACTICTCC... 14
14...GTAAGGACAG|gttagtaaac.. .14 ...tttccececcagiTATGAATGCT. .. 15
15...CTGTTGAAAG|gtaggtggta. . .15 ...ttgatttcag!GTTGAARGAG... 16
16. . .GTCCGTCCAGIgtgaggccta. . .16

O Oy W N

consensus: (C/A)AGlIgt(a/glagt...... (c/c)anlc/tlagiG

Note: Upper case letters represent the exons portion and lower case letters, introns.
The bold letters are those nucleotides which do not match with the consensus.
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Figure 40: Alignment of mouse genomic DNA and mouse HIRA cDNA

mbconsphas > 20085 aggaggagcggegeaggggatgeggetgtggeggcggcgy
X92590 b
mbconsphas > 20125 cggcggccgagegcaggaggeggetgtggeggeggetggg
X92590 B I
mbconsphas > 20165 ggcacgggccggecgatggegeggceggegctgagggeaagyg
X9259%0 b £ U Y
mbconsphas > 20205 gtgggcggcggecggagagegggeggegegggaggaager
X92590 B
mbconsphas > 20245 gcggcagctccatggcccaggegtgctgagggacacgget
X92590 B - Y
start codon
mbconsphas > 20285 ctggcttcagcccggcageggccgaacaatgaagctettg
X92590 > 183 e et eiicte e eaaan
HIRA prote > 1 M K L L
mbconsphas > 20325 aagccaacctgggtcaaccacaatg | gtgagtgcacgcagg
X92590 - .
HIRA prote > S K P T W V N H N G
mbconsphas > 20365 agtcgtgggcggccgaacctgecateggggtggggtcetggg
intron 1, sequence 20405-37324 not ShoWn~——~~~—~~—m~~
mbconsphas > 37325 agtttattgttttctagtgaataaaagccaagcttgatat
mbconsphas > 37365 gtttttctttgtttccaglggaagccaattttttcagttga
X92530 > 257  eescsecccecrnertacceaan
HIRA prote > 13 G K P I F S V D
mbconsphas > 37405 tattcaccctgatgggaccaagtttgcaactggaggacaa
X92590 B - L0 P
HIRA prote > 21 I HPDGTI KT FA AT GG Q
mbconsphas > 37445 glgtatgtttgtagagtgaataccacttccetgttgecgta
X92590 > 320 ..
HIRA prote > 34 G
mbconsphas > 37485 ctctgcttcttttggatccatggttagctgtaatgagaca

s o

intron 2, sequence 37525-39004 not shown-——-

mbconsphas > 39005 gttatcattgtcgtttccacttettgcatattgagetttt
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mbconsphas > 39045 ctrtgetccttcattcecag | ggcaggattctgggaaggtgt
X92590 > 318 ch tecessacesecarecccaaen
HIRA prote > 34 G @ DS G K V V
mbconsphas > 39085 gatctggaatatgtctccagtcctccaggaggatgacgag
X925%0 B T
HIRA prote > 42 I W NMS P VL Q EDDE
mbconsphas > 39125 aaggatgaaaatattcccaagatgctttgccagatggaca
X925390 B -
HIRA prote > 55 K D ENTIWUPI KMMLTGCOQMD
mbconsphas > 39165 atcacttaglgtattacagagtggccctttgcaggetttge
X92590 > 423 LLi......
HIRA prote > 68 N H L
X99713 S U
mbconsphas > 39205 gtgttggcagagtgcccaaggttagecacatgtgtttgtaa
X99713 S

stop stop
mbconsphas > 39245 ttagaaagataaggccccgtgcggegttaactecectcgg
X99713 > T2 e i ie e raccttsc et cccac e

stop
mbconsphas > 39285 cctgcetgtetgaaggcacagatgttggetgcacacctgag
X99713 D 0 7 Y
mbconsphas > 39325 tgagttattcggcagaagactcggcec | cgecccacagaacca
X99713 > 152 ittt ecirctctanenaeean
stop
mbconsphas > 39365 tctttggacagtctgecaggtacctctggtgatttectget
intron 3, sequence 39405-40244 not shown~~~—~—ea~e—
mbconsphas > 40245 ctacataatgcaaatgggcatgectattggattttcatca
mbconsphas > 40285 ccttatttttttttettcecag | catgtgtgaactgtgtge
X92590 > 430 te reeecressecnoenaen
HIRA prote > 71 A C VNUCUV
mbconsphas > 40325 ggtggtcaaacagtgggatgtatttagcttctgggggaga
X92580 D . 1
HIRA prote > 77 R W S N S G M YL A S G G D
mbconsphas > 40365 tgacaaactgattatggtgtggaagcgggctac|gtaagca
X92590 D L
HIRA prote > 91 DKL IMVWI KU RA AT Y
mbconsphas > 40405 tcattttcctttttcacatttaatttttagaagectrettt
intron 4, sequence 40445-41924 not shown~~~~~~~~~mm~~

mbconsphas > 41925 tatctagaacactccttgagtgcatatctcatgectcttt
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mbconsphas > 41965
X92590 523
HIRA prote > 102
mbconsphas > 42005
X92590 556
HIRA prote 113
mbconsphas 42045
X92590 596
HIRA prote 126
mbconsphas 42085
mbconsphas 53205
mbconsphas 53245
X92590 617
HIRA prote 133
mbconsphas 53285
X92590 638
HIRA prote 140
mbconsphas 53325
X92590 678
HIRA prote 153
mbconsphas 53365
mbconsphas 54605
mbconsphas 54645
X92590 700
HIRA prote 161
mbconsphas 54685
X92590 736
HIRA prote 173
mbconsphas 54725
X92590 776
HIRA prote 186
mbconsphas 54765
X925390 816
HIRA prote 199

cacacag|gtacattgggeccageactgtgtts

Y 1 G P S TV F G S s

tccag

tggtaagcttgccaatgtggagcaatggceggtgtgtetee

G KL ANVE GQWRTCGCV S

atcctccggagtcactcaggcey | gtaagtaggeteetttgt

......................

ttgggtgagtggatcccttttttttttetetttttecgag

intron 5, sequence 42125-53204 not shown~—————~——e~eu~

accatcacccaagtgcataccaggtaaaaggtettaccet

cacaccctgttttettecagl atgtgatggatgtagcatgg

S P HDAWILA ASCS VD

acactgttgtcatttggaatgccgtgaagtteccaglgtct

N T V V I WNA AUV K F P

ggggttccccttactgtgtagcaactgaagaggectgetg

intron 6, sequence 53405-54604 not shown-—~~—~~—~~e-~

tctrtttcttatagataacacctgttcatattetacttta

ttttattttecttcacaglaaattcttgcaactctgagagg

P E I L A TUL R G

tcattctggcttagtaaaaggtttgacttgggatecegtt

H S GLVKGLTWDU®PUV

ggtaaatatattgcctctcaagctgatgatcgaagtttga

G K Y I A S QA DUDR RS L

aggtatggaggacgctggactggcagctagagactageat
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mbconsphas 54805 caccaagccttttgatgag | gtaacggaaacagrctagage
X92590 856 @ iiiiiirreeeneas
HIRA prote 213 T K P F D E
mbconsphas 54845 ttggcctcetacecctgetatacttecttgaacagtgaggga
intron 7, sequence 54885-583964 not shown
mbconsphas 58965 aaatcacagtttgatttatctttgaggtgagaattttctt
mbconsphas 59005 gaacttctttcaagcttatattttatttacagl|tgtggagg
X92590 873 ce eeesenea
HIRA prote 218 E C€C G G
mbconsphas 59045 aacgacgcatgttctceeggettagttggtcacctgatgge
X92590 = = U
HIRA prote 222 T T HVULRUL S W S P D G
mbconsphas 59085 cattacctggtatctgcccatgecatgaataattctggee
X92590 £ 5 N
HIRA prote 235 H Y L VS a3 HAMNNS G
mbconsphas 59125 ccactgctcagatcatcgaaagagagggctggaagaccaa
X92590 153
HIRA prote 248 P T A QI I EREGWI KTN
mbconsphas 99165 catggactttgtgggtcaccggaaagctgtgactgttgtgl
X92580 0
HIRA prote 262 M DF V GHIRI KAV TV YV
mbconsphas 59205 gtgagtgtccctcacctcagaaatcctagctatcagtace
intron 8, sequence 59245-61524 not shown~————~—~——me
mbconsphas 61525 catcttggtatttgattacttattttaactgtggttattt
mbconsphas 61565 gacttcag| aaattcaacccaaaaatcttcaagaagaagca
X92590 1042 t et eeteeseereccttaccanannnonn
HIRA prote > 275 K F NP KI F K KIKOQ
mbconsphas 61605 gaagaatgggagctctacaaagcccagetgececatactge
X92590 B
HIRA prote 286 K NG S S T K P S C P Y C
mbconsphas 61645 tgctgtgctgttggcagcaaggaccgctecactctetgtet
X92590 1115 ittt issct sttt et een
HIRA prote 299 c C AV G S KDURSL s V
mbconsphas 61685 gg lgtaagtgecctgagetttggctgtacggtaggttaagaa
X92590 1155 ..
HIRA prote 312 W
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mbconsphas

£1725

mbconsphas > 64845 gatggttaaatttagtgcacagactggttctcagtgattt
mbconsphas > 64885 cattaatttcaacttttttcececettgtag | CTCACATGTTT
ARn437523 > 479 . eeeconeene.
L T C L
mbconsphas > 64925 GAAACGGCCTCTGGTTGTCATCCATGAACTGTTTGACAAG
AA437523 B
K R P LV VI HETLTFDK
mbconsphas > 64965 TCCATCATGGATATTTCCTG | gtaagatggattcttactac
S I M DI S W
mbconsphas > 65005 actgcattggctactccaacctgagacctcttggetactt
intron 10, sequence 65045-65404 not shown
mbconsphas > 65405 ttcaggtacattgtccacctaggctectgacagetgtcte
mbconsphas > 65445 tttcaglgactctgaatgggttgggtatcctggtgtgetee
X92590 > 1227 e eeeceececsecserccnncrecntsaanornsan
HIRA prote > 336 W T L NGLGTIULV C s
mbconsphas > 65485 atggacggctctgtggcgttccttgatttctctcaggatg
X92590 > 1262 it eieetecncsceteetcs e
HIRA prote > 348 M D G SV A F L DV F S QD
mbconsphas > 65525 aactcggagaccccctgagtgaggaggaaaaglgtaggetet
X92590 > 1302 ittt cicerrtarr e,
HIRA prote > 361 E L G D PL S E E E K
mbconsphas > 65565 gtggcctatgtgctatgatactggctctgagaacctattc
intron lla, sequence 65605-66884 not shown~—-————v—~v
mbconsphas > 66885 gctctgcetttacctgetgtagacacagaaactgttcettte
mbconsphas > 66925 taccgacag|acttttgccaaccgttaatggggtattatat
X99722 >1 e e ececcicesccsncctotesanennenas
stop
mbconsphas > 66965 ccatttgtctgaatggagctctgtggaagecccagagcagg
X99722 . 5 Y
mbconsphas > 67005 tcagcagctatccacttagtgatgetgttgetgggglgtaa
%99722 B

intron 9, sequence 61765-64844 not shown

ctgggaagacagagactctggaagacttcaaggaaagaga

Stop stop
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mbconsphas 67045 gctacctcttaarctactgtgegacaccaccaccctcaac
intron 11, sequence 67085-68164 not shown —————
mbconsphas 68165 tatattgcacctgetggttagcaacttcagecatgatgat
mbconsphas 68205 actcaaacccatgtatcaaacctctcecctgettectacag
X92590 1332 ..
HIRA prote 371 K
mbconsphas 68245 | agccgaattcaccagtctacctatggcaagagcctggcaa
X92590 1334 ittt ettt et et e
HIRA prote > 372 S R I HQ S T Y G K S L a
mbconsphas 68285 taatgactgaggcccagctttccacagetgttattgagaa
X9259%0 5
HIRA prote 385 I M T EAQUL S T AV I EN
mbconsphas 68325 ccctgagatgctcaagtaccageggagacagcaacageag
X22590 B 5
HIRA prote 399 P EML K Y Q R RQQ QQ
mbconsphas 68365 cagctggatcagaagaatgccactactagggagacaaget
X92590 D
HIRA prote > 412 Q L DQ KNATTIRE T S
mbconsphas 68405 cagcatcctcagtcacgggtgtggtcaatggggaaagtct
X92590 B .
HIRA prote > 425 S A § S VT GV V NGE S L
mbconsphas 68445 agaagatatcagaaag | gtgagggcatggtccagtggcact
X92590 1534 i
HIRA prote 439 E D I R K
mbconsphas 68485 aaaagactrtgagcacatgcccagagacagggcaaaggggg
intron 12, sequence 68525-69964 not shown~—~~——~~me~-
mbconsphas 69965 ttgagtttttgatatttggatgtggttagctgaaactett
mbconsphas 70005 gtattcacttatttgactctactttgccaglaatcttttga
X925390 1548 te eeesecanes
HIRA prote > 443 K N L L
mbconsphas 70045 agaaacaagtggaaactcggacagcagatggtcggaggag
X92590 5 1 0 c..
HIRA prote > 447 K K Q VvV ETIRTAUDGR R S R
mbconsphas > 70085 aatcacgcctctttgcatagcacagetggacactaglgtac
X92590 1600 ittt ettt .
HIRA prote > 461 I T P L C I A QL DTG
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mbconsphas

70125 tcactccttcaccaagetttctgtggcecttgtctggggag

intron 13, sequence 70165-75404 not shown:

mbconsphas 75405 gttataaaataactacatgtgacatttttgtgctgattta
mbconsphas 75445 cttttcettgttaatgacaglggacttctecacggeattct
X92590 1635 e eeecccerenesereaeenn
HIRA prote 472 G D F S T A F
mbconsphas 75485 tcaacagcatcccactctccagetecctagcaggcaceat
X92580 I656 @ it iiiiictccteacte e er .
HIRA prote > 479 F N S I PL S S SL AGTM
mbconsphas > 75525 gctctectctectagtggtcagcagetactaccactggac
X92590 1696 ittt ictterec e ana
HIRA prote > 493 L S S PSGQQELLPL D
mbconsphas 75565 tccagtaccccctecttcggcgectcaaagecttgcacag
X92590 B U
HIRA prote > 506 S S T P S F G A SKUPOCT
mbconsphas 75605 aaccagtggcagccaccagtgccaggcectacaggegaatc
X92590 B
HIRA prote 519 E PV A A TS A RPTGE S
mbconsphas 75645 tgtcagtaaggacag | gttagtaaacaccaaggaccageca
X92590 1816 i
HIRA prote 533 VvV S K D S
mbconsphas 75685 tgcecttggggaaagtttaggttccagggataagagttte
intron 14, sequence 75725-77564 not shown~~-—~-~
mbconsphas 77565 atcaggtgctttgttgcttgtgtttgacgaatctcccatc
mbconsphas 77605 tttceeccagl tatgaatgectacctctactectgetgeatce
X92590 1828 et teeessssesececrorertsessananns
HIRA prote 537 S M N A T S T P A A S
mbconsphas 77645 gtcaccctctgtgttaacaaccccatccaagattgaacce
X92590 R 2
HIRA prote > 548 S P S VL TTUP S KTIE P
mbconsphas 77685 atgaaagcatttgattcccggttcacagaacggtccaaag
X92590 1901 i ettt ettt ittt
HIRA prote 561 M K A F DS RV FTETU R S K
mbconsphas 77725 ccacaccaggtgctecttccttgaccagtgtgattccaac
X92590 1941 ittt iietee et teteer e
HIRA prote 574 A T PG AP SL TSV I P T
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mbconsphas
X925%0
HIRA prote

77765
1981
588 A V E R

agctgttgaaag lgtaggtggtagctactgtatctceetcgg

mbconsphas > 77805 gacttcaccatgcatcctgcctcectttaggagagcaagge

intron 15, sequence 77845-88884 not shown~———

mbconsphas > 88885 tcatagaatgaatggctttgtagacagagttacagatgtce

mbconsphas > 88925 tttgatttcagigttgaaagagcagaacctcgtcaaggage
X92590 > 1991 ..
HIRA prote > 591 R L

.............................

K EQ NL V K E

mbconsphas > 88965
X92590 > 2022
HIRA prote > 601

tgaggtcccgggaactggagagcagcagtgacagegatga

L RSREULUESSSDSUDE

mbconsphas > 89005
X92590 > 2062
HIRA prote > 615

gaaggtccacctagccaageectcttcactgtecaagege

K v HL A K P S S L S KR

mbconsphas > 89045
X92590 > 2102
HIRA prote > 628 K L EL EVETVEK KK

aaacttgagcttgaggtagagacggtggaaaagaagaaga

........................................

L (a. a. according to
genomic sequence)

mbconsphas > 89085 aaggtcgccctaggaaggattcacgtettttacccatgte

X92580 b 7 |
HIRA prote > 641 K G R PR KD SR RUPILUPM S
(a. a. in mouse cDNA

X92590)

tctgtecgtecag l gtgaggecctatggactgtecttgectgt

.............

mbconsphas > 89125
X92590 > 2182
HIRA prote > 655

mbconsphas > 89165 cccaccctgectecttgggaggeccttgtgtgtggagggt

intron 16, size not available

Note: Not all sequences are shown. "." indicates the identity. "I" indicates the splice
site. Capitalized sequence is exon 10 which Powerblast program failed to find
as mouse HIRA gene. Sequence from 39174 to 39350 and sequence from

66933 to 67039 are alternatively spliced exon 3a and 11a.
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3.7.2 Comparison of the human and mouse HIRA gene

As discussed above, the human and mouse cDNA have an identity of 87.53%
as determined by Cross_match and identity in the coding region of 89.80%. The
identity at the amino acid level is 97.60%. Alignment of the amino acid sequences of
the human (X89887) and mouse (X92590) HIRA gene products is provided in Figure
41. According to the mouse genomic sequence, amino acid 650 in the mouse HIRA

protein is a Leucine which agrees with that in the human HIRA protein.

CLUSTAL W(1.60) sequence alignment between human (X89887) and
mouse (X92590) HIRA gene products.

Figure 41:

CLUSTAL W(1.60) multiple sequence alignment

hshira (x89887) MKLLKPTWVNHNGKPIFSVDIHPDGTKFATGGQGQDSGKVVIWNMS PVLOEDDEKDENT P
mmhira (X92590) MKLLKPTWVNHNGKP IF SVDIHPDGTKFATGGQGODSGKVVIWNMS PYLQEDDEKDENT P
(222222222 222222 2222222222222 2222222222222 222 2232222222224
hshira (x89887) KMLCQMDNHLACVNCVRWSNSGMYLASGGDDKL IMVWKRATYIGPSTVFGSSGKLANVEQ
mmhira (X92590) KMLOQMDNHLACVNCVRWSNSGMYLASGGDDKL IMVWKRATY IGPSTVEGSSGKLANVEQ
L2382 22222 2222222222222tz 222222 2 X222 2224
hshira(x89887) WRCVSILRNHSGDVMDVAWS PHDAWLASCSVDNTVVIWNAVKF PEI LATLRGHSGLVKGL
mmhira (X92590) WRCVSILRSHSGDVMDVAWS PHDAWLASCSVDNTVVIWNAVKF PEILATLRGHSGLVKGL
(23232228 R 2222222222222ttt 222 2222222222222 2222 222222224
hshira (x89887) TWDPVGKYTASQADDRSLKVWRTLDWQLETS I TKPFDECGGTTHVLRLSWSPDGHYLVSA
mmhira (X92590) TWDPVGKY IASQADDRSLKVWRTLDWQLETSI TKPCDECGGTTHVLRLSWSPDGHYLVSA
L33 222X 222 2232222222222 2222222222222 222222222222 22222222 023
hshira(x89887) HAMNNSGPTAQITEREGWKTNMDFVGHRKAVTVVKENPKIFKKKQKNGSSAKPSCPYCCC
mmhira (X92590) HAMNNSGPTAQI I EREGWKTNMDFVGHRKAVTVVKFNPKIFKKKQKNGSSTKPSCPYCCC
(222822232223 2222222 2222222222222 222222222222222222% 23 . L2 22 2222 4
hshira (x89887) AVGSKDRSLSVWLTCLKRPLVVIHELFDKSIMDISWTLNGLGILVCSMDGSVAFLDFSQD
mmhira (X92590) AVGSKDRSLSVWLTCLKRPLVVIHELFDKSIMDI SWILNGLGILVCSMDGSVAFLDFSQD
E3 22222232 222222 222222228222 2222222222222 2222222222222
hshira(X89887) ELGDPLSEEEKSRTHQSTYGKSLAIMTEAQLSTAVIENPEMLKYORRQQQQOLDQKSAAT
mmhira (X92590) ELGDPLSEEEKSRIHQSTYGKSLATMTEAQLSTAVIENPEMLKYORROOQOQLDQKNATT
E2 2222232223223 222R 222222222222 222212222 222222222222 22 2 S 20 . *
hshira (Xx89887) REMGSATSVAGVVNGESLEDIRKNLLKKQVETRTADGRRRI TPLCIAQLDTGDFSTAFFN
mmhira (X92590) RETSSASSVTGVVNGESLEDIRKNLLKKQVETRTADGRSRITPLCIAQLDTGDFSTAFFN

e LA BRI SR 2222222232222 2232222222222 BRI 22 R R e SR
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hshira(X69887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

hshira(X89887)
mmhira(X92590)

SIPLSGSLAGTMLSSHSSPQLLPLDSSTPNSFGASKPCTEPVVAASARPAGESVNKDSMN
SIPLSSSLAGTMLSSPSGQQLLPLDSSTP-SFGASKPCTEPVAATSARPTGESVSKDSMN

ERXRXT WERKTXETRXREEE ® RERAEEERATERE AR ANARRN TN ﬁ.‘.*"' "f" LA 2 25

ATSTPAALSPSVLTTPSKIEPMKAFDSREFTERSKATPGAPALTSMTPTAVERLKEONLVK
ATSTPAASSPSVLTTPSKIEPMKAFDSRFTERSKATPGAPSLTSVIPTAVERLKEQNLVK

L2222 22 R L2222 22222222222 2222222222222 2 S22 L2 8222222222224

ELRPRDLLESSSDSDEKVPLAKASSLSKRKLELEVETVEKKKKGRPRKDSRLMPVSLSVQ
ELRSR-ELESSSDSDEKVHLAKPSSLSKRKLELEVETVEKKKKGRPRKDSREL PMSLSVQ

thk * L2 2 222222 22 B S S MR 2222222222222 222222222223 * Sk

The *£" in mouse (X925%0)

protein disagrees with
the human (X89887)

protein, and according to

the mouse genomic
sequence, it is an *L*
which agrees with the
human protein.

SPAALTAEKEAMCLSAPALALKLPIPSPOQRAFTLQVSSDPSMYIEVENEVTVVGGVKLSR
SPAALSTEKEAMCLSAPALALKLPIPGPQRAFTLQVSSDPSMYIEVENEVTTVGGIRLSR

LA % 2 24 ERAEEREERTREREEREEALY AR RARECAAE IR AR A d *

LKCNREGKEWETVLTSRILTAAGSCDVVCVACEKRMLSVFSTCGRRLLSPILLPSPISTL
LKCNREGKEWETVLSSRVLTAAGSCDVVCVACEKRMLSVF STCGRRLLPPILLPSPISTL

i"tt'f"f’t**t'fi . L2232 2222222222222 2222222222222 222222

HCTGSYVMALTAAATLSVWDVHRQVVVVKEESLHSILAGSDMTVSQILLTQHGIPVMNLS
HCTGPYVMALTAAATLSVWDVHRQVVVVKEESLHSILSGSDMTVSQILLTQHGIPVMNLS

KREXE AR AERE AL R AN LERRTEARENRART AR AR AAAT R AN N

DGKAYCFNPSLSTWNLVSDKQDSLAQCADFRSSLPSQDAMLCSGPLAINQGRTSNSGRQA
DGKAYCFNPSLSTWNLVSDKQDSLAQCADFRNSLPSQDAML.CSGPLATI IQGRTSNSGRQA

1222222222222 2222222 sR i3 2 BRELLS2 LSS 2222R S S22t S ]

ARLFSVPHVVQQETTLAYLENQVAAALTLQSSHEYRHWLLVYARYLVNEGFEYRLREICK
ARLFSVPHVVOQOETTLAYLENQVAAALTLQSSHEYRHWLLLYARYLVNEGFEYRLREICK

I3 22222222 222222222222 2222222222222 22222 2222222222222 222227
.

DLLGPVHYSTGSQWESTVVGLRKRELLKELLPVIGONLRFQRLFTECQEQLDILRDK
DLLGPVHCSTGSOWESTVVGLRKRELLKELLPVIGONLRFQRLFTECQGQLDILWGK

ERERAEE ERREERREEEREER AR AR AR RAE AN R d -

Note: "*" indicates identity, "." indicates similarity, " " (space) indicates dissimilarity,

and "-

indicates deletion/insertion. Mouse amino acid sequence does not

include alternative spliced exons.
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Figure 42:

Dotplot comparison of the human and mouse HIRA genomic DNA.

The human sequence is on X-axis and the mouse sequence is on

Y-axis.
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Comparison of the genomic sequences of the human and mouse HIRA genes
determined as part of this dissertation research were studied in detail. The nucleotide
sequences were compared by the GCG Bestfit program and the Cross_match program.
The similarity between the genomic sequences in the introns of these two genes is so
low that both programs cannot find any similarity except in the coding regions. The
Dotplot comparison program of GCG package gives the comparison shown in Figure
42. From the Dotplot results, it can be seen that the similarity in genomic sequence
level between the human and mouse HIRA gene is definitely clear but very low. The
sizes of introns of the human and mouse HIRA gene are listed and compared in Table
19. Although the sizes of all introns are different, the relative distances from each exon
to neighboring exons are clearly proportional in the human and mouse HIRA gene, i.
e., larger introns in the human HIRA gene also are larger in the mouse gene and vice
versa. This result indicates that the genomic organizations of the human and the mouse
HIRA gene are similar and interestingly conserved during at least human and mouse
evolution. A graphical version of the comparison of the size and position of introns of

the human and mouse HIRA gene is given in Figure 43.
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Table 19: Size of introns of the human and mouse HIRA genes.

intron number size

human mouse
1 20662 17033
2 2122 1617
3 1208 1133
4 1303 1574
5 7699 11198
6 1044 1302
7 2277 4213
8 2127 2368
9 3545 3227
10 666 466
1t 1974 2688
12 1814 1574
13 5552 5344
14 2075 1956
15 13697 11159

Note: Only known introns are compared.
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Figure 43:  Comparison of size and position of introns of the human and mouse HIRA
genes. The green lines are the genomic sequences of the human and mouse
HIRA genes. The filled vertical arrows are exons. The numbers above the

arrows are the numbers of the exons. The sequence of the rest of the mouse
HIRA gene is not available.



The promoter regions of the human and mouse HIRA genes were compared by
Dotplot program (see Figure 44). From this initial comparison, it can be seen that
several regions 5’ to the first exon are highly similar. A more detailed comparison of
these two regions was performed by the GCG Bestfit program and the highly similar
regions are displayed in Figure 45. The 5' region of the mouse HIRA gene was
analyzed by the SIGNALSCAN program that uses the TRANSFAC database to
identify the potential transcription factor binding sites. As found above with the human
HIRA gene promoter region, the mouse HIRA gene promoter region lacks a TATA box
but does contain several GC boxes (GGGCGG). The GC boxes bind the Spl
transcription factor and have been shown to be required for interaction of transcription
factor IID (TFIID) when TATA promoters {264.266] are absent. There also are two
putative histone H4 gene-specific transcription factors present in the mouse HIRA gene
promoter region. Thus, in the highly similar promoter regions of both the human and
mouse HIRA gene, potential transcription factor binding sites can be found for the:
CAC-binding protein, H4TF-2 (histone H4 gene-specific transcription factor), LF-Al
(liver specific trans-acting factor), NF-1 (nuclear factor 1), NF-1/L (nuclear factor 1-
like), NF-E (erythroid specific nuclear factor), Pit-1 (pituitary transcription factor-1),
Spl, and SRF (serum response factor) as shown in Figure 45.
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Figure 44: Dotplot comparison of promoter regions of human
and mouse HIRA gene. Human sequence is
horizontal and mouse sequence is vertical.



Figure 45: Promoter region of the mouse HIRA gene
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agcaccetggttetgcatcgecggacgggatctcaagget ttgecagect -401

CAC-binding protein Spl NF-1
gctcacaccgacccetcatcggcgaccacatcagtggcageggagtatcee -351
NF-1/L
thEwtd * * R FF AT TR EIT et ebhw
cgtccteccoccegtgtotaccgaagaaccgaggcggeccggtecgegta -301
NF-E Spl H4TF-2
2 2223222222322 2222222222222 22223222222 22222 22222 2223
gggagcggtticccgocggggegatitagcaggtgcgegecgtgacttee -251
Spl NF-1/L Spl
222222222222 2224222222222 24 scart of e)(on 1
ggcgttgcccgggagecgecggaggagygag | cggegcaggggatgeggctg -201
tggcggeggeggeggcggccgagegcaggaggeggetgtggeggeggetg -151
ggggcacgggecggcgatggegeggeggcgetgagggcaagggtgggcgg -101
cggccggagggcgggcggegegggaggaagetgeggecageteccatggece ~-51
aggcgtgctgagggacacggetctggettcageccggecageggecgaaca -1

start of coding region
| ATGAAGCTCTTGAAGCCAACCTGGGTCAACCACAATG

Note: Position 1 is defined as starting position of coding region. Potential
transcription factor binding sites are underlined. "*" above the sequence

indicates identity to human sequence.
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Chapter IV

Conclusion

The results presented in this dissertation provide support for the notion that a
pUC plasmid-based double stranded random shotgun sequencing strategy employing
genetically engineered thermally stable Taq DNA polymerase and dye-labeled
terminator chemistry is feasible for large-scale genomic DNA sequencing. Through
continuous improvements in the overall random shotgun sequencing strategy, this
approach yields a highly accurate final sequence that could be generated in a reasonable
amount of time and with a cost within the range of 50 to 60 cents per base as targeted
by the NIH Human Genome Project. Specifically, as part of this dissertation research,
efforts to improve the methods of DNA shearing, DNA template isolation, subcloning
and sequencing were carried out. Also, by employing various different computer
assembly programs, such as XGAP, FAK2, CAPII, and Phred/Phrap, and collecting
new data until all gave identical assemblies, one gains confidence that the final sequence
assembly is accurate. Once the sequence of a region was accurately defined,
approaches that include database searches (Powerblast) and computer based exon and
feature prediction (Xgrail) programs were implemented to determine the genomic
organization, by locating the presence of known genes by their homology with the

same or similar genes already in the database, and to predict possible new genes.

When this dissertation research began, it was questionable if the random
shotgun sequencing approach was feasible to determine the sequence of large regions
of the human genome. It also was not known how many shotgun sequencing reactions
should be generated during the random phase and when one should switch to a more

directed sequencing approach to finish a large scale DNA sequencing project more



efficiently. It was however accepted that the accuracy of a determined DNA sequence
depends largely on the level of sequence redundancyi, i. e., the number of times an
individual base in the final DNA sequence has been determined, and confidence that a
sequence is accurate also is strengthened by determining the sequence of each base
from both strands, i. e., both orientations or directions. Thus, for regions where
shotgun sequencing yields only reach in one orientation, directed sequencing methods
could be used to sequence the opposite strand with a custom synthesized primer.
However, because the approach of random shotgun sequencing is sophisticated, it is
relatively easy and quick to generate a high number of random sequences once one is
trained in the techniques. Considering the expenses of large scale DNA sequencing, it
also is less expensive to generate random sequences rather than synthesize custom
primers until the redundancy reaches a level of 5 to 6 fold and the number of gaps is
small. This level has been practically determined during the course of this research to
be sufficient to maintain a highly accurate sequence because most of the gel readings,
which were collected after redundancy reaches a high level and most of the project is
defined, will fall into the already sequenced regions and will not help to cover the gaps
between the known regions and the regions with less accuracy based on probability
rules. Furthermore, some of the gaps and less accurate regions exist because they are
regions that, for either known or unknown reasons, are difficult to sequence. In this
case, directed sequencing using different approaches is the only viable choice to obtain
these sequences. Because the bottleneck of the large scale DNA sequencing is the stage
of directed sequencing, much of the work in this dissertation was concentrated on
reducing the expense and time needed to select and synthesize the oligonucleotides, that
could be used as the primers for PCR and subsequent sequencing by primer walking.
In addition, because other difficulties are encountered in the gap closure stage, this
stage is considered as the most challenging and time consuming step in large scale DNA

sequencing. Therefore a sophisticated, systematic strategy for gap closure is crucial for



economical and efficient large scale DNA sequencing. In the course of this
dissertation, a feasible and effective gap closure strategy has been developed. This
strategy entails resequencing the ends of each contig using long gels followed by
primer walking at the ends of contigs with custom primers, PCR amplification to
estimate the size of the gap, sequencing directly off the PCR product, and if necessary
nebulizing, subcloning and sequencing the shotgun cloned PCR product.

In summary, with the recently available technology and expensive and time-
consuming methods of oligonucleotide synthesis, large scale DNA sequencing can be
completed after only 5 to 6-fold redundancy, followed by custom primer synthesis and
directed sequencing to obtain the final 15% to 20%. This timely and cost effective

approach results in a final accuracy of at least 99.99%.

During this dissertation work, the above strategy was employed to sequence
four segments of human DiGeorge syndrome critical region genomic DNA covering
43,995, 211,386, 157,885, and 67,378 base pairs in contigs 1, 2, 3, and 4
respectively, and 89,500 base pairs of a mouse genomic BAC containing DNA that is
syntenic to the human HIRA gene region. These studies revealed the presence of a
clathrin heavy chain-like gene (CLTCL), a repressor of histone gene transcription
(HIRA), a ubiquitin fusion-degradation protein 1-like gene (UFDIL), a putative gene
with unknown function, and a gene homologous to the mouse T10 gene. A ribosomal
L34 pseudogene and a human Tigger 1-like transposon also were found in these
regions. These human genomic DNA segments have a gene density of slightly more
than one gene per 100 kb and approximately 32% of repeated sequences. In addition,
the mouse BAC was shown to contain 16 of the 25 exons of the mouse HIRA gene.
Functionally, all of the genes in these regions are involved in various biochemical

pathways, with the CLTCL most likely involved in endocytosis, the HIRA being a
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negative regulator of core histone gene transcription, and the UFD L probably involved
in protein degradation. A predicted putative gene distal to the UFD1L gene encodes
four putative transmembrane domains but the function of this gene is unknown, as is
that of the T10 gene. The presence of different families of interspersed repetitive
elements, such as Alu, L1, Mer, Mir, Mit, and The1b also was observed. There also
are countless simple sequence repeats (including di- or tri-oligonucleotides repeats or

other simple combinations of tandem repeats) within these regions. [283- 285}

During the course of this research, a team effort was employed to sequence the
entire 1.25 mb DiGeorge syndrome critical region. Initially, the team consisted of Dr.
Zhili Wang, Dr. Guozhong Zhang, the author, and more recently Axin Hua and
Lingzhi Chu joined the team. Drs. Nientung Ma and Steve Toth also contributed
during the early stage of this project. To date, approximately 1.25 mb of sequence
covering the entire DiGeorge syndrome critical region has been completed. There are a
total of 27 genes in this region, although two are ribosomal protein pseudogenes that
most likely are non-functional. The minimum DiGeorge syndrome region, which is
about 300 kb in size and located at the proximal end of DiGeorge syndrome region,
contains 12 genes. The gene density of this minimum region is relatively high but the
genes in the minimum region contain various numbers of exons. Among these 12
genes, CLTCL (CHC2) has 34 exons, the LAN, DGS-I, and CTP genes have 10
exons, 9 exons and 9 exons, respectively, the DGCR-5, Gscl, and DGS-D genes have
only 5, 3, and 2 exons, respectively, and the remaining 5 genes only have one exon.
In the entire DiGeorge syndrome region, there is only one single exon gene located
outside of the minimum region, and it is a putative transmembrane protein that is
deleted in Velocardiofacial syndrome, named TMVCEF. Interestingly, TMVCEF is distal
to another predicted putative transmembrane protein gene that is transcribed on the

opposite strand. In total of the 27 genes, 15 are transcribed in the direction from distal
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to proximal and 12 are transcribed from proximal to distal. A list of all the genes in this
1.3 mb region showing their transcription direction, number of exons and relevant
references, as well as a diagram showing their relative positions in this region of human

chromosome 22, are provided at the end of this chapter.

Approximately 36 kb of genomic sequences from two individuals also were
sequenced from overlapping clones. When compared, these sequences differed by
approximately 0.2%. Surprisingly, these regions of microheterogeneity between the
two individuals are not distributed evenly but are clustered into two places. One of
these two regions is within an Alu element and the other is within an L1 repeat. In the
Alu region, a total of 8 variations occur within a region of 67 bp and all 8 variations are
transitions (6 "t" <-> "c" and 2 "a" <-> "g"). In the L1 region, 8 variations occur
within a 120 bp region, but six of these 8 variations are indel (6 "a" and 1 "g"), one is

transition ("a" <-> "g") and one is transversion ("c" <-> "a").

The genomic sequences of the human and mouse HIRA genes also were
determined and compared. Although the cDNAs of these two genes are highly similar,
with an identity of 87.53%, and the similarity of the translated amino acid sequences is
even higher, with an identity of 97.60%, the similarity of the genomic sequences is
much lower. Even so, the genomic organizations of these two genes are extremely
similar and conserved since the sizes of their respective introns are similar. Thus, even
though these introns contain very little if any identical sequences, the large introns in
the mouse HIRA gene also are large in human and vice versa. This raises the
possibility of conservation of intron length and distribution in other syntenic regions of
the human and mouse genome. Thus, additional comparative sequencing studies for
other human and mouse genes would give support for the hypothesis that the size and

organization of these introns are conserved throughout evolution. This possibility



raises the question, if they are conserved, how did this conservation occur while the
sequences in these syntenic introns differ? It is hypothesized here that the intronic
regions evolved by a mechanism of random insertion over the millennium, after the
exons first were split from each other by some unknown events. as the human and
mouse genomes further evolved, the intron length of each species increased as a
function of the length of the primordial initial intron by random insertions. Thus, based
on probability, given a sufficient number of insertion events, each intron would be
expanded in proportion to its original size. The fact that noncoding region conservation
at the nucleotide level is rare, any small regions conserved in the noncoding segments
most likely were maintained by functional selection. In addition, it also is likely that the
proportional spacing of these regions is selected, since this spacing most likely is
required for proper gene expression. The similarity of promoter regions of these two
genes also is strikingly similar as both genes lack the TATA promoter element but
instead contain the typical GC rich promoters of the housekeeping gene family
members. The nucleotide sequence conservation observed in the regions adjacent to the
transcription sites indicates that proper expression of these genes most likely requires
that these sequences be conserved and that the spacing between these region may be
needed to maintain their function. In conclusion, at present, large scale sequencing of
genomic DNA is both robust and efficient, and through such studies, a greater
understanding of the function of coding and noncoding sequences of a large complex
gene region can be obtained and additional insight into previously unknown events that

occurred during evolution also can be gained.



List of Genes in the DiGeorge Syndrome Critical Region

4+ of Abb. Name Full Name Orientation # of reference

gene exons

1. DGCR-S C->T S 57

2. DGS-A DiGeorge Syndrome Gene A C->T 1 57

3. DGS-B DiGeorge Syndrome Gene B C->T 1 56

4. LAN DiGeorge Syndrome LAN Gene T ->C 10 S7. 58, S$9

S. oGS-D DiGeorge Syndrome Gene D T ->C 2 s7

6. DGS-E DiGeorge Syndrome Gene F T ->C 1 57

7. TSK-1 Threonine/Serine Kinase Gene C->T 1 57

3. DGS-H DiGeorge Syndrome Gene H T ->C 1 57

S. DGS-1 DiGeorge Syndrome Gene L T -> C 9 57

10. Gscl Goosecoid-Like Gene T->C 3 283

11. CTP Citrate Transport Protein Gene T ->C 9 57

12. CHC2 Clathrin Heavy Chain 2 Gene T ->C 34 61

13, Ribosomal Protein L34 T ->C 1 251
Pseudogene

14. HIRA/TUPLE Histone Gene Transcription T ->C 25 62, 63
Repressor Gene

15. UFD1L Ubiquitin Fusion-Degradation T ->C 12 268
Protein l-like Gene

15. Putative Transmembrane protein C->T 20 predicted
Gene

17. TMVCF Transmembrane Protein T ->C 1 284
Deleted in VCFS

18. HS5-like HS5 Like Gene C->T 6 285

19. Platelet Glycoprotein C->T s 285
1b beta Gene

20. TEXL T-box 1 Gene C->T 9 286

21. Ribosomal Protein L7A C->7T 1 287
Pseudogene

22. Glutathione Reductase-like T ->C 12 predicted
Gene

23. ccMmr Catechol O-methyl C->T 6/4 69, 70, 71
Transferase Gene

24. ARVCF Armadillo Repeat Protein Gene T ->C 16 288

25. T10 Mouse T10-like Gene C->7T 9 65

26. HE£9C T ->C i0 289

27. RanBpPl Ran-Binding Protein 1 Gene C->T 5 29Q

Note: Predicted - Gene model built based on the EST matches from Genbank, Xgrail predicted excns and

potential precmoter.
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—
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Figure 46: Human and the Syntenic Mouse Sequences in the 1.25 Mb DiGeorge
Critical Region
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