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Abstract

With successful implementation and improvement of the shotgun sequencing 

strategy, two syntenic regions between human and mouse, totaling about 0.8 Mb, have 

been sequenced. One is from the DiGeorge syndrome critical region (DGCR) from human 

chromosome 22q ll and its syntenic region from mouse chromosome 16. The other is from 

the mouse motor neuron disease critical region (mnd2) from mouse chromosome 6 and its 

syntenic region in human chromosome 2. Based on results from database similarity search 

and computational gene prediction, a total of 13 genes have been predicted in the sequenced 

regions. Specifically, four known genes, i.e. CLTCL, HIRA, Porc-Pl, and TMVCF and 

one putative gene, PutA, have been found in the human DGCR region. Another seven 

genes (four known: TIO, Htf9c, RanBPl and Dok; three putative: PutA, Gene? and Lor2) 

have been found in both human and mouse. An additional gene, semaphorin M, was 

predicted and confirmed in the mouse mnd2 region. Genomic structure, putative regulatory 

elements and possible functional imphcations of all the genes have been examined in detail.

Sequence comparison between these human and mouse syntenic regions revealed a 

high conservation in gene order, gene structure as well as coding sequences. Regulatory 

elements including promoters and polyadenylation signals had a moderate to high degree of 

sequence conservation. A low level and occasionally an absence of sequence conservation 

was observed in the syntenic intronic and intergenic regions. No significant difference in 

the evolution rate of coding sequence was found between the two syntenic regions, which 

are located in different chromosomes in both species. Varying amounts of repeat 

sequences, ranging from 22% - 60% for human and 26-47% for mouse occurred in the 

sequenced regions, with similar amounts found in the human and mouse syntenic regions.

A new gene prediction method based on human and mouse coding sequence 

conservation was designed and implemented. The parameters evaluated in the new method 

include nucleic acid and amino acid sequence level conservation, exon frame and length

xix



conservation, splicing site quality, presence of conserved CpG islands and polyadenyla­

tion signals. A program package, named Geneligner, was developed to facilitate annotation 

of genomic sequences. In addition to the comparative gene prediction, major features of 

the program package also include graphic alignment of the results of database similarity 

searches and computational gene predictions, and gene model building from those results. 

Other features of the program package include examination of GC content, CpG ilands, 

open reading frames and repeat statistics of genomic sequences.

XX



Chapter I 

Introduction

1.1 Human and mouse genome

Genetic material: Since the discovery of the double-helical structure of deoxyribo­

nucleic acid (DNA) by Watson and Crick (1953), it has been established that DNA is the 

major carrier of genetic information in most life forms. According to Watson and Crick, 

DNA is composed of two associated polynucleotide strands that wind together in an 

antiparallel, helical fashion (Figure 1.1). Four types of nucleotides form the polynucleotide 

chains in the double hehx. Each nucleotide contains a distinctive heterocyclic nitrogenous 

base, either adenine (A), guanine (G), cytosine (C) or thymine (T), joined to a deoxyribose 

phosphate. The S' end of a polynucleotide chain either has a free hydroxyl or phosphate 

group at the S' carbon of a sugar while the 3' end typically has a free hydroxyl group at the 

3' carbon of a sugar. The two antiparallel strands of a double helix are held together by 

hydrogen bonds formed by specific base pairings, A with T and G with C, between the 

two strands, and favorable stacking of the bases. Normally, the two polynucleotide strands 

form a right-handed helix with about 10 base pairs per turn, which is referred to as the B 

form of DNA. The total genetic material, i.e. DNA for most Life forms, is referred to as the 

genome of an organism.

At first glance, it is remarkable that only four types of bases code for almost all the 

information needed for complex life. However, considering the fact that a computer can 

store vast amounts of information using only two letters (0 and 1), it is obvious that if the 

string of letters is long enough, even greater amounts of information can be stored. Indeed, 

the amount of DNA (haploid genome size or C value) contained within organisms generally 

is very large, ranging from 3S Mb for Navicola pelliculosa (diatom) to 670,000 Mb for 

Amoeba dubia (amoeba) among eukaryotes (Li, 1997). The sizes of both the human and 

mouse genomes were estimated to be 3.4 billion bp (John and Miklos, 1988). The total 3.4

1
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billion bp of DNA in the human genome is separated into 23 chromosomes and 20 

chromosomes in mouse.

Genes as the primary storage o f genetic information: More than forty years of 

research has established the basic route of information flow in most organisms. 

Specifically, DNA serves as the template for its own replication and for transcription into 

ribonucleic acids (RNAs). Then, messenger RNA (mRNA, protein-coding RNA) serves as 

the template for translation into a protein. The relationship between DNA, RNA and protein 

often is termed the central dogma of molecular biology (Crick, 1958). Those DNA 

sequences which are necessary for synthesis of a functional peptide or RNA molecule are 

called genes. Eukaryotic genes have been grouped into three classes based on the use of 

three discrete transcription systems (Singer and Berg, 1991). Class I genes encode most 

ribosomal RNAs (rRNAs) and are transcribed by RNA polymerase I. Class H genes 

encode all messenger RNAs (mRNAs, those with protein as the final product) as well as 

small nuclear RNAs (snRNAs) and are transcribed by RNA polymerase II. Class HI genes 

encode transfer RNAs (tRNAs), 5S rRNAs and other small RNAs and are transcribed by 

RNA polymerase m . Since class H genes encode all the proteins necessary for proper 

function of the cell and are the most well characterized gene class, genes in the remaining 

part of this dissertation refer to only class H genes unless otherwise specified.

The structure of a typical eukaryotic gene is shown in Figure 1.2. In eukaryotic 

organisms, including human and mouse, genes generally are composed of exons (coding 

for mature mRNA) that are separated by introns (non-coding regions transcribed into 

heterogeneous nuclear RNA or hnRNA but not present in mature mRNA). The length of 

exons varies between several to thousands of bp, averaging about 130 bp based upon 

examination of 4731 human exons (Zhang, 1998). The number of exons per gene also 

varies, from single exon genes to genes containing more than 70 exons, such as the human 

dystrophin gene which contains 79 exons spanning more than 2.5 Mb of the genome 

(Matsuo, 1995). While a typical exon averages 130 bp in length, introns generally are
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Figure 1.2 Diagram showing typical structure of an eukaryotic protein coding gene and its expression



much larger in length, frequently several thousand base pairs or even larger. Most introns 

are bounded by the consensus splice site sequence AG/GT at their 3' and 5' ends 

respectively. The expression of a gene often is regulated at both the transcription and 

translation levels. The major functional elements in a DNA sequence which control the 

transcription process are the promoters which regulate the initiation and the polyadenylation 

signals which likely regulate transcription termination. A promoter generally spans a region 

of more than 200 bp (Lewin, 1997) upstream from the transcription start site. Within a 

promoter, varying numbers of short sequence elements form transcription factor binding 

sites. One of the well studied transcription factor binding sites found in many genes is the 

TATA box which is located at about 30 bp upstream from the transcription start site and has 

a consensus sequence of TATAAAA (Grosschedl and Bimstiel, 1980; Lewin, 1997). The 

TATA box, which is the binding site for TATA-binding protein (TBP), is important in 

determining the start point of transcription. Other well studied sequence elements include 

the CCAAT box (consensus GGCCAATCT) and the GC box (GGGCGG). The CCAAT 

box, often located at about 60 to 100 bp upstream of the transcription start site, is the 

binding site of a number of transcription factors, including c/EBP (CCAAT/enhancer 

binding protein) (Osada et al., 1996b), CTF/NF-I (CCAAT transcription factor) (Osada et 

al., 1996a), CDP (CCAAT displacement protein) (Barberis et al., 1987) and NF-Y (nuclear 

factor Y) (Dom et al., 1987). The GC box is the binding site for transcription factor SPl 

and multiple GC boxes may present in a promoter (Toyoda et al., 1995). Both CCAAT box 

and GC box are functional in either orientation within a promoter and transcription 

activation is achieved through the binding of transcription factors. Although early studies 

show that most promoters contain a functional TATA box, it has been found in recent years 

that many genes lack a TATA box. Instead, sequence elements termed initiators (tir) may 

be important in those TATA-less promoters and it has been suggested that the two types of 

promoters (TATA-containing and TATA-less) may be functionally and mechanistically 

different (Smale, 1997).



Different methods have been used to predict the total number of genes in the human 

genome and the estimated numbers range from 20,000 to 300,000 (Fields et al., 1994). 

The lower end of 20,000 genes was based on the assumption that about 12% of the human 

genome may be transcribed and genes may have an average size of 18 kb (Wagner et al., 

1993). Since more than 50% of the genome sequence may be transcribed at least for the 

regions sequenced in this dissertation research (Table 6.1), this method seems to have 

underestimated the total number of genes. The higher end of 300,000 genes was obtained 

by assuming an average genomic size of 10 kb per gene and this number likely is an 

overestimate since at least in the DiGeorge syndrome critical region (about 1.25 Mb), only 

about 30 genes are found, which corresponds to about 42 kb per gene. Recently, an 

estimation based on EST data predicted that the human genome may contain 60,000-70,000 

genes, which is similar to those based on the estimated numbers of CpG islands (67,000 

genes) and calculated from the average gene density in the genomic regions already 

sequenced (71,000 genes) (Fields, 1994).

Human and mouse genomes rich in repetitive elements. In addition to genes, it is 

known that the human and mouse genomes contain large amounts of repetitive sequences. 

In humans, it is estimated that about 35% of the genome consists of interspersed repetitive 

sequences which primarily are degenerate copies of transposable elements (Smit, 1996). 

Two major classes of interspersed repeats in mammalian genomes are SINEs (Short 

INterspersed Element) and LINEs (Long INterspersed Element). The human genome 

contains two predominant families of interspersed repeats, i.e. the Alu family and the LI 

family. Alu repeats, a family of SINEs, typically are about 300 bp in length and are 

composed of two head-to-tail repeats of a sequence which shares significant homology to 

5' and 3' portions of 7SL RNA (Quentin, 1992). The other predominant repeat family in 

the human genome, as well as other mammalian genomes, is the LI repeat family (a family 

of LINEs) and members from this family vary in length, from 1.5-6 kb (Adams et al., 

1980). Other less frequently encountered interspersed repeats include the MIR



(Mammalian-wide Interspersed Repeat), the MER (Medium Reiteration frequency Repeat) 

and the LTR (Long Terminal Repeat). Compared to human, a different set of SINEs are 

present in mice. The two major family of SINEs in the mouse genome are the B1 and B2 

families. B1 is thought to be the Alu-equivalent in rodents (Maraia, 1991). It is composed 

of -140 bp of consensus sequence followed by a short A-rich region, sharing -78% 

sequence homology with both 7SL RNA and Alu repeats (Maraia, 1991). In contrast, the 

B2 family of repeats, which is specific to the rodent species, is abundant in the mouse 

genome (Kass et al., 1997). It is estimated that about 800,000 copies of B2 repeats are 

present in the mouse genome (Kass et al., 1997). The consensus sequence of mouse B2 

repeats is about 180 bp in length and shares significant homology with serine tRNA genes 

(Daniels and Deininger, 1985). Another less abundant SINE is the rodent identifier (ID) 

which also is thought to be derived from tRNA genes (Daniels and Deinger, 1985).

Striking similarities exist between human and mouse genomes: It is estimated that 

the human and the mouse diverged about 80 million years ago (Li, 1997), which is 

relatively short compared to a life history of billions of years. Given this short time span, 

human and mouse genomes are expected to be conserved at least in some aspects. 

However, the exact extent of this conservation was not known until recent years. 

Numerous studies now have shown that the coding regions of genes generally are well 

conserved between human and mouse (e.g. Whitehead and Sackstein, 1985). Comparison 

of over one thousand human and mouse cDNA sequences revealed an average of 85% 

identity of coding sequences (Makalowski et al., 1996). In addition to the conservation of 

individual genes, organization of genes often is conserved between human and mouse. For 

example, Oakey et al. (1992) constructed physical maps for a syntenic region of human and 

mouse chromosomes 1 which spans 11 and 13 Mb, respectively, and showed that the 14 

genes in the mapped regions are at least 90% identical in human and mouse, based on gene 

content, order and spacing. To date, about 200 linkage groups have been found to be 

conserved in human and mouse (DeBry and Seldin, 1996). A limited number of large scale



sequencing experiments (see Section 4.1) have confirmed the high level of conservation in 

gene organization. Recent comparative mapping experiments also have demonstrated 

extensive similarity between human and mouse genomes (Figure 1.3; reviewed in Carver et 

al., 1997). Nevertheless, the mapping experiments also revealed significant differences 

between human and mouse genomes. Many syntenic regions are interrupted by insertions, 

deletions, transpositions, inversions and other types of rearrangement (Carver et al., 

1997). Given the similarities and differences between the human and mouse genome, 

sequencing these two genomes are expected to provide evolutionary and functional 

information for both human and mouse sequences.

Although much has been learned about the human and other genomes in recent 

years, many unanswered questions still remain. First, a few thousand human genes have 

been characterized to date. What are the other genes and their functions? Second, how are 

the genes and other sequence segments organized into a functional genome? Third, as many 

human diseases are associated with alterations in genetic material, which specific genes 

cause which diseases? A full understanding of all aspects of the human genome is needed 

to understand the practical as well as theoretical aspects of genome structure and function. 

Therefore, the human genome project (with this dissertation being part of this project) 

should help to answer these questions.

1.2 DiGeorge Syndrome

DiGeorge syndrome (DGS), first described by DiGeorge in 1965 (Cooper et al., 

1965), is a congenital disorder characterized by two or more of the following symptoms 

(Conley et al., 1979): (1) complete or partial absence of the thymus or cellular inunune 

deficiency or both, (2) symptomatic hypocalcaemia or parathyroid hypoplasia or both, or 

(3) congenital heart disease. It is estimated that the syndrome occurs in one in every 4000 

new births. Patients with DGS often die within 3 month of life, primarily due to congenital 

heart disease or chronic infection. The symptoms for DGS overlap with those of velo-
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ÎI3Â I
Bcg*
Sfi*

5CA7

«0 opt

AIM Ay

!iea «)»

eve. Cl
WHCR 
HO*

BCW»’

CHROMOSOME*

USAI

ROS'

T ÏS

rl& C

■ 40

i  "
I b l :
1  0O*
1  Htr

.J H

CHROMOSOMES 

1«

CHROMOSOME 6

8
SCZDl

LOUOt
CD0G1

5 lOAdy

MB RCUt

= 158

CHROMOSOME 7

cna
Acsa*

EEC|^

ZV»8l|

S H W l

RPIO

nui'
HPU"
TPTI

: «BtM'

; M  ir
h « *

II"
: <$' 
>

■ *sr

CHROMOSOME 13 CHROMOSOME 14 CHROMOSOME 15 CHROMOSOME 16

WNfil'
BHCM 'IIUBSI

lESO

D A S 1 Q 0 1WBD'
•H E  Ht

s p a ) A (

HPE4

G C M 'JU D ’
CTMI

•A t r
SHi'lAl

| | 4 8  

« 12C

» I2C

• 1 7 0  
: o r

IIE

IJF
m t

COMO

%

1B S(

B S S ll

«cA-ini*' »•

I  »D

CHROMOSOME 17 

uosir

0 O J A -

Figure 1.3 A comparative map of the human genome and the homologous mouse regions



CHROMOSOME« CHROMOSOME 9 CHROMOSOME 10 CHROMOSOME 11 CHROMOSOME 12

EP«#m

CSHI

LOCH
THPSI . EB51 

IVMOl

1 It IOC

b 1^
■ 1 4 0
.aa

CHH 1
n  * *  no- MROSM

m
Î 4 A AUCD1

4A
f  SA FBDA-
*

* ISO 

* 4 A
F n t

* 1 W
FC14D

AFONl

; 1 S 0
KPS1 1 

0YT1

CHROMOSOME 18 

HPE4

WO

17E

1» IfO

:j||
I*

110

IE

]t lie

CHROMOSOME 19

IOCÎ O'E
EAMWP' 

P S A W  I I

MPHSIOFNAll
r l ,

DPI I I

f i “'
7 0

7A

TC

1̂7

BWS

USH1C

WTI'.AKM

i 7E lia

ACES

WPtACWW

S ' or mi- 

!oo

uoon-
MSI

PlWj
SCA3'

CHROMOSOME 20 

| k)
ACS-

3Hun-

JS jII  ; - ,» r  
bp '

■ 211

CHROMOSOME 21

] | I O C  
I IOC

I  IOC

APECEO

j i s r  

1100 

1*100 
!
•1 0 0

mo-
P9'

sr

CHROMOSOME 22

CTHM I
DOCH

CHROMOSOME X

BHD-

WAS-1

xc m it 
XA

I Î  X ''jl XE

xc

EJtD-

XD

XE

XE

XA

Ms-

HEUA- O l

Figure 1.3 continued.



Figure 1.3 (continued) An ideogram of the human karyotype is shown, with murine 

homology region indicated to the right of each map. Solid homology regions are indicated 

by solid bars. Hatched bars denote regions to which fewer makers have been mapped and 

for which human and/or mouse map assignments have been established with less accuracy. 

Asterisks (*) indicate the approximate positions of single markers that have been mapped to 

both species. Each murine homology region is color-coded to correspond to specific mouse 

chromosomes. The cytogenetic positions determined for several human diseases, 

represented by locus symbols, are indicated to the left of each human map. A selection of 

locus symbols corresponding to mouse mutations that are known to map within a particular 

homology region are included at far right of the map in italics. An asterisk denotes the 

human gene or mouse mutant has been cloned; underlining indicates that human diseases 

and murine model, aligned in parallel positions on the map, are known to be associated 

with orthologous genes. (Adapted from Carver and Stubbs, 1997).
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cardiofacial syndrome (VCFS) whose major features include cleft palate, cardiac 

anomalies, typical facies and learning disabilities (Shprintzen et al., 1981). The VCFS also 

is associated with microdeletions of chromosome 2 2 q ll (Scambler et al., 1992; KeUy et 

al., 1993), as with the DGS which will be discussed later in this introduction. Due to the 

association of these disorders with human chromosome 22 deletions, these disorders have 

been given the acronym CATCH 22 (Cardiac defect. Abnormal faces. Thymic hypoplasia. 

Cleft palate, Hypocalcaemia and 22qll deletions) (Glover, 1995). During the past thirty 

years, significant progress has been made toward a full understanding of the etiology, 

cytogenetics and molecular genetics of this disorder.

DiGeorge syndrome is associated with an abnormality in human chromosome 22: 

The association of DGS with human chromosome 22 started in 1981 when Chapelle et al. 

(1981) reported that four infants in a Finnish family displaying features of DGS had an 

unbalanced autosomal translocation involving chromosomes 20 and 22. Since this 

translocation resulted in the loss of proximal 22q and a derivative of chromosome 20, the 

disruption of an unknown gene in chromosome 22 was suggested to be the cause of DGS. 

Kelley et al. (1982) then reported three additional cases of unbalanced translocations, 

involving chromosome 22 and one of three other chromosomes 3, 10 or 20. Subsequent 

studies revealed additional DGS cases and all were associated with chromosome 22 

abnormalities (e.g. Mascarelllo et al., 1989; Greenberg et al., 1984,1988). However, there 

also were several cases of DGS which did not have a translocation on chromosome 22 but 

rather had a monosomy of 10pl3 (Greenberg et al., 1988), or deletion in chromosome 17 

(Takahashi et al., 1992). Although there are DGS patients without any apparent visually 

detectable chromosome abnormalities (Greenberg., 1993), many of these patients have an 

interstitial deletion in chromosome 22qll.

Most DGS patients have a deletion in chromosome 22ql 1. In their study of 27 

DGS cases, Greenberg et al.(1984) noticed that based on cytogenetics, one case showed an 

interstitial deletion of 22q ll. This study then was followed by several reports (e.g.

13



Scambler et al., 1991; Driscoll et al., 1992) showing that the vast majority of DGS cases 

contained deletions within chromosome 22q ll. Using dosage analysis and FISH, Carey et 

al. (1992) reported the detection of deletions in 22ql 1 in 33 of 35 DGS cases. Using RFLP 

and/or dosage analysis, Driscoll et al. (1992) reported that a deletion in 22qll was detected 

in all 14 probands studied. This study also delineated a common deleted region of 

approximately 1.5 Mb between markers D22S36 and BCRL2 as the DiGeorge Syndrome 

Critical Region (DGCR). Later, Driscoll et al. (1993) reported studies on another 76 

DGS/VCFS patients and found that 83% had deletions in the DGCR region. These and 

other reports strongly suggested that one or more genes in the DGCR region was 

responsible for most, if not aU, cases of DiGeorge syndrome. Thus, one objective of this 

dissertation research was to locate known genes and predict putative genes in the DGCR 

region through large scale genomic sequencing.

The gene(s) responsible for DGS remains to be determined. Determination of the 

gene(s) responsible for DGS is hindered because there is no obvious correlation between 

the extent of 22qll deletion and the severity of the disease (Glover, 1995), suggesting that 

more than one gene may be involved in the syndrome. Although more than a dozen genes 

already have been mapped to the region as a result of transcript mapping (e.g. Gong et al., 

1996) and sequencing studies by members at this lab, intensive efforts now are underway 

to evaluate the association of these genes with DGS. At this stage, several genes have been 

proposed to be candidates for DGS, including the BORA gene (Halford S. et al., 1993), the 

CLTCL gene (Holmes et al., 1997) and the GSCL gene (Gottlieb et al., 1997). To evaluate 

these candidates, a suitable model system will be needed to determine the exact cause of 

DGS, as well as for future therapeutic research. Since the mouse often has been used as a 

model organism in investigating many human diseases, another objective of this 

dissertation research was to compare a portion of the DGCR region with its syntenic 

region(s) in mouse through large scale genomic sequencing. Such a comparison should 

provide new information about similarities and differences in these syntenic genomic
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regions and knowledge of the mouse sequence will aid in the production of transgenic 

mice.

1.3 Motor neuron disease

Motor neuron disease (MND) is a fatal neurological disorder characterized by 

degeneration of spinal and bulbar motor neurons (Jones et al., 1993). It is estimated that 

one in 20,000 people is affected by the disease and about 10% of all cases have a family 

history (Brady, 1995). Although the most common form of the disorder, amyotrophic 

lateral sclerosis (ALS), has been known for over 150 years (Bradley, 1995), its cause is 

unknown and no cure is available. In the past several years, significant progress has been 

made in locating the genes responsible for inherited human MND. Since more than 70 

types of the disease have been observed, considerable genetic heterogeneity may exist 

(Brady, 1995). For example, genes responsible for ALS have been mapped to regions in 

chromosome 21q22 (Siddique et al., 1991) and 2q2-q35 (Hentati et al., 1992). Genomic 

regions in chromosome 5ql3 also may contain genes responsible for another type of MND, 

spinal motor atrophy (SMA) (Brzustowicz et al., 1990). Collaborators at University of 

Michigan have developed a mouse model (mnd2) which shows rapidly progressive 

paralysis, severe muscle wasting and other symptoms of MND (Jones et al., 1993). 

Recently, this group mapped the mnd2 mutation to the central region of mouse 

chromosome 6 and the clones covering this region were supplied to this laboratory. As part 

of the efforts to identify the genes responsible for the mnd2 mutation, one objective of this 

dissertation research was to perform large scale genomic sequencing and gene prediction in 

two BAG clones which harbor inserts from the mouse mnd2 mutation region (b245cl2) 

and its syntenic region in human chromosome 2 (hl73).

1.4 Large scale genomic sequencing
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Basic methods: Two basic methods, the Maxam and Gilbert method (Maxam and 

Gilbert, 1977) and the Sanger method (Sanger et al., 1977), have been developed to 

determine the sequence of DNA. In the Maxam and Gilbert method, the DNA sample is 

divided into four aliquots and then four different chemical reactions are performed to cleave 

the DNA only at a particular base (A, G, C or T) or base type (A and G, or C and T). With 

careful control of the reactions, all possible fragment lengths are generated by the four 

reactions. Since each fragment has a known base or combination of bases at its end and the 

5' end of the original DNA sample is radiolabeled, the sequence of the original DNA 

sample can be deduced after electrophoresis and subsequent autoradiography.

The Sanger DNA sequencing method (also called dideoxy sequencing), takes 

advantage of the enzymatic activity of DNA polymerases. Instead of generating DNA 

fragments by chemical methods as in the Maxam and Gilbert method, DNA fragments are 

synthesized by DNA polymerase. Again, four separate reactions are performed, each 

containing aU four deoxynucleotides, the building blocks of a DNA molecule, and one of 

four dideoxynucleotide analogs, 2', 3'-dideoxynucleotides (ddNTPs, terminators). Since 

DNA polymerase can not add nucleotides to a polynucleotide DNA if the 3' hydroxyl group 

is missing, chain elongation is terminated when the added terminator (ddNTP) is esterified 

to the 3' end. Thus, when a small amount of terminator, say ddATP, is added to a reaction, 

the product will be a mixture of DNA molecules of different length all terminating at 

ddATP. When four reactions, one with each of the four different dideoxynucleotide 

terminators, are performed and the products are electrophoresed in four parallel lanes, the 

nucleotide sequence of the original DNA molecule can be deduced. The Sanger method has 

been widely used in large scale genomic sequencing and is used in this dissertation 

research.

Recent improvements to the dideoxy method: Several modifications have been made 

to the original Sanger method to improve both the efficiency and accuracy of DNA 

sequencing. Modifications in three areas are especially important. First, the original
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radiolabelling of primers or the extension products was replaced by fluorescent labeled 

primers (Smith, 1986) and then by fluorescent labeled terminators (Prober, 1987). These 

improvements not only eliminated the possible dangers associated with radioactivity but 

also made it possible to perform four reactions in one tube. Second, linear constant 

temperature sequencing was replaced by cycle sequencing (Carothers et al, 1989; Smith et 

al., 1990). In cycle sequencing (Figure 1.4), sequencing reactions are thermally cycled, 

with each cycle involving a different temperature, one for each dénaturation, primer 

annealing and chain elongation step. Cycle sequencing has the advantage over constant 

temperature sequencing in that the amount of DNA template required is significantly less 

and that more product per mole of template can be produced and thus more signal can be 

obtained. Third, new enzymes have been developed to replace the Klenow firagment of E. 

coli DNA polymerase I used in the original Sanger method. For example, Tabor and 

Richardson (1989) introduced the modified bacteriophage T7 DNA polymerase, which has 

an increased polymerase activity and higher efficiency in incorporating ddNTPs than other 

DNA polymerases. Innis et al. (1988) then introduced the Taq (Thermus aquaticus) DNA 

polymerase, which is active over a broad range of temperatures with an optimum reaction 

temperature of 72°C and is thus suitable for being used in cycle sequencing. However, the 

wild-type Taq DNA polymerase has a high discrimination against incorporating ddNTPs 

and thus requires a higher concentration of dideoxy terminators. Tabor and Richardon 

(1995) then replaced the phenylalanine residue at position 667 of wide-type Taq 

polymerase with a tyrosine (Taq F667Y), causing the polymerase to incorporate ddNTPs 

much more efficiently. New enzymes carrying the F667Y and other mutations, such as 

KlenTaquenase TR and Taq-FS, now have been developed and are widely used in large 

scale sequencing. Although several automated DNA sequencing instruments have been 

developed, the ABI automated sequencers (Perkin Elmer) were used in this dissertation 

research. During the past few years, these instruments have been upgraded from the 

original ABI Model 370A to the Model 373 when this research begun, and recently to the
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Model 377 (Perkin Elmer, 1995). The ABI sequencers consist of three major components, 

an electrophoresis apparatus, a fluorescent signal detection unit and a computer. The major 

differences between the Models 377 and 373 include: (I) A photomultiplier tube in Model 

373 is replaced by a charge coupled device (CCD) camera in Model 377 to detect light 

emitted from laser-excited fluorescent dyes, leading to higher sensitivity of the detection 

system; (2) In addition to the built-in heat-transfer plate located in the back of a mounted gel 

plate in Model 373, another heat-transfer plate is added to the front of the gel plate in the 

Model 377. With this more efficient temperature control, the electrophoresis can be 

performed at higher voltage in Model 377 as compared to that in Model 373 and (3) Longer 

and thinner gels are used in Model 377 (48 cm long and 0.2 mm thick) as compared to 

those in Model 373 (36 cm long and 0.4 mm thick). Also, the transition from the Model 

373 to Model 377 was accompanied by a 2-fold increased speed of the detector's left to 

right movement and a 2-fold more focused lens on the detector which facilitate increased 

pixel resolution and allow an increase in the number of lanes per gel from 36 to 48 and now 

64. Finally, a 25% increase in base resolution was obtained by lowering the collection read 

position and using longer gel plates. These changes increased the well-to-read length from 

36 cm on the Model 373 to 48 cm on the model 377 and resulted in increasing of the read 

length per sample from approximately 400 bases to over 550 bases per run.

Sequencing large DNA molecules: Using the method described above, about 500- 

600 bp sequence per sequencing reaction can be obtained. How can we sequence a large 

insert of, say, 100 kb? One immediate answer might be "repeat the reaction". Indeed, this 

is one strategy to sequencing large DNA molecules, that has been implemented by direct 

sequencing with custom synthesized primers. This approach is not widely used because 

the cost of primers is prohibitive. However, this approach, which requires synthesis of a 

new primer from the end of the previous read and used in the next round of dideoxy 

sequencing, is useful for primer walking of small, 1-2 kb regions. But, to sequence a large 

insert, we would need many rounds of reaction-primer synthesis-reaction. To avoid this
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problem, a second strategy, namely the random shotgun sequencing strategy, is widely 

used to collect the initial sequencing data for large genomic inserts which then can be 

completed by primer walking. With this strategy, a large DNA molecule firstly is broken 

into short firagments of about 2 kb by physical shearing. These fragments then are cloned 

into plasmid-based sequencing vectors. Since the sequence of the plasmid used in the 

cloning is known, universal primers can be made firom the vector sequence near the cloning 

site and these primers can be used to sequence the ends of the cloned DNA firagments. 

After the end sequences for the fragments are obtained, computer programs assemble the 

individual sequences into a large sequence representing the sequence of the original insert. 

One drawback of the random shotgun strategy is that much more sequence data must be 

collected to insure an accurate assembly of the relatively short sequences into the original 

sequence based on sequence overlap. However, since the redundancy ensures the higher 

overall accuracy of the obtained final sequence, the higher overall efficiency of the random 

shotgun strategy made it the major method by which the vast majority of data in this 

dissertation research was collected prior to sequencing via custom synthesized primers for 

direct closure of any sequence gaps.
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Chapter II 

Material and Methods

2.1 Overall sequencing strategy

The shotgun sequencing approach used in this dissertation research entailed seven 

major steps. (1) A large scale DNA preparation (typically 0.5-1.0 mg, depending on size of 

insert) was performed for each clone harboring the DNA insert of interest; (2) A portion of 

the large scale DNA preparation was physically sheared into fragments of 1.5-3 kb through 

nebulization. The fragments then were size-selected with low-melting agarose gel 

electrophoresis and end-repaired; (3) The DNA fragments were ligated into pUC18 vectors 

and transformation then was performed with E. coli XLl-Blue as the host strain; (4) Mini- 

prep isolations were performed to obtain subcloned DNA; (5) Cycle sequencing reactions 

were performed and sequences of the DNA subclones were determined with automated 

sequencer ABI 373 or 377; (6) These sequences were assembled into large contigs with 

assembly program XGAP or PhredPhrap. (7) When sequence gaps existed, directed 

sequencing with custom synthesized primers was used the majority of the times to close 

those gaps. The overall strategy is diagrammed in Figure 2.1 and detailed in the following 

sections.

2.2 Large scale DNA isolation

A modified procedure (Roe, 1995) which was based on the alkaline lysis method 

(Bimboim and Doly, 1979) was used as the basic method for the large scale isolation.

In the first step, a colony of E. coli which harbored the target DNA of interest was 

transferred into a 12X75 mm Falcon tube containing 3 ml of LB medium supplemented 

with appropriate antibiotics. After incubation at 37°C for 8-10 hours with shaking at 250 

rpm, the culture was transferred to a 250 ml Erlenmeyer flask containing 50 ml of same 

medium and incubated for another 8-10 hours as before. The culture then was divided into
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Figure 2.1 Diagram showing the overall large scale sequencing strategy
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two 2 liter flasks, each of which contained one liter of the same media, and further 

incubated for another 8-10 hours. Cells were harvested by centrifugation at 7000 rpm for 

20 minutes into 500 ml centrifuge bottles in a RC5-B centrifuge. The cells then were stored 

at -70°C at this point.

The insert DNA in the cultured cells was isolated by alkaline lysis followed by 

salting out high molecular weight genomic DNA and proteins followed by ethanol 

precipitation. Specifically, the cells were gently resuspended in 70 ml of GET/Lysozyme 

solution. After the cells were incubated at room temperature for 10 minutes, 140 ml of 

alkaline lysis solution was added. The solution then was gently mixed and incubated for 5 

minutes in an ice-water bath. E.coli genomic DNA and proteins were precipitated by adding 

105 ml of 3M of NaOAc or KO Ac, followed by gentle mixing and incubation in an ice- 

water bath for 30-60 minutes. The lysate was cleared of insoluble SDS, proteins, 

membranes and E.coli genomic DNA by pouring the lysate through a double-layer of 

cheesecloth. Further clearing of the supernatant was performed by centrifugation in a 250 

ml centrifuge bottle at 10,000 rpm for 30 minutes at 4°C using the RC5-B centrifuge. This 

last step was repeated until the supernatant did not form a significant amount of residue 

after centrifugation.

The supernatant, which contained the desired DNA insert, was further purified by 

several additional steps. First, the clear supernatant obtained in the previous step was 

transferred into a 500 ml bottle and DNase-free RNase A and RNase T1 were added, with 

the final concentration of RNase A and RNase T1 being 40 ug/ml and 40 U/ml, 

respectively. The solution then was incubated in a 37°C water bath for 30 minutes. After 

incubation, an equal volume of isopropanol was added. After mixing, the solution was 

incubated at room temperature for 5 minutes followed by centrifugation at 9000 rpm for 30 

minutes in the RC5-B centrifuge. The supernatant was decanted and the DNA pellet 

drained. To perform purification using diatomaceous earth, the pellet was resuspended in 

20 ml 10:1 TE buffer followed by addition of 40 ml of de-fined diatomaceous earth in
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guanidine-HCl (100 mg/ml). The mixture then was incubated at room temperature for 5 

minutes with occasional mixing. The diatomaceous earth with bound DNA was obtained by 

centrifugation at 9,000 rpm for 10 minutes in the RC5-B centrifuge and removal of the 

supernatant. The pellet then was resuspended in 40 ml of diatomaceous earth-wash buffer 

and centrifugation was performed as above. After dried in a vacuum oven, the pellet was 

resuspended in 20 ml of 10:1 TE buffer and bound DNA was eluted by incubation at 65°C 

for 10 minutes with intermittent mixing. The diatomaceous earth was removed by 

centrifugation at 9,000 rpm for 10 minutes in the RC5-B centrifuge. The DNA in the 

supernatant then was precipitated in 35 ml Corex glass tubes by addition of 2.5 volumes of 

cold 95% ethanol/acetate. After dried in a vacuum oven, the pellet was resuspended in 2 ml 

of 10:0.1 TE buffer and DNA concentration determined by absorbance readings at 260 run 

or by agarose gel electrophoresis.

One important parameter in evaluating the quahty of a large scale preparation for 

shotgun cloning is the extent of contamination by E.coli genomic DNA. Since different 

researchers or even the same researcher often observes significantly different amounts of 

contamination in different preparations, an attempt to determine the most critical step(s) in 

this isolation procedure that results in E.coli DNA contamination was performed. Since 

DNA purification using diatomaceous earth was thought to lower the extent of E.coli 

contamination, different concentrations of diatomaceous earth (50 mg/ml, 100 mg/ml, 200 

mg/ml ) was used in the large scale isolation of cosmid 83e8, with all the other steps being 

the same as described above. After shotgun sequencing of each of the three preparations, it 

was found that all three preparations had E. coli contamination ranging from 5 to 10%, 

suggesting that the diatomaceous earth at the three different concentrations was equally 

effective or, alternatively, had no effect in lowering the E. coli contamination. During large 

scale isolation of the next project, p201ml8, the extent of E. coli contamination for 

preparations with and without the diatomaceous earth wash step was compared and it was 

found that the E. coli contamination for both preparations was about the same (12% vs.
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11%). These results indicate that the diatomaceous earth wash step had little or no effect in 

the further purification of large scale DNA preparations in terms of the extent of E. coli 

contamination and thus, this step was eliminated from subsequent large scale isolations 

performed during this dissertation research. This modification significantly reduced the 

time and cost needed for the preparation of large scale DNA. During the large scale DNA 

isolation of p201ml8, incubation at the alkaline lysis step also was performed for different 

time lengths (5 min, 10 min, 15 min) and the results indicate that prolonged incubation may 

result in a higher extent of E. coli contamination (11% for 5 min, 12% for 10 min and 23% 

for 15 min). Other large scale DNA isolations performed in this dissertation research used 

an incubation time of 2-5 min in the alkaline lysis step and the extent of E. coli 

contamination was generally found to be about 5%.

2.3 Physical shearing, end repair and size fractionation

Physical shearing of large DNA molecules into fragments of 1.5-3 kb was 

performed by using a device called a nebulizer. With a solution containing approximately 

50 ug of DNA, 200 p.1 of lOX TM buffer and 0.5-1 ml of sterile glycerol added to the 

bottom of a nebulizer, sterile ddH20 was added to a final volume of 2 ml. Nubulization 

was performed in an ice-water bath for 2.5 minutes with nitrogen pressure at 8-12 psi, 

depending on the size of the original DNA molecules and the desired size range of DNA 

fragments. The nebulized sample then was collected by briefly centrifuging the nebulizer at 

1500 rpm in a table top centrifuge. The DNA sample then was ethanol precipitated, vacuum 

dried, and resuspended in a total of 27 pi of IX TM buffer. Care was taken not to overdry 

the sample otherwise difficulty may be encountered in later subcloning steps.

Since the nebulization step generates single-stranded ends, these ends were repaired 

by DNA polymerase. Specifically, a solution containing 27 pi of the nebulized DNA 

solution, 5 pi of lOX kinase buffer, 5 pi of 10 mM rATP, 7 pi of 0.25 mM dNTPs, 3 

units of T4 polynucleotide kinase and 10 units of Klenow DNA polymerase was prepared

25



and incubated at 37°C for 30 minutes. This reaction also ensured that the 5' ends of DNA 

fragments were phosphorylated.

The reaction mixture from the last step, with 6 p,I of agarose loading buffer added, 

was loaded into a 0.7% low melting temperature agarose gel. Size markers of Hind in ­

digested ÀDNA and Hae Ill-digested (f)X174 DNA were loaded in parallel with the sample 

lanes. Electrophoresis was performed for 30-60 minutes at 100-120 mA. After 

electrophoresis, DNA fragments with sizes in the range 1 .5 -3  kb were excised from the 

gel into a microcentrifuge tube with the aid of a long wave length UV light in a dark room. 

After being frozen at -70°C for at least 15 minutes, the gel slice was melted by incubation in 

an Eppendorf tube at 65°C for about 10 minutes. An equal volume of TE-saturated phenol 

then was added to the tube and the tube was vortexed for 5 minutes. After the tube was 

centrifuged at 12,000 rpm for 5 minutes at room temperature in a microcentrifuge to 

separate the aqueous and organic phases, the upper aqueous phase was transferred into a 

clean tube. The sample then was further extracted with half volume of the phenol and half 

volume of chloroform. A final round of extraction was performed using an equal volume of 

chloroform or ether. The purified sample then was ethanol precipitated, and rinsed with 

75% of ethanol. After dried, the pellet was resuspended in 20 fxl of 10:0.1 TE buffer and 

the sample was ready for ligation.

2.4 Shotgun library construction

Library construction involves two steps: ligation and transformation. The ligation 

step was performed in a solution containing 100-1000 ng of DNA fragments, 20 ng of 

Smal-hneaiized and calf intestinal alkaline phosphatase-dephosphorylated pUClS vector, 1 

pi of lOX ligation buffer and 1 pi of T4 DNA ligase, with sterile ddH20 added to a total 

volume of 10 pi. The reaction mixture then was incubated at 4°C overnight. To obtain 

optimal results, several different ligations generally were performed, each with a different 

amount of DNA fragments. A parallel reaction with Alul-digested cosmid DNA also was
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performed in parallel as the positive control while a negative control ligation was performed 

in the absence of insert DNA fragments to test for any possible vector self ligation.

Before the transformation experiment was performed, competent cells, cells which 

have the increased ability to take up foreign DNA, were prepared. Two methods of 

preparing competent cells were used during this dissertation research. The CaCl2-based 

method was used to prepare competent cells for transformation by heat shock. The other 

method was used to prepare competent cells for electroporation.

With the first method, a frozen glycerol stock of E. coli strain X Ll Blue was 

thawed and transferred to a flask containing 50 ml of pre-warmed 2xTY media. After 

incubation for 1 hour without shaking in a 37°C water bath, the culture was further 

incubated for 2-3 hours at 37°C with shaking at 250 rpm. The culture then was transferred 

into a 50 ml polypropylene centrifuge tube, and the cells recovered by centrifugation at 

3000 rpm for 8 minutes at 4°C in a GPR centrifuge. The cells then were resuspended in 20 

ml of cold, sterile 50 mM calcium chloride and incubated in an ice-water bath for 20 

minutes. The cells then were collected again by centrifugation as above and resuspended in 

4 ml of the same calcium chloride solution. The final solution contained competent cells 

ready for transformation.

The competent cells used for electroporation were prepared by spreading glycerol 

stock of XLl Blue MRF' cells on a LB plate (supplemented with 20 ug/ml of tetracycline) 

in the first step. After the plate was incubated at 37°C overnight, colonies from the plate 

were used to inoculate 3 ml of YENB broth supplemented with 12.5 ug/ml of tetracycline. 

After the culture was incubated overnight, 5-10 p.1 of the culture was inoculated into 1 liter 

of fresh YENB medium. The culture then was incubated with shaking at 250 rpm until the 

Agoo for the culture was about 0.5. Cells were harvested in four 500 ml centrifuge bottles 

by centrifugation at 5000 rpm in the RC5-B in GS3 rotor for 10 minutes at 4°C. The cells 

then were washed twice with 100 ml of cold sterile water and once with 40 ml of 10% cold
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sterile glycerol solution. Finally, the cells were resuspended in 2-3 ml of cold sterile 

glycerol solution and ready for use firesh or frozen at -70°C for future use.

For transformation using the competent cells prepared with calcium chloride, the 10 

pi ligation reaction was added to a 12X75 Falcon tube containing 0.1-0.2 ml of competent 

cells. After the cells were gently mixed, the tube was incubated in an ice-water bath for 40- 

60 minutes. The cells then were heat shocked by incubation at 42°C for 2 minutes. With 1 

ml of fresh 2xTY added, the transformation mixture was incubated at 37°C with shaking 

for 30 minutes. The cells were collected by centrifugation and gently resuspended in 0.2 ml 

of fresh 2xTY. The sample, with 25 pi IPTG and 25 pi of X-Gal added, was mixed and 

plated onto the surface of a pre-warmed LB plate supplemented with ampicillin (100 

ug/ml). The plate then was incubated at 37°C overnight. For electroporation, two 

microliters of ligation mix was added to 40 pi of competent cells. After the cells briefly 

were mixed and incubated on ice, they were electroporated with a E. coli Puiser. One 

milliliter of YENB medium then was added and the sample was incubated at 37°C with 

shaking for 40 minutes. The remaining steps were the same as for the calcium chloride- 

based method described above.

2.5 Mini-prep isolation of subcloned DNA

A strategy similar to that used for large scale DNA isolation as described in Section

2.2 was used for mini-prep isolation of the subcloned DNA.

White colonies from the plates prepared as described in Section 2.4 were picked 

with sterile toothpicks and used to inoculate each well of a 96 well block containing 1.5 ml 

of TB media supplemented with 100 ug/ml of ampicillin. The block then was incubated at 

37°C with shaking at 300 rpm for 24 hours. The cells were harvested by centrifugation and 

stored at -20°C for later use. Typically, two blocks of ceUs were prepared in the initial stage 

of a project and more blocks were prepared after checking the extent of E. coli genomic
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DNA contamination and the quality of previous ligation reactions. The following isolation 

steps were performed either manually or with a Biomek 2000 workstation.

After thawing, the cells in each well of the sample block were resuspended in 200 

p.1 of TE-RNase-A solution. The cell suspension was incubated at room temperature for 10 

minutes followed by the addition of 200 jj.1 of alkaline lysis solution to each well. After the 

sample was mixed and incubated at room temperature for another 30 minutes, 200 pil of 3M 

potassium or sodium acetate was added into each well. The samples then were mixed and 

incubated at -20°C for 30 minutes. After centrifugation at 3000 rpm in a GPR centrifuge, 

400 ml of the supernatant from each well was transferred to another 96 well block. The 

DNA sample in each well then was ethanol precipitated with one milliliter of ethanol and 

washed with 500 p,l of 75% ethanol. After being drained and dried, the DNA sample was 

resuspended in 50 pi of ddHaO and stored at -20°C for later use.

2.6 Cycle sequencing reaction and data collection

During this dissertation research, two types of DNA polymerases, KlenTaq-TR and 

AmpliTaq-FS, and three types of dye-labeled terminators including Rhodamine-, 

dRhodamine- and BigDye-labeled terminators, were used in cycle sequencing reactions.

To perform the cycle sequencing reaction, about 50 ug of plasmid DNA and 1 pi of 

forward or reverse primers (6.5 uM) were pooled with 8 pi of reaction mix (provided by 

supplier) containing dye-labeled ddNTPs, dNTPs, DNA polymerase and MgCb and the 

total volume was brought to 20 pi with ddH20. Typically, 96 reactions were prepared in a 

96-well cycle plate simultaneously with the aid of the automatic pipetting machine 

Hydra96. The cycle reactions then were performed in a Perkin Elmer GeneAmp PGR 

system 9600 thermal cycler which was programmed typically for 25 cycles of 96°C for ten 

seconds, 50°C for five seconds and 60°C for four minutes. After incubation, 

unincorporated dye terminators were removed by chromatography on Sephadex G-50 spin
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columns. The purified reaction products then were dried in a vacuum oven and stored at 

-20°C.

Before the samples were loaded, each sample was resuspended in 1 fxl of loading 

buffer (10 mg/ml blue dextran and 5 mM EDTA in deionized formamide) and heated at 

95°C for 2 minutes. The samples then were loaded onto a polyacrylamide gel (5-5.5%). 

Electrophoresis and data collection then were performed for 3.5 or 7 hours (depending on 

the mode chosen) by the automatic sequencers ABI 373 or 377. After preliminary 

processing, the raw data were transferred to a SUN workstation for project assembly and 

analysis.

2.7 Shotgun sequence assembly

Since the resultant sequences generated from the subcloned DNA were typically 

500 bp and their positions relative to the original large insert DNA were unknown, 

computer programs were used to assemble the shotgun sequences into larger contig(s). 

During the course of this dissertation research, two programs were used. The first 

program, XGAP (X-window Genome Assembly Program, Gleeson and Staden, 1991), 

was used during the early stage of this dissertation research. More recently, a second 

program, PhredPhrap (an unpublished program package developed by Phil Green at the 

University of Washington), replaced XGAP as the primary assembly tool. Although both 

programs assemble short sequences into larger contigs based on sequence overlap, 

PhredPhrap has a higher accuracy than XGAP, since it estimates the quality of each base in 

each gel reading and uses this quality information in the assembly process. Nevertheless, 

assembly errors occasionally occur, especially in complex repeat regions. Such regions 

then could be corrected by manually breaking the false joins and then performing more 

sequencing to resolve the problem regions. Project assembly not only resulted in the final 

sequence of the original insert DNA but as a project was progressing it also could be used 

to estimate the progress. For example, the average coverage of each base by existing gel
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readings and the number of sequence gaps remaining could be estimated from an earlier 

assembly prior to project completion. This information then could be used to determine 

whether more shotgun sequencing was needed or whether the gap closure stage should 

begin. Typically, gap closure for a project was performed when the average coverage of 

each base in the assembled contigs was between 5- and 7-fold.

2.8 Gap closure

Sequence gaps generally come from two sources. First, because the shotgun 

approach is based on cloning randomly generated fragments, some regions of the original 

DNA insert may not be covered by sequenced subclones. Second, some regions, typically 

GC-rich or polynucleotide repeat regions, are difficult to be sequenced. Typically, the gap 

closure stage is one of the most challenging steps in large scale sequencing and often 

requires more effort than the initial shotgun data collection phase.

The gap closure strategy developed in this dissertation research was as follows. 

First, the gel readings bounding a gap were examined to determine whe±er the gap resulted 

from regions difficult for DNA polymerase to read through. Then, primer walking with 

custom synthesized primers was performed using typically two subclones covering the gap 

as the templates. If the gap was not covered by any subclone, polymerase chain reaction 

(PCR) was performed to amplify the region using custom synthesized primers. The PCR 

product then was purified (see below) and used as the template for primer walking. The use 

of PCR products directly as templates for primer walking first was exploited and found 

practical and time-saving in this lab as a result of this dissertation research. Previously, 

PCR products were purified and subcloned into pUC18 vectors, a procedure that required a 

series of time-consuming steps involving subcloning and DNA isolation. During this 

dissertation research, all of the gaps which resulted simply from lack of coverage but not 

from difficult regions were closed by no more than two rounds of primer walking.
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For those sequencing gaps difficult to be closed, a series of further experiments 

often is needed. Inclusion of 5-10% of DMSO (Winship, 1989), formamide or glycerol 

allows DNA polymerases to read through a difficult region, presumably by effectively 

increasing the reaction temperature and dénaturation of secondary structures formed in the 

template (Innis, 1995). Different DNA polymerase/reaction pre-mixes often can have 

different effects on different templates. For example, a newly introduced reaction pre-mix 

in which dGTP replaced dITP in the regular reaction pre-mix was found effective when 

used to sequence G-rich regions. If all the methods failed to close a sequence gap, 

subclones covering the gap or purified PCR products can be used as the target DNA to 

perform another round of shotgun sequencing. With the strategy described above, all 

remaining gaps in the seven projects at the end of the shotgun phase were closed during 

this dissertation research.

Several methods, which were involved in the gap closure stage or during other 

parts of this dissertation research, were as follows. The oligonucleotide primers required 

for primer walking or PCR experiments were synthesized with the Beckman lOOOM eight 

column oligo synthesizer. The oligonucleotides were cleaved from the column and 

deprotected by gas-phase AMA (Beckman), eluted with ddH20 and quantified by 

measuring the absorption at 260 nm.

A PCR reaction mixture typically contained 10-20 ng of target DNA, 100 pmol of 

each primer, 5 units of AmpliTaq DNA polymerase, 20 nmole of each deoxynucleotide and 

10 |il of lOX PCR buffer with total volume of 100 |xl. The PCR buffer contained 500 mM 

KCl, 100 mM Tris-HCl and 15 mM MgCl% with pH at 8.5. The reaction was performed in 

a thermal cycler typically programmed for 25 cycles of 95°C for 1 minute, 55°C for 1 

minute and 72°C for 2 minutes. After incubation, the reaction was held at 72°C for 10 

minutes and then at 4°C until further processing. Modifications were made to the above 

conditions when amplification of a sequence region was difficult. For example, KCl was
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removed from the PCR buffer to successfully amplify a GC-rich simple repeat region of 

clone p201ml8.

Two methods were used to purify the PCR products. The first method used low- 

melting temperature agarose gel electrophoresis and was performed as described in Section 

2.3. The other method used exonuclease I and shrimp alkaline phosphatase to remove 

unreacted oligonucleotide primers and dNTPs (http://genome.wustl.edu/gsc/Protocols/ 

EXOSAP.shtml). With this method, lOU of exonuclease I and 211 of shrimp alkaline 

phosphatase were added to a 20 |xl aliquot of the PCR product. The reaction was performed 

in a thermal cycler programmed as follows: 37°C for 30 minutes; 80°C for 15 minutes and 

finally held at 4°C. The samples purified with this second method were used only for 

sequencing purpose but not for subcloning.

2.9 Sequence analysis methods

At the final stage of a sequencing project, the consensus sequence is analyzed to 

extract biological information. During this dissertation research, emphasis was placed on 

identifying known genes and predicting potential genes. As a general strategy, a database 

similarity search was performed for the first step. The search would reveal matches to 

known genes or conserved homologous genes from other species, as well as EST database 

matches. When known genes existed, genomic structures of those genes could be deduced 

by sequence alignment of genomic sequence with sequences of genes and/or cDNAs 

already in the database. Second, gene prediction could be performed by either 

computational methods or by comparison of the contig sequence with sequences of 

homologous genes and ESTs. Third, potential features and/or functions of known or 

predicted genes could be explored by methods that include prediction of promoters, 

transcription factor binding sites, polyadenylation signals, protein structures 

(transmembrane domains), potentially functional protein motifs and protein targeting sites.
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After the known or putative genes were located, other features such as repetitive elements 

and pseudogenes then could be located.

Database similarity searches were performed using Powblast (Zhang and Madden, 

1997), which masks repetitive elements and low complexity regions of a query sequence, 

and then splits a large sequence into pieces. After performing a BLAST (basic local 

alignment search tool) search for each piece, Powblast merges and presents the results as if 

only one single large search was done.

Sequence comparison was performed with Dotter (Sonnhammer and Durbin, 1996) 

and alignment was performed using several programs including Bestfit or Gap of the GCG 

(Genetics Computer Group) computer package, or Crossmatch of the PhredPhrap program 

package.

Computational gene prediction was performed by Genscan (Burge and Karlin, 

1997) and Xgrail (X-window based Gene Recognition and Analysis Internet Link, Xu et 

al., 1994). Although there were many gene prediction programs currently available, 

Genscan was chosen due to its superior performance to other programs (Claverie, 1997) 

while Xgrail historically is one of the most popular and robust programs.

Although promoters are one of the most important elements in gene function and 

there exist at least ten programs available for their prediction, the performance in terms of 

sensitivity and specificity of those programs generally was less than 50% (Fickett and 

Hatzigeorgiou, 1997). Two programs with relatively high performance, i.e. NNPP 

(Promoter prediction by Neural Network, Reese and Eeckman, 1995) and TSSW 

(Solovyev and Salamov, 1997) were tested for promoter prediction during this dissertation 

research. While NNPP predicts promoters using a neural network, TSSW predicts based 

on the presence of a TATA box, distribution of transcription factor binding sites and 

hexamer preference. Using a test set of sequences containing 24 known promoters (Fickett 

and Hatzigeorgiou, 1997), NNPP correctly predicted 54% of real promoters while giving 

72 false positives. TSSW correctly predicted 42% of real promoters while giving 42 false
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positives. Due to the relatively low performance, promoter prediction during this 

dissertation research generally was performed only on relatively narrow sequence regions 

where a promoter was expected, such as the 5' region of a predicted gene. Xgrail also was 

used to locate TATA boxes and other promoter elements.

Compared to the prediction of promoters, the prediction of transcription factor 

binding sites by different programs generally exhibit high sensitivity but vary in specificity 

(Freeh et al., 1997). For example, the program Signal Scan (Prestridge, 1996) correctly 

predicted 28 sites but with more than 900 positive matches in its output when applied to a 

eukaryotic sequence containing 29 known sites (Freeh et al., 1997). Using another 

program, Consinspector (Freeh et al. 1993; 1997), 28 sites also were correctly predicted 

but with only 4 false positives when applied to the same sequences. The higher 

performance of Consinspector was achieved partly by analyzing not only a relatively short 

potential binding site as Signal Scan does but also regions surrounding the site (Freeh et 

al., 1997). One drawback of Consinspector is that currently it only provides libraries for 16 

families of vertebrate transcription binding sites. Given the better performance of 

Consinspector over other programs, it was chosen for the prediction of transcription factor 

binding sites during this dissertation research.

The program TMpred predicts transmembrane domains by comparing a query 

protein sequence with statistics from a database of membrane spanning protein segments 

(Hofinan and Stoffel, 1993). The performance of TMpred was unknown but had been used 

previously in transmembrane domain prediction by Suhan and Hovde (1998).

Prediction of functional protein motifs was performed with ProfileScan which is 

based on comparison of a query sequence with a protein profile database (Gribskov et al., 

1987; Bucher et al., 1996). Protein targeting sites were predicted by Psort H which 

evaluated a number of parameters that include signal sequence and protein secondary 

structure (Horton and Nakai, 1997). The prediction accuracy of Psort was estimated to be
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57% for the yeast and 86% for E. coli sequences (Horton and Nakai, 1997) but was not 

determined for vertebrate sequences.

Finally, searches for repetitive sequences were performed with Repeatmasker 

(unpublished program of Smit AFA). Although the database search program Powblast also 

identifies repetitive elements, it could not be performed for certain sequences unless 

repetitive elements are masked. For consistency, identification of repetitive elements and 

their statistics were based on results of Repeatmasker.
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Chapter III 

Sequence Analysis and Discussion

3.1 Introduction

Using the strategy detailed in Chapter 2, a total of seven clones have been 

sequenced to completion during this dissertation research. Two Cosmid clones (59f8 and 

83e8), one BAG clone (72f8) and one PAG clone (p201ml8) from the DGGR region in 

human chromosome 22q li have been sequenced. One BAG clone (72k2I) which is 

syntenic to the DGGR remutageisisso was sequenced. One BAG clone (b245cl2) in the 

mouse motor neuron disease critical region (mnd2) from mouse chromosome 6 has been 

sequenced and one BAG clone (hl73) from human chromosome 2 which is syntenic to the 

mouse clone b245cI2 also was sequenced. A total of about 720 kb unique nucleic acid 

sequences have been determined from these seven clones. A summary of clones sequenced 

is shown in Table 3.1 and their chromosomal locations are shown in Figure 3.1.

Table 3.1 Summary of clones sequenced

C ontig  nam e C lone  nam e V ec to r  type Source C h r. region S ize o f  in se rts

C on tig  1 72f8 B A C Hum an 2 2 q ll(D G C R ) 100,067 bps

C ontig  2 5 9 f C o sm id H um an 2 2 q ll(D G C R ) 42,017  b p s
83e8 C osm id H um an 2 2 q ll(D G C R ) 40,676  b p s

C ontig  3 p 2 0 1 m l8 P A C H um an 2 2 q ll(D G C R ) 162,268 bps

C ontig  4 72k21 B A C M ouse 16 118,243 bps

C ontig  5 h l7 3 B A C Hum an 2 90,832  bps

C ontig  6 b2 4 5 c l2 B A C m ouse 6 162,750 bps
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3.2 Analysis of contig 1

This contig is composed of a single BAC clone, 72f8. It overlaps Fosmid f39el at 

its centromeric end and cosmid I9d3 at its telomeric end. Both flanking clones have been 

sequenced by others from this laboratory. Nine exons from two known genes, specifically 

the 5' end two exons of the clathrin heavy chain-like gene (CLTCL) and the S' end seven 

exons of HIRA gene (Figure 3.2) are contained in this contig.

3.2.1 Human Clathrin heavy chain-like gene (CLTCL)

As shown in Figure 3.2, a Powblast search of the Genbank non-redundant nucleic 

acid database revealed that two segments (16697-16904 and 32672-32782) of this contig 

were homologous to several Genbank entries (X95486. L48481, U60803, U41763). 

These two segments have been confirmed to be the 5' end two exons of a recently 

characterized human gene, clathrin heavy chain-like gene from human chromosome 22 

(CLTCL) (Kedra et al., 1996; Holmes et al., 1997). The CLTCL gene (also named CLTD 

by Sirotkin et al., 1996; CLH22 by Kedra et al., 1996) contains 33 exons spanning 116 kb 

of genomic DNA (Holmes et al., 1997) and is oriented from telomere to centromere in 

chromosome 22. The CLTCL cDNA is 5506 bp with a putative translation product of 1640 

amino acid residues. The two exons in this contig are 111 bp and 208 bp in length 

respectively, separated by a 15,768 bp intron. The remaining 3' exons are located in clones 

centromeric to this contig. A putative translation start site (AUG) is located at contig 

position 32713 and is contained within a consensus Kozak signal (GCCATGG) (Kozak, 

1984 ). These two exons encode 82 of the 1640 amino acid residues predicted for the 

CLTCL gene.

The function of CLTCL gene is unknown but it shares high similarity with the 

human clathrin heavy chain gene (CLTC), which has been mapped to human chromosome 

17, and encodes for 1765 amino acids. Both the CLTCL and the chromosome 17 encoded 

CLTC have homologies of 74.3% at the nucleic acid level and of 85% at amino acid level
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(Kedra et al., 1996). Clathrin is known to be involved in cellular endocytosis as it 

promotes the formation of and serves as a major protein component of clathrin-coated pits 

and vesicles (Robinson, 1994). The C-terminus of bovine CLTC forms a coiled-coil 

structure, which is required for its binding to the clathrin light chain (Pley and Parham, 

1993). Protein secondary structure predication suggests that CLTCL also has a similar 

structure in the same position of the CLTC (Sirotkin et al., 1996). These results suggest 

that CLTCL and the clathrin heavy chain may have similar functions. Nevertheless, 

differences exist between the two genes. The expression of clathrin heavy chain is 

ubiquitous and occurs at a high level in all tissues tested while the CLTCL gene is highly 

expressed in skeletal muscle but expressed at a much lower level in the other tissues tested 

(Holmes et al., 1996). In addition, Northern blot analysis has revealed that there exist 

alternatively spliced forms of CLTCL but no alternative splicing has been reported in 

clathrin heavy chain genes (Kedra et al., 1996).

Even though the function of CLTCL is unknown, it has been imphcated in the 

etiology of DiGeorge Syndrome (DOS) as outlined in chapter I. The CLTCL gene is 

interrupted by a balanced translocation in the patient TOH (Budarf et al., 1995). This break 

point is within intron 28 in a region proximal to contig 1. This translocation results in a 

truncated protein with 1496 amino acids, which is 142 amino acids shorter than the normal 

form of CLTCL protein. Since CLTCL is the only known gene affected by the 

translocation event in TOH, it has been suggested that CLTCL is one of the several 

candidate genes that produce DOS (Budarf et al., 1995).

Regulatory elements: The first exon of the CLTCL gene is located in a CpG island 

(32213-33155 bp) as revealed both by Xgrail and manual inspection of the sequence. The 

central 500 bp region surrounding the first exon has a GC content of 15% and this region 

lacks any noticeable TATA-like promoter. Within the CpG island, the promoter prediction 

program TSSW (see Section 2.9) predicted a promoter at 32846, which was 65 bp 

upstream from the first exon. Within the same region, the NNPP predicted a promoter
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(33160-33210) which was about 400 bps upstream from the first exon and close to the 

upstream boundary of the CpG island. Since the 5' end of CLTCL cDNA has been 

determined by a 5' RACE experiment specifically designed to obtain the 5' end sequence of 

the gene (Holmes et al., 1997), the TSSW predicted promoter at contig position 32846 is 

more likely to be the favored promoter region for the CLTCL gene. Within the 300 bp 

region around this predicted promoter (32846-33146), Consinspector predicted multiple 

transcription factor binding sites, including seven SPl binding sites, one ETSl binding 

site, one NF-Y binding site and one SRF binding site. Six of the seven SPl binding sites 

were clustered in a 70 bp region (32876-32945).

3.2.2 Human BŒRA gene

The human EDDRA gene, originally named TUPLEl, was one of the initial genes 

detected in the DiGeorge Syndrome Critical Region of human chromosome 22 (Halford et 

al., 1993; Lamour et al., 1995). This gene contains 25 exons and spans a genomic region 

of approximately 100 kb (Lorain et al., 1996; Chen, 1997). The HIRA cDNA (X89887) is 

4018 bp long and codes for a putative protein with 1017 amino acids (Lamour et al., 

1995). Alignment of the HIRA cDNA sequence with the contig 1 sequence shows that 

seven exons from the 3' end of the HIRA gene reside in this contig as shown in Figure

3.2. The sizes of the seven exons and six introns of the human HERA gene, listed in Table

3.2, encode the C-terminal 273 residues of the HIRA protein.

Table 3.2 Exon and intron sizes of HIRA gene in contig 1

no. E xon  size  (bp) In tron  size (bp)

19 162 601
20 59 364
21 106 1641
22 123 476
23 164 1909
24 89 19802
25 856
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It has been shown that the HERA protein sequence shares significant similarity with 

two yeast proteins, HERl and HIR2, both of which are repressors of core histone gene 

transcription (Lamour et al., 1995). Both the N-terminal portion of the HIRA protein and 

that of yeast HERl contain seven homologous WD repeat motifs, which are present in a 

wide range of different proteins and are believed to be involved in protein-protein 

interaction (Sondek et al., 1996). Due to these similarities, the HERA protein has been 

implicated in the transcriptional regulation of histone synthesis (Lamour et al., 1995). 

Recently, it was reported that the HERA protein also might interact with histone H2B 

(Roberts et al., 1997). Further database searches show that the human HERA protein also 

has significant similarity to CAF-1 (chromatin assembly factor 1: Q13112) (identity 27% 

and similarity 45%), a protein known to assemble histone H3 and acetylated H4 onto 

newly synthesized DNA (Kaufman et al., 1995). This observed similarity thus suggests 

that the HERA protein also could be involved in effecting chromatin structure. These 

database searches also revealed that homologues of human HERA gene recently had been 

identified from several other species, including mouse (Q61666), chicken (P79987), fruit 

fly (017468) and Fugu rubripes (042611). The wide conservation of this gene suggests 

that it plays important roles in cellular processes. Although the exact function of HERA 

gene currently is unknown, it also has been suggested to be a candidate gene responsible 

for the DiGeorge syndrome as described in chapter 1.

Regulatory element: The promoter region for the HERA gene was not located in this 

contig and thus not examined. The 3' end exons of HERA gene which were in this contig 

encodes a 740 bp UTR that is AT-rich (locally as high as 75% calculated with a window 

size of 50 bp) and has a single putative polyadenylation signal (AATAAA) 21 bp upstream 

from the 3' end of the HERA cDNA which is located at position 71812.

3.2.3 Repetitive elements in contig 1

In the 100,067 bp nucleic acid sequence of this contig, exons account for 1,878 bp, 

or only 1.8% of the contig. Although it has been estimated that about 35% of the human
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genome consists of interspersed repetitive sequences (Smit, 1996), analysis of the repeat 

sequences in contig 1 shows that they make up 61% of this contig (Table 3.3), a figure 

which is almost twice the estimated average for the human genome. As expected, Alu and 

LI sequences comprise most of the repeat sequences, accounting for 28.94% and 22.44% 

of the contig, respectively. Inspection of the distribution of repeats within contig 1 (Figure 

3.3) shows that they generally have a lower abundance in regions surrounding exons or in 

short intron regions and are abundant in large intron regions as well as intergenic regions. 

Alu repeats are distributed randomly through contig 1, with no observable preference for 

their orientation. However, LI repeats tend to be distributed as clusters. The orientations of 

LI repeats also seem to show a preferred orientation in the direction opposite to that of gene 

transcription when located within introns of a gene. For example, within the intronic region 

of the CLTCL gene, there are 11 segments of LI repeats, all of which are oriented opposite 

to the direction of the transcription of the CLTCL gene. Within the intron region of HIRA 

gene, ±ere are 15 segments of LI repeats, 11 of which are in the opposite direction to that 

of HIRA gene transcription. In comparison, 29 segments of LI repeats are present in the 

intergenic region between the CLTCL and HIRA gene, with an almost equal number of 

segments (15 and 14) in opposite orientation.

Table 3.3 Content of repetitive sequences in contig 1

num ber o f  elem ents length occupied percentage o f  sequence

SINEs A LU s 108 28961 bp 28 .94 %
M IR s 3 533 bp 0.53 %

LINES L I 23 22455  bp 22.44 %
L 2 5 967 bp 0.97 %

M E R 6 3738 bp 3.74 %

L T R  elem ents 7 2702  bp 2.70 %

U nclassified 2 1463 bp 1.46 %

Sim ple repeats 3 273 bp 0.3 %

Total repeats 157 61092  bp 61.08 %
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3.3 Analysis of contig 2

Contig 2 consists of cosmids 83e8 and 59f, both o f which are located in the 

DiGeorge Syndrome Critical Region. These two cosmids overlap by 17,274 bp and have a 

total combined unique sequence length of 65,420 bp. A Powblast database search revealed 

that two genes, Porc-Pl andTMVCF, were located in this region (Figure 3.4). Since seven 

of the total 19 Porc-Pl exons He in a region of 20 kb telomeric to the contig in cosmid 

129f8, which has been sequenced by Feng Chen at the Advanced Center for Genome 

Technology (ACGT), Department of Chemistry and Biochemistry, the University of 

Oklahoma, analysis of the entire gene region is included. Thus, the total analyzed sequence 

for contig 2 is 85420 bp.

3.3.1 Hum an Porc-P l gene:

The Porc-Pl cDNA recently was cloned and sequenced by a group in England 

(AJ223728). The cDNA is 1871 bp long and has a putative translation product of 566 

amino acids. A dotter comparison of the cDNA sequence with the sequence of contig 2 

shows that there are a total of 19 exons spanning a region of about 40 kb. The exon and 

intron sizes of the Porc-Pl gene are Hsted in Table 3.4. Alignment of the Porc-Pl cDNA 

with the genomic sequence revealed one discrepancy at contig position 32111 where a G 

was substituted for an A in the cDNA sequence. This mismatch does not change the coded 

amino acid for the putative Porc-Pl protein.

Table 3.4 Exon and intron sizes of Porc-Pl gene

no. Exon size(bp) In tron  size (bp) no. E x o n  size(bp) Intron size (bp)

1 81 138 11 132 248
2 60 735 12 99 664
3 93 1644 13 162 6057
4 138 1034 14 139 77
5 144 10318 15 84 1478
6 56 1598 16 119 171
7 49 1356 17 77 1950
8 62 1653 18 66 1571
9 51 6240 19 120
10 120 1904
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The function of Porc-Pl gene currently is unknown. A protein database similarity 

search shows that Porc-Pl is similar to the Saccharomyces cerevisiae protein 

CDC45(Q08032), with an identity of 32% and a similarity of 45%. An alignment of the 

Porc-Pl gene and CDC45 gene protein sequence is shown in Figure 3.5. The similarity 

between the two proteins also is seen from their Kyte & Doolittle hydropath plots (Figure 

3.6). Protein CDC45 (651 amino acids in length) is a nuclear protein involved in the 

initiation of DNA replication (Zou L. and Stillman B., 1998). The Porc-Pl protein also 

shows some similarity to segments of a Ustilago mayids gene TSD2 (U50276), with an 

identity of 24-30% and a similarity of 41-49%. The TSD2 gene product also has been 

implicated in DNA synthesis (U50276).

A search of the profile database indicated that the predicted protein would have a 

bipartite nuclear localization signal at residues 156-173. Psort predicted that the protein 

would be localized in the nucleus and a prosite database search revealed one potential 

aminoacyl-tRNA synthetase class-II signature I at residues 7-27. All class-H aminoacyl- 

tRNA synthetases share protein sequence similarities and contain at least three conserved 

regions (Cusack et al., 1991). The signature I region was thought to contain an active site 

of those RNA synthetases but the absence of the other signatures and the lack of overall 

protein sequence similarity between Porc-Pl and class-II aminoacyl-tRNA synthetases 

suggest that Porc-pl is not a class-II aminoacyl-tRNA synthetase. However, the presence 

of the potential signature is consistent with the possible implication of the protein in nucleic 

acid synthesis. Overall, these results suggest that Porc-Pl might be a nuclear protein, 

possibly involved in DNA synthesis.

Inspection of the exon organization of Porc-Pl gene shows that the 19 exons are 

clustered into four groups. Exons 1-5 reside in a region of about four kilobases. Exons 6-9 

about 5 kb, exons 10-13 about 3.5 kb, and finally exons 14-19 about 6 kb. These exons 

are relatively small, varying between 49 - 162 bp. The three introns between the four 

groups are about 10 kb, 6 kb and 6 kb, respectively.
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Regulatory Elements: The first two exons of the Porc-Pl gene reside in a CpG 

island (4132-4572) which is recognized by Xgrail. However, no TATA box is found 

within one kb upstream of the first exon and Xgrail does not predict a promoter in the 

region. Promoter prediction by TSSW revealed a promoter at contig position 4124, which 

was 92 bp upstream from the 5' end of the first exon of the gene. Another program, 

NNPP, predicted two promoters preceding the first exon. The first predicted promoter was 

at position 3580-3630, 586 bp upstream from the first exon. The second predicted 

promoter was at position 3947-3997, 219 bp upstream from the first exon. The 300 bp 

region (3824-4124) thus most likely contained the promoter as predicted by both programs 

and therefore was used in a subsequent transcription factor binding site search. Within this 

putative promoter region, Conslnspector predicted a number of transcription factor binding 

sites as shown in Figure 3.7. Among those factors, Octamer, SPl (GC box binding) and 

NF-Y (CCAAT box binding) are ubiquitous and found in promoters of many genes 

(Lewin, 1997). Both ETSl and GABP belong to the ETS family of transcription factors 

which have been identified in the transcriptional regulatory regions of multiple T cell genes 

(Wang et al., 1992). The serum response factor (SRF) is thought to be essential for serum 

and growth factor activation (Johansen and Prywes, 1993). How these factors are related 

to the putative involvement of the Porc-Pl gene in DNA synthesis is unclear.
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>3801 CCAAAAACCTATTGCAAACX^^^TGCTGCCCCATTGGGTATGTGACTGAGTTTAATGTA
Octamer

>3 S S I TCGTTftGai^TAT&CTTTCCCTCAGGGTTCCCaGTdGGAdGCaGTAGGCjTTCTtlTTCCCa.
SPl GATA

> 3921 AAGTAAAGATGTdC G c3cAGCGTCGCTTTTCTGGGTAAAAGCGAGTCAGAGTTGAAGGGG 
SPl

> 3981 GCAACAGljiGTTTcjCGTTCGGCCTCflGASGTGACGCrrCTTTGGdGGCGGbCTGGAGTTTT 
O c ta m e r  S P l

> 4041  CTGGCCGTdaATGdCflGAGCGCTAATGGCCGCCTCCAji^ T C ^ CCCAATCflGAaaGAAAG 
N F-Y  SRF

> 4101  iGAAdGCTGGGaACTaaGAflGCl'ATTGGTTGGTGATCCCTGGACCAATdGGfldGAGCCGTG 
E T S l NF-Y GABP

>4161 AtrTTGdCGGGAGTCTTGACCGCCGCCGGGCTCTTGGTACCrCAGCGCGAGCGCCAGGCGT ^
NF-Y Porc-Pl cDNA starts

>4221 CCGGCCGCCGTGGCTATGTTCGTGTCCGATTCCGGCCGCCGTGGCTATGTTCGTGTCCGA
>4281 T

Figure 3.7 Distribution of predicted transcription factor binding sites 
around the putative promoter region of Porc-Pl gene

3.3.2 Human TM VCF: a putative transm em brane protein

This contig also contains a gene with unknown function which has been called 

TMVCF (TransMembrane protein deleted in Velo-Cardio-Facial syndrome) (Sirotkin et al., 

1997). Comparison of genomic sequence with that of the TMVCF cDNA (AF000959, 

1348 bp) indicates that the gene contains only one exon that spans contig positions 47292- 

48636 and that the direction of transcription is from telomere to centromere. One mismatch 

between the gene and the cDNA sequence was found in the coding region which does not 

change the amino acid composition of the putative TMVCF protein. A Kozak signal 

sequence is located at contig position 48519 and an in-frame stop codon is present at contig 

position 47865. Therefore, the predicted TMVCF protein has 218 amino acid residues 

(Figure 3.8) and the 5' and 3' untranslated regions are 118 and 570 bps long, respectively. 

>TMVCF protein; Length 218 aa
MGSAALEILGLVLCLVGWGGLILACGLPMWQVTAFLDHNIVTAQTTWKGL
WMSCWQSTGHMQCKVYDSVLALSTEVQAARALTVSAVLLAFVALFVTLA
GAQCTTCVAPGPAKARVALTGGVLYLFCGLLALVPLCWFANIWREFYDP
SVPVSQKYELGAALYIGWAATALLMVGGCLLCCGAWVCTGRPDLSFPVKY
SAPRRPTATGDYDKKNYV

Figure 3.8 Putative protein sequence of human TMVCF gene
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Nucleic acid and protein database searches using either the gene sequence or the 

putative translated protein sequence revealed multiple significant matches, with the most 

significant including a mouse brain endothelial cell 1 (MBECl) gene (AF035814) (identity 

85%), and both the human and mouse Clostridium perfringens enterotoxin receptors 

(hCPE-receptor; AB000713 and mCPE-receptor: AB000712, respectively). Although the 

function of MBECl is unknown, it has been reported to be the mouse homologue of 

TMVCF based on sequence homology (Chen et al., 1998). As receptors for clostridium 

perfringens enterotoxin (Katahira et al., 1997a), the hCPE and mCPE receptors have been 

predicted to contain four putative transmembrane segments and are thought to be required 

for both target cell recognition and pore formation in cell membrane (Katahira et al., 

1997b).

Based on hydropathic analysis and transmembrane domain prediction, Sirotkin et 

al. (1997) proposed that TMVCF had two transmembrane helices (residues 69-100 and 

156-176), with both the N-terminal and C-terminal located in the cytoplasm. In their 

prediction, the Kyte-Doolittle algorithm predicted four hydrophobic regions but the 

PHDhtm program (Rost et al., 1995) predicted only two transmembrane helices. To 

investigate these conflicting results, the TMVCF protein sequence was analyzed by the 

most recent version of the PHDhtm program for protein topology prediction. The new 

results indicated four transmembrane helices. The program TMpred also predicted four 

transmembrane helices, with a total score of 9704 and individual scores of more than 2000, 

where scores above 500 are considered to be significant (Figure 3.9, lower panel). Both 

programs also predicted that the N- and C-termini of the TMVCF protein would be on the 

cytoplasmic side of the membrane. Because the positions of the predicated transmembrane 

helices from both programs are very similar, as shown in Table 3.5, these present results 

suggest that a model with four transmembrane helices might be more favorable than a 

model with two transmembrane helices as proposed by Sirotkin et al. (1997).
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The TMpred output for TMVCF protein resembles that for human CPE receptor (see Figure 

3.9) which, as discussed above, most likely has four membrane-spanning segments.

Table 3.5 Predicted transmembrane domains of TMVCF protein

no. of tm helices TMpred prediction 
(residue position)

PHDhtm prediction 
(residue positions)

1 8-27 12-44
2 82-102 79-102
3 117-139 114-145
4 166-187 162-188

A profile search with the TMVCF protein sequence did not reveal any homologous 

protein domains in the profile database. However, a prosite search revealed several 

potential phosphorylation sites, two potential membrane lipoprotein hpid attachment sites at 

residues 21-31 and 175-185 respectively, and six other prenyl group binding sites. These 

latter sites are close to or within the predicted transmembrane domains and therefore might 

be involved in attaching the protein to the membrane. This result is consistent with the 

results from Psort, which predicted that the protein was localized in the plasma membrane, 

and had a potential N-terminal signal sequence.

Regulatory elements: The genomic region of TMVCF gene has a high GC content 

(-70%). Interestingly, Xgrail indicated that the entire coding region is located in a CpG 

island (47570-49026). Although no TATA box was found upstream of the putative coding 

region, a promoter was predicted by TSSW 140 bp upstream of the 5' end of the cDNA 

sequence at contig position 48776. NNPP also predicted one promoter 200 bp upstream of 

the 5' end of the cDNA spanning contig positions 48833-48883. Both GENS CAN and 

Xgrail predicted the presence of a gene in tliis region, and both predicted that translation of 

the gene starts 138 bp upstream from the 5' end of the cDNA sequence at contig position 

48774. These positions for the predicted promoter and coding region raise the possibility 

that the cDNA clone of TMVCF (Sirotkin et al., 1997) may not contain the complete
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sequence of the TMVCF transcript. However, a search of the dbEST database did not 

reveal any ESTs which would align to any region more upstream from this cDNA 

sequence. Conslnspector predicted one NF-Y, two GA binding protein, one SPl and one 

ETS-1 binding site in the predicted promoter region (48776-49076) and a putative poIyA 

signal (AGTAAA) (Sirotkin et al., 1997) located, at contig position 47305,15 bp upstream 

from the 3' end of the TMVCF cDNA sequence.

Thus, TMVCF is a putative transmembrane protein, possibly having four 

transmembrane helices and localized in the plasma membrane. It also might be involved in 

target cell recognition and pore formation as suggested by its high sequence similarity with 

the CPE receptors.

3.3.3 Repetitive elements in contig 2

Contig 2 contains a total of 48.92% repeat elements (Table 3.6). Alu repeats and LI 

repeats are the two most prevalent repeats with 25.76% and 16.69%, respectively. The 

Porc-Pl gene region contains two clusters of LI repeats each within a relatively large intron 

region (Figure 3.10). There are 16 fragments of L I repeats in the two clusters, aU of which 

are oriented in the opposite direction of Porc-Pl transcription. There also are 9 LTR repeats 

in the Porc-Pl gene region, 8 of which are oriented in the opposite direction of the gene 

transcription.
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Table 3.6 Content of repetitive sequences in contig 2

num ber o f  
elem ents

length
occupied

percentage 
ofsequence

SIN Es:
A LU s 82 22005  bp 25 .7 6  %
M IRs 7 699 bp 0 .8 2  %

LINEs:
L I 26 14253 bp 16.69 %
L2 6 883 bp 1.03 %

L T R  elem ents: 8 3057 bp 3 .58  %

M E R 3 4 6 5  bp 0 .5 4  %

S im ple repeats 6 395  bp 0 .5  %

T otal interspersed repeats: 138 41757  bp 4 8 .9 2  %
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3.4 Analysis of contig 3

Contig 3 is composed of a single PAG clone, p201ml8. This contig, located in the 

telomeric end of the DiGeorge Syndrome Critical Region (DGCR), has a total length of 

162,268 bp. A Genbank database search reveals that this contig contains three genes, the 

human RanBPl gene, and genes homologous to the mouse TIO gene and the mouse Htf9c 

gene (Figure 3.11). Two additional putative genes also are predicted by their EST 

similarities and results from computational gene prediction programs.

3.4.1 Human TIO gene

A powblast database search of the Genbank non-redundant database revealed that a 

15 kb region on the centromeric end of this contig has significant homology to mouse TIO 

cDNA (X745G4). Dotter analysis between the contig sequence with mouse TIO cDNA 

shows that five exons (exons 4-8) are well conserved between human and mouse, but the 

3' terminal exon (mouse exon 9) is not (Figure 3.12). However, two conserved segments 

in exon 9 occur in both the mouse exon 9 and human genomic sequence. The first 

conserved segment includes the S' -160 bp, which contains the coding region of the mouse 

exon 9. The other conserved segment is about 50 bp from the 3' end of exon 9, where a 

putative polyadenylation signal is located. When the sequence of mouse and human exon 9 

are compared, an insertion of about 600 bp is seen in the human gene between contig 

positions 13720-14450. This inserted sequence contains a -200 bp (13750-13950) CA-rich 

simple repeat and a -280 bp Alu repeat (14160-14440). Interestingly, the rat TIO gene has 

the region corresponding to the mouse exon 9 split to two exons (9 and 10) and one intron 

(intron 9) (see Section 3.5). Although this also may be possible for the human TIO gene, it 

is likely that, as in the mouse, the human TIO gene has a single 3' terminal exon 9 because 

(a) Although there is no single human EST hit spanning the putative human exon 9, a 

number of overlapping ESTs cover the entire region as shown in Figure 3.11; (b) The 

splicing site consensus sequence at both ends of rat intron 9 (as revealed by comparing
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rat EST AIO10662 with mouse genomic sequence) is not conserved in human; and (c) 

Previous Northern blot analysis with human fetal tissues indicated that the human TIO 

transcript was about 2 kb in length, 500 bp longer than the length of the mouse TIO 

transcript (Halford, 1993). It was proposed earlier that the human TIO gene might have a 

longer 5' UTR or the gene was alternately spiced at later stages of development (Halford, 

1993). A more recent study (Chen, 1997) indicated that the human TIO gene indeed had a 

longer 5’ UTR because of the presence of an additional 120 bp 5' end exon. However, the 

present study showed that the mouse TIO gene had an additional 120 bp 5' end exon as 

well (see section 4.1) which was not present in the sequenced mouse TIO cDNA. Both the 

human and mouse 5' end exons are non-coding, reside in major CpG islands, and thus 

most likely represent the 5' end of these TIO genes. Thus, it now is clear that the -500 bp 

difference between human and mouse TIO transcripts is not due to differences in the 5' 

UTRs of the two genes although alternative splicing can not be excluded as the source of 

the length difference between the human and mouse TIO transcripts. However, 

examination of the human genomic sequence strongly suggests that the longer human TIO 

transcript results from the insertion of repetitive elements in the 3' untranslated region of 

the TIO gene. The size of the six exons and five introns of the putative human TIO gene in 

this contig are listed in Table 3.7.

Table 3.7 Exon and intron sizes of human TIO gene

No. Exon Range Exon size(bp) Intron Size (bp)

(exons 1-3 are  not located in this contig)
4 1272-139I 120 8 5 2
5 2244-2358 115 2 3 9 0
6 4749-4819 71 5 5 1 6
7 10336-10489 154 1654
8 12144-12248 105 1099
9 13348-14722 1375

Both the putative human and mouse TIO proteins are 276 amino acid residues long 

and have 84% identity and 87% similarity (Chen, 1997). The six exons in this contig
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encode the carboxy-terminal 227 amino acid residues of the human TIO protein. Even 

though the mouse TIG gene was isolated as a serine/threonine-rich protein of unknown 

function(Halford et al., 1993), additional protein and nucleotide database searches failed to 

reveal any homologies to any known genes and a profile search also did not reveal any 

similar protein domains in the profile database. Thus, the function of TIO gene remains to 

be discovered.

3.4.2 Human Htf9 locus: human Htf9c and RanBPl gene

In mouse, the Htf9 locus contains two genes, Htf9c and RanBPl. Both genes were 

discovered because of their proximity to a CpG-rich sequence (Lavia, 1987). The two 

genes are transcribed in opposite orientations and have coincident transcription start sites 

(Lavia., 1987).

The presence of the human Htf9c gene in this contig is revealed by the extensive 

sequence similarity between the contig sequence with that of the mouse Htf9c gene. 

Comparing the human genomic sequence with the mouse Htf9c cDNA sequence (see 

Section 3.4) indicates that both the human and mouse Htf9c genes likely contain 12 exons 

(Figure 3.13). Two human EST entries (R72799 and T88997) aligned perfectly to the 

genomic sequence and coincide with three of the 3* end exons of the predicted human 

Htf9c gene. It is observed that while the 5' half of the putative 5' end exon of human Htf9c 

gene is well conserved in mouse, the 3' half has much lower homology to that of mouse. 

However, alignment of the human and mouse genomic sequences in this region shows that 

the sequence at the 3' end of the first exon is moderately conserved, allowing assignment 

of the putative 3' end of this exon. In addition, the 3' end of exon 12 also is not well 

conserved and the predicted 3' end of this exon is based on the human ESTs mentioned 

above. The predicted cDNA sequence for the human Htf9c gene is 2766 bp, and the size of 

the exons and introns are listed in Table 3.8. An ORE encoding 624 amino acid residues 

occurs in the predicted human Htf9c cDNA sequence (Figure 3. 14). The sequence
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>human Htf9c cENA 2766tç3
CTTCCCTCCGCCCCACGACCCGAACCTCGACCCCTGACCCCaGCGGCGGGAAACGCGCCG
CGATTCAAAACCAGTACAœTTTATTGGCTCiiGGAGGCGGACaCTCTCATTGTCCGGCCC
GCCCCGCGCTTCCCGCCAAAACGCCCXSCGGCGCATGCCCGGCCCGCCCGTCaGCCAGftGG
AGCGCGCACTCCCGGCGACACCCGCGCGCACTTCCGTCCCGGCCACGCGCGCCTCTAGaG
CTGGCTAAAGTGGTTGGGGGTTGGATCCGGCGCGTGACGATGACGTTGCCAGAAGCCAGG
ATCAIAGAGaCGCTCGGCCTCCGCCGCACGCGCTGGCGGACTAAGAGTGGCrGGCGAAGC
GflGCGGCCGGCGCGGGCCCCTGGCGGGCGGGCGGlACAGCCCCAAGCCTGAGACCCGGAC
CTGAGCATCGCAGGTTCGAGTCCCGCCCCGCCTGGGGCGAAGCCGGGGGTGGCGGCGACC
TCGCGGCGTTGCACCGGCTCTGTGAGCACCTCCCCTCTGAGCACTTCCCTTGTGACAGGC
CACTTCœTTGTGACaGGCCCAGGACGAGGTGGCCAGGCGGCCCCCATGGCGTCCCTGGT
CTAGGCGGAGaACCGCCTGGGCGATGAGTGAGAACCTCGACAACGAGGGGCCCGAAGCCC
MISGAGAGCïGTGSCCAGGAGAGCAGCAGTGCCCTGftGCTGCCCiaCCGTCTCGGTGCCC
CCTGCAGCCCCGGCAGCCCTGGAGGaGGTGGflGAAAGAGGGCGCTGGGGCGGCTACAGGG
CCGGGGCCTCftGCCCGGGCTCTACAGCTACATCAGGGATGACTTGTTTACCTCTGAGATC
TTTAAACTGGAGCTGCAGAACGTGCCTCGCCACGCCAGCTTCAGCGACGTCCGGCGCTTC
CTGGGCCGCTTTGGTCTGCAGCCCCACAAAACCAAACTCTTTGGGCAACCACCCrGCGCC
TTTGTGACATTCCGCAGCGCTGCAGAGAGGGACAAGGCCCTGCGCGTTTTGCATGGTGCC
CTCTGGAAAGGCCGCCCACTCAGTGTGCGCCTGGCCCGGCCCAAGGCCGACCCCATGGCC
AGGAGGAGGCGACAGGAGGGTGAGAGTGAGCCACCAGTAACACGAGTGGCCGACGTGGTG
ACCCCTCTATGGACAGTGCCCTATGCTGAGCAGCTTGAGCGGAAGCAGCTGGAGTGCGAG
CAGGTGCTGCAGAAACTTGCCAAGGAAATCGGGAGCACCAACCGTGCCTTGCTGCCCTGG
CTGCTCGAGCAGAGGCACAAGCACAACAAGGCCTGCTGCCCGCTGGAGGGGGTCAGGCCA
TCACCCCAGCAGACTGAGTATCGTAATAAGTGTGAGTTTCTGGTTGGCGTCGGGGTGGAT
GGGGAGGATAACACCGTGGGCTGTCGGCTCGGCAAGTACAAGGGCGGGACGTGTGCTGTG
GCAGCCCCGTTTGACACCGTGCACATCCCCGAAGCCACCAAGCAGGTGGTGAAGGCCTTC
CAGGAGTTCATCCGGTCCACTCCATACTCGGCATACGACCCAGAGACGTACACAGGCCAC
TGGAAGCAGCTGACTGTGCGCACCAGCCGCCGCCACCAGGCCATGGCCATTGCCTACTTC
CACCCCCAGAAGCTGAGCCCTGAGGAGCTGGCAGAGCIGAAGACCTCCCTAGCGCAGCAC
TTCACASCAGGGCCAGGCAGGGCCAGTGGAGTGACCTGCCrCTACTTCGTGGAGGAGGGA
CAGCGAAAGACTCCTAGCCAGGAGGGCCTGCCCCTGGAGCATGTGGCTGGGGACCGGTGC
ATCCACGAGGACCTGCTAGGGCTGACCTTCCGGATCTCTCCACACGCCTTCTTCCAGGTG
AACACACCCGCAGCCGAGGTGCTCTACACAGTCATCCAGGACTGGGCCCAATTGGATGCG
GGGAGCATGGTGCTGGACGTGTGCTGTGGCACCGGCACCATTGGCCTGGCCCTGGCCCGG
AAGGTAAAGAGGGTCATTGGGGTCGAGCTATGCCCAGAGGCTGTGGAGGACGCCCGGGTG
AACGCCCAGGACAATGAGTTGAGTAATGTGGAGTTCCACTGCGGGAGGGCCGAGGACCTG
GTGCCCACCCTGGTGAGCAGACTGGCCTCCCAGCACCTCGTGGCCATCCTGGACCCACCC
CGTGCTGGCTTGCATTCCAAGGTGATCCTGGCCATCCGGAGAGCTAAGAACCTCAGGCGG
CTGCTG'EACGTCTCATGCAACCCCCGGGCAGCCATGGGCAACTTTGTGGACCTCTGCAGA
GCCCCATCTAACCGGGTGAAGGGCATTCCCTTCCGGCCGGTCAAGGCTGTGGCAGTGGAC
CTGTTCCCGCAGACCCCGCACTGTGAGATGCTCATCCTGTTTGAGAGGGTGGAGCACCCC
AATGGCACAGGGGTCTTGGGGCCCCACAGGCCTCCAGCTCAACCCACACCAGGACCCCCA
GATAACACCCTACAAGAAACTGGGACCTTCCCCTCATCCTAGGCCCAGGACCCATTATGG
GGACAGGAGCTGAAGGGCTCCCAGGGCCCCAGGGGCGGGGAAGGCATGGCTTGCTGGCCA
GGATATTCAGAGGTAGGCAGCCAAAGGGCACAGAACCCTGTGCCCCACCAGGATTGGCCT
GCTGCTAGGGGCCAGGGGCCCTGACCAGGAAGACAGGTGGGTTCCTG'EAGCCTGTTGCCC
ATCCCCAGGGCCTTTGTGGACTAGCCAAGGCTGTGAGGGCCAGAATAAACAACTGCTCAA
CAAAGG

Figure 3.14 Predicted human Htf9c cDNA sequence
Start, stop codons and  polyadenylation signal is underlined
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surrounding the first methionine codon(CCCATGG) is similar to the Kozak signal 

(GCCATGG). Assuming translation starts at this methionine residue, the putative human 

Htf9c protein is 613 amino acid residues in length.

Table 3.8 Exon and intron sizes of human Htf9c gene

No. Exon Range Exon size (bp) Intron Size (bp)

1 66332-65686 647 269
2 65416-64841 576 257
3 64583-64475 109 224
4 64250-64069 182 186
5 63882-63768 115 88
6 63679-63564 116 75
7 63488-63377 112 765
8 62611-62489 123 178
9 62310-62235 76 197
10 62037-61921 117 110
11 61810-61714 97 116
12 61597-61102 496

An alignment of the putative human and mouse Htf9c protein sequences is shown 

in Figure 3.15. The two proteins have an overall identity of 85% and similarity of 87%, 

with the N- and C- terminal -40 amino acid residues having lower similarities.

The biological function of Htf9c gene currently is unknown. Since mouse Htf9c 

protein shares sequence similarity with yeast and bacterial nucleic acid-modifying enzymes, 

it has been suggested that the mouse Htf9c gene also may function in nucleic acid 

metabolism and/or modification (Guarguaglini et al., 1997). A database search with the 

human Htf9c protein sequence reveals that the protein also shares partial similarity with E. 

coli and Haemophilus influenzae tRNA (uracil-5-)methyltransferase (RUMT) (P23003 and 

P44643 respectively), Aquifex aeolicus RNA methyltransferase (AE00068I), yeast endo- 

exonuclease (P33753), the Chlamidia trachomatis protein HOMl (P55I37) and several 

other hypothetical proteins. These similarities (identity -30% and similarities -40%) span 

the C-terminal two thirds of the protein. A profile database search predicts the presence of a 

RNA binding motif (residues 61-134, encoded by exon 2) and a methyltransferase motif 

(residues 417-472, encoded by exon 8-10), again suggesting that the protein may be
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Figure 3.15 GAP alignment of human and mouse Htf9c protein 
T h e  putative R N A -binding dom ain  (61-134) and  th e  putative 
m ethyltransferase m o tif (417-472) are underlined.
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involved in nucleic acid modification. Although Guarguaglini et al. (1997) indicated a 

putative nuclear targeting signal (KKRK) in their predicted mouse Htf9c protein, this signal 

sequence is not present in the newly interpreted protein sequence from this dissertation 

research and the protein localization program Psort predicted that this protein would be 

cytoplasmic.

In contrast to human Htf9c gene which has not been isolated, the human RanBPl 

cDNA was isolated several years ago in a search for members of the RCCl (the regulator 

of chromosome condensation)-Ran signal pathway (Bischoff et al., 1995). Alignment of 

genomic sequence with that of human RanBPl cDNA sequence (D38076, X38067, differ 

in the length of S' UTR) reveals that the human RanBPl gene is composed of six exons 

(Table 3.9). As in the case of mouse, the human RanBPl gene also is located in the region 

upstream of the Htf9c gene and in the opposite orientation.

Table 3.9 Exon and intron sizes of human RanBPl gene

N o. E xon R an g e E xon size (bp) Intron Size (bp)

1 66304-66467 164 1349
2 67817-67953 137 3114
3 71068-71225 158 2886
4 74112-74240 129 866
5 75107-75172 66 586
6 75759-76159 401

The six exons of the human RanBPl gene encode a protein of 200 amino acid 

residues in length that is very rich in hydrophilic amino acid residues (21.6% Glu + Asp, 

17.6% Lys+Arg). The human RanBPl protein has been shown to be a cytoplasmic protein 

serving as one of the molecular partners of RAN (Bischoff et al., 1995). RAN was first 

identified due to its homology to the Ras family members in a GTP-binding domain (Drivas 

et al., 1990) and subsequently was shown to be involved in a number of cellular processes 

including the initiation of DNA replication, cell cycle progression, monitoring completion 

of DNA replication before entry into mitosis, nuclear protein import and RNA export (Rush 

et al, 1996). In addition to RanBPl and RAN, other proteins of the RAN network have
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been identified, such as RCCl, a regulator of chromosome condensation, and RanGAP, a 

Ran GTPase-activating protein. RCCl, a nuclear protein, specifically stimulates the 

exchange of guanine nucleotides on RAN (Bischoff and Ponstingl, 1991) while RanGAP 1, 

a cytoplasmic protein, stimulates the GTPase activity of RAN (Bischoff et al., 1994). In 

vitro, it was shown (Bischoff et al., 1995) that RanBPl protein, does not influence the 

intrinsic RanGTPase but co-activates RanGTPase if  RanGAP 1 is present. When 

complexed with Ran-GTP and RCCl, RanBPl strongly inhibits the RCCl-induced 

exchange of Ran-bound GTP. RanBPl also serves as a dissociation factor for the stable 

RanGTP-transport factor complex, thereby releasing the transport factor for a new round of 

transport and exposing RanGTP to nucleotide hydrolysis (Pu and Dasso, 1997).

Regulatory elements'. Comparison of the start positions of the first exons of both 

human Htf9c and RanBPl genes (see Tables 3.8 and 3.9) indicates that the 5’ end exons of 

both genes overlap by 29 bp. Thus, it is expected that the promoter regions for both human 

genes are in close proximity or a common promoter region serves as a bidirectional 

promoter for both genes, as is the case for the syntenic mouse Htf9 locus (Lavia et al., 

1987; Somma et al., 1991). Promoter-mapping experiments showed that the mouse 

bidirectional promoter was within a 273 bp region required for expression of both mouse 

genes (Somma et al., 1991). Since the promoter region of mouse Htf9 locus is well 

conserved in the human Htf9 locus (see below) and the expression pattern of human Htf9 

locus is similar to that of mouse (Bressan et al., 1991), the expression of the human Htf9 

locus also likely is controlled by a bidirectional promoter. Examination of the genomic 

sequence shows that there is a CpG island but no TATA box located near the 5' end of both 

the human Htf9c and RanBPl genes. Alignment of this region with the promoter region 

identified for the mouse Htf9 locus (Somma et al., 1991; Di Matteo et al., 1998) shows that 

eight transcription factor binding sites, including three E2F binding sites, three SPl 

binding sites and one HBF binding site and a CCAAT box, are conserved in the human 

Htf9 locus (Figure 3.16).
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Figure 3.16 Alignment of promoter region of human and mouse Htf9 locus 
Human sequence is the complemented sequence o f contig positions 66270-66500. Locations of 
transcription factor binding sites within the mouse promoter are according to Di Matteo et ai. (1998). 
Putative human Htf9c gene transcription start (TS) site was based on the mouse Htf9c cDNA sequence 
(X56044) and Matteo et al.(I998). Putative human RanBPl transcription start site was located based on 
the human RanBPl cDNA sequence (D38076).

The expression of both mouse Htf9c and RanBPl genes are cell-cycle dependent, a 

process where regulation is controlled by E2F activators and repressors of the 

retinoblastoma gene family (Guarguaglini et al., 1997). Promoter expression assays have 

demonstrated that within the 273 bp mouse Htf9 promoter region, a 74 bp sequence 

including the SPl.2 binding site, the major transcription start sites, and the E2Fc site 

binding site is sufficient for basal transcription activity in both orientations. The E2Fa 

region is important for cell cycle control of Htf9c transcription. The region containing the 

SPl.3 and E2Fb sites contributes to transcriptional activation in both promoter orientations 

and influences both basal and cell cycle-dependent transcription activation. The high degree 

of sequence conservation between the human and mouse Htf9 promoters may indicate that 

expression of both the human and mouse Htf9 genes are controlled by a similar 

transcription regulation mechanism. Indeed, the expression patterns of the human Htf9c
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and RanBPl genes are very similar to that of mouse (Bressan et al., 1991), indicating that 

the expression of both human genes also is cell cycle-dependent.

As revealed by a blasm search of dbEST, there are about 50 EST entries which are 

well-aligned to the 3' end of the human RanBPl gene in the genomic sequence. More than 

half of these ESTs terminate near contig position 75985 and approximately one third 

terminate at or near contig position 76160 to produce a transcript which would be 170 bp 

longer. Examination of the sequences near the 3' ends of these two categories of transcripts 

reveals that there is one putative polyadenylation signal (TATAAA) at contig position 

75970 (II) and another (AATAAA) at contig position 76135 (HI). Thus, transcripts with 

different 3' ends most likely would be obtained because of alternative polyadenylation 

positions. Another possible polyadenylation signal (I) (AATAAA) also occurs just 

downstream from the coding region of the sixth exon at contig position 75852. Since very 

few ESTs terminate around this position, the signal most likely functions, but less 

efficiently than the other two. The position of the three putative polyadenylation signals and 

related data are summarized in Figure 3.17. Detailed examination of the tissue source of 

these ESTs indicates that the alternative polyadenylation may be somewhat tissue specific. 

Such tissue specific regulation of alternative polyadenylation has been shown for a few 

other m-RNAs (Gautheret et al., 1998). The sequences between the three potential polyA 

signals are very T rich and slightly A rich. For example, the 112 bp sequence between 

signals I and H is 70% A+T and 56% T. The 189 bp sequence between signals H and DI is 

68% A+T and 39% T. It has been noted by Shaw and Kamen (1986) that AT-rich 

sequences near a polyadenylation signal may be involved in RNA degradation.

In contrast to the multiple potential poly-A signal sequences downstream of the 

RanBPl gene, the human Htf9c gene only has a single putative polyadenylation signal 

(AATAAA) located at contig position 61119,17 bp upstream of the 3' end of the terminal 

exon of the gene.
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3.4.3 Putative human gene PutA

The region located at contig position 25000 to 60000 has significant homology to 

several ESTs. By aligning the EST sequences to the contig sequence, 12 exons (or 11 

exons, see below) coding for a putative gene, termed PutA, are revealed (Table 3.10). 

These 12 exons form two clusters. The first cluster (exons 1-2) is represented by one EST 

(T06489) and contains stop codons in aU three frames, suggesting that they may represent 

the 5' or 3' end of a gene. The second cluster (exons 7-16) is represented by multiple ESTs 

and has an open reading frame which terminates at exon 16. Since there are no obvious 

promoter elements in the genomic DNA sequence upstream of the second exon cluster, and 

the first exon (exon 1) from the first EST cluster is located in a major CpG island, it is 

likely that these 12 exons may be expressed from a promoter in this CpG island. Genscan 

also predicts three genes in this same region with two on the forward strand and one on the 

reverse strand. Comparison of die results from Genscan with the EST data shows that one 

of the predicted genes likely is incorrect since it is located within an intron whose flanking 

exons are spanned by an EST (AA672501). Both Genscan and Xgrail predicted four more 

exons between the two clusters of exons, three of which are at identical or similar contig 

positions. Human and mouse sequence comparison by Geneligner also predicted four 

exons, all of which are at identical or similar contig positions to the four exons predicted by 

Genscan. These four exons (3-6) form an ORE which is compatible with the exon clusters 

located at 5' and 3' sides of these exons. Thus, the putative PutA gene most likely has 16 

exons. However, an alternative form of PutA with only 15 exons also is possible since the 

3' end of the putative gene has homology to more than 20 human ESTs and some of those 

ESTs, such as AA203219, overlap the 3' end exon but extend in the 5' direction into the 

last intron while still others, such as AA312704, overlap exon 15 but extend in the 3' 

direction into the last intron. These observations strongly suggest that the PutA gene may 

have an alternative splicing pattern where intron 15 is part of a large 3' end exon. The
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predicted exon and intron sizes of the putative gene PutA are listed in table 3.10. The 

predicted protein sequence is shown in Figure 3.18.

Table 3.10 Exon and intron sizes of putative PutA gene

N o . E xon R ange E x o n In tron(bp) Evidence

1 29088-29188 101 530 2 T06489
2 34491-34625 135 132 T06489
3 34899-35487 589 478 Geneligner, G enscan
4 35966-36125 160 2347 Geneligner, G enscan
5 38473-38615 143 164 Geneligner, G enscan
6 38780-39062 283 1176 Geneligner, G enscan
7 40239-40436 198 236 A A 000671, A A 431537
8 40673-40774 102 838 AA672501, A A 431537
9 41613-41711 99 1805 A A 672501, A A 431537
10 43517-43599 83 11380 A A 672501, A A 431537
11 54980-55080 101 314 AA672501
12 55395-55501 107 567 AA672501
13 56074-56201 128 1491 A A 217940,A A 431213
14 57693-57806 114 1021 A A 217940,A A 431213
15 58828-58882 55 1306 A A 217940A A 431213
16 60189-60675 487 AA431213, A I028241
(15- 58828-60675 1848 see text)

>hputa.prot
MKRAXGAEVMDVGSGGDGQSELPAEDPFNFYGASLLSKGSFSKGRLLIDP 
NCSGHSPRTARHAPAVRECFSPDLKLLKDVKISVSFTESCRSKDRKVLYTG 
AERDVRAECGLLLSPVSGDVHACPFGGSVGDGVGIGGESADKKDEENELD 
QEKRVEYAVLDELEDFTDNLELDEEGAGGFTAKAIVQRDRVDEEALNFPY 
EDDFDNDVDALLEEGLCAPKKRRTEEKYGGDSDHPSDGETSVQPMMTKIK 
TVLKSRGRPPTEPr.PDGWIMTFHNSGVPVYLHRESRWTWSRPYFLGTGS 

WW domain
IRKHDPPLSSIPCLHYKKMKDNEEREQSSDLTPSGDVSPVKPLSRSAELE
FPLDEPDSMGADPGPPDEKDPLGAEAAPGALGQVKAKVEVCKDESVDLEE
FRSYLEKRFDFEQVTVKKFRTWAERRQFNREMKRKQAESERPILPANQKL
ITL.qVODAPTKKEFT/INPKTGKSEVCILHEYMGRVLKVRPVYNFFECENPS

dsRBP domain
EPFGASVTIDGVTYG.RGTAE.EKKI.AKNKAARATLEILIPDFVKOTSEEKP
KDEEELBYFNHTRTKnSRVYKIiTSKAGLLSPYCIIiHECLKRNHGMGDTSI

dsRBP domain
KFEWPGKNOKSEYVMACGKHTVRGWCKNKRVGKOLASOKILOI.LHPHVK 
NWGSLLRMYGRESSKMVKQETSDKSVIELQQYAKKNKPNLHILSKLQEEM 
KRLAEEREETRKKPKMSrVASAQPGG ( EPLCTVDV* ) KQCWPVGRPQHIL 
PSLPV*

Figure 3.18 Predicted protein sequence of PutA gene
S eq u en ce  in  parenthesis ind icates th e  reg io n  o f  an  a lte rn a tiv e  sp lic ing  pattern
resu lting  in  on ly  15 exons
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The predicted PutA cDNA encodes for putative proteins with either 744 or 734 

amino acids beginning at the AUG methionine codon at contig position 34612 in exon 2. A 

protein database search failed to reveal any proteins with high homology to PutA although 

partial regions of homologies were observed with a mouse leucine-rich acidic nuclear 

protein (P49911) and a human double-stranded RNA-specific adenosine deaminase 

(P55265). A profile search revealed three putative protein domains. The first is a WW 

domain, which may be involved in protein-protein interaction (Chen and Sudol, 1995) and 

is predicted at residues 262-295. The other two are both double stranded RNA-binding 

domains (dsRBD) at residues 472-539 and 580-647. TMpred does not predict a 

transmembrane domain and protein targeting site analysis with Psort predicts that this 

protein would be targeted to the nucleus. Thus, the putative PutA gene most likely encodes 

for a nuclear protein involved in nucleic acid modification.

3.4.4 Human putative gene PutB

The region from contig positions 84000 to 96000 also contains homology to several 

ESTs and firom the EST data alone, Geneligner predicts the presence of a gene encoded on 

the forward strand with 10 exons. Genscan also predicts one gene on the forward strand 

with 12 exons, 10 of which are identical or similar to the 10 exons revealed by EST data. 

By incorporating both EST data and Genscan predicted exons, a single gene with 11 exons 

is predicted. Examination of these predicted exons shows that the 3' end exon has a 

number of ESTs aligned to it and contains an in frame stop codon, and thus, should be the 

3' end coding exon. There also is a sub-optimal polyadenylation signal (ATTAAA) located 

at contig position 95237, 18 bp upstream from the end of a predicted exon, exon 11. 

Further, at least six more ESTs, four of which are 3' ESTs, are located in the region 

96165-96811, about 900 bp downstream from exon 11. The four 3' ESTs terminate at the 

same contig position, 96811, and have a polyadelynation signal (AATAAA) corresponding 

to contig position 96789, 22 bp upstream of the end of these ESTs. These features suggest
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that the region between 96165-96811 is a 3' end exon (exon 12) of an upstream gene. 

Since there are no ESTs spanning this exon and upstream exons, the S' boundary of this 

exon can not be determined. Also, whether this exon represents the result of alternative 

polyadenylation or alternative splicing can not be determined. While the 3' end of this 

putative gene can be located by EST data, no ESTs were found that would signal the S' 

end. Examination of the genomic sequence also revealed no TATA box in the 10 kb contig 

region upstream from the first EST-revealed exon (exon 2). However, a prominent CpG 

island is found within the region at contig positions 79600-81300, about 4 kb upstream of 

the exon that Genscan predicted as the initial coding exon of this putative gene. Thus, it is 

likely that the predicted S' end exon may represent the S' end coding exon of the putative 

gene. The resulting gene model for the putative gene (referred to as PutB) contains 12 

exons, corresponding to a translation product of 729 amino acid residues (Table 3.11 and 

Figure 3.19).

Table 3.11 Exon and intron sizes of putative PutB gene

N o. E x o n  R ange E xon (bp) Intron (bp)

1 84976-85064 89 2933
2 87998-88119 122 162
3 88282-88439 158 84
4 88524-88696 173 222
5 88919-88985 67 434
6 89421-89512 92 162
7 89675-89816 142 204
8 90021-90146 126 82
9 90229-90276 48 1286
10 91560-92560 1001 1472
11 94033-95255 1223
12* 96165-96811 > 646

' The 5' boundary o f  exon  12 no t determ ined, see  tex t fo r detail.
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ATGGCGGGCCAGACACTCCACCTCCaGCCCAGGCCCAGftGCCTGTCTTTGCCTGGCCCrCCGGCAGGCGA.
M A G Q T L H L Q P R P R A C L C L A L R Q A S

L V C T X R C P W L T R A V S P A V P V Y N - G  
CATCATCTiariCITTGTCCTGGCXJJ^CTTCAGCATGGCCACTTTCATGGACCCTGGTGTTTrCCCCCGA 

r r F L F V L A N - F S M A T F M D P G V F  P R  
GCGGATGAGGATGAGGACAAGGAGGACGACTTCCGGGCTCCGCTGTACAAGAACGTGGATGTGCGAGGTA 
A D B D E D K E D D F  R A P L Y K N V D V R G  I  
TCCAGGTCCGCATGAAGTGGTGTGCCACGTGCCACTTCTAœGœCGœGCGCrGCTCCCACTGCAGCGT

Q V R  K K _ W  C A T C H P Y R P P R . C S H C S V  P u t ia C iv e
CTGTGACAACTGTGTAGAGGACTTTGACCACCACTGCCCCTGGGTCAACAACTGCATCGGGCGTCGAAAC 2 n - f i n g e r  
■ C D N - C V E D F D H H C P W V N -  N _ C  T G R _ R  M m o t i f

TATCGCTACITCTTCCTGTTCCTGCTGTCACTCAGTGCACaCATGGTGGGCGTCGTGGCCTTCGGCXrrGG 
Y R Y F F L F L L  S  L  S A H M V G V V A F G L V

Y V L N H A E G L G A A H T T I T M A V M C V
GGCCGGCCTCTTCTICATaCTGTCATTGGCCrcACTGGCTTCCATGTGGTGACTGGGAAGTTCCGCGGG

A G L F F I P V I G L T G F H V V T G K F R G
GGTGTGAACCCTTTCAœCGAGGCTGCIGTGGGAATGTGGAGCACGTGCTGTGTAGCCCCCTGGCGCCCC
G V N P F T R G C C G N ’ V E K V L C S P L A P R
GGTACGTGGTGGAGCCACCœGGCTGCCGCTCGCGGTGAGTTTGAAGCCGCCTl'i'CCTTAGGCCTGAACT

Y V V E P P R L P L A V S L K P P F L R P E L
CCTGGACCGAGCTGCAœGCTCAAGGTCAAGCTTAGTGACAACGGGCTGAAGGCTGGCCrGGGCCGTAGC

L D R A A P L K V K L S D N ’ G L K A G L G R S
AAGTCCAAGGGCAGCCTOGACCGGCTGGATGAGAAGCCACTGGACTTGGGGCCACCACTGCCCCCCAAGA
K S K G S L D R L D E K P L D L G P P L P P K I
TAGAGGCTGGCACGTTCAGCAGTGACCTGCAGACCCCGCGCCCAGGCAGTGCTGGTGAGTGCCCTGTCGG

E A G T F S S D L Q T P R P G S A G E C P V G
TGCAGAGGACCAGCCCœCGACACCTGCCATGTACAAGTTCCAGGCCCTGArrCCCTGACCCTGGGGGAC

A E D Q P P D T C H V Q V P G P D S L T L G D

D S I R S L D F V S E P S L D L P D Y G P G G L  
TGCATGCAG(XTACCCGCCATCœCACCGCTCAGCGCCTCTGATGCCTTCICGGGCGCTTTGCGCTCCCT 

H A A Y P P S P P L S A S D A F S G A L R S L  
GAGCCTCAAGGCCTCGAGCCGGCGGGGCGGGGATCATGTGGCCCTGCAGCCCCTGCGCTCrGAGGGGGGG 

S L K A S S R R G G D H V A L Q P L R S E G G  
œ(XX:CACGœCCACCGTAGCATTTTTGCCCCCCATGCACTGCCCAACCGCAACGGCAGCCTGTCCrATG 
P P T P K R S I F A P H A L P M R N G S L S Y D  
ACAGCCTGCTCAATCCTGGCTCGCCTGGTGGCCACGCCTGœCTGCCCACCCAGCAGTTGGCGTGGCCGG 

S L L N P G S P G G H A C P A H P A V G V A G  
ATACCACTCACCCTACCTGCATCCTGGGGCAACGGGCGACCCGCCACGGCCCCTACCCCGCAGCTTCAGC 

Y H S P Y L t t P G A T G D P P R P L P R S F S  
CCCGTGCTGGGCXCCCGCCCCCGGGAGCCXrrcGCCTGTGCGCTACGACAACCTGTCCAGGACCATCATGG 
P V L G P R P R E P S  P V R Y D N " L S R T I M A  
CATCCATCCAGGAGCGCaAGGACAGGGAGGAGCGTGAGCGCCTGCTGCGCTCCCAGGCCGACTCACTCTT 

S I Q E R K D R E E R E R L L R S Q A D S L F  
CGGCGACTCAGGCGTCTATGACGCTCCCAGCTCCTACAGCCTGCAGCAGGCCAGTGTGCTGTCCGAGGGC 

G D S G V Y D A P S S Y S L Q Q A S V L S E G  
CCCaSAGGTCCCGCGCrGCGCTATGGCTCCAGAGACGACCTTGTGGCTGGGCCCGGCTTCGGTGGCGCCC 
P R G P A L R Y G S R D D L V A G P G F G G A R  
GCAACCCTGœCnXMACGTCACTGTCCTCGCTGTCCAGCTCCGTGAGCCGTGCACCGCGGACGTCGTC 

N P A L Q T S L S S L S S S V S R A P R T S S  
CTCCrCCCTGCAGGCTGATCAGGCCAGCAGCAACGCCCCGGGGCCCCGGCCCAGCAGTGGCTCACACAGG 

S S L Q A D Q A S S î f A P G P R P S S G S H R  
TCACCTGCACGCCAGGGCCTGCCCTCCCCGCCCGGCACrCCCCACTCACCATCCTACGCGGGCCCCAAAG 
S P A R Q G L P S P P G T P H S P S Y A G P K A  
CTGTCGCCITCATCCACACGGACCTCCCAGAGCCACCGCCCTCGCTGACCGTGCAGAGGGACCACCCTCA 

V A F I H T D L P E P P P S L T V Q R D H P Q  
GCTGAAGACTCCCCCAAGTAAGCTTAATGGGCAGTCCCCGGGCCTGGCCCGGCTGGGACCTGCXrACCGGC 

L K T P P S K L N G Q S P G L A R L G P A T G  
œCCCAGGGCCCTCTGCCAGCCCTACACGGCACACGCTGGTTAAGAAGGTGTCCGGCGTGGGTGGGACCA 
P P G P S A S P T R H T L V K K V S G V G G T T  
CCTACGAGATCrCGGTGTGAGGRCTGACTGCCACACATCCGCCATGGTGCCACGGGGACCAGGACCCCAC 

Y E r  S  V  *

ATCGGCGGGAGAGAGTGCCACGCCTCCACAGCTTGCCCCAAGCGCTCTGCCTGCCCGTCCACTCATCTGC
CCAIGGGGAAGTCGGCTCACTGGa^CAAGGGCCACTGGGCTGGTCTGTGTCTGGGCCTGTCCCATGGCTG
GGGCAGTGAGGGGGCCCAGTCAGCCTCTrTGGGGCACCCTCTCTCAGCCAGGCTTGGCCCACrGCCATCA
CCCAGCACCœAGATCACCGCCAGGCCAGCCCCCAATGGTCCCCTTACGGACAGGTCCCAGAGATGGACA
GAGGCAœCAGGGCCCCCAœGTCCTTCTGACACAGCCTGTGGGCTCCCGGACCGAGTGTCCCCCGCCAG
GCTACTCCTAACTAACGCGTTGCCTTTCACGGACCCCGCTGGAAGCTTGTAGCrrGGCAAGGCTGATGCT
TCTGCCCTGGCXTGCTCrGGGTGGTGGTGGATAGGTGGACAGACGGCCAGCCAGCCAGCTGTGGCCGGGG
GCCCGGCTCCATGTGTCCCGTGTCTGTGTGCTGTGCTGCCGCGCCGTGTCTGATGTGTCAGTGCTCCGGC
CGCCGCTGTœCTTICATCAAAGCCTTAACCTTTGCTTTATGCTCTTGTGGGAGGCGACGGGGGGGCAGG
CGGQAGCAGGCACGGGGGTGATGCTGCCACAGGGGGCTGGTGACACCCAGAGCCCCCTCCCCAGCCCTCA
GGœCrCCCTGCCAAACTGGAGAACCCCACCCCAAGGCATGCCACGTCCGCAGCCCCGGCCTGGCTGCGG
TGCrCGCGCCGTGGGAAAGCACACTGGGGAGGGGTCAGTGCTTCCCTTGGTGTCAGGGACCTGAGAQTAA

TTATTAAAAAAAAGAAAAAGA

Figure 3.19 Predicted cDNA and protein sequence of PutB gene
N ote: D N A  sequence o f  exon  12 is no t included since  it's 5  end  can n o t b e  determ ined  at this stage.
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A protein database search with the sequence of the putative PutB protein revealed 

no significant homology with any known proteins. However, the N-terminal -200 residues 

of the PutB protein did show significant homology to 4 yeast hypothetical proteins 

(P34679, Q09701, P42836 and 014345), two of which were suggested to be 

transmembrane proteins in their Genbank entries, and a putative protein of C. elegans 

(AL032657). A profile search revealed a putative Zn-finger motif at residues 99-149 and 

Psort predicted the protein to be targeted to plasma membrane. Since two of the 

homologous hypothetical proteins also were suggested to be transmembrane proteins, the 

putative protein sequence was analyzed by transmembrane domain prediction with TMpred. 

The result (Figure 3.20 and Table 3.12) suggests that the protein contains 4 transmembrane 

domains and the N-terminal is predicted to be within the cytoplasmic membrane.

Table 3.12 TMpred prediction result of PutB gene

N o. o f  tm  helices A m ino  ac id  residues

1 14 -  38
2 4 4  - 63
3 144 - 167
4 180 - 204

3.4.5 Other putative genes in contig 3

In the remaining regions of this contig (95000-162000), Genscan predicted five 

genes and Xgrail also predicted multiple exons. However, a blasm search of the dbEST 

database unexpectedly revealed no significant EST homologies. To evaluate the possibility 

that there could be genes within this region, the predicted protein sequences for the five 

putative genes were searched against the protein database. The N-terminal of -160 residues 

of one of the Genscan predicted proteins had a modest degree of homology to segments of 

several known proteins, most of which were collagens, such as the sea urchin collagen 

alpha 2 chain homologue (S23809). Examination of the protein sequences of the
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Figure 3.20 Transmembrane domain prediction result of PutB gene by TMpred



homologous regions shows that the collagen sequences are composed of recursively 

repeating of several amino acid residues while the predicted protein sequence is not. Thus, 

there is no evidence for the presence of any genes in the remaining region of this contig.

3.4.6 Repetitive elements in contig 3

In contrast to contigs 1 and 2, both of which contains over 40% of repetitive 

sequences, contig 3 contains only 22.3% repeated sequences (Figure 3.21 and Table 3.13). 

Furthermore, these repeated sequences are not evenly distributed along the length of the 

contig but are at a higher density in the first 100 kb, where five known or putative genes 

also are located. This trend holds for each individual repeat family, including Alu, L I and 

LTR repeats. Again, there does not appear to be a preference for orientation or location of 

Alu repeats in this region but the LI repeats have a preference for relatively large introns 

and intergenic regions. Interestingly, the three segments of L I repeats in the intron region 

of human TIO gene and the ten segments of LI repeats in the intron region of PutA gene all 

are oriented in the opposite direction of transcription of both genes.

Table 3.13 Repetitive elements in contig 3

num ber o f  
elem ents

length
occupied

percentage 
o f  sequence

SIN Es:
A LU s 68 I 8515 bp 11.41 %
M IRs 9 837 bp 0.52 %

LIN Es:
L I 10 5011 bp 3.09 %
L2 3 654 bp 0 .40 %

L T R  elem ents 10 5938 bp 3.66 %

M E R 5 1613 bp 0.99 %

Sim ple R epeat 33 3188 bp 2 .00 %

T otal in terspersed repeats: 32933 bp 22.30 %
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A repeatmasker analysis shows that the region from contig positions 110849- 

113658 is rich in simple repeats composed of repeating units of (ACC)n=i-9 (or GGT in the 

complemented strand) frequently separated by ATCACT (Figure 3.22). Surprisingly, both 

Genscan and Xgrail predicted a majority of the region to be coding. Genscan predicted a 

forward strand single exon gene while Xgrail predicted two exons in the opposite strand 

(see Figure 3.11). The Genscan predicted protein consists primarily of threonine in the N- 

terminal two-thirds and proline in the C-terminal one-third. A protein database search with 

the predicted amino acid sequences failed to reveal any similarities to known proteins. 

Currently, there are two known eukaryote proteins which are encoded largely by simple 

tandem repeats (Djian et al., 1998). One is involucrin, a keratinocyte protein , which 

contains 39 repeats of three glutamines and two glutamic acids (Eckert and Green, 1986) 

while the other is a nuclear protein of unknown function composed largely of glutamine 

and histidine (Cox et al., 1996). The repeating units which code both of the known 

proteins are CAG. Examination of the protein sequences of both of the known proteins 

shows that at least a portion of them consists of unique amino acid sequences while the 

predicted protein sequence in this contig consists almost exclusively of repeats. In addition, 

there are no potential TATA boxes, CpG islands or poly A signals found on either side of 

the repeat sequence. Given these observations, it is unlikely that the repeat in this contig 

actually codes for a gene although this possibility can not be excluded.

Tandem repeat sequences are abundant in eukaryote genomes. A survey of the 

Genbank nucleic acid database shows that on average, one simple tandem repeat is present 

in every 6 kb of human genomic sequence (Beckman and Weber, 1992). Two classes of 

tandem repeat sequence, i.e. minisatellites and microsatellites, have been intensively 

studied in recent years, primarily because of their association with some human disorders 

(Caskey et al., 1992) and their usefulness in genome mapping (Jeffreys et al., 1985). 

Minisatellites, which are predominantly located at the terminal regions of human 

chromosomes, are tandem repetitive sequences of up to 10 kilobases with repeating units
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>Contig sequence from  110849 - 113658
CATCATCACCACTGTCACCATGflGCATGGCCATftACCACCa.TCATGGTCAGCTCCaCCftG
CAICACCACCACCACCACrACrAICACCATCACTGCCACCACCA.CCGCCACCATGACTaC
CACCACCATCACCACCACCACCACCATCACTACCACCACCACCATCACTACCACCACCAC
CACCACGATCACTACCACCACCACCACCATCACCATCAC'EACCACCACCACCACCATCAC
CATCACCACCACCATCACTACCACCACCACCACCACCACCACCACCATCACEACCACCAT
CACCACCACCATCACCACCACCACCACCACCACCATCAC1ACAACCACTACCACCACCAC
CACCATCACEACCACCACCACCATAACCATCACTACCAGCATCACCACCACCACCATCAC
CATCACTACCACCACCATCACCATCACTACCACCACCACCACCACCACCATCACTACCAC
CACCACCATCACEACCACCATCACCATCAdACCACCACCACCACCACCACCATCACTAC
CACCACCACCACCACCATCATCACCACCACCACCACCACCACCACCATCACTACCACCAC
CSCCACCATCACTACCACTACCACCACCATCACTGCCACCACCACCACCACCACCATCAC
TACCACCACCACCACCATCACTGCCACCACCACCACCACCACCA.TCACIACCACCACCAC
CATCACCACCACCACCACCATCACTACCACCACCACCACCACCATCACTACCACrACCAC
CACCACCATCACTACCACCACCACCATCACCACCACCACCACCATCACIACCACCACCAC
CACCACCACCATCACTACCACCACCACCACCACCATCACTACCACCACCACCACCATCAC
TACCACCACCACCACCACCACCATCACTACCACCACCACCACCATCACXATCACTACCAC
CATCACCACCACCACCACCATCACCACCACCACCATCACCATCACrACCACCACCACCAT
CACCACCACCACCACCATCACIACCACCACCACCACCACCACCACCATCACTACCACCAC
CACCACCACCATCACTACCACCACCACCACCATCACTACCACCACCACCACCACCATCAC
TACCACCACCACCACCATCACCATCACTACCACCATCACCACCACCACCACCATCACCAC
CACCACCATCACCATCACTACCACCACCACCACCACCATCACTACCACCATCACCACCAT
CACCACCACCATCACTACAACCGCCATCACTACCACCATCACCACTACCACXATCACTAC
CACCACCACCACCACCATCACCATCACTTCCACCACCACCACCACCACCATCACTACCAC
CACCACCACCACCATCACCATCACTTCCACCACCACCACCACCACCATCACTACCACCAC
CACCACCACCATCACCATCACTTCCACCACCACCACCACCACCATCACTACACCACTAC
ACCAGGACACCATCACTACCACCACCACCACACATCACTACACATCACCACAC
A C A C A C A T A C T A C A C A C A C A C A C A T A C T A C A C A C A C A T A C A T
A C A C A C A C A C A C A C A T A C T A C A C A C A C A C A T A C A T A C A C A C
A C A C A T A C A C A C A C A C A C A C A T A C T A C A C A C A C A T A C A T A C
T T C A C A C A C A C T G C A IA C T A C A C A C A C A C A T A C A T A C T A C A C A C
C C A C A C A C A C A T A C A C A C A C A C A T A C T A C A C A C A C A C A C A T C
A C T A C A C A C A C A TA C A T A C T TC A C A C A C A C T G C A TA C T A C A C A C C
A C A C A T A C A T A C A C A C A C A C A C A C A T A C A T A C T A C A C A C A C C
A C A C A C A T A C A C A C A C A C A C A T A C T A C A C A C A C A T A C A C A C C
A TA C A C A T A C A T C C C A C A T A C T A C A C T G C A C A C A C A C A TA C TA C C
A C A C A C A C A T A C A C A C A C A C A C A C A C A C A T A C A C A C A C A C C
A T A C T A C A C A C A C A C A G A C A C A C A T A C A C A C A rA C A C A A A C C
A C A T A C A C A C A T A T A G A A C A C A C A T A C A T A C A C A C A C A C A C C
A T A C A C A C A C A T A C A T A C T A T A C A C A C A T A C A T C G T T A C A T A C C
A T A C A T A C A C A C A C A C A T A C A T A C T A T A C A C A C A T A C A T C G T T
A C A T A C A T A C A T A C A T A C A T A C A T A C A A C C T C A T A C A T G G T C G
CTGTACTGAGCCATCCTACTACTGTATCAGACTGTAAGACATGCTGAAAG
CCAAGTGGGTTTGAGGGCTCCATTGCTTGGACTAGTTCCTAGGAAGGAGGCTC
ACGCTGGTCTGATTGATTGGAGGGATGCCTAAAAGGTCTTTATGGGGTGTGATT
GTGGAGTGGGGAGGGGGAGGCTAGGGAGGTCTCGAGACTTATGCœTGGGATTCTC
CCCGGCCCCCTTCTGTCTAGAGCTCCCACGCTTCTTACTGAGCTGGAGAGAGGAA
GAGGAGGGGTGGGAGGAGGGGAGGGGAGAGAAGGGGAGGGGAG

Figure 3.22 Nucleic acid sequence of the minisatellite in contig 3
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of 9-100 bp (Sertedaki and Lindsay, 1996). In contrast, microsatellites have shorter 

repeating units (1-6 bp), span regions of about 50-100 bp and are dispersed throughout the 

human genome. The large repeat sequence in this contig might be classified as a 

minisatellite due to its overall size and that it has a repeating unit of (ACC)5-7(ATC)(ACT).

Although minisateUites are common in human genomes, the repeat from this contig, 

which is composed of primarily trinucleotide repeats, seems unusual. In hybridization 

experiments for trinucleotide tandem repeats in the human genome. Armour et al. (1994) 

identified multiple alleles of trinucleotide repeats with lengths generally less than 300 bps. 

Longer triplet repeats often are reported in association with human diseases such as 

mytonic dystrophy, a disease that results from expansion of a CTG repeat in the 3' 

untranslated region of the myotonin kinase gene (reviewed by Riggins et al., 1992). 

Specifically, a short triplet repeat with 5-30 copies of CTG in normal individuals was 

expanded into a triplet repeat with up to 2000 copies in affected patients (Harley et al., 

1992). In a search for other trinucleotide repeats. Armour et al. (1995) also isolated two 

repeat loci from normal individuals which contain thousands of irregular repeating GGA- 

GGT triplets which they claimed were "greatly exceeding repeat copy number at most 

trinucleotide and other simple repeat loci". These repeat loci have been mapped to human 

chromosomes 15 and 22 and the repeat locus which maps to chromosome 22 ranges in size 

from 1.6 - 3.5 kb between different individuals based on PGR experiments. In view of 

these observations, the tandem ACC/GGT repeat that is described in this present work 

most likely is among the largest trinucleotide repeats in the human genome as it spans about

2.5 kb.

Recent studies of repeat sequences, especially trinucleotide repeats, also suggest 

that the presence of large trinucleotide repeats may have important biological significance. 

Firstly, tandem repeat sequences, including both minisatellites and microsatellites 

frequently are unstable and undergo either deletion or expansion (Buard and Jeffreys, 

1997; Schlotterer, 1998). Secondly, trinucleotide repeats tend to form alternative secondary
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structures as suggested from in vitro experiments (Pearson and Sinden, 1996; Maueler et 

al., 1998). Although there were no such experiments directly involving the (ACC/GGT)n 

triplet repeat as observed here, it is likely that an alternative secondary structure readily 

could be formed. It is known that potassium ions stabilize four strand DNA structures 

formed by guanine-rich DNA (Sen and Gilbert, 1990) and that extremely stable 

intramolecular tetrads are formed in oligonucleotides composed of (GGGT)^ in the 

presence of potassium ion (Jing et al., 1997). Therefore it is not surprising that only in the 

absence of potassium ions could the repeat region of this contig be speciBcally amplified by 

a PCR reaction as discussed above and shown in Figure 3.23. Other studies supporting the 

biological significance of trinucleotide repeat sequence include those indicating that several 

single- strand DNA binding proteins bind to a specific subset of trinucleotide repeat 

sequence including (GGT)n (Yano-Yanogisawa et al., 1995; Maueler et al., 1998) and that 

chromatin structure may have special property when assembled at trinucleotide repeats 

(Rossetti et al., 1998).

Therefore, the presence of the minisatellite sequence in this contig may have some 

as yet unknown significance that could range from being involved in chromosomal 

rearrangements or deletions, such as observed in DGS, or one of the above discussed 

functions.
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4.4 kb 
2 3  kb 
2.0 kb

Figure 3.23 PCR amplification of the ACC/GGT repeat region in Contig 3 
Prim er 1: G T C A G G C TC A G TC C A C G C TC TG C TC TTC  
Prim er 2: G G C A T C C C C T C C A A T G C A A T C A G A C C A G  
C ycle condition: 95”C  1 min, 65°C 45  sec, 72”C  2 min, 25  cycle 
Lanes 1 and 6: size marker 
Lanes 2 and 3: P C R  buffer w ithout KCI 
Lanes 3 and 4: P C R  buffer w ith 50 mM  K C I
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3.5 Analysis o f contig 4

Contig 4 is composed of a single mouse BAG clone 72k21 which has a 118,243 bp 

insert. Detailed analysis of this contig shows that the contig contains 3 known genes, i.e. 

mouse TIO, mouse Htf9c and mouse RanBPI, and a putative gene PutA (Figure 3.24).

3.5.1 Mouse TIO gene

Eight exons are revealed by aligning the mouse TIO cDNA (X74504) with the first 

50 kb sequence of this contig (Figure 3.24). Although the S' 18 bp of this mouse TIO 

cDNA does not match the genomic sequence, two other mouse ESTs (AA274508, 

AA200446) do match the genomic sequence exactly but do not match ± e  5' 18 bp of the 

mouse TIO cDNA. In addition, an EST entry (AA200446) which overlaps four existing 

exons reveals one more exon S' to the previously known 8 exons. This exon is located in a 

CpG island and probably represents the S' end exon of the mouse TIO gene. The nine 

exons are 1S7S bp long and contain a single open reading frame, starting from a methionine 

codon within the second exon and terminating within the 9th exon to produce a putative 

protein with 276 amino acids. Within the coding region, six discrepancies between the 

cDNA sequence and the genomic sequence were observed that would result in 3 amino acid 

differences in the putative translation products. The exon and intron sizes of the mouse TIO 

gene are listed in Table 3.14 and the translated protein sequence is shown in Figure 3.25.

Table 3 .14  Exon and intron sizes of mouse TIO gene

No. E x o n  R ange Exon size (bp) Intron S ize (bp)

1 8072-8170 99 19348
2 27519-27612 94 7622
3 35235-35323 89 3889
4 39213-39332 120 1655
5 0988-41102 115 2828
6 43931-44001 71 4133
7 48135-48288 154 892
8 49181-49285 105 1133
9 50419-51146 728

89



Ok 5 0 k 100k

-+++HH— B— K t t l lMH WI'IRR M

s:^ ia4 
■ if I ; I jjf- 4 . / -'Û ' Vi-. f' i'/4 4-'  9 H  « PowblasI

1.00-,

0 .00 .

-G C (% )

VOO

n) r r “ ~  Ti— n ~ r “ “ri) iiT riT “ r T :n ) nzrziT ]—i)'

|)iii
G enscan

TTTT TT I f T
X grail

TIO
r:

PulA
CZZmCEILCZC

R anB PI

x i : i 4  i n z n )
IlllfrI— IB-»m H l i WHg I Ma i HHtm m W l i  him ) « aKSgWHW H l-H »  H a » a  lltWW» W B « « l  lll 1 l l a im ll i l l  l A nnotation

{ill
H ll%

Figure 3.24 Features and annotation of contig 4 (see Figure 3.2b for legend)



>m ouse TIO  p ro te in
MCXIFFKFDPRPVSKNAYRLILAANRDEFYNRPSBCLADFWGNNSEILSGLDMEEGKAGGT
WLGISTRGKIiGALTNYLQPRQEPDARGRGELVSHFriTSDMDSLSYLKKVSTEGHLYNGFN
riAADLSTSKGDWCYYGNRGEPEPIVLTPGTYGLSNALLETPWKKLCFGKQLFMEAVEQ
SEALPKDVLVTQLLDVLNNEEAQLPDPAIEDQGQEYVQPILNKYAAVQfRCATyGTRTNT
IILVDANGHVTFTERSMLDKDTSRWETNTYEFTLQS

Figure 3.25 Protein sequence of mouse TIO gene
The three am m o acids w hich differ from  published m ouse TIO protein sequence a re  underlined.

Although the function of the TIO gene currently is unknown, a protein database 

similarity search indicates that the protein is similar to a putative C. elegans protein 

(e257662) of unknown function, with an identity of 31% and similarity of 49% but a 

profile database search did not reveal any known protein motif. Since this gene is 

conserved in several different species, including human, mouse, rat and C. elegans^ it 

likely plays an important biological role.

Analysis of the genomic sequence also reveals that two rat ESTs align to the 3' 

terminal exons of the mouse TIO gene. One of the ESTs (AA799663) aligned to exons 7, 8 

and the 3' terminal 253 bp of exon 9 of the mouse TIO gene and therefore the 5' 473 bp of 

mouse exon 9 was not present in the rat EST. The other EST entry (AIO10662) aligned to 

the 5' end 115 bp and the 3' end 253 bp of the terminal exon (exon 9) of the mouse TIO 

gene and therefore an internal 357 bp of mouse exon 9 was not present in the rat EST 

sequence. When aligning both of the EST entries to the mouse genomic sequence, typical 

splicing site consensus sequences were found at all gap boundaries. These results suggest 

that the mouse exon 9 might be split into two exons in rat. This possible lack of 

conservation between mouse and rat correlates with the relatively low conservation of exon 

9 between the human and mouse TIO genes, suggesting that part of the terminal exon of 

TIO genes might be subjected to lower selection pressure than other portions of the genes.

Regulatory elements: There is no TATA box predicted by Xgrail in the 5' region of 

the mouse TIO gene. However, as revealed by Xgrail, the first exon is located in a CpG 

island (7877-8238). Promoter prediction with NNPP in the region (7000-8200) predicted 

four promoters at contig positions 7702-7752, 7710-7760, 7798-7848 and 8019-8069,
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respectively, while promoter prediction with TSS W predicted a promoter at contig position 

7931. Considering that the fourth promoter region predicted by NNPP (8019-8069) and 

the promoter predicted by TSSW (7931) are relatively close to the first exon which starts at 

contig position 8072, and that the region (7870- 8070) contains several segments which are 

conserved in the human TIO gene promoter region as revealed by Dotter analysis, this 200 

bp region likely contains the promoter of the mouse TIO gene. When the putative promoter 

region subsequently was subjected to transcription factor-binding site prediction with 

Consinspector, a total of seven transcription factor binding sites, including 5 SPl binding 

sites, 1 glucocorticoid response element and I GA binding site were found. A polyadenyla­

tion signal (AATAAA) is observed at contig position 51125, which is 22 bp upstream of 

the 3' end of the mouse TIO cDNA sequence.

3.5.2 Mouse Htf9 locus: mouse Htf9c gene and mouse RanBPI gene

The mouse Htf9c and RanBPI genes were first isolated because of their association 

with a CpG island (Htf9) (Lavia, 1987). These two genes are transcribed in opposite 

directions and share coincident transcription start sites (Larvia, 1987). A Powblast search 

of the Genbank databases reveals that these two genes are located in the contig within a 15 

kb genomic region (contig position 98k-113k).

Alignment of the cDNA sequence of mouse Htf9c gene (X56044, 2815 bp) with 

the contig sequence revealed 28 mismatches, 8 insertions and 4 deletions in the cDNA 

sequence relative to the genomic sequence. The alignment also revealed 11 exons for the 

mouse Htf9c gene. However, three mouse ESTs (AI037089, AI037312, AA049825) 

aligned perfectly with the genomic sequence but had a gap in the region where the first 

exon is located (the sequence of EST AA049825 is extended by interpretation of its trace 

file obtained from the Washington University ftp site). The gap (102484-102717) also is 

bound by consensus splicing site sequences, indicating the presence of an intron in this 

region. Thus, these data suggest that the mouse Htf9c gene transcript might be alternatively

92



spliced, with the major form possibly containing 12 exons. The total length of the 12 exons 

is 2570 bps and the exon and intron sizes are listed in Table 3.15

Table 3.15 Exon and intron sizes of mouse Htf9c gene

N o . E xon R ange Exon size (bp) In tron  S ize  (bp)

1 103290-102718 573 234
2 102483-101936 547 426
3 101515-101407 109 257
4 101149-100968 182 154
5 100813-100699 115 88
6 100610-100495 116 74
7 100420-100309 112 465
8 99843-99721 123 153
9 99567-99492 76 241
10 99250-99134 117 88
11 99045-98949 97 79
12 98869-98467 403

The 12 exons of the Htf9c gene contain an ORE which codes for a putative protein 

of 602 amino acid residues starting from the second codon which codes for methionine. 

The second codon is tentatively chosen as the translation start site because the nucleotide 

sequence around the codon (CCCATGG) is more similar to the Kozak signal (GCCATGG) 

than the sequence around the first codon (GAGATGA) and the conceptually translated 

amino acid sequence between the first and the second methionine codons is not conserved 

in humans. The putative amino acid sequence of the mouse Htf9c gene is shown in Figure 

3.26.

>Htf9c protein
MEDCGQDASAVPSSAAPLCQKEEAGPGPAAGPGTQPGLYSYIRDDLFTSEIFKLELQNVP 
RHASFSDVRRFLGRFGLQSHKIKLFGQPPCAFVTFRSAAERDKALRVLHGALWKGCPLSV 
RLARPKADPMARKRRQEGDSEPSVTQIADWTPLWTVPYTEQriEQKRLECERVIiQKLAKE 
IGNTNRALLPWLLLQRQQHNKACC PLEGVKP S PQQTEYRNKCEFLVGVGVDGKDNTVGCR 
LGKYKGGTCAVAAPFDTVHIPEATKQWKAFQEFIRSTPYSAYDPETYTGHWKQLTVRTS 
SRGQAMAIAYFHPQKLSSEEVAGLKASLVCHFMEGPGKASGVTSLYFVEEGQRKTPSQEG 
LPLEHMAGDQCIQEDLLGLTFRISPHAFFQVNTPAAEVLYTVXQEWAQLDGGSTVLDVCC 
GTGTIGLALAPKVKRWGIELCQEAVEDARMNALTNELSNVEFHCGRAEDLVPGLVSRLS 
SHQLVAVIiDPPRAGLHSKVILAIRKAENIKRLLYVSCNPRAAMGNFVDLCRAPSNRVKGT 
PFHPVKAVAVDLFPQTPHCEMLILFERMQQHPNGIEALEHQEFQTPRNLPDITPQETEIS 
LS

Figure 3.26 Putative protein sequence of mouse Htf9c gene
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The function of the Htf9c gene currently is unknown. A protein database search 

reveals that this protein is similar to a number of RNA methyl transferases, a result also 

seen with the human Htf9c protein sequence (see Section 3.4). A profile search reveals a 

RNA-binding domain (residues 52-125) and a SAM binding domain (residues 408-463). 

Psort predicts the mouse Htf9c protein to be cytoplasmic as it did for the human homologue 

of the Htf9c gene.

The RanBPI gene is located on the opposite strand distal to the Htf9c gene. There 

are three Genbank entries for the mouse RanBPI cDNA sequence(X56045, 1044 bp; 

X56046, 872 bp and L25255, 641 bp) and several ESTs. Alignment of these sequences 

with the contig sequence revealed that the mouse RanBPI gene contains 6 exons. The exon 

and intron sizes of the mouse RanBPI gene is listed in Table 3.16 

Table 3.16 Exon and intron sizes of mouse RanBPI gene

N o. E x o n  R ange E x o n  size  (bp) Intron S ize (bp)

I 103267-103421 155 1122
2 104544-104680 137 1930
3 106611-106768 158 3327
4 110096-110224 129 785
5 111010-111075 66 700
6 111776-112185 410

The six exons of mouse RanBPI gene contains an open reading frame which 

encodes the RanBPI protein of 203 amino acid residues in length (Figure 3.27). In the 

coding region, one discrepancy occurs between the genomic sequence and two of the 

cDNA sequences (X56045 and X56046), which results in an amino acid change at position 

126 from threonine to alanine. One mismatch also is found between the genomic sequence 

with the other cDNA (L25255) which results in an amino acid change at position 33 from 

valine to leucine. It is not known whether the differences in the nucleic acid sequences are 

tme microheterogeneities or due to errors in the earlier reported cDNA sequences.
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>mRanBPl protein sequence
MAAAKDSHEDHDTSTENADESNHDPQFEPIVSLPEQEIKTDEEDEEELFKMRAKLFRFAS
ENDLPEWKERGTGDVKLLKHKEKGTIRLLMRRDKTLKICANHYITPMMELKPNAGSDRAW
VWNTHADFADECPKPELLAIRFLNAENAQKFKTÎCFEECRKEIEEREKKGPGKNDNAEKVA
EKLEALSVREAREEAEEKSEEKQ

Figure 3.27 Protein sequence of mouse RanBPI gene

Regulatory elements: It has been shown that both the mouse Htf9c and RanBPI 

genes share a common promoter region (Lavia et al., 1987; Bressan et al., 1991). The 5' 

ends overlap 24 bp based on aligning the cDNA sequences of both genes. A number of 

transcription factor binding sites, including three SPl binding sites and three E2F binding 

sites, important for transcription of both genes, are conserved in the promoter region of the 

human Htf9c gene and RanBPI gene, as shown previously in Figure 3.16. A 

polyadenylation signal sequence (AATAAA) is present at contig position 98488 3' to the 

coding region of the mouse Htf9c gene and two polyadenylation signals (TATAAA and 

AATAAA) are found at contig positions 111983 and 112169, respectively, 3' to the coding 

region of the mouse RanBPI gene.

3.5.3 A putative gene: mouse PutA

The region between the mouse TIO and Htf9c genes (70-98k) contains several EST 

homologies which align well to the genomic sequence. By aligning these ESTs with the 

genomic sequence and by incorporating results of gene prediction methods, including 

Genscan, Xgrail and sequence comparison between the mouse sequence with its syntenic 

human sequence, a putative gene with a total of 15 exons, of which 14 are coding exons, is 

predicted, as shown in Figure 3.24.

Six exons (exons 7-12) of the 15 exons are revealed by aligning two overlapping 

EST sequences (AA000671 and AA672501) to the genomic sequence. Another group of 

three exons (exons 13-15) are revealed by aligning a mouse EST (AA217940) to the 

genomic sequence. The 3' end 14 bp of EST AA672501 matches the 5' end of exon 13, 

suggesting that the two groups of exons belong to a single unknown gene. In the 5' region
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of these nine exons, there are a number of mouse EST matches but none of them revealed 

exons with appropriate exon-intron boundaries. W i±in its human syntenic region, two 

additional exons are revealed by an EST match (Section 3.4). Although a database 

homology search with the mouse genomic sequence under default stringency conditions 

failed to find these two additional exons, a dotter alignment of the human EST sequence 

with the mouse genomic sequence does reveal significant sequence conservation for these 

syntenic regions, suggesting the presence of these two mouse exons. As with the human 

counterpart, the first exon of this mouse gene also is located in a major CpG island, and 

thus most likely represents the 5' end exon of the mouse gene. In addition, four and five 

exons were predicted by Genscan and Xgrail between these two 5' end exons and the 

downstream 9 exons. Sequence comparison (Geneligner) between human and mouse 

genomic sequence also predicted four potential exons. Although most of these exons 

predicted by the three methods overlap, only one exon (exon 4) was predicted with exactly 

the same 5' and 3' boundaries by all of the three methods. Without additional EST 

evidence, it is impossible to evaluate the correctness of these predictions. By comparing the 

four exons predicted for the human PutA gene (Section 3.4), four mouse exons (exons 3- 

6, see below) were tentatively identified. Among these four exons, exons 3 and 4 were 

predicted by all three methods but Xgrail split exon 3 into two exons. Exon 5 was predicted 

by Geneligner and Xgrail but not predicted by Genscan. Exon 6 was predicted by 

Geneligner and Genscan and by Xgrail as part of a larger exon. Thus, the putative mouse 

gene (referred to as PutA) with a total of 15 exons is predicted. As also observed with the 

human PutA gene, a number of overlapping mouse ESTs also aligned to the 3' end region 

of the mouse gene. Two mouse ESTs (AA032352 and W53243) contained more than 20 

A's at their 3' end and since no other overlapping ESTs extended beyond their 3' end, the 

3' end exon of the mouse PutA gene could be located to contig position 98019. However, 

unlike its human homologue for which two alternative splicing pathways were indicated by 

human EST data (Section 3.4), there were no EST matches which would indicate that part
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of the 3' end exon might be alternatively spliced. However, alignment of the 3' end 

genomic sequence of the human and mouse genes shows that the splicing site sequences 

for the intron between human exon 15 and 16 were conserved in mouse, suggesting that an 

alternative splicing pathway also might be possible.

The 15 exons of PutA gene are 4006 bp long and contain an open reading frame 

which would encode a predicted 734 amino acid protein. The sizes of exons and introns are 

listed in Table 3.17 and the putative protein sequence is shown in Figure 3.28.

Table 3.17 Exon and intron sizes of mouse PutA gene

No. Exon Range Exon size (bp) Intron Size (bp)

I 62763 - 62870 108 4403
2 67274 - 67408 135 276
3 67685 - 68273 589 413
4 68687 - 68846 160 2369
5 7 I 2 I 4 -71356 143 III
6 71468 -71750 283 1703
7 73454-73651 198 178
8 73830-73931 102 774
9 74706-74804 99 4363
10 79168-79250 83 I274I
II 91992-92092 lOI 223
12 92316-92422 107 1225
13 93648-93775 128 1408
14 95184-95297 114 1066
15 96364-98019 1656

>m PutA .seq
MKRAIDAEVMDVGSGGDGQSEPPADDPFNFYGASLLSKGSFSKGRLLIDP 
NCSGHSPRTARHAPAVRKFSPDLKLLKDVKISVSFTESCRSKDRKVLYTG 
VERSTRPECGQLLSPVSGDVHACPFGGSVGNGVGLGGESADKKDEENELD 
QEKRVEYAVLDELEDFTDNLELDEEGTGGFTAKAIVQRDRVDEEALNFSY 
EDDFDNDVDALLEEGLCAPKKRRMEEKYGGDSDHPSDGETSVQPMMTKIK 
TVLKSRGRPPTEPLPDGWIMTFHNSGVPVYLHRESRWTWSRPYFLGTGS 
IRKHDPPLSSIPCLHYKKMKDNEEREQNCDLAPSGEVSPVKPLGRSAELD 
FPLEEPDSMGGDSGSMDEÎ03PLGAEAAAGALGQVKAKVEVCKDESVDLEE 
FRNYLEKRFDFEQVTVKKFRTWAERRQFNREMKRKQAES E R PIL P  ANQKL 
ITLSVQDAPTKKEFVINPNGKSEVCILHEYMQRVLKVRPVYNFFECENPS 
EPFGASVTIDGVTYGSGTASSKKLAKNKAARATLEILIPDFVKQTSEEKP 
KDSEELEYFNHISIEDSRVYELTSKAGLLSPYQILHECLKRNHGMGDTSX 
KFEWPGKNQKSEYVMACGKHTVRGWCKNKRVGKQLASQKILQLLHPHVK 
NWGSLLRMYGRESSKMVKQETSDKSVIELQQYAKKNRPNLHILSKLQEEM 
KRLAAEREETRKKPKMSIVASAQPGGEPLCTVDV

Figure 3.28 Predicted protein sequence of mouse PutA gene

97



The predicted protein sequence of the mouse PutA gene is very similar to its human 

homologue, with a GAP alignment identity of 96.2%. A protein database and profile search 

gave similar results for both the human and mouse PutA genes (Section 3.4), suggesting 

that both the human and mouse genes may encode nuclear proteins possibly involved in 

nucleic acid modification.

3.5.4 Repetitive elements in contig 4

Repeatmasker analysis reveals that contig 3 contains a total of 26.77% of repeat 

sequences (Figure 3.29 and Table 3.18). These repeats are dispersed throughout the contig 

except for those short intron regions of the Htf9c gene. Short interspersed elements 

(SINEs) are the predominant repeat elements in this contig, accounting for about 70% of 

the total repeat sequence.

Table 3.18 Repetitive elements in contig 4

number of 
elements

length
occupied

percentage 
of sequence

SINEs
B1 73 8521 bp 7.21 %
B2 61 10851 bp 9.18 %
ID 3 181 bp 0.15 %
Other 16 2086 bp 1.76 %

LINES
LI 4 591 bp 0.50 %

LTR elements 28 5931 bp 5.02 %

MER 4 498 bp 0.42 %

Simple 37 2174 bp 1.80 %

Total repeats: 226 31694 bp 26.77 %
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3.6 Analysis of contig 5

Contig 5 is composed of a single BAG clone hl73, with a total length of 90,832 

bp. One known gene, the human Dok gene, and one putative gene, human Gene?, are 

found in this contig (Figure 3.30).

3.6.1 Human Dok gene

Human chronic myelogenous leukemia (CML) is a myeloprohferative disease that 

usually results from a chromosomal translocation between human chromosomes 9 and 22 

which is known as the Philadelphia chromosome (Clarkson and Strife, 1993). This 

chromosomal translocation results in the c-abl protooncogene on chromosome 9 being 

fused to the 5' exons of the bcr (breakpoint cluster region) gene on chromosome 22 

(DeKlein et al., 1982). The fusion usually generates the chimeric protein which

causes CML (Groffen et al., 1987). It was found that relative to the non-receptor tyrosine 

kinase c-Abl, Bcr-Abl has increased tyrosine kinase activity which is directly associated 

with its transforming abilities (McWhirter and Wang, 1991). Abnormal protein-tyrosine 

kinase activity also has been found associated with cell transformation by oncogenes such 

as v-fps and v-Src (Ellis et al., 1990). This increased kinase activity has been proposed to 

be responsible for transformation-related phosphorylation of several proteins including 

p62, pl90 and a GTPase-activating protein (GAP) (Ellis et al., 1990). In addition, protein 

p62 also was reported to be rapidly tyrosine-phosphorylated upon stimulation with growth 

factors such as insulin (Hosomi et al., 1994) and PDGF (Heidaran et al., 1992). Although 

these studies indicated that the p62 protein plays a central role in the signal transduction 

pathway downstream of the tyrosine kinases, the identity of the p62 was unknown until 

recent purification of the protein and molecular cloning of its corresponding cDNA from 

human (Carpino et al., 1997) and mouse (Yamanashi and Baltimore, 1997) and the genes 

were named Dok (downstream of tyrosine kinases). A powblast search of the Genbank 

databases revealed that the human and mouse Dok genes now have been sequenced as part
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of this dissertation research as they are located in this contig and contig 6, respectively.

Alignment of the human Dok cDNA (U70987) with the genomic sequence shows 

that the Dok gene contains 5 exons spanning about 3 kb. No discrepancies were observed 

between the genomic and the 1873 bp cDNA sequence. The sizes of exons and introns of 

human Dok gene are listed in Table 3.19. The 3' end of exon 5, which is 29 bp longer than 

the human Dok cDNA, is based on the sequences of two human ESTs (AA142943 and 

D20997).

Table 3.19 Exon and intron size of human Dok gene

no. contig  position Exon size (bp) Intron size (bp)

1 564-645 - 82 339
2 985-1284 300 121
3 1406-1499 94 225
4 1725-1909 185 229
5 2139-3379 1241

The human Dok cDNA has one open reading frame that would code for a 481 

amino acid long protein (Figure 3.31; Carpino et al., 1997). The predicted translation start

site likely is authentic since this start site sequence fits the Kozak consensus (GCCATGG) 

and there is a high level of amino acid sequence conservation between human and mouse 

downstream of the AUG start codon.

>1 MDGAVMBGPLFLOSORFGTKRWRK™AVLYPA5PHGVARI.b:t-'FUHKG?;SSGGGRGSSRRI.
pleckstrin homology 

>61 DCKVrRrAECVSVAPVTVETPPEPGATAFRLDTAORSHLLAAnAPSSAAWVOTLCRNAFP

>121 KGSWTLAPTDNPPKLSALEMLENSLYSPTWBGSQFWVTVQRTEAAERCGLHGSYVLRVEA

>181 ERnTI.LTVGAQ.e;QTT.RPr.r.gWPYTLLRRYGRnKVMFSFEAGRRCPSGPGTFTFOTAOGND
Dok Homology

>241 IFOAVETAIHROKAOGKAGOGHDVLRADSHEGEVAEGKT.PSPPGPOELDDSPPALYAEBL

>301 DSLRIAECPSQDSLYSDPLDSTSAQAGEGVQRKKPLYWDLYEHAQQQLLKAKI/TDPKEDP

>361 lYDEPEGLAPVPPQGLYDLPREPKDASWCQARVKEEGYELPYNPATDDYAVPPPRSTKPL

>421 LAPKPQGPAFPEPG'EATGSGIKSHNSALYSQVQKSGASGSWDCGLSRVGTDKTGVKSEGS

>481 T

Figure 3.31 Protein sequence of human Dok gene
T h e 15 tyrosines conserved  in m ouse D ok protein  a re  h igh ligh ted .
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The exact function of both the human and mouse protein currently is

unknown, although previous studies, as described above, and the results presented below, 

indicate that they are involved in a signal transduction pathway. A protein database search 

shows that pôl^ok shares partial similarity with signaling adapter SNT-1 (AF036718) and 

SNT-2 (AF036717) of human FGFR (fibroblast growth factor receptor). Both SNT-1 and 

SNT-2 were identified as specific targets of differentiation factor-induced tyrosine kinase 

activity in neuronal cells (Rabin et al., 1993; Xu et al., 1998) and they were believed to be 

direct protein links between FGFR-1 and multiple downstream pathways (Xu et al., 1998).

Carpino et al. (1997) noted that there is a putative pleckstrin homology (PH) 

domain in the N-terminus of the human p62Dok protein and a profile search confirmed the 

potential pleckstrin homology (PEI) domain between amino acid positions 3-119 at the N- 

terminus. The PH domain that occurs in a variety of proteins involved in signaling and/or 

cytoskeletal organization (Musacchio et al., 1993), may mediate protein-protein interactions 

or interact with cellular membranes (Lemmon et al., 1996). A proUne-rich region (279- 

292), also indicated by the profile search, may mediate interactions with other motifs in 

potential partner proteins (Yamanashi and Baltimore, 1997). Since the human p62Dok 

contains 15 tyrosines, all of which are conserved in its mouse homologue (Figure 3.31), it 

is likely some of these tyrosine residues may interact with SH2 domain-containing 

signaling proteins (Carpino et al., 1997).

Recently, Di Cristofano et al. (1998) characterized a protein from p21Qbcr^bI 

expressing cells that is 35% identical to the human p62Dok and named it p56^°*^‘2. Their 

searches of the EST database found at least four more ESTs encoding proteins which had 

homologies with the p62<̂ °*̂  and p5 6 Dok-2 Afl six proteins share a common homologous 

region of about 50 amino acids which they named Dok homology (DKH) sequence motif. 

Based on the Dok homology, they defined a new family of Dok proteins and speculated 

that the Dok association regulates GAP activity toward Ras and serves as a mediator of 

Bcr-Abl signaling.
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In addition to the Dok cDNA sequence, a Powblast search of the Genbank non- 

redundant database also revealed a cDNA sequence (AF035299) which was homologous to 

the genomic sequence in the region of the Dok gene. An alignment of the cDNA and 

genomic sequences showed that the cDNA sequence perfectly matched exons 2-5 of the 

Dok gene. However, the S' 146 bp of the cDNA sequence did not match any segment of 

the genomic sequence. A further Blast search of the Genbank Htgs database (high 

throughput genomic sequences) showed that the 146 bp sequence matched a segment of the 

genomic sequence of a human clone (AC005033) which was at phase one in four 

unordered pieces. Dotter analysis of the two genomic sequences, i.e. the sequence of the 

human clone AC005033 and that determined in this dissertation research (this contig), 

showed that the former overlapped the entire genomic region of this contig and that the 

segment which matched the 146 bp cDNA sequence was located in a region about 5 kb 

upstream of the Dok gene (Figure 3.32) but not in the genomic sequence determined in this 

present research. There are a deletion and a mismatch in the cDNA sequence relative to the 

sequence of the Genbank clone and the ORF of exons 2-5 of the Dok gene extends in the 5' 

direction through the 146 bp sequence for both the cDNA sequence and the genomic 

sequence. In addition, there are no in-frame methionine (AUG) or stop codons in this 146 

bp sequence. Although it is not known whether the putative exon represents the 5' end 

coding exon of the alternative form of tlie Dok gene, a major CpG island spans the putative 

exon, which suggests that the putative exon may be close to or at the 5' end of the coding 

region of an alternative form of the Dok gene. The presence of this cDNA sequence 

suggests that the human Dok gene may have two alternative forms and possibly have two 

promoters, where one promoter is located in this contig and the other is located about 5 kb 

upstream. Transcription from these two promoters would result in two distinct transcripts, 

which most likely would correspond to two distinct protein products.

As shown in Figure 3.32 and described in Section 3.7, the human homologue of 

the mouse Lor2 gene is located upstream of the human Dok gene and transcription of the
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alternative form of the Dok gene would overlap the human Lor2 gene. About 800 bp 

separate the 5' ends of the regular form of Dok gene and the human Lor2 gene. Promoter 

prediction by NNPP and TSS W predicted multiple promoters in this 800 bp region and all 

the predicted promoters are located within 500 bp from the 5' end of Dok gene. Since a 

similar result was obtained for the mouse Dok and Lor2 genes, it is most likely that the 

human Lor2 gene and the regular form of human Dok gene may be under the control of a 

bidirectional promoter located close to the S' end of the Dok gene.

Bidirectional promoters have been observed for a number of mammalian genes and 

in most cases, they are shared by genes encoding either related products or proteins 

required in a common metabolic or regulatory pathway (Guarguaglini et al., 1997). The 

possible involvement of the Dok protein in a signal transduction pathway and the Lor2 gene 

in cell adhesion and other extracellular processes seems to suggest that the Lor2 gene 

serves as an extracellular or cell surface component of a signal transduction pathway.

Overall, the p62Dok sequence has features of a signaling molecule. Its association 

with GTPase-activating protein (GAP) (Carpino et al., 1997) and phosphorylation after cell 

transformation strongly suggests that it is a component of a signal transduction pathway 

and may play an important role in the oncogenesis of CML.

Regulatory elements: Even though this contig contains 564 bps 5' to the first exon 

of human Dok gene, no TATA box was found in the region. However, a major CpG island 

is located at contig positions 51 through 1416 that encompasses the first two exons of the 

Dok gene. The NNPP promoter prediction program indicated two putative promoters at 

positions 133-183 and 177-227. Promoter prediction by TSSW also predicted two 

promoters but at positions 178 and 549. Thus, both methods predicted the presence of 

promoters in the 400 bp region upstream of the first exon of the Dok gene. Within this 

region, Consinspector predicted 3 ATF, 3 SPl and several other transcription factor 

binding sites as discussed in Section 4.3.
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Although no polyadelynation consensus (AATAAA) could be found near the 3' 

end, a potential polyA signal of ATT AAA is observed 22 bp upstream of the 3' end of the 

exon 5 of the Dok gene at contig position 3358.

3.6.2 A putative gene: Human Gene?

A Powblast search of Genbank databases in the remaining region (4-92k) of this 

contig, did not reveal any sequences with extensive homology to any known genes. 

However, Genscan did predict a gene in this region that was in the complementary strand 

and contained 12 exons. Xgrail also predicted several exons, 15 of which also were in the 

complementary strand (see Figure 3.30). Since a gene, mouse Gene?, was described in the 

mouse syntenic region (Section 3.1), a dotter analysis was performed to compare the 

cDNA sequence of the mouse Gene? (Jiang, 1998) and the human genomic sequence. The 

results show that all nine exons of the mouse Gene? are conserved in human and thus, the 

region likely contains the human Gene? equivalent which also has 9 exons. As in mouse, 

the splicing site sequence of 5' end of intron ? of this gene is GC rather than the usual GT. 

A Geneligner comparison of the human and mouse genomic sequences predicted a gene 

with ? exons on the complementary strand as well. These 7 exons match ? exons of human 

Gene? exactly except for the 3’ end of exon ? which contains the non-typical splicing site 

sequence (GC). The 9 exons of the human Gene? would result in a 1876 bp mRNA and 

code for a putative protein of 526 amino acids. The exon and intron sizes of the human 

Gene? are listed in Table 3.20. Alignment of the putative human Gene? and mouse Gene? 

protein sequences shows an identity of 73% and similarity of 78% (Figure 3.33).
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Table 3.20 Exon and intron size of human Gene?

no. contig  position Exon size(bp) In tron  size(bp)

1 87202-86911 292 24886
2 62024-61839 186 7742
3 54096-53928 169 25207
4 28720-28547 174 5055
5 23491-23329 163 876
6 22452-22311 142 13012
7 9298-9092 207 2969
8 6122-5982 141 1276
9 4705-4281 425

hGene? 1 MHPGRTTGKGPSTHTQIDQQPPRLLIVHiaLPSWADICTNLCEALQNFFS 50
I -  : | l  = 1  I - I  I I I I M I M M I I  I I I  l l l l l l l l l l linGene7 1 MNRRKTTSRGTSAAMKISHQPPRLLIVNIAVPSWVDICPNLCEALQNFFS 50 

51 tACSLMGPSRMSLFSLYMVQDQHECILPFVÇÎVKGNFARLQTCISELKMLQ 100
= 1 1 1 1 1 1 M i l l  I N i l  1 1 - 1 1 1 1  = 1 1 1 1 1 1  = 1 1 1  I I I  l l l l l l l l l

51 IACSrM3PSRMSLFSI.YTVQNQHECVLPFVQVRGNFIRLQACISELRMLQ 100 

101 REGCFRSQGASIBIiAVEDGLQQFKQYSRHVTTRAALTYTSLEXTILTSQP 150
I I I  I I I  I h l l l l l l l l l l l  I -  -  I I  = 1 1 1 1 1 1  = 1 1 1 - 1

101 VEXSCHRPPHALLPLAIEDGLQQFKQYSSHMaSSflAQPWTSLEXTVLTSRP 150 

151 GKEWKQLEEGLKDTDLARVRRFQWEVTKGHiEHVDSASPVEDTSNDES 200
1 1 1 1 1 1  = 1 1 1 1 1 1 1  - I  I I I  I I  1 1  I I I  I I  I I  I I  1 =  m i l151 GKEWKELEEGOCDINLLSVRKLQVAEVTKGIQERSDSPSPTEEPSNDES 200

201 SILGTDIDLQTIDNDrVSMEIFFKaWLHNSGTDQEQIHLLLSSQCFSNIS 250
I I 1 = 1 1 1 1  = 1 1 1 1 1 1 1 1 1  I N I  H I M201 STT.FAnTvr.FTr.DNnTwyn̂ /PT7K-aMr.miqTyiTiQFNrmT,T.r,TPQ.qT.PPP.q 250

251 RPRDNPMCLKCDLQERLLCPSLLAGTADGSLRMDDPKGDFITLYQMASQS 300
I = 1 - 1 - 1 1 1 1 1  M i l  I I I I I  m i l  I - 1 1 1 I I I  m i n i  -251 RAKDHPICLKCDLQERFLSPSLLPGTADGVSRIDDPKGDIS'rLYQMASLA 300 

301 SASHYKLQVIKaLKSSGLCESLTYGLPFILRPTSCWQLEWDELETNQQHF 350
I I I  1 1 1 1  = 1 1 H I  1 1  = 1 M l l l l l  1 1  M l l l l l l  1 1  M l l l l l  1 1  M l301 SASPDKIX2VVKaLKSSGICESLTYGLPFILRPTSCW3LrWDELETNQQHF 350 

351 HALCHSLLKRES-JLLLAKGEPPGPGHSQRIPASTFYVIMPSHSLTLLVKAV 400
H i l l  H I  1 = 1 1 H I M  H  I l - l  = 1 1  - M i l  1 1  M i l  I I 1 1  I

351 HALCHCLLKFrWLEIARGEPLIPKHNQSLPACSFYVITPSHSLTLLVKLV 400 

401 A T R R r.M r.P S T P P T X P E D P H nnC T .yN V R.qM r.n.gir . 'E r.R P T Y N P L H irQ gH E Y S  450
1 1 1 1 1 I I I  1 1 I I  H I  = 1 1 1 1  = 1 1  1 1 1 1  = 1 1 1 1 I I 1 1  H i l l401 ATRELMLPGFFPLLSEDPPEDSLKIIESTLDSLDLGLTYNPLHVGSHLYS 450 

451 HLSSrïAKPQGRLHPHWESRAPRKTGQLQTNRARATVAPLPMTPVPGRAS 500
1 1 1 1  = 1 1 1 1 1 1 1 =  I I  I I  1 1  I I I  1 1  I I  I H I -  I I I I

451 HLSSAHAKPQGRDYTSCASRGLRKGGQLQTNRVRAAWPLPVAPAPRRAL 500 

501 KMPAASKSSSDAFFLPSE6ŒK.DPSRP. . . 526
I I  I I I l - l  I I I 1 1 1 =  I -  :  I I

501 KM3AASKASS.AAFLPSDSEEGEEERPSHT 529

Figure 3.33 GAP alignment of human and mouse Gene? protein
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Although the function of Gene? is unknown, a protein database homology search 

with the putative protein sequence shows that amino acid residues 100-230 are moderately 

homologous to a putative C  elegans protein (AL021498) of unknown function, the chain 

length determinant proteins of Salmonella typhimurium (Q04866) and E. coli (AF011916) 

and a Schizosaccharomycespombe hypothetical protein (AL023860). A profile search did 

not reveal any homologous protein domain in the profile database, but Psort predicted the 

protein to be localized in the nucleus.

A Powblast search of the Genbank databases also revealed that the region between 

contig positions 25736-29439 within human Gene? has a high degree of similarity with a 

cDNA named BH30 (Y12839). This cDNA is 3786 bp long and includes 11 A's at its 3' 

end. Alignment of this transcript with genomic sequence reveals that 369? bp (?8-3??5) of 

the cDNA match the genomic contig sequence perfectly except for two deletions in the 

cDNA sequence. The 5' end 77 bp of the cDNA is not found in the contig sequence and a 

nucleic acid database search shows that the 77 bp perfectly matches a portion of the S' long 

terminal repeat of type I HIV virus (HIVU89860). Since the BH30 cDNA was isolated 

from HIV-infected cells (Y12839), it is likely that the BH30 cDNA resulted from the 

insertion of a HTV genome to the genomic position in those HIV-infected cells. The 

insertion site sequence is a short simple repeat (ACATAT-insert-ATATAT). Examination of 

the nucleic acid sequence of the BH30 cDNA shows that it contains two Alu repeats and a 

MIR repeat, with several ORFs of up to 120 amino acids. The consensus AATAAA 

polyadenylation signal sequence is located toward the 3' end of the cDNA. The transcribed 

region of BH30 spans part of intron 3 and intron 4, and the entire exon 4 of Gene?.

Regulatory elements: There are no TATA box elements found in the vicinity of the 

5' end exon of the putative human gene Gene?. Promoter prediction in the mouse Gene? 

region predicted the presence of a promoter which is about 9.5 kb upstream from the first 

coding exon of the mouse Gene? and located in a relatively GC-rich region (Section 3.7). 

Since the first coding exon of human Gene? is only about 3.5 kb from the end of the contig
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and a GC-rich region is not present in the 3.5 kb region, it is likely that the promoter for the 

human Gene? would be located out of this contig. However, the ATT AAA sequence 

located near the S' end of the gene at contig position 4286 which also is conserved in the 

mouse, may represent the Gene? polyadenylation signal in both human and mouse.

3.6.3 Human TorsinB pseudogene and other pseudogenes

A Powblast search revealed several homologous human ESTs and the TorsinB gene 

within the first intron of the human Gene? between contig positions 63800-6?800. A dotter 

plot of the TorsinB cDNA sequence and the contig sequence is shown in Fig. 3.34.

The TorsinB gene was one of the several genes isolated from the early-onset 

dystonia critical region in human chromosome 9 (Ozelius et al., 199?). Although the 

genomic structure o f the TorsinB gene is unknown, a detailed comparison of the genomic 

sequence in this contig and the cDNA sequence of the TorsinB gene reveals that the cDNA 

contains an Alu repeat (960-1080) which is not present in the genomic sequence while the 

genomic sequence contains a LI repeat at positions 64290-64560 and another sequence 

segment at positions 66300-6?500 which are not present in the cDNA sequence. 

Examination of the genomic region homologous to the 803 bp open reading frame of the 

TorsinB cDNA (AFOO?8?2) also reveals multiple stop codons in all reading frames. These 

observations are consistent with the idea that this region of human chromosome 22 contains 

a pseudogene of the human TorsinB gene whose true location is human chromosome 9.

The Powblast search also revealed that the contig region ?44I4-?5820, also within 

the first intron of the Gene? gene, is similar to a number of ESTs and segments of three 

human BAG clones. One of the human BAG clones is from human chromosome 16pl3 

(U91322). Detailed examination showed that the 1.4 kb contig sequence is co-linear with a 

segment of similar size firom that BAG clone (bacA), with an identity of 88%. A similar 

result also was obtained when the contig sequence was compared with that of a second
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Figure 3.34 Dotter plot between contig 5 sequence with TorsinB cDNA sequence
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human BAC clone which is from human chromosome 7q21 (bacB, AC000059). However, 

when the contig sequence was compared to that of the third human BAG clone, which was 

from human chromosome 17 (bacC, AC005838), the 1.4 kb contig sequence was similar 

to six segments of the BAG sequence from chromosome 17. Comparison of sequences of 

ESTs homologous to the 1.4 kb contig sequence showed multiple substitutions, insertions 

and deletions, suggesting that these ESTs did not result from transcription from the 

genomic region cloned in this contig. Examination of the 1.4 kb contig sequence also 

revealed that it was bounded by two 10 bp direct repeats of AAAGTATTCT and that 

multiple stop codons occur in aU six frames. A protein database search with all six possible 

conceptual translation products of this region (with multiple stop codons) revealed modest 

similarity with a yeast hypothetical 23.1 kd protein (P38962) and the putative translation 

product of the C. elegans G34D4.4 gene (U58755 ). These observations suggested that the

1.4 kb contig region may contain a pseudogene. To further study this possibility, the 

sequence of the human BAG from chromosome 17 (bacG) was retrieved from Genbank 

and further analysis of the sequence was performed. A Powblast database search against 

the Genbank non-redundant and dbEST databases revealed multiple ESTs in the sequence 

regions of bacG which matched the 1.4 kb contig sequence. Based on these EST data, 

Geneligner built a gene model with seven exons and six of these exons overlapped the six 

segments of bacG which were homologous to the 1.4 kb contig sequence (Figure 3.35). 

Dotter analysis (Figure 3.36) showed that the sequence segments from chromosomes 16, 7 

and this contig have high sequence similarity to the predicted cDNA sequence of the 

putative gene in chromosome 17. Both the sequence segments from chromosomes 16 and 

7 have poly-A or A-rich segments at their 3' ends but only the sequence segment from 

chromosome 16 contains two 9 bp direct repeats at its 5' and 3' ends and a blastn search 

showed that the sequence segment in chromosome 7 contains a Alu repeat (see Figure 

3.36). A protein database search showed that the protein sequence for the gene predicted in 

human chromosome 17 was 58% similar to the putative protein of G34D4.4 in C. elegans
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and 54% similar to the yeast hypothetical 23.1 kd protein. These results strongly suggest 

that this contig region of chromosome 22 and the two other regions of chromosomes 16 

and 7 contain processed pseudogenes which most likely were derived from transcripts of a 

gene from human chromosome 17.

3.6.4 Repetitive elements in contig 5

A Repeatmasker analysis revealed that 39429 bp or 42.87% of contig 5 is repeat 

sequences (Table 3.21 and Figure 3.37) where Alu repeats and LI repeats are in about 

equal abundance and account for 16.00% and 17.89% of the sequence, respectively. The 

Alu repeats are more randomly dispersed throughout this contig than are the LI repeats. 

Also, while the Dok gene region has virtually no repeats detected by Repeatmasker, the 

region of the putative Gene7 gene is rich in both Alu and L I repeats. However, the 

observation from previous analysis of contigs 1 through 4 indicating that the LI repeats are 

preferentially oriented in the opposite direction of gene transcription is not maintained. 

Instead, the L I repeats which are located in the 5' 40 kb region of Gene7 mostly are 

oriented in the same direction of Gene7 transcription and those located in the 3' 40 kb 

region largely are oriented in the opposite direction of Gene7 transcription (see Figure 

3.37). To investigate whether the preference of orientation of LI repeats within genes is a 

general trend or merely an artifact from small sampling size, L I repeats from the entire 

DiGeorge region (-1.5 Mb) were analyzed. A total of 11 genes which contain LI repeats in 

their intron regions were investigated and their orientations relative to gene transcription are 

summarized in Table 3.22. From the table, the preference of LI repeat orientation likely 

exists at least for the DGCR region although exceptions do occur.
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Table 3.21 Content of repetitive elements in contig 5

n u m b er o f  
e lem en ts

length
occupied

percentage 
o f  sequence

SINEs
ALUs 56 14697 bp 16.00 %
MIRs 8 1277 bp 1.39 %

LINES
L I 28 16436 bp 17.89 %
L2 8 1727 bp 1.88 %

L T R  elem ents

M E R  elem ents 11 2628 bp 2 .86  %

U nclassified 1 36 bp 0 .04  %

Sim ple repeats 12 685 bp 0 .70  %

T otal interspersed repeats: 39429 bp 42 .87  %

Table 3.22 Orientation of LI repeats within genes in the DGCR region

G ene name forw ard  no.* reverse no. percentage o f  reverse

D G CR5 3 2 4 0 %
LA N 7 15 68 %
CLTC L 8 14 6 3 %
HERA 5 17 7 7 %
U F D IL 3 2 4 0 %
P orc-P l 0 6 100%
Putative gene 0 5 100%
C O M T 0 3 100%
A R V C F 0 4 100%
TIO 0 3 100%
P utA 0 3 100%
T otal 26 74 7 4 %

♦forward w hen the repeat is oriented  in the sam e d irection  as gene transcription;
reverse when in  opposite  d irection.
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3.7 Analysis of contig 6

This contig is composed of one mouse BAG clone b245cl2 which contains an 

insert of 162, 750 bp. The mouse genomic region of this contig is syntenic to a region of 

human chromosome 2, part of which (human BAG hl73) has been sequenced and was 

described above in section 3.6. As expected, the mouse Dok and Gene? genes are found in 

this contig. Two additional genes, the mouse semaphorin M and Lor2 genes also are found 

in this contig (Figure 3.38).

3.7.1 Mouse Dok gene

As described in section 3.6, the human Dok gene cDNA was isolated during the 

search for the target of the p21Qbcr-abl kinase fusion protein that resulted from the 

chromosomal translocation between human chromosomes 9 and 22. The mouse homologue 

of the human Dok gene cDNA also recently was isolated from a v-abl-transformed murine 

precursor B cell line (Yamanashi and Baltimore, 1997). An alignment of the mouse Dok 

cDNA ( U78818) with the genomic sequence of this contig reveals that like the human Dok 

gene, the mouse Dok gene also contains five exons spanning a genomic region of about 3 

kb (contig positions 6-9k). This alignment also shows a total of 7 mismatches between the 

two sequences, including six substitutions and one insertion in the mouse cDNA. Five 

substitutions are located in the coding region, resulting in three amino acid differences from 

the published sequence. Several mouse ESTs (AA19595, AA832762 and AI035509) also 

were homologous to the contig sequence near the 3' end of the mouse Dok gene but 

extended up to 20 bp beyond the end point of the mouse Dok cDNA (U78818) in the 

genomic sequence. Gonsidering that a putative polyA signal (ATTAAA) is located within 

the extended 20 bp, and one EST (AI035509) contains a polyA tail, the 3' terminal exon is 

expected to be 20 bp longer than that revealed by the published mouse cDNA. The exon 

and intron sizes of mouse Dok gene are listed in Table 3.23.
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Table 3.23 Exon and intron size of mouse Dok gene

no. con tig  position E xon size(bp) Intron sizeCbp)

1 6381-6446 66 304
2 6751-7050 300 138
3 7189-7282 94 119
4 7402-7586 185 170
5 7757-8879 1123

hDok X mDok
Human 1 MDGAVMEGPLFLQSQRFGTKRWRKTOAVLYPASPHGVaRLEFFDHKGSSS 50

I I I I I I M I M I I I I I I I I I I i M N M M I I I I I I M I I I I I I I M I I IMouse 1  MDGAVMBGELFLQSQRPGTKRWRKTWAVLYPASPHGVaRLEFFDHKGSSS 50 

51  GGGRGSSRRLDCKVIRLAECVSVAPVTVETPPEPGATAFRLDrAQRSHLL 100
M M  M M M M M M M M  M M I M M M I  M M M M M M I

51  RGGRGGSRRIJX2CMIRLAECVSVVPVTVESPPEPGAAAFRLDTAQRSHLL 100 

1 0 1  AADAPSSAflWVQTICRNaFPKGSWTLAPTDNPPKLSALEMtrSSrSLYSPTW 150
M M  M  M M I M I  M M I  I M  M l  I I  M M M M M M I M

101  AADAVSSTAWVQTLCRTAFPKGGWaLAQTENQPKFSALEMLENSLYSPTW 150 

151  BGSQFWVTVQRTEAAERCGLHGSYVLRVEAERLTLLTVGAQSQrLEPliS 200
M M I M I  M M M M M I  I I I  :  I I 1 1 1  M I I I I  M l  I I I I 1 1 I I 1 1

1 51  BGSQFWOTSQKTEASERCGLQGSYILRVEAEKLTLLTLGAQSQrLEPIiF 200 

2 0 1  WPYTLLRRYGRDKVMFSFEftGRRCPSGPGTFTFQTAQGNDIFQAVETAIH 250
M M M M M M M M M M I M M M M M M I M M M M M M  I I

2 0 1  WPYTLLRRYGRDKVMFSFEAGRRCPSGPGTFTFQTSQGNDIFQAVEAAIQ 250 

2 5 1  RQKAQGKAGQGHDVLRADSHEGEVaEGKLPSPPGPQELLDSPPALYaEPL 300
- 1 1 1 1 1 1  I I  M M  M M M  I I I  I I  I M  I M M M M M

2 5 1  QQKAQGKVGQAQDILRTDSHDGE.TEGKTVPPPVPQDPLGSPPALYAEPL 299 

30 1  DSLRIAPCPSQDSLYSDPLDSTSAQAGEGVQRKKPLYWDLYEHAQQQLLK 350
M M I  I M M M M M I  I I  I M M I  M M I M M  I M M M

300 DSLRIPPGPSQDSVYSDPLGSTPAGAGBGVHSKKPLYWDLYGHVQQQLLK 349 

351  AKLTDPKEDPIYDEPEGLAPVPPQGLYDLPREPKDAWWCQARVKEEGYEL 400
M M  M M M M M M M  1 1 - I I I I I  M I  M 1 1 I I I I I  M  I I I I I I I

350 TKLTDSKEDPIYDEPEGLAPAPPRGLYDLPQEPRDAWWCQARLKEEGYEL 399 

4 01  PYNPATDDYAVPPPRSTKPLLAPKPQGPAFPEPGTATGSGIK. .SHNSAL 448
M M M M M M M M  I I  M M M  I I  I I  M l  I I - - I I

400 PYNPATDDYAVPPPRSPKPAPAPKPQGLH,EESGTTRGSGSKGFSSDTAL 449

449 YSQVQKSGASGSWDCGLSRVGTDKTGVKSEGST 481
M M M M  M - M I M M M  M  M M M M

450 YSQVQKSGTSGAWDCGLSKVGNDRAGVKSEGST 482

Figure 3.39 GAP alignment of human and mouse Dok protein
The three amino acid residues which are different from published mouse Dok protein 
(Yamanashi and Baltimore, 1997) are underlined.
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The mouse Dok gene encodes a mouse p62Dok protein with 482 amino acids, one 

amino acid residue longer than the human homologue. The mouse and human Dok protein 

sequences have an identity of 84% and similarity of 86% (Figure 3.39, previous page ). As 

with the human Dok, a PH domain (3-119) and a proline-rich region (411-424) also are 

predicted by profile search. Because of their similar primary sequences, the mouse and 

human Dok proteins, as discussed in section 3.6, most likely have similar functions.

Regulatory elements: There is no TATA box in the region 5' to the coding region of 

the gene. However, a CpG island occurs at positions 6238-7050. This CpG island also 

spans the first two exons of the gene as it did with the human Dok gene. A single promoter 

was predicted by NNPP (6290-6340) and by TSSW (6381). While the NNPP predicted 

promoter is about 40 bp upstream to the start position of the mouse Dok cDNA (U78818), 

the TSSW predicted site coincides with the start site of the cDNA. Thus, the 300 bp region 

(6081-6381) likely contains the promoter of the mouse Dok gene. Consinspector predicted 

the presence of 3 ATF, 2 GABP, 3 SPl and several other transcription factor binding sites 

(see Figure 4.9 and Section 4.3) in this putative promoter region.

As was the case for human Dok gene, although the typical polyadenylation signal 

consensus AATAAA was not present 3' to the coding region, the less-frequently used 

ATT AAA signal did occur near the end of the gene at contig position 8860.

3.7.2 M ouse Gene?

A Powblast search of the Genbank non-redundant and dbEST databases revealed 

that the 150 kb region centromeric to the mouse Dok gene contains regions with homology 

to several ESTs. The presence of ESTs which significantly matched the contig sequence 

suggests the possibility of genes in this region. One EST entry (W88205) aligned to the 

contig with 99% identity in three regions of the complementary strand, indicating the 

possible presence of three exons in the contig. This possible gene, which contains nine
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exons (see below) and spans positions 9-lOOk of this contig, was named Gene? by our 

collaborators at University of Michigan (Jiang, 1998).

During this dissertation research, we and our collaborators at the University of 

Michigan identified several genes in this contig region (Jiang et al, 1999). By exon 

trapping, a cDNA clone was isolated and its sequence revealed four exons, three of which 

overlapped the EST entry W88205. Since it was not possible to isolate a full length cDNA 

clone for the putative gene using as many as eight commercial and custom-made cDNA 

libraries, our collaborators then performed a series of RACE (rapid amphfication of cDNA 

ends) and RT-PCR experiments. Here, the DNA sequences collected by this dissertation 

research were used to predict exons by Genscan and Xgrail and the predicted exons were 

amplified by RT-PCR and further cDNA cloning. These experiments identified nine 

putative exons for the gene and six other presumably false positive exons (Jiang et al., 

1999). Based on human and mouse sequence comparison, Geneligner predicted 7 exons in 

the region, six of which matched the putative exons identified by Jiang et al. (1999). The 

exon and intron sizes of the mouse Gene? gene are shown in Table 3.24. Beginning with a 

methionine codon in the first exon of Gene?, the putative protein is encoded by nine exons 

that would be translated into a 529 amino acid peptide.

Table 3.24 Exon and intron size of mouse Gene?

no. contig position Exon size(bp) Intron size(bp)

1 90398-90101 298 11264
2 78836-78651 186 13632
3 65018-64850 169 21477
4 43372-43199 174 1607
5 41591-41429 163 669
6 40759-40618 142 26989
7 13628-13422 207 1998
8 11423-11283 141 1231
9 10051-9652 400
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Since a database search with the putative protein sequence of Gene? did not reveal 

any homology to known proteins and a profile database search also did not reveal any 

homology to known protein domains, little is known about the possible function of Gene?.

Regulatory elements: Since no TATA boxes or CpG islands were found in the 

vicinity of the 5' end exon of the mouse Gene? gene, the sequence between the 5' end exon 

of Gene? and the first exon of upstream semaphorin M gene (next section) (about 1? kb) 

was subjected to promoter prediction by TSSW. Five promoters were predicted by TSSW 

and the promoter with the highest score was predicted at contig position 99835 in a region 

with relatively high GC content (60%) relative to the surrounding region (40%) although 

this region was not predicted by Xgrail to be a CpG island, probably due to its relatively 

low GC and CpG contents. In the ~9 kb between this potential promoter and the first 

Gene? exon, one promoter with a lower score was predicted by TSSW at contig position 

933?0 in a region overlapping a repetitive B1 element. Thus, the region around contig 

position 99835 likely contains the promoter of the Gene?. The promoter prediction results 

by NNPP were not considered relevant since more than 30 weak promoters were predicted 

between the 5' end exons of Gene? and upstream semaphorin M gene. Consinspector 

predicted two ETS-1, two ETS-2, one NFkB and one GABP transcription factor binding 

sites within the potential promoter at contig positions 99830-100130.

A consensus polyA signal is found at contig position 9532, about 130 bp 

downstream of the 3' end of the terminal exon of mouse Gene?. The less frequently used 

polyA signal (ATTAAA) also was observed immediately at the end of the terminal exon of 

Gene?.

3.7.3 Mouse sem aphorin M gene

Several ESTs were aligned to the contig sequence in the region from I28-133k. 

These include several mouse ESTs (e.g. H24I81, Z45329) as well as human ESTs (e.g. 

AA45983?, T090?3) among others. Although these ESTs aligned to the contig sequence
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with multiple mismatches, consensus splicing sites and an open reading frame were 

maintained within six potential exons. Genscan predicted one gene containing 20 exons and 

Xgrail also predicted multiple exons in this region, giving a good indication that this region 

contains a gene. As was the case with the mouse Gene7, as discussed above, our 

collaborators at the University of Michigan performed a series of experiments including 

RT-PCR and cDNA cloning based on information from the database homology search and 

gene prediction programs using the genomic sequence collected during this dissertation 

research (Jiang, 1998). Eight additional exons subsequently were identified upstream from 

the six exons predicted by EST homology. Since the most 5' exon resides in a CpG island, 

and the most 3' exon has a stop codon, a 2271 bp open reading frame encompassing 14 

exons likely contains all of the coding region for this putative gene. The sizes of the exons 

and introns are listed in Table 3.25.

Table 3.25 Sizes of exons and introns of mouse semaphorin M

n o . con tig  p osition E xon size(bp) Intron size(bp)

1 I0 7 I6 6 -I0 7 3 2 8 163 2252
2 109581 -I0 9 7 3 2 152 1107
3 I I0 8 4 0 - I I0 8 9 9 60 209
4 I I I I 0 9 - I I I 2 0 7 99 4595
5 I I5 8 0 3 - I I5 8 9 6 94 11219
6 127I 16-127235 120 94
7 I2 7 3 3 0 -I2 7 4 8 I 152 606
8 I2 8 0 8 8 -I2 8 2 6 6 179 200
9 I28467-I286 I4 - 148 138
10 128753-128975 223 124
I I 129100-129209 no 106
12 129316-129476 161 2896
13 I3 2 3 7 3-I32431 59 262
14 I3 2 6 9 4 -I3 3 4 9 I 798

These 14 exons encode a putative protein with 777 amino acids and a protein 

database homology search revealed a high degree of sequence similarities with several 

semaphorin family members. The region with the highest homologies extends from 

residues 50 to 600 and contains -500 amino acids that are conserved in all semaphorin
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family members (Kolodkin, 1996). Since these results suggest that this region encodes a 

gene belonging to the semaphorin family, it has been named semaphorin M (Semam) 

(Jiang, 1998).

Semaphorins, also known as collapsins, are a family of proteins that typically are 

about 750 amino acid residues long and are believed to be involved in neuronal axon 

guidance during neural network formation (Kolodkin, 1996). Since the first semaphorin 

was identified in grasshopper (Kolodkin, 1992), many members of the family have been 

identified in other species including both human and mouse. It is estimated that at least 10 

unique semaphorin family members may exist in any given higher vertebrate (Koppel and 

Raper, 1998). In addition to the common semaphorin domain, these proteins generally also 

contain an N-terminal signal peptide and an immunoglobulin-like (Ig) domain. A stretch of 

highly basic, C-terminal amino acid residues also exist in some secreted Semaphorins and a 

transmembrane domain in transmembrane semaphorins (Kolodkin, 1996). In mouse, at 

least 8 family members (M-semaA, B, C, D, E, F, G, H) have been characterized 

(Furuyama et al., 1996; Christensen et al., 1998). Since the nucleic acid sequence of 

semaphorin M differs from those semaphorins already characterized, we thus have 

identified a new member for the mouse semaphorin family.

A protein database homology search revealed that semaphorin M had the highest 

similarity with two transmembrane semaphorins, the mouse M-semaG (U69535) 

(Furuyama et al., 1996) and the human semaphorin CD 100 (Hall et al., 1996). An 

ahgnment of semaphorin M with M-semaG is shown in Figure 3.40. As can be seen from 

Figure 3.40, the similarity between semaphorin M and M-semaG mainly is in the 

semaphorin domain. A blastp search with the protein sequence segments outside the 

semaphorin domain revealed no significant matches to any semaphorin family members or 

any other known proteins. However, M-semaG was predicted to contain two stretches of 

hydrophobic sequence, one located at the N terminus which might function as a signal 

peptide and the other located close to the C terminus which could serve as a potential
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signal peptide
sana-m 1 MLARAERPRPGPRPPPVSLFPPPSST,r.T,T.T.r.ftMr.g!aPT;nr̂ vPT?.gn/PBT.q 50

.  :  I M  I -  - I  I I
sana-g 1 .............. MRMCAPVRdiFLALVWLR'EA.VA FAPVPR 29

51 LPISEftDSYLTRFAAPHTYNYSALLVDPASHTLYVGaEDSIFALTLPFSG 100
I •• 1 - I  I = 1 1 1 1 1 1 -  1 1 1 1 1 1 1  = . = 1 1 -

30 LTOEHGEVGLVOFHKPGIFNYSALEMSEnyTyTT.YVGAREAVFAVNaENIS 79 
semaphorin domain 

101 EKPRRIEWMVPETHRQNCRECKGK.KEDECHNFIQILAiaNaSHtiTCGTF 149
I I  = 1 1 1 = 1  - I I I  1= I l  l = l - = l  - - -  I I I I

80 EKQHEVYWKVSEDKKSKCaEKGKSKOTECLNYTRVLOPLSSTSLYVCGTN 129 

150 AFDPKCGVIDVSSFQQVERLESGRGKCPFEPAQRSAAVMaGGVLYTATVK 199
I I  I I = - - - 1 1 -  - = I 1 = 1 = 1 1 1 = 1 1  - I l  I I  I I -  I

130 AFOPTCDHLNLTSFKFLGKSEDGKGRCPFDPAHSYTSVMVGGELYSGTSY 179 

200 NFLGTEPIISRAVGRAEEWIRTETLSSWLNAPAFVAAMVLSPAEW3DEDG 249
l l l l - l l l l l l  -  = 1 1 1  I I I  l - l  I I 1 = - I l

180 NFLGSEPIISR. .NSSHSPLRTEYTUrPWLNEPSFVFADVIOKSPDGPEGE 227

i i - = = i i i i i  I = == = 1 1 1 1 1 1 1  I I  I I  = m -  = i i - i i i i
228 DDKVYFFFTEVSVEYSFVFKLMTPRVARVCKCTOGGrJlTLOKKWTSFlKA 277 

300 DLLCPGPEHGRASGVLQrMrELRPQPGaSTPLFYGIFSSQWBGAAISA.VC 349
1 = 1  1= I = 1 1 1 -  I l  I I  l - l l  = 1 -  I = 1 1 1 1

278 KLICSKPDSGLVFNILODVFVLR.APGLKEPVFYAVFTPOIJJNVGLSAVC 326 

350 AFRPQDIRAVLN.GPFRE. -LKHDCNRGLPVMDNEVPQPRPGECXTNNMK 396
1= = I l  - I = = - - I l  I I I M I  - =327 AYTLATVEAVFSRGKYMOSATVEOSHTKWVRYNGPVPTPRPGACIDSEAR 376 

397 FQQFGSSLSLPmVLTFIEDHPrilDRPWPAIX3RPIiVTTDTAYLRWAH 446
= 1 1 1 - 1 1 1 =  I l = = l l l l l l  I I I 1 1 1 =  I I - = l

377 AANYTSSIJJlPDKmOFVKDHPIjmDSVTPTnNRPKLIKKDVNYTOIVVD 426 

447 RVTSLSGKEYIJVLYLGTEDGHLHRAVRIGAQLSVLEDLALFPETQPV. . . 493
I - I  I 1 1 1 = = =  1= I 1 1 = 1 1  = =- 1 = 1 =  I l  = = 1 1

427 RTOALDGTFYDVMFTSTDRGALHKAVILTKEVHVIEBTOLFRDFEPVI.TI. 476 

494 .ESMKLYHEWLLVGSHTEVTQVNTSNCGRLQSCSECILAQDPVCAWSFRI, 542
I I - -  I I - -  I l  - 1 = 1 1  = 1 = 1 1 - 1 1  I N I  =477 LlSSKKGRKFVYAGSNSGWOAPLAFCEtJÎGSCEDCVIARDPYCAWSPAI 526 

543 DACVA.. .HAGEHROIVQDIESADVSSLCPKEPGEHFVVFEVPVATVGHV 589
I I I  I I  = 1 1 -  I I I I  I I I527 KAOTn,HnRFASSRGWIOEM.SGDTSSCLDKSKESFNnHF. . .FKHGGTA 572 

590 VLPCSPSSAWASCVWHQPSGVTSLTPRRDGLEWVTPGftMGAYACECQEG 639
I I  I I I I  - I  = 1  I

573 ELKCFQKSNLARWWBCFQNGELKAASPKYGF. . .VGRKHLLIFNLSDGDS 619
transmembrane domain 

640 GAARVVaAYSLVWGSQRGPAItRAHTVVGACLVGgFLGVLAASLTLLLIGR 689
I -  - -  -  - I l  I I  I

620 GVYQCLSSERV..........RNKTVSQLLAKHVLEVKMVPRTPPSPTS 658

690 RQQRRRQRELLARDKVGLDLGAPPSGTTSYSQDPPSPSPEDERLPLALGK 739
- =  - =  I I  l - l  = -  I - -  I

659 EDVQTBGSKITSKMPVGSTQGSSPPTPALWATSPRAAT........ LPP 699
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740  RGSGFGGFPPPFLLDSCPSPAHIKLTGAPLATCDETSI................................777
■ I  I  . t . , [  j  I

700 KSSSGTSCEPKMVINTVPQ.LHSEKTVYLKSSDNRLLMSLIiLFIFVLFLC 748

773  ..............................................................................................................................  778

749  rÆ’SÏNCYKGYI.PGQCLKFRSALLLGKKTPKSDFSDIiEQSVKETLVEPGSF 798

778 ..............................................................................................................................  778

799 SQQNGDHPKPALDTGYETEQDTITSKVPTDREDSQRIDELSaRDKPFDVK 848

778  .................................. 778

849 CELKFADSDADGD 861

Figure 3.40 Alignment of mouse semaphorin M and M-semaG (U69535) 
Potential signal peptide, transmembrane domain and semaphorin domain are as indicated.

transmembrane-spanning domain (Furuyama et al., 1996). To investigate the possibility 

that semaphorin M also is a transmembrane semaphorin, transmembrane domain prediction 

was performed. Here, the TMpred program predicted 2 transmembrane domains (residues 

19-40 and 664-688) with scores over 1000. This result is similar to that for M-semaG 

although there was no protein sequence similarity detected within the predicted 

transmembrane regions between the two semaphorin members. Signal peptide prediction 

by Signal? (Nielsen et al., 1997) indicated the presence of a signal peptide at residues 1- 

40, which spans the first transmembrane domains predicted by TMpred. Thus, the mouse 

semaphorin M likely also is a transmembrane protein with one potential transmembrane 

spanning domain. Northern blotting experiments (Jiang, 1998) show that the semaphorin 

M transcript is enriched in mouse brain and spinal cord. This result is consistent with the 

association of the semaphorin family proteins with neuronal network formation/function 

although the exact role of semaphorin M is unknown.

Regulatory elements: Although no TATA box was observed in the vicinity of the 

first exon of the semaphorin M gene, the presence of a 300 bp CpG island (107017- 

107350) spanning the first exon suggests that the promoter of the gene may be located in 

this CpG island. Within a 1000 bp sequence spanning the CpG island, NNPP predicted
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three promoters atcontig positions 107040-107090, 107096-107146 and 107193-107243, 

respectively, while TSSW predicted one promoter at position 107203, 38 bp downstream 

from the start of the 5' end exon. When the region between the upstream Gene7 and the 

first exon of semaphorin M (-17 kb) was searched for possible promoters by the TSSW 

program, five promoters were predicted in the forward strand, with the promoter at 

position 107203 having the highest score. Based on these results, the region 107000- 

107200 most likely contains the promoter for the mouse semaphorin gene. Within this 

region, Consinspector predicted one NF-Y, three SPl and one API transcription factor 

binding sites. Since there was no consensus polyadenylation sequence observed near the 

end of the 3' end coding exon, Jiang (1998) noted ± a t their preliminary data suggested that 

this gene has an additional 1.4 kb 3' UTR. Consistent with their results, examination of 

genomic sequence revealed a polyadenylation consensus sequence (AATAAA) at contig 

position 134900, 1508 bp downstream from the end of the 3' end coding exon of the 

mouse semaphorin M gene.

3.7.4 Mouse lysyl-oxidase related gene 2 (Lor2)

One mouse EST entry (AA522066) matched the contig within the first 6 kb of this 

sequence with an identity of 99% over a region with three potential exons for an unknown 

gene. The cDNA clone corresponding to the mouse EST subsequently was sequenced by 

collaborators at the University of Michigan (Jiang, 1998) and was found to contain an 

insert of 2871 bp (AF053368). Alignment of the contig sequence with the complete 

sequence of the cDNA clone reveals that the contig contains the 5' end four exons of the 

unknown gene (Jiang, 1998). The size of the four exons and the three introns is shown in 

Table 3.26.
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Table 3.26 Size of exons and introns of mouse Lor2 gene

n o . contig  position Exon size(bp) In tron  size(bp)

1 5612-5528 85 1164
2  4363-4021 343 1634
3 2386-2223 164 805
4  1417-1203 215
o th e r exons are ou t o f  th is contig

The cDNA sequence of this unknown gene contains an ORF of 2262 bp, with in­

frame stop codons at both the 5' and 3' ends of the ORF. From a methionine codon near 

the 5' end of the ORF, a putative protein of 754 amino acids is predicted (Figure 3.41). A 

protein database search shows that this predicted protein has a high sequence similarity to 

the human lysyl oxidase-related protein WS9-14 (U89942) and a Perea favescens lysyl 

oxidase homologue (AF10390I), with similarities of 64% and 52%, respectively, and thus 

this gene has been given the name lysyl-oxidase related gene 2 (Lor2). The function of 

these homologous genes are unknown but the human WS9-14 protein was suggested to be 

an extracellular protein possibly involved in cell adhesion and senescence (Saito et al., 

1997). Other protein similarities were observed in two domains. The N-terminal 550 amino 

acids of Lor2 protein have a high sequence similarity to the human DMBTl protein 

(AJ000342), the mouse CRP-ductin-alpha protein (U37438), and several human and beef 

antigens (138004-6, S56744) because all of these proteins contain several scavenger 

receptor cysteine-rich (SRCR) domains (2-9) in regions homologous to the Lor2 protein 

(Law et al., 1993; Nunes et al., 1995; Cheng et al., 1996; Mollenhauer et al., 1997). A 

profile database search also revealed four SRCR domains for the Lor2 protein at amino 

acids 45-146, 170-283, 308-408, and 418-526, respectively. The SRCR domain, possibly 

involved in binding to other cell-surface and extracellular molecules, is about 100 amino 

acids long and has been found in at least eight cell surface or secreted proteins (reviewed in 

Resnick et al., 1994). The C-terminal 200 amino acids of Lor2 protein shows a high 

sequence similarity to the human (M94054), mouse (M65142), rat (102903) and chicken
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(M97881) lysyl oxidases which are copper-dependent enzymes catalyzing collagen and 

elastin cross-linking (Hamalainen et al., 1993) whose C-terminal regions were thought to 

contain the active site for these proteins (Krebs and Krawetz, 1993). These results thus 

suggest that the Lor2 protein also is a cell surface or secreted protein possibly involved in 

cell adhesion and other extracellular processes as suggested for WS9-14 protein to which 

Lor2 protein has the highest similarity. Consistent with this hypothesis, Psort also 

predicted that the Lor2 protein would be localized to extracellular space including cell wall, 

with a potential signal sequence predicted for amino acids 1-26.

lor2 Length: 754
1 AtRAVSVlVyCCPlVgLLLLHCLCSF.gVf^SPSPSISPEKKVGSGGLRFRLAGF 

S i g n a l  p e p t i d e  
5 1  PRKPYEGRVEIORAGEWGTICDDDFTLOAAHVLCRELGFTEATGWTHSAK 

SRCR 1
1 0 1  YGPGTGRIWLDNLSCRGTEGSVTECASRGWGNSDCTHDEDAGVICKDORL

1 5 1  PGFSDSNVIEVEHOLGVEEVRLRPAVEWGRRPLPVTEGLVEVRLPEGWSO
SRCR 2

2 0 1  VCDKGWSAHNSHWCGMLGFPGEKRVNMAFYRMLAGKKGHSFGLHSVACV

2 5 1  GTEAHLSLCSLEFYRANDTTRCSGGKrPAWSCVLGPLYATFTGGFCKGOHS

3 0 1  KPGGEARVRLKGGAHGGEGRVEVLKAGTWGTVCDRKWDLGAASWCPELG 
SRCR 3

3 5 1  FGTAREALSGARMGGGMGAIHLSEVRCSGGEPSLWRCPSKNITAEDCSHS

4 0 1  ODAGVRCNLPYTGVETKIRLSGGRSRYEGRVEVGIGIPGHLRWGLICGDD
SRCR 4

4 5 1  WGTLEAMVACRGLGLGYANHGLGETWYWDSGNVTEWMSGVRCTGSELSn

5 0 1  NGCAHHSSHITCKKTGTRFTAGVICSETASDLLLHSALVGETAYTRnRPL

5 5 1  HMLYCAAEENCLASSARSANWPYGHRRLLRFSSGIHNLGRADFRPKAGRH 
C o n s e r v e d  r e g i o n  i n  l y s y l  o x i d a s e s  

6 0 1  SWVWHECHGHYHSMDIFTHYDILTPNGTKVAEGHICASFCLEDTECGEDV5

65 1  KRYECANFGEGGITVGCWDLYRHDIDCGWIDITDVKPGNYILGWTNPNF

7 0 1  EVAESDFTNNAMKCNCKYDGHRIWVHNCHIGDAFSEEANRRFF.RYPGOTS

751 NQIV
Figure 3.41 Predicted protein sequence of mouse Lor2 gene

T he fo u r conserved histidines (highlighted) are the proposed Lysyl 
ox idase Cu-binding site (Krebs and  K rawetz, 1993)
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The 5' end exons of the mouse Lor2 and Dok genes are 768 bp apart. Since the 

human syntenic region sequenced, in this dissertation research (Contig 5) only contains 564 

bp upstream from the human Dok gene, the human homologue of the mouse Lor2 gene 

would not be contained within contig 5, a prediction which was confirmed by a dotter 

analysis of the mouse Lor2 cDNA with the sequence of contig 5. However, as discussed in 

Section 3.6, part of the human genomic region upstream the human Dok gene has been 

sequenced and deposited in Genbank by another group (AC005033). A dotter analysis of 

the Genbank sequence with the mouse Lor2 cDNA sequence revealed that the human Lor2 

gene is located about 800 bp upstream the human Dok gene in the opposite orientation and 

contains 14 exons (Table 3.27 ). Its coding region is well conserved but its S' and 3' UTRs 

are only moderately conserved in humans. If translation begins from the methionine codon 

located in the second exon, the human lor2 gene would be predicted to encode a 754 amino 

acid protein that is one amino acid more than predicted mouse Lor2 protein.

Table 3.27 Exon and Intron sizes of human Lor2 gene

Note
boundaries can not be determ ined 
5' end  boundary  can not be determ ined

exon  no. Exon (bp) In tro n  (bp)
1 >58 - 1 .2  kb
2 >313 1973
3 164 601
4 215 12440
5 220 237
6 181 140
7 155 240
8 168 133
9 163 517
10 244 99
I I 116 79
12 137 106
13 112 202
14 545

The alignment of the predicted human and mouse Lor2 proteins (Figure 3.42) 

revealed a similarity of 94.2% and an identity of 92.7%. This high degree of sequence 

similarity suggests that they most likely have similar functions in both human and mouse.
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Human 1 MRPVSVWQWSPWSTJXC.LLCSSCLGSPSPSTGPEKKAGSQGLRFRLAGF 49
I I  I I I !  I l l l l i  I I I  - 111111 n i l  I M I I I M I I I IMouse 1 MRAVSVWYCCPWGaXLLHCLCSFSVGSPSPSXSPEKKVGSQGLRERLaGF 50

50 PRKPYEGKVEIQRAGEï:GTICDDDFTLQAAH%]LCRELGFTEA.TGMTHSAK 99
I I M I I I I I I I I M I I I I I I I I I I I i l l M i n i l l l l l l l l l l l l l l l l

51 PRKFYBGRVSTQRAGEMSTICDDDFTLQAAHVlCRELGFTEAIGMrHSAK 100

100 'ÏGPGTGRIWLDNLSCSGTEQSVTECASRGWCaiSDC'nHDEDAGVICKDQRL 149
I n i l  I I I  n i l  111 I I I  n i i i i n n n n n n i n n i n n n

1 01  YGPGTGRIwrimSCRGTEGSVTECaSRGWC3ISDCTHDEDaGVICKDQRI< 150

150 PGFSDSNVIEVEHHLQVEEVRIRPAVGWGiRRPLPVTEGLVEVRLPDGWSQ 199
i i i i i i i n i i i i  i i i i n n i i i i  i n n n n n i n n i n n n151 PGFSDSNVIEVEHQLQVEEVRLRPAVEWSRRPLPVTEGLVEVRLPEGWSQ 200

200 VCDKGWSAHNSHWCGMLGFPSEKRVNAAFYKLLAQRQQHSPGLHGVACV 249
II n i i i i  n i i n  n i i n  i n i i i  n i n n n - i n n i i  n n

201 VCDKGWSAHNSHVVCGMLGFPGEKRVNMAFHRMtAQKKQHSPGLHSVACV 250

250 GTEAHLSLCSLEFYRANDTARCPGGGPAWSCVPGPVYAASSGQKKQQQS 299
n i i i i n i i n n i i n i  n  i i  n n n i  i n n  - i n i n  i251 GTEAHLSLCSLEFYRANDTTRCSGOIPAWSCVLGPLYATPrGQKKQQHS 300

300 KPQGEARVRriCGGAHPGH3RVEVLKASTWGTVCIIRKWDtHAASVVCRELG 349
i i i n i n n i i n i  n n n n i i  i n n n n i n  i n i n  n i301 KPQGEARVRLKGGAHQGEGRVEVLKAGTOGTVCDRKWDLQAASWCPEIG 350

350 FGSAREALSGAEMGQGM3AIHLSEVRCSGQELSLWKCPHKNITAEDCSHS 399
I  n i l  I I I  n i i n  n i i n  n i i i n i n  i n n n  i i n i n n n351 PGTAREAlSGASMGQCafEAIHLSEVRCSGQEPSLWRCPSKNlTAEDCSHS 400

400 QDAGVRCNLPYTGAETRIRLSGGRSQHBGRVEVQIGGPGPLBS^GLICGDD 449
i i n i i n n n i  i n n n i n n n n n n n  n  i n n i n i i401 QDAGVRCNLPYTGVETBCIRLSGGRSRYBGRVEVQIGIPGHLKSreLICGDD 450

450 W3TLEAMVACRQLGLGVANHGLQETWYWDSCTHTEWMSGVECTGTELSL 499
I I  n i l  n i l  n n n  i n n  i n i i i i n i  m i l l  I I  m i l  m i l l

451 W3TLEAMVACRQLGLGXANHGLQETWYWDSGNVTEWMSGVKCTGSELSI, 500

500 DQCSHHGTHITCKRTGTRPrAGVICSETASDrjXHSALVQETAYIEDRPL 549
- i n n  - n n m n n n i n i i i i n n i n n n n n i n n i i

501 NQCAHHSSHITCKKTGTRFTAGVICSETASDLLLHSALVQETAyXEDRPL 550

550 HMLYCAAEENCLASSARSANWPYGHRRLLRFSSQIHNLGRADFRPKAGRH 599
I I I  n i i i i  n i l  11 n i i n  n n i  n i n  n i i n  n i i n  n i n  11551 HMLYCAAEENCLASSARSANWPYGHRKLLRFSSQIHNLGRADFRPKAGEIH 600

600 SWVWHECHGHYHSMDIFTHYDILTPNGTKVAEGHKASFCriEDTECQEDVS 649
i i n  I n i n  i n i i n  n i i i i  n i n  n i i n  n i i n  i n i n  i n i601 SWVWHECHGHYHSMDIFTHYDXLTPNGTKVAEGHKASFCLEDTECQEDVS 650

650 KRYECaNFGEQGIT\A3CWDlYRHDIDCCWIDXTDVKPGNYILQVVINPNF 699
I I I !  n i l  I I I  n i l  I I  n i l  I I  n i i i  n i i n  n i i i n  n i n  n i i651 KRYECANFGEQGITVGCWDLYRHDIDCQWIDXTDVKPGNYXLQVVINPNF 700

700 EVAESDFTNNAMKCNCKYDGHRXWVHNCHXGnAFSEEANRRFERYPGQTS 749
I l l l l i  n i i i i  n i l  I I I  n i n  n i i i  n i i n  i n i i n  n i i i  i n701 EVAESDFTNNAMKCNCKYE)GHRXWVHNCHXGDAFSEEANKEîFERYPGQTS 750

750 NQXX 753
I I  n751 NQXV 754
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Figure 3.42 Alignment of predicted human and mouse Lor2 proteins (previous page)

Regulatory elements: A sequence segment of 768 bp is located between the 5' end 

of the first exon of the Lor2 gene and 5' end of the first exon of the downstream mouse 

Dok gene (5613 - 6380). Within this region, TSSW predicted a promoter at contig position 

6235 which was 622 bp upstream from the first exon of the Lor2 gene, and falls within the 

predicted promoter region of the upstream Dok gene. Similarly, NNPP predicted a 

promoter at contig position 6410 which was 797 bp upstream from the first exon of the 

Lor2 gene and falls within the 5' end exon of the upstream Dok gene. Both of the 

promoters are within the major CpG island (6238-7050) described above in Section 3.7.1. 

These results suggest that the mouse Lor2 gene might share a common promoter with the 

Dok gene as seems to be the case with the human Lor2 and Dok genes. In addition, since 

this contig only covers exons 1-4 of the mouse Lor2 gene, it is not known whether the 

intron between exons 4-5 of the Lor2 gene also contains an alternative promoter for the 

mouse Dok gene as in human.

3.7.5 A retrotransposon: intracisternal A particle (LAP)

Intracistemal A-particles are endogenous defective retrovirus-like elements present 

at about a thousand copies in the mouse and other rodent genomes (Lueders and Mietz, 

1986; Heidmann and Heidmann, 1991). These LAP elements in mouse are highly 

polymorphic, ranging in size from 3.5-7.3 kb (Ymer et al., 1986; Heidmann and 

Heidmann, 1991). They possess long terminal repeats, with U3-R-U5 organization that is 

homologous to the retroviral LTRs (Heidmann and Heidmann, 1991) and they also encode 

open reading frames for the viral gag-pol-like proteins (Kuff and Lueders, 1988). lAPs 

have been grouped into two classes (class I and II) and several subclasses. Class I lAPs are 

collinear with the genomic RNA of the particles which codes for the LAP main structural 

protein p73 but usually have variably sized deletions (Paterson et al., 1978). Class H LAPs
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comprise of about 10% of the lAPs in the mouse genome and have a characteristic 0.3 kb 

insertion as well as internal deletions of variable size (Shen-Ong and Cole, 1982; Lueders 

and Mietz, 1986).

A Powblast database search revealed that the sequence in the contig region between 

position 25k-35k was highly homologous to several LAP elements in the Genbank 

database. A dotter plot comparative analysis of this contig and a full length lAP (M17551, 

clone MIA14, 7096 bp) indicates homology to a full length LAP element of 7089 bp at 

contig positions 27673 through 34761 (referred to as IAPg7 due to its position within an 

intron of mouse Gene7). A dotter analysis between IAPg7 and a type H LAP (X03520) 

shows that the IAPg7 does not contain the 0.3 kb insertion characteristic of type H LAPs, 

and thus, is likely a class I LAP element. Examination of the LAPg7 sequence shows that 

the LTRs on both ends of IAPg7 are identical both in length (353 bp) and in nucleic acid 

sequence. There are no other significant repeat regions within the sequence of LAPg7 but a 

short 6 bp direct repeat (GTAAGC) is located on both sides of the LAP element.

Examination of the IAPg7 sequence also shows that there are several open reading 

frames with more than 100 codons between the LTRs. These open reading frames encode 

putative gag, pol and protenase proteins based on protein database homology search 

results. The ORF for proteinase overlaps with that of putative gag and pol proteins. The pol 

gene likely is non-functional since an insertion of T at contig position 32498 introduced an 

in- frame stop codon within the otherwise long ORF which codes for a full length pol 

protein. Likewise, there is no discernible open reading frame for the retroviral env gene, 

which is a common feature of LAP elements and thus renders these elements incapable of 

forming infectious extracellular viruses (Kuff and Fewell, 1985; Ono et al., 1985; Ymer et 

al., 1986).

Although most known LAP elements, including IAPg7, contain one or more non­

functional genes, an observation that implies they most likely are not competent for 

autonomous transposition, it was suggested that transposition of LAP elements might be a
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powerful source of insertional mutagenesis and might play a role in both transformation 

and tumor progression (Heidmann and Heidmann, 1991). This proposal was based on 

several detailed studies on lAP elements and their associated genes, since transcription of a 

truncated cellular c-mos oncogene in a mouse plasmacytoma was correlated with the 

insertion of an LAP sequence (Rechavi et al., 1982). An LAP element (LAP-IL3) also was 

found inserted upstream of the promoter of the interleukin-3 gene of the leukaemia cell line 

WEHI-3B (Ymer et al., 1986). However, a detailed mechanism for the transposition of 

these seemingly non-competent LAP elements is unknown.

Another aspect of LAP research concerns its role in transcription and aging. LAP 

elements generally are repressed in normal cells and transcribed at a low level in some adult 

tissues (Piko et al., 1984; Dupressoir and Heidmann, 1996). Dupressoir et al. (1995) 

reported that two lAP-related transcripts were present in organs of aging mice but not 

detected in young mice. Although the exact mechanism is unknown, the association of the 

expression of the LAP element with aging has lead these authors to propose that the LAP 

retrotransposons might serve as reporters of aging.

As described above, the LAPgT is located in the intron region of the putative gene 

Gene?. Therefore it might be expected that if lAPg? transcription is activated, transcription 

into the flanking cellular sequence (as in the case reported by Puech et al., 1997) followed 

by unique splicing events would result in an aberrant Gene? product, which could in turn 

have an adverse effect on the cells.

3.7.6 A pseudogene of ribosomal pro tein  S6

A blast search reveals that the region encompassing positions 55 -5? kb of this 

contig has significant sequence similarity to the mouse ribosomal protein S6 cDNA (Rps6: 

Y00348) and a number of ESTs. The mouse Rps6 gene contains 5 exons (Pata and 

Metspalu, 1996). However, a dotter comparison (Figure 3.43) shows that the contig 

sequence and the mouse Rps6 cDNA sequence are collinear, and thus this genomic region
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Figure 3.43 Dotter plot of contig sequence with mouse Rps6 cDNA sequence
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only contains an exon sequence but lacks any introns. Further examination of this region 

indicates that multiple stop codons are present in the homologous coding region of Rps6 

cDNA. Taken together, the lack of introns and the lack of a suitable open reading frame 

suggest that this is a mouse Rps6 pseudogene.

Many mouse ribosomal protein genes have non-functional copies integrated into the 

genome as pseudogenes. Pseudogenes of the mouse ribosomal protein L7 (Klein and 

Meyuhas, 1984), ribosomal protein L32 (Dudov and Ferry, 1984) and now ribosomal 

protein S6, are but three examples. It recently has been estimated that there are up to 15 

processed pseudogenes of the mouse Rps6 gene dispersed throughout the mouse genome 

(Pata and Metspalu, 1996). The presence of a Rps6 pseudogene in this contig indicates that 

a member of the mouse Rps6 family of pseudogenes is on human chromosome 22.

3.7.7 A pseudogene of ribosomal protein L34

The region between contig positions 93580-94070 also contains a copy of 

ribosomal protein L34 (RPL34) cDNA, as revealed by a Powblast search of the Genbank 

databases. A  sequence alignment (Figure 3.44) indicates that this region of the contig is 

84% identical to the human RPL34 cDNA sequence (L38941). However, comparison of 

this genomic sequence and that of the RPL34 coding region revealed two in-frame stop 

codons in the genomic sequence and no introns. The genomic region also was bounded by 

two 13 bp direct repeat and a 11 bp poly-A sequence was present near its 3' end. Although 

the genomic structure for human RPL34 gene is unknown, it is known that human RPL34 

contains at least one 80 bp intron (Kenmochi et al., 1998). The lack of introns in this 

genomic sequence and the other features described above indicate that contig region 93580- 

94070 most likely contains a pseudogene of RPL34.
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c o n t i g  1  ACACAAAGAATGAGTTTGTTflC!aTTTTTTCC:TCTTCCGGGGACGGTGCTC 50
direct repeat !  1 ! 1 I I  !  1 I  1 ! I  1 I I  1 1  1 1

cDNA 1 .......................................................................... c t t c c t c t t c c g g g g a c G A T G T C T  2 4

5 1  AGAGGCACTCAGGATGGTCCAGTGTTTGACATACTACTGTAGGCTTTCCT 1 0 0
1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1  

2 5  GCAGGCACTCAGAATGGTCCAGGGTTTGACATAGCGACGTAGGCTTTCCT 7 4
Start codon

1 0 1  ACAACACAGCCTCTAACAAAACTAGGCTGTCTCGAACCCCTTGCAACAGG 1 5 0
1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1 1  1 1 1  I I

7 5  ACAATACAGCCTCTAACAAAACTAGGCTGTCCCGAACCCCTGGTAATAGA 1 2 4  

1 5 1  ATTGTTTACCTCTACACCAAGAAGGTTGGGAAAGCATCTAAATCTGCATG 2 0 0
1 1 1 1 1 1 1 1 1 1 1  1 1  I l l l l l l l M l l I l l  1 1 1 1 1 1  I  l l l l l l l l l l l

1 2 5  ATTGTTTACCTTTATACCAAGAAGGTTGGGAAAGCACCAAAATCTGCATG 1 7 4  

2 0 1  TGGCGTGTGCCCAGGCAGACTGCGAGGGGTTCGCGCTGTGAGACCCAAAG 2 5 0
1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1  l l l l l l l l l l l  M i l  1 1 1 1 1  I N I

1 7 5  TGGTGTGTGCCCAGGCAAACTTCGAGGGGTTCGTCCTGTAAGACCTAAAG 2 2 4  

2 5 1  TCCTTCTGAGACTGTCTAAGACCAAGAAGCATGTCATGACGCAGGGCCTA 3 0 0
1 1 1 1  M i l l  1 1 1 1  1 1  1 1  M i l l  1 1 1 1 1 1 1  M M M M M

2 2 5  TTCTTATGAGATTGTCCAÀAACAAAGAAACATGTCA. . . .GCAGGGCCTA 2 7 0
Stop

3 0 1  TGGTGGGTCCACGTGTGCCAAGTGTGTCCGTGACGGGATCAAGCAGGCTT 3 5 0
1 1 1 1 1 1  1 1 1 1  1 1 1 1 1 1  1 1  M i l l  1 1 1 1 1 1  1 1 1 1 1 1 1 1 1  1 1 1 1

2 7 1  TGGTGGTTCCATGTGTGCTAAATGTGTTCGTGACAGGATCAAGCGTGCTT 3 2 0
Stop . . . .

3 5 1  TCC . TATTGAGGAGTAGAAAATGGTTGTGAAAGTGGTGAAGGCAGAAGCA 3 9 9

M l  M l  1 1 1 1 1 1  1 1 1 1 1 1 1 1  l l l l l l l l l l l  1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 2 1  TCCTTATCGAGGAGCAGAAAATCATTGTGAAAGTGTTGAAGGCACAAGCA 3 7 0  

4 0 0  CAGAGTCAGAAAGCAAAAT. . AGATATGCAACTATTTTAAGTAATAAAAA 4 4 7
M M M M M M M  1 1 1 1  I 1 M l  1 1 1 1  1 1 1 1  l l l l l l l l l l l

3 7 1  CAGAGTCAGAAAGCTAAATAAAA A A A T G A A A C T T T T T T aaataataaaaa 4 2 0
Stop

4 4 8  TCAAGACTTGGAAAflAAAAAAAGAATGAGTTTGTTGCTGGAGAT 4 9 1  
1 1 1 1  1 p o l y - A  d i r e c t  r e p e a t

4 2 1  t g a a a a g a c g c t g ......................................................................................... 4 3 3

Figure 3.44 Alignment of contig sequence with human RPL34 cDNA
Contig sequence w as from contig positions 93580-94070 and was com plem ented. 
B oth  5 ’ and  3 ' end  o f  RPL34 cD N A  (L 3 8 9 4 1 ) w ere ex tended  accord ing  to E S T  
AA 825612 and  the extended parts w ere sh o w n  in sm all letters.
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3.7.8 Other repetitive elements in contig 6

Repeatmasker analysis of contig 6 revealed that 37.98% of this contig was repeat 

sequences. The major repeat families present include B l, B2, L I and LTR as shown in 

Figure 3.45 and Table 3.28. Relative to the contigs analyzed in previous sections above, 

contig 6 is relatively rich in simple repeat sequences as they account for 4.3% of this 

contig. Interestingly, the short intron regions of the Dok gene lack any noticeable repeat 

sequences while the intron regions of semaphorin M gene which contain B 1 and B2 repeats 

do not contain any LI and LTR repeats and the Gene? introns contain B l and B2 as well as 

LI and LTR repeats. The orientation of L I repeat in the Gene? region does not show the 

overall preference in orientation as described above in section 3.6, an observation similar to 

that for the human Gene? region.

Table 3.28 Content of repetitive sequence in contig 6

n u m b er o f  
elem ents

length
occupied

percentage 
o f  sequence

SESlEs
B l 71 8698 bp 5 .34  %
B2 60 10445 bp 6 .42  %
B4 34 5 I I 2  bp 3.14  %
ID 7 511 bp 0.31 %

LINES
L I 23 986 2  bp 6.06 %

L T R  elem ents 47 18220 bp 11.20 %

M E R  elem ents 3 313 bp 0.19 %

U nclassified 7 1303 bp 0.80  %

Sim ple R epeat 91 6946  bp 4 .30  %

Total repeats: 343 61765  bp 37.98 %
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Figure 3.45 Distribution of repetitive elements in contig 6



Chapter IV

Comparison of human and mouse sequences

4.1 Introduction

Human and mouse genomic DNA sequence comparison offers several advantages 

when determining the functional significance of a DNA segment because functional 

elements tend to be conserved between closely related species. For example, Makalowski et 

al. (1996) compared 1196 fuU-length cDNA sequences from human and mouse and found 

that most of the coding regions were highly conserved, with a nucleic acid level identity 

averaging 85%. Regulatory elements of gene transcription also frequently were found 

conserved (e.g. Baumgartner, 1994). These observations, which were obtained from 

comparison of known genes, can be applied to uncharacterized genomic sequences and 

therefore facilitate identifying new genes and their associated regulatory elements. As 

described in Chapter 3, the identification of the human and mouse genes Gene? was based 

in part on comparing human and mouse sequences determined in this dissertation research. 

In addition, comparative genomics also can provide information that improves our 

understanding of genome organization and evolution (Li, 1997), and the results from such 

comparisons can be useful in producing transgenic mice as a model system for specific 

genetic based diseases (Searle et al., 1994). Thus, the mouse genome also is being actively 

sequenced along with the human genome, with an expected completion date of 2005 

(Collins et al., 1998).

A limited number of large scale (>20 kb) human and mouse sequence comparisons 

have been published in the past several years (e.g. Koop and Hood, 1994; Oeltjen et al., 

1997; Chen, 1997; Ansari-Lari et al., 1998; Jiang et al., 1999). These studies confirmed 

the notion that coding regions are well conserved between human and mouse. In contrast, 

non-coding regions are conserved to varying degrees, leading to the proposal that different 

regions of the human and mouse genomes have evolved at different rates (Koop, 1995). It
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also is known that both the human and mouse genomes contain a large number of randomly 

interspersed repeats. However, when the present studies were begun, only a small fraction 

of the human and mouse genomes had been sequenced and additional work is needed to 

provide a clearer and more accurate comparative picture of the human and mouse genomes.

As part of this dissertation research, two pairs of syntenic regions of the human and 

mouse genomes were sequenced. The first pair was from human chromosome 22 (PAC 

p201ml8, contig 3) and its syntenic region from mouse chromosome 16 (BAG 72k21, 

contig 4). A dotter comparison of these two sequences is shown in Figure 4.1. Crossmatch 

analysis also was performed and the results revealed several large, highly conserved 

regions as shown in Figure 4.2. Based on the distribution of conserved segments, it can be 

estimated that the centromeric 82.3 kb of the human sequence is syntenic to the telomeric 

81.2 kb of the mouse sequence. Within these syntenic regions, four genes, i.e. the TIO, 

PutA, Htf9c and RanBPl genes occur in both the human and mouse sequence (Chapter 3). 

These genes are organized in the same order, direction and occupy similar lengths of 

genomic sequences. It also can be seen that the highly conserved segments generally are 

gene-rich. The other pair of syntenic regions sequenced in this dissertation research was 

from human chromosome 2 (BAG hl73, contig 5) and its syntenic region in mouse 

chromosome 6 (BAG b245cl2, contig 6). A comparison of these two sequences (Figures 

4.3 and 4.4) showed that approximately 89.3 kb of the mouse sequence matched the 91.8 

kb human sequence. Within these syntenic regions, two genes, i.e. Dok and Gene7, occur 

both in human and mouse (Chapter 3) and they are organized in the same relative 

orientation. It is interesting to note that even though the sizes of individual introns differ by 

up to 13 kb (first intron of Gene7) between these human and mouse genomic regions, the 

sizes of the entire syntenic regions differ only by 2.5 kb. This also is true for the first pair 

of syntenic regions, which differ in size by only 1.1 kb while the entire regions encompass 

more than 80 kb of human and mouse sequences. A detailed comparison of these two pairs 

of syntenic human and mouse regions are presented in the following sections.
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p201m18 (Human: horizontal) vs. 72k21 (Mouse: vertical)
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Rgure 4.1 Dotter plot of the first human and mouse syntenic regions
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4.2 Comparison of gene organization

Comparison of the gene organization of the six homologous gene pairs within the 

two pairs of syntenic regions (Table 4.1) shows that the overall gene stmctures are well 

conserved between human and mouse. The number of coding and non-coding exons all are 

conserved for these six gene pairs except that the human PutA gene may have an alternative 

splicing pattern for its 16 exons. The coding regions are conserved in both their length and 

nucleic acid sequence, with the coding region identities varying between 79.4-90.6%. In 

contrast to the overall conservation in the length and sequences of coding region between 

human and mouse, the 5' and 3' UTR of the six pairs of homologous genes are less 

conserved, with the identities varying between 30.0-85.6%. However, the level of 

sequence conservation is not evenly distributed along the length of the UTRs. Instead, 

there are both conserved and non-conserved segments within the UTRs (Figure 4.5), and it 

is suspected that the conserved regions may contain regulatory elements of gene expression 

(see Section 4.4).

Table 4.1 Comparison of gene organization and sequence identity

gene
pair

to ta l
exons

coding
exons

5’ U T R  
length ident.

coding region 
length ident.

3 ' U T R  
leng th ident.

protein
sim ilarity

hDok 5 5 22 1443 438
m Dok 5 5 6 22.7% 1446 83.2% 316 49.9% 86.0%

hGene? 9 9 52 1578 2 69bp
tnGene? 9 9 58 67.3% 1587 79.4% 205 59.1% 77.2%

hTlO 9 8 163 828 1257
mTlO 9 8 137 55.3% 828 84.3% 610bp 31.2% 90.9%

hHtf9c 12 11 660 1839 267
mHt£9c 12 11 585 60.7% 1806 80.4% 180 30.0% 86.0%

hR anB P l 6 6 149 600 306
m R anB PI 6 6 140 85.6% 609 87.5% 306 72.9% 96.0%

hPutA* 15 14 222 2202 1767
m PutA 15 14 229 82.1% 2202 90.6% 1575 54.8% 97.0%

*The alternative splicing pattern o f 15 exons is used for comparison

147



Ok
Human Dok/Mouse Dok

1.00^

O.50I
o.oo‘

1k

Coding region
Exons

Similarity

Human Gene7/Mouse Gene?

1.00^

O.50I
o.oo'

Coding region
Exons

Similarity

Human TlO/Mouse TIO

1.00-,
0.50’

o.ool

Coding region
Exons

-S im ilarity

Figure 4.5a DNA sequence similarity comparison of homologous human and mouse genes 
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4.3 Comparison of coding region

As discussed in the previous section, the coding regions of homologous human and 

mouse genes are highly conserved, even though four of the six gene pairs show slight 

differences of up to 33 bp in their coding region length. Specifically, the Dok gene pair 

shows that the human sequence has an insertion of 3 bp and a deletion of 6 bp when 

compared to the mouse Dok gene in their 3' most exons. For the Gene? gene pair, a 9 bp 

difference due to an insertion of 3 bp and a deletion of 12 bp occurs in the human sequence 

relative to the mouse gene exon 9. When comparing the Htf9c gene pair, a 27 bp deletion in 

the first coding exon and 6 bp deletion at the last coding exon of the mouse gene result in a 

total difference of 33 bp. For the RanBPl gene pair, a 9 bp difference also occurs in the 3' 

end coding exon. Thus, for all the four gene pairs which show different coding region 

lengths, the différences occur either in the first or in the last coding exon. Furthermore, the 

differences between coding exons of homologous genes always are multiples of three and 

all of the internal coding exons for all the six gene pairs are of equal length.

The high level sequence conservation of homologous coding regions contrasted 

with the lower level sequence conservation of 5' and 3' UTRs as shown above in Table 

4.1. For all the six gene pairs, the transition from high to low level of sequence 

conservation occurs immediately at the coding region - 3' UTR boundaries (Figure 4.6). In 

contrast, sequences of 5' UTRs near the 5' UTR - coding region boundaries are relatively 

conserved although insertions or deletions occur, suggesting that these regions play an 

important biological function such as initiation of translation.

With a high level of sequence conservation in coding regions and highly accurate 

comparable DNA sequences available, a detailed analysis of sequence differences is 

possible. The differences can be deletions, insertions or substitutions, but substitutions are 

most prevalent in the six pairs of human and mouse genes compared here. Substitutions 

can be classified as either transitions or transversions. Transitions are intraexchanges 

between purines (A and G) or pyrimidines (T and C). Transversions are interexchanges
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5' UTR

U\

hDok

mDok

caggaagcgcggaaggaaccgccgggggcc
1 1  N I I I I  1 1  N I I I I  1 1  I l l l  H I M
caggaagcgcggaaggaatcgcc.tgggcc

hGene? ggctacagttccccctctggttttgctgcc
I I I  m i l l  I I  I I I I  I I I  I l l l l i

mGene? ggccacagtt.ccacactgctttggctgcc

hTlO

mTlO

ctgtgtcagcagagccgccct.gcaccacc
I I l l l  I l l l  I l l l  I l l l  I I I  I I Ic. atotaaacaaaaccacccttacaac.cc

hPutA aggcagtggttciaaaagctgtctacatta
1 1 1  M l l l l  1 1  H l l l l  1 1  M i l l  1 1  M i l

mPutA aggcagtggttciââ.aagctgtctacatta 

hHtf 9c agaacctcgacaacgaggggcccgaagccc
I I  I I  I  I I  I M l  H I M

mHtf9c ag.. ..ccggccgcggaagttccggagccc 

hRanBP cagccgagccgccgccgccgccgcgccccc
I I  M l  M l  M l  M M M M M MmRanBP tagtcga...gccaccgtcgccgcgccccc 

Kozak signal = GCCGCC

Coding region
ATGGACGGAGCAGTGATGGA* * * *TCAAGTCAGAGGGCTCTACCTGA

M M M M  I I  M M M M  M M M I  H I M  I I  M l l l l
ATGGACGGGGCTGTGATGGA* * * *TCAAGTCTGAGGGTTCCACCTGA 

ATGCATCCTGGGCGAACTAC* * * * ...............ATCCCTCAAGGCCCTAA

M l  I I I I  M l l l l  M l  I I  H I M
ATGAACCGAAGGAAAACTAC* * * * AGGAGCGTCCTTCTCACACCTAA 

ATGTGCATCATCTTCTTTAA* * * *ATGAGTTCACACTGCAGAGCTAA
1 1  M l l l l  I M i l l  I M i l l  M M M M M M I  H I M  I I

ATGTGCATCATCTTCTTTAA* * * * ATGAGTTCACACTACAGAGTTAG 

ATGAAAAGAGCAATTGGTGC * * * * CCCTGTGCACCGTGGACGTGTGA
1 1  M l l l l  I M i l l  1 1  M l  I I  M M M I  I I  I I  I I  M l

ATGAAAAGAGCAATTGATGC* * * *CCTTGTGCACAGTCGATGTATGA 

ATGGAGAGCTGTGGCCAGGA* * * *CTGGGACCTTCCCCTCATCCTAG

M l l l l  M l  M M M M  I I I I  I I I  M M  I I
ATGGAGGACTGCGGCCAGGA* * * *CAGAGATTTCCCTCTCA. . . TAA 

ATGGCGGCCGCCAAGGACAC* * * *AGGATGCTGAGGAGAAGCAATAA
1 1  M l l l l  I M i l l  I M i l  M M  M M M M M  M M

ATGGCGGCCGCCAAGGACAG* * * * AGGAGTCTGAGGAGAAACAATGA 

ATGG

 3' UTR

gaaggacggcaaggo tgagg
I I  I I I Igacagttgctgataggaggt

gtcaccagcaccagagccca
M l  I I  I M M  I I Igtccccggtgccagcacaca 

ccccacctctgggcctggcc
M M  I I I I  Icccctgccaggttccaagga

gggaggtggcacgggccagg
I I  M l  M l  M l l l lggtaggcagcatgggccaac

gcccaggacccattatgggg
I I I  I Igggaattataggagcacagg

atcgtcttattttattttct
M l  I I I I  I I  Iatcactctgtctttttcctt

Figure 4,6 DNA sequence alignment at boundaries of coding regions between homologous genes 
**** represents omitted internal coding sequence; ... represents sequence gap; | represents identity; 
Stop codons are underlined. 5' end o f m ouse Dok gene is extended according to genomic sequence.



between purines and pyrimidines. In coding regions, substitutions also are classified as 

synonymous substitutions or nonsynonymous substitutions. Synonymous substitutions are 

those that do not result in amino acid change while nonsynonymous substitutions result in 

amino acid change (replacement). A summary of coding region substitutions between the 

six pairs of human and mouse genes are listed in Table 4.2. For all the six pairs of genes, 

transitions occur more often than transversions, with the apparent ratio between them 

varying between 1.4 and 3.2. Previous studies on pseudogenes (Li et al., 1984), which 

were assumed to have no cellular functions, showed that transition had a relative frequency 

of 59.3%, with a transition/transversion ratio of 1.46. Thus, generally higher transition and 

transversion ratios likely reflect that there are functional constraints imposed on the genes. 

Detailed examination of the distribution of these substitutions (Table 4.3) shows that five of 

the six gene pairs have more than 60% of the substitutions in the third codon positions. Ten 

out of the twenty amino acids have codons which only allow transitions at their third 

positions while other amino acids have codons which allow both transition and 

transversion for synonymous substitution. Thus, both the higher transition/transversion 

ratios and the predominance of substitutions at the third codon positions indicates that 

cellular constraints on the substitution process tend to preserve the amino acid sequence. 

However, this preservation of amino acid sequence can not explain the overall 

predominance on transition over transversion in the other two codon positions (see Table 

4.3), especially since substitutions at second coding positions invariably result in amino 

acid replacement. The transitional excess in substitutions resulting in amino acid 

replacement previously has been observed in analyzing 337 human and mouse genes but it 

was thought likely due to mutational biases rather than selective forces (Collins and Jukes, 

1994).
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Table 4.2 Summary of substitutions between human and mouse gene pairs

gene pair
ORF
length Ts Tv Ts/Tv (Tst-Tv)/ORF length

Dok 1443 158 76 2.1 16.2%

Gene? 1578 187 133 1.4 20.2%

TIO 828 84 46 1.8 15.7%

Htf9c 1839 219 104 2.1 17.5%

RanBPl 600 50 25 2.0 12.5%

PutA 2202 158 50 3.2 9.4%

Note: coding region length are that of human gene of a human and moue gene pair. 
Ts: transition Tv: transversion

Table 4.3 Distribution of substitutions between different codon positions

Gene
pair

1st position 
Ts Tv %Total

2nd Position 
Ts Tv %Total Ts

3rd position
Tv %TotaI

Dok 36 17 22.6% 27 12 16.7% 95 47 60.7%

Gene? 50 51 31.6% 42 26 21.3% 95 56 47.2%

TIO 8 13 16.2% 12 6 13.8% 64 27 70.0%

Htf9c 33 23 17.3% 36 17 16.4% 150 64 66.3%

RanBPl 6 4 13.3% 1 6 9.3% 43 15 77.3%

PutA 17 7 11.5% 10 3 6.3% 131 49 82.2%

As mentioned above, substitutions also are classified as synonymous or 

nonsynonymous. Synonymous substitution rates were thought to reflect the rates of 

evolutionary divergence of nucleic acid sequences (Oeltjen et al., 1997) while 

nonsynonymous substitutions were believed to reflect the rate of protein evolution (Li, 

1997, page 179). Assuming the human and rodent divergence occurred 80 million years 

ago (Li and Graur, 1991), the synonymous and nonsynonymous substitution rates for the 

six gene pairs are calculated and shown in Table 4.4. These results overall are similar to
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those obtained from comparison of 47 human and rodent genes (TLi, 1993; Pamilo and 

Bianchi, 1993; Li, 1997; average value for synonymous substitution rate: 3.51±1.01; 

average nonsynonymous substitution rate: 0.74 ± 0.67). As noted above, synonymous 

substitution rates for the six gene pairs vary in a relatively narrow range (1.99-3.17) 

compared to that of nonsynonymous substitutions (0.13-1.12). The higher rate of 

synonymous substitutions than nonsynonymous substitutions reflects functional 

constraints on nonsynonymous substitutions. From these substitution rates, no significant 

differences in gene and protein evolution rates were observed with different chromosomal 

regions, i.e. between the region in human chromosome 2 (Dok and Gene7 gene pair) and 

the region in human chromosome 22 (the remaining four gene pairs).

Table 4.4 Synonymous and nonsynonymous substitution rates*

Gene pair
O R F
leng th

S ynonym ous 
su b stitu tio n  rate

N onsynonym ous 
substitu tion rate

D ok 1443 2 .6 4  ±  0 .2 4 0.61 ±  0 .06

Gene? 1578 2 .5 4  ±  0 .23 1.12 ±  0 .09

TIO 828 2 .85  ±  0 .34 0.48 ±  0 .08

Htf9c 1839 3.17 ±  0 .2 4 0.59 ±  0 .06

R anB P l 600 2 .64  ±  0 .38 0.16 ±  0 .05

P utA 22 0 2 1.99 ±  0 .16 0.13 +  0 .02

*the rates, with units o f  per site per 10® years, are calculated by the method o f Ina (1995).

Examination of the base composition of human and mouse coding sequences (Table 

4.5) show several distinct features. First, the third codon position of all six human genes 

have a higher GC content than the other codon positions. Second, the GC content of the 

third codon position of all six human genes is consistently higher than that of the mouse 

gene, with differences up to 20%. Third, the second codon position of both the human and 

mouse genes all have a lower GC content than do the other codon positions. These 

observations are consistent with the earlier research indicating that the third codon position
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Table 4.5 Comparison of GC content at each codon position

gene pair Total 1st positio n 2nd position 3rd position in tron contig

hD ok 62.0% 64.4% 51.9% 69.8% 61.5% 41.4%
m D ok 59.4% 62.3% 51.7% 64.2% 53.9% 45.0%

hGene? 52.4% 55 .3% 43.1% 58 .7% 40.3% 41.4%
mGene? 52.5% 57 .0% 43.7% 57.0% 43.4% 45.0%

hTlO 57.7% 56.5% 40.5% 76 .0% 56.8% 57.6%
m TlO 52.7% 55 .0% 40.2% 63.0% 47.4% 46.6%

hHtf9c 63.0% 65.2% 47.1% 76 .8% 62.8% 57.6%
m Htf9c 54.1% 62.4% 43.2% 56.7% 47.5% 46.6%

hR anB P l 51.0% 59 .0% 33.0% 61.0% 57.1% 57.6%
m R anB P l 50.0% 58 .0% 3 4 5 % 57.5% 47.3% 46.6%

hP utA 53.3% 58 .5% 39.7% 61.7% 51.9% 57.6%
m puta 49.3% 57.6% 39.6% 50 .8% 43.2% 46.6%

of human genes frequently but does not always have higher GC content than the other 

codon positions. Aota and Dcemura (1986) studied the GC content at the third codon 

position of various human genes and found that the GC content varies between 33-94%. 

Interestingly, they also found that the variation of GC content at the third codon position 

was correlated to (and generally higher than) the GC content of introns and bulk genomic 

regions surrounding a gene. They suggested that the variation of GC content likely is 

associated with "isochore" organization of the genome. The correlation between the third 

codon GC content and that of introns also was found for 117 genes in Drosophila (Kliman 

and Eyre-Walker, 1998). Thus, the observation that the GC content at the third codon 

positions of all the six human genes is higher than that at other codon positions likely is a 

local phenomenon and could be associated with specific isochores in which those genes 

reside. Compositional differences for the human and mouse isochores which harbor the 

genes, thus, could have contributed the observed difference in GC content between 

homologous human and mouse genes. To examine such possibilities, the GC contents of
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introns for each gene and those of the bulk contig sequence were calculated and are shown 

in Table 4.5. Indeed, an overall correlation between GC content at the third codon position 

to that of intron and contig sequence can be discerned for the six pairs of human and mouse 

genes, which indicates that coding exons and introns may be subjected to similar mutational 

pressure (Li, 1997).

In addition to substitutions, insertions or deletions of nucleotides of syntenic human 

and mouse coding sequences also exist. However, insertions and deletions occur at a much 

lower frequency and typically are at terminal exons and in groups of three nucleotides to 

maintain the reading frame. The insertions or deletions in the six pairs of homologous 

genes investigated during this dissertation research all were located at 5' or 3' end coding 

exons, as for example, was observed at the 3' end coding exon of human and mouse 

RanBPl gene. An alignment of the sequences at the 3' end of human and mouse RanBPl 

coding region is shown in Figure 4.7.

mouse AAGCCCTTTCAGTGaGGGAGœCflGAGflGGAGGCTGAflGflGflAGTCTGfiGGftGAAACAATGa

I I I I  I I  I I  I I I I  I I I I  I I I  I I I I I  I I N i l  I I 1 1 1  1 1 1 1  Ihuman AAGCTCTCTCGGTGaAGGAG.......................GAGA.CCAAGGAGGATGCTGAGGAGAAGCAATAA

Figure 4.7 Sequences at the 3' end of RanBPl coding regions, 
stop codons are underlined.

The above alignment suggests that an internal insertion/deletion of 9 bp might have 

occurred after human and rodent divergence. However, whether this sequence difference is 

because of an insertion or deletion can not be directly determined from this alignment. 

However, a Genbank database search for potential homologues of RanBPl gene from 

other species reveals a Xenopus laevis (African clawed frog) RanBPl cDNA and several 

rat ESTs (including AIO10261) with high sequence similarity to the RanBPl cDNA 

sequences. Assuming the rat ESTs represent the homologue of the RanBPl gene in rat, an 

aligmnent of the coding sequences from all four species, shown in Figure 4.8, reveals that 

the 9 bp sequence which exists in mouse but not human, is completely conserved in rat. 

The presence (with less conservation) of the 9 bp sequence in frog at the expected position
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seems to indicate that a deletion in the human RanBPl gene rather than an insertion in the 

mouse, rat and frog RanBPl genes most hkely had occurred.

r a t

f r o g -

1  GO
ATGGCGGCCG CCAAGGACAG TCACGAGGAC CATGATACTT CCACAGAGAA TGCAGATGAG 
ATGGCGGCCG CCAAGGACAG TCACGAGGAC CACGATACTT CCACAGAGAA TGCAGAGGAG 
ATGGCGGCCG CCAAGGACAG TCATGAGGAC CATGATACTT CCACTGAGAA TACAGACGAG 
ATGGCCGATA CCAAGGATAA ACCAGAAGAG CGTGACACCT CTGTTGACAA TACAGAAGAT

m o u s e
r a t

h u n a n
f r o g

r a t
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f r o g
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h u n a n
f r o g

m o u s e
r a C

h u n a n
f r o g

m o u s e
r a c

h u n a n
f r o g

m o u s e
r a C

h u n a n
f r o g

6 1  120  
TCCAACCACG ACCCCCAGTT CGAGCCAATA GTTICTCTTC CCGAGCAAGA AATTAAAACG 
TCCAACCACG ACCCCCAGTT CGAGCCAATA GTTTCTCTTC CTGAGCAAGA AATTAAAACA 
TCCAACCATG ACCCTCAGTT TGAGCCAATA GTTTCTCTTC CTGAGCAAGA AATTAAAACA 
TCAAATCATG ACCCTCATTT TGAGCCCATA GTTTCACTGC CAGAGCAAGA GATTAAGACA

1 2 1  1 8 0  
CTGGAGGAAG ATGAAGAGGA ACTTTTTAAG ATGCGTGCAA AGCTGTTCCG GTTTGCTTCA 
CTGGAGGAAG ATGAAGAGGA ACTTTTTAAG ATGCGTGCAA AGCTGTTCCG GTTTGCTTCA 
CTGGAAGAAG ATGAAGAGGA ACTTTTTAAA ATGCGGGCAA AACTGTTCCG ATTTGCCTCT 
CTTGAAGAAG ATGAAGAAGA ACTATTTAAA ATGCGTGCAA AGTTGTTTCG ATTTGCATCA

1 8 1  2 4 0
GAGAATGACC TCCCAGAATG GAAGGAGCGA GGCACTGGAG ATGTCAAGCT TCTGAAGCAC 
GAGAATGACC TCCCAGAATG GAAGGAGCGA GGCACTGGAG ACGTCAAGCT TCTGAAGCAT 
GAGAACGATC TCCCAGAATG GAAGGAGCGA GGCACTGGTG ACGTCAAGCT CCTGAAGCAC 
GAAAATGACC CACCGGAATG GAAAGAACGG GGCACAGGCG ATGTTAAATT GCTGAAACAC

2 4 1  3 0 0
AAGGAGAAAG GGACCATCCG CCTTCTTATG AGGAGGGACA AAACCTTGAA GATATGCGCC 
AAGGAGAAAG GGACCATCCG CCTTCTCATG AGGAGGGACA AAACCTTGAA GATATGCGCC 
AAGGAGAAAG GGGCCATCCG CCTCCTCATG CGGAGGGACA AGACCCTGAA GATCTGTGCC 
AAAGAGAAGG GAACAATTCG TCTCTTGATG AGGAGAGACA AGACACTGAA GATATGTGCA

3 0 1  3 6 0
AACCACTATA TTACACCAAT GATGGAGCTG AAGCCGAATG CTGGCAGTGA CCGAGCCTGG 
AACCACTATA TCACACCAAT GATGGAGCTG AAGCCGAATG CTGGCAGTGA CCGCGCCTGG 
AACCACTACA TCACGCCGAT GATGGAGCTG AAGCCCAACG CAGGTAGCGA CCGTGCCTGG 
AATCATGCTA TTACCCCTGT GATGGAACTG AAGCCTAATG CGGGAAGTGA CCGGGCATGG

3 6 1  4 2 0
GTCTGGAATA CCCACGCCGA CTTTGCTGAC GAGTGCCCCA AGCCTGAGCT GCTCGCCATC 
GTCTGGAATA CCCACGCCGA CTTTGCTGAC GAGTGTCCCA AGCCTGAGCT GCTTGCCATC 
GTCTGGAACA CCCACGCTGA CTTCGCCGAC GAGTGCCCCA AGCCAGAGCT GCTGGCCATC 
GTTTGGAACA CATATGCTGA TTATGCAGAT GAATTGCCAA AACCTGAACT ACTGGCTATT

4 2 1  4 8 0
CGCTTCCTAA ATGCTGAGAA TGCACAAAAG TTCAAAACAA AGTTTGAAGA ATGCAGGAAA 
CGCTTCCTAA ATGCTGAGAA CGCACAAAAG TTCAAAACAA AGTTCGAAGA ATGCAGGAAA 
CGCTTCCTGA ATGCTGAGAA TGCACAGAAA TTCAAAACAA AGTTTGAAGA ATGCAGGAAA 
CGATTTTTAA ATGCAGAAAA TGCACAGAAG TTCAAGGCAA AATTTGAAGA ATGCAGAAAT

4 8 1  540
GAAATTGAAG AGAGAGAAAA GAAAGGACCA GGCAAAAATG ATAATGCCGA AAAGGTGGCC 
GAAATTGAAG AGAGAGAAAA GAAAGGACCA GGCAAAAATG ATAATGCTGA AAAGGTGGCT 
GAGATCGAAG AGAGAGAAAA GAAAGGATCA GGCAAAAATG ATCATGCCGA AAAAGTGGCG 
GAAGTGAAGA GTAATAAAGA AAAAGATACA ACCAAAAATG ATAGTGCCGA CAAAGTGGCA 
» »  * * » •  »**•» * •  »•*■»*«** *♦  »* # *  * * * * *
5 4 1  600
GAGAAGCTGG AAGCCCTTTC AGTGAGGGAG GCCAGAGAGG AGGCTG........................................
GAGAAGCTGG AAGCCCTTTC AGTGAGGGAG GCCAGAGACG AGGCTG........................................
GAAAAGCTAG AAGCTCTCTC GGTGAAGGAG.......................G AGACCA........................................
GAGAAACTAG AAGAGCTGTC TGTAAAGGAG GCAAAAGTGC AAGACAAGCA AGAAGACCCC

6 0 1  6 3 0
 AAGAGA AGTCTGAGGA GAAACAATGA
 AAGAGA ATTCTGAGGA GAAGCAATSà
 AGGAGG ATGCTGAGGA GAAGCAAT&A
AAGCAGGATA AAGCAGAGGA AAAGCAATAA

Figure 4.8 A Pileup comparison of the RanBPl homologues from mouse, rat, human 
and frog. Stop codons are underlined, the 9 bases deleted in human are highlighted.
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4.4 Comparison of regulatory elements

For a protein coding gene to perform properly, its product must be present in the 

cell at an optimal concentration and therefore, its transcription must be carefully regulated. 

It might be expected that mutations which destroy regulatory elements in a promoter could 

have detrimental effects on the cell. Thus, regulatory elements are expected to be conserved 

between closely related species such as human and mouse. However, unlike protein coding 

sequences which code amino acid residues in a specific order over a significant length, 

regulatory elements such as those found in promoter region of a gene likely are composed 

of relatively short cis elements organized in a modular fashion (Lewin, 1997). These 

properties suggest that conservation of promoter function may not necessitate conservation 

of the whole promoter region between human and mouse. Even though only a few 

sequence comparisons of experimentally determined promoters between human and mouse 

have been performed, the available data indicate that many promoter elements are conserved 

between human and mouse. In Section 3.4, it has been shown that the promoter region of 

mouse RanBPl and Htf9c genes, which was experimentally determined, is well conserved 

in humans. Previous studies, including those on polo-like kinase gene promoters 

(Brauninger et al., 1995), type I DNA topoisomerase gene promoters (Baumgartner, 

1994) and lipoprotein lipase gene promoter (Bey et al., 1998), also showed significant 

conservation of promoter elements between human and mouse although species specific 

regulatory elements also were reported (Vuillaumier et al., 1997). Thus, further research on 

the comparison of human and mouse promoter sequences may improve our understanding 

of the patterns of promoter conservation, and perhaps more importantly, identify putative 

regulatory elements.

Except for the promoter regions of the mouse Htf9c and RanBPl genes, which 

have been examined in Section 3.4, there are no experimental data on any of the promoters 

of the other five homologous genes pairs. Therefore the initial step in promoter analysis is
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to compare predicted promoters based on the assumption that evolutionarily conserved 

regions have a similar biological function.

The alignment of the predicted promoter regions of the human and mouse Dok 

genes shown in Figure 4.9 reveals several well conserved segments that most likely 

represent common transcription factor binding sites. Among these are the binding sites for 

3 ATP, 2 SPl and one ETS2 transcription factors. The 3 ATP (activating transcription 

factor) binding sites are tandemly arranged, with the consensus sequences spaced by 12 

and 11 bps. Since one ATP site occupies about 20 bp nucleic acid sequence (Lewin, 1997), 

this arrangement would allow three ATPs to bind to the promoter sequence without space 

conflicts. The ATP transcription factor family members typically form homodimers or 

ATP-Jun heterodimers which bind to cAMP-responsive elements (CRE). Such elements 

are present in the promoter regions of many genes that are involved in skeletal and central 

nervous system development (Reimold et al., 1996). Even though the exact function of the 

human and mouse Dok genes is unknown, it is known that the Dok proteins are rapidly 

phosphorylated after cell transformation and have many of the features that usually are 

associated with signaling molecules (Section 3.6). The presence and conservation of the 

three ATP binding sites (cAMP-responsive elements) suggests that not only the 

phosphorylation of Dok protein but also the transcription of the Dok gene likely are under 

the control of a signal transduction pathway. In addition to the conserved putative 

transcription factor binding sites, there also are several other predicted sites which are not 

located within conserved sequence segments. Some of them, such as a ETSl and a SPl 

binding sites, are predicted in both human and mouse although at different positions 

relative to other elements while still others are predicted only in human or mouse. Further 

experiments will be needed to determine if these other elements are functional and whether 

they constitute differences in the regulation of the Dok gene transcription between human 

and mouse.
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S P l
1 . .  .CTAAACAGCCCGG................ CTClGGGCGG^GC. .TGGGGGCGGGCCC 38

I I I I  I I I  I I M i l l  I I I  I I I  I I I  I I
1  ATCaACAACAGTCCJ^TCCAATTCCCGGGCTGGGCCATGAGAAAAGGTCC 50

NFkB
39 GGCCAGGGTAAAiaAAGCCCXrGGAGGCCCGTGT^CT^TCTCCGGTG. .C  86

I I I  I I  I I  I I I I  I I I I  I I I I I I  I I I I I
51  CACAAAGAAAACTATTGTCCC. GAGGGCTCCCTTGGTCATTATGGCGCCC 99

ATF ATF
rCACGTCAZCTTG 136TGATGTCfl KXK:TTTCACTC

TGATGTCAZGGCCTTCACTCrGATGTCA JGTTA 148

87 CCGGGGCGCTTTCGGGG

I I I  I I  I I  I I
100 CCGftGGTGCCTGC.AGq 

ATF
137 GGCAT?{TGACGTC2j(3GCGCAGCCACCA.CGCCCftGAGGCCAGGGCCCTCG 185

1 1 1 1 1 1  m i l l  I I I I I  I I I  I m i l  I I I I I  1 1 1  I
149 AACATflTGTCGTCaCTCTCaGCTTCCAClCCCdCAGGCACTAGGGCCCCTG 198

1 86

199

S P l
NFkB

. . . CGCCaAAACCC^VGGjfcTTTCGGTGGAGCCACTGGCGCGCCCCCACGA 232

I I I I I I  I I I I I I  I I I I  I I I I I I  I
GTTGGTGfliTCACdG ■ C'rirC CdlGAGTGGTGCCACT GTGTGCACCA 242

H NFl GABP

233 CGGCGGGTAGGGGCCTGGGGTGCTGCAGCTCCCGGCTAATCCGGGGGTCT 282

I I I I  I I I  I I m i l  I M l  I I I
243 CTAAAGATAAAGGCTTTAG TGAGCTcS c  C c fe AGTTC. 279

GABP
S P l

283 CCACCATTCCTTCTCGCTCCTCT. . CCCCjCACCtOCACCGCGACCCCCCTA 330
M i l l  I I I I I  I I  I I I  I M l  I I I I  1 1 1 1  I

280 ............. iTTCdrGATGGCTCGTTTrCCTCCAAGCCCTCCGCTCCCCCATCA 323
E T S l

S P l  E T S l
331  GCGGCTGCCGGCGGGGGCCdGGGAGGGGCdGftAAbTCClrCCAG..............G 374

I I  I I I  I I  I I I I I I I  I I I I I  I I I I  I I  I I I I  I I I
324 CCG CCGCAGGGGCCGGGGAGGGGCGGGCACGCCTCCGGCACCCTG 368

S P l ETS2
375 GAACCCGGCCCCGCCT 3CCGCCCCGCG TCCCG. CCGCAGGGC(

I I I  I I I 1 1 1 1  I I I I  1 1 1  I I I  I I I  I I I  I M i l l
3 69 GAGCCTCGCCCCGC. . CCCGCCCCGCG CCCAGCCCTO

423

416

First exon sart
424 GCGGAAGGAACCGCCGGGGGCCATGGACGGA3CAGTGATGGAAGGGCCGC 473

I I I I  I I I I I I  I I I  I I I I I I I I I  I I I I I I I  I I I  I I I I I I I  I I I I
417 GCGGAAGGAATCGCC. TGGGCCATGGACGGGGCTGTGATGGAGGGTCCGC 465

Figure 4.9 Alignment of predicted promoter region of human/mouse Dok 
genes. T ranscription factor binding sites are pred ic ted  by Consinspector.

A somewhat different pattern of conservation is observed in the predicted human

and mouse TIO gene promoter region (Figure 4.10). The human TIO promoter region is

located in cosmid 68al which previously has been sequenced (Chen, 1997). For further
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ETS2
1 TGAGGGCAIGGA.CTCM5GGGCGGCTGCGAC. . .CTCCCATGGC^TCçbrG 47

I I I I I  I I  I I I  I I I I I  I I  I I I  I I I
1  GGGGTGC7^3GGTCTCaCAlSaGRTAA(X:CflCAGGCTG?lGGfiG3TGTGGCTG 50

ETSl
ETSl

48 CaGGCflGGGAGCCGCGGflGTCCCCGflAGGCCGCTGGATCa6 . GAAbCGCT 95
I I  I I I I I  I I I I I I I I I I I I I I I I I I

51 CATGflAAGGfl.. . ■ CCaGATGCCCACACaGCTCCflGdCTTGdTGCATCGC. 95
CCAAT box 

SPl
ilSGGCGC 14597 CAGACGCCCGCGCAGCCCGAAGCTTTGGCGCAGCCCCGGGGGCG

I I I  I I I I I  I I I I  I I I I  M i l l  I I I  I
97 CAGCC.TTGGTGCATCTC. CAGTCTTGGTGCAGCTGCGGQ2GCG

I I I I I
t3ftGCX3C 144

ETS2
147 CiteGadGTGGCaGCCTCCGAGCGACaGCGCGCCCaGCCaaCGGGACACCG 195

I I I I  I I I I  I I I I I I I I I I I  I I I I I I
1 4 5  TA......................TAICT]C T ftfe :GflCadCACjteACGGCCAflCAA3GCCGdGl 185

CCAAT box GRE 
SPl

197 GCATGCGGCGCGCCGCCjCCGCClCCTCGCTGCGCGGCCCAATGGTGAACGC 245
I I I I I  I I I I I I  I I I I I  I I I

3CTTCGCTGCTGCGCCCAATAGCGAGCGC 235

IccGcq
I I

CCGCd
I I I  I I  I I

185 [ G f ^ TGGGTTCGATGCI 
GRE

247 GCCGGCTTCGGGCTGGGC. GGTACTGGGCTGGCTGCGGTGGCGCGCGGGC 295
I I I  M i l l  I I I I  I I I  11 I I I  1 1 1 1  I I  I I  1 1 1 1 1 1

23 5  TCTGGAGGCGGGCCGGGCCjGGTTjOTGGGCTGGAGGCTAAAGCCCGCGGGT 285
GRE

----- y  first exon
2 9 5  GCGGCACCCGGAAGTCGGCGGCGGTGGCGGAGGCGGTGAGTGCGCGGC.. 343

I I I I  I I I I I I I  I I I I I I  I I I I  I I I I I I  I I I I I  I I  I I I I I I I  I I
2 8 5  GCGGCACCdGGAAiGTCGGCGGC■ ■ .GGCGGAGGCGGTGAGTGTGCAGCGG 332 

ETSl

344  ...TCCGGGGC 35 1
I M i l l

333 GTGGCTGGGGC 343

Figure 4.10 Alignment of predicted promoter region of human/mouse TIO gene

analysis, the region surrounding the 5' end exon of the human TIO gene was extracted 

from the sequence and studied. As in the mouse TIO gene promoter region (Section 3.4), 

the human TIO gene promoter also is located in a CpG island and no TATA box is found 

within this predicted promoter region (also see Chen, 1997). As can be seen from Figure 

4.10, the promoter region also contains several well conserved sequence segments.
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Specifically, two SPl binding sites are predicted within these segments both in the human 

and mouse sequences but the three GRE binding sites and two CCAAT boxes that are 

predicted in mouse are not predicted, in human. In contrast, two ETS2 binding sites are 

predicted, in human but not in mouse. Since these different elements constitute the majority 

of the predicted sites both in human and mouse, it might be possible that the human and 

mouse TIO gene transcription are controlled by different sets of regulatory elements.

A similar pattern for the distribution of regulatory elements is present in the 

predicted promoter regions of the human and mouse PutA genes (Figure 4.11). Both of the 

promoter regions are located in CpG islands without any recognized TATA box nearby. 

Although the sequences show about 70% identity, only three transcription factor binding 

sites, namely an SPl, a CCAAT box and a GABP binding site occur in conserved regions 

of the human and mouse genomic DNA. In addition, although five NFkb binding sites are 

predicted in the human sequence, none are predicted in mouse and instead, four additional 

GABP binding sites are predicted in mouse than are predicted in human. Thus, it seems 

that species specific regulatory elements dominate the promoter region of both the human 

and mouse PutA genes.

It should be noted that the current version of Consinspector includes libraries for 16 

families of transcription factor binding sites. It is likely that other regulatory elements also 

are present in the analyzed sequences but not predicted. Although some of the above 

predicted sites may not be functional, comparing the promoter regions of the five pairs of 

genes (the promoter region of human Gene? likely is not located in the sequenced region 

and thus unavailable for comparison) shows that the human and mouse promoter regions of 

different genes are conserved at different levels of nucleic acid identity, ranging from about 

90% in the promoter regions of the Htf9c and RanBPl genes, to about 65% in the TIO 

gene promoters. Because many predicted transcription factor binding sites are highly 

conserved, such as the three tandem cAMP response elements in the promoter region of 

Dok genes, these elements most likely have similar functions.
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USF GRE
1 ................... CCG?lAGGTdGCCCGTC. TGCdTGTCCbCTCCCG. GCGTACTC 40

I I I  I I I I  I I I  I I I  I I  I I I I I
1  ACCCflGftGCCGGaGGTCCallTGTdRTTCGCflAaCTCAAAaGTGACiaTTG 50 

GABP 
NFkB GABP

41  CGC......................GCTCCCTGtrrCdCGGCA'rtrCCClCGCGCTCCCCGAGcET] 81
I I  I I  I I  I I I I I I I I I  I I  I I  I I

51 AGCTCAACAGAGGCCAGCTCATAGATGAGCTCCCAGCGTCCCTCGCAC.Œ] 99

NFkB NFkB
82 fc3cGCGCTCCCCTGCTCCCGGCf|TTCdCGGTGCTTCCCGTTCCCGGCGE3 131

I I  I I I I I I I I  I I I I I I  I I I I I I I I  I I  I I I I I I  I I I I I
100 I CCCdCGC&CcdCGGCTCCCGGCAGCCTCTACGCGCCTCTCTCCCGGCGCG 149  

GABP GABP 
ETSl

132 ICdlCGCGGCCGCCGCCCTCAGTCCAGCGAGCCCCGCCTGG.GCAGCGACT 180
I I  I I I I  1 1 1 1 1  I I M i n i  I I  I I  I I  I I

ISO CCCCGCGGCCGCAACTC AGCOCCACCiOGGAGCGACAGCC 188
SPl
SPl

181  GTTAGCGCGACCGCGGCCTGGGCGCCTGGTCCCTCCCGCGCGGCCGCGCT 230

I I I  I I I I I  I I  I I  I I I I  I I I I I I
189 GTOlAG.AiteTGCCAGGCTTG. . CGGCTGGTCQCGCC 

GABP

I I  I I
CATCCCG. GTCTCC 234

2 3 1  ATTGGGCCGCGCGCGGCGGACACACGCGCTACGCGCCGCCGATTGGCGGC 280
I I  I I I I  I I I  I I  I I H I M  M i l l  1 1 1 1 1 1 1 1 1 1 1 1 1

235 ATAGCGCCTCGCAATTGGGCCGCGCGCGCCTCGCGClTGCdGATTGGCGGC 284
GABP

CCAAT b o x
2 8 1  CTCCGCAGCGCGCTCTGCGGCTCCdCCAATfaCGGGGCGGCCGCGCGCdGGl 330

I I I  I I I I  I I I I  I I I I I I  I I I
28 5  CGCCTCAGCCCGCTC. CCGGCTCCC

I I I  M i l l  I I I I  I
CCAATtSCGCGGAGGCCGTGCGCCGT 333

331 CTCCG
NFkB NFkB GABP

RTTGGCCGCACGCCGCGA^ËGCCfaGCC
I I I I I  I I I  I I I I I  I I  I I I I I I  I I

334  GATTGGTAGCCCTCCdcCAAdGCCCGCaTTCCG 
CCAAT box

ZTCGCCCGGCGCGGCAG 380
I I I I  I I I I I  I I I I

ZTCGCCC ■ GCGCjGGCAj. 381 
GABP

First exon, starts
3 8 1  GCGGGTGCCGGCGACCGGAGAGCCTGGACAGG.-CTTTCCAGATGGCTGC 428

1 1 1 I I I  I I I  I I I I  I I  I I  I I I  M l  I I I I I I
382 GCGGGT. CTCAAGAGCCGAGCGCTTTGCAAGGGCCTTCGCGGGTTGTGGC 430

Figure 4.11 Alignment of predicted promoter region of human/mouse PutA genes

In addition to promoter elements, polyadenylation signals of the compared genes 

also are weU conserved between human and mouse. Table 4.6 shows the sequences at the 

3' ends of each of the six gene pairs. The conservation is interesting in two aspects. First,
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when the gene in one species has an atypical polyadenylation signal such as ATT AAA, the 

homologous partner also has the same sequence. Second, although significant sequence 

similarity seems not to exist outside the canonical sequence AATAAA, or its variant 

between different homologous gene pairs, the sequence similarity within homologous gene 

pairs often extends beyond these six base pairs. A detailed alignment of the 3' UTRs of the 

six gene pairs show that these sequences show varying degrees of conservation in terms of 

both conserved length and sequence similarity. On one extreme, the human and mouse 

RanBPl gene pair contains the most conserved 3' UTR (Figure 4.12). About 100 bp of 

sequence surrounding the terminal putative polyA signal is exactly conserved between 

human and mouse. Sequences of about 100 bp around the other polyA signal also are well 

conserved, although to a lesser extent. The high conservation between the RanBPl genes 

might be related to the alternative polyadenylation, as detailed in Section 3.3. It might be 

that additional regulatory elements, such as protein binding sites may be required to control 

the process of alternative polyadenylation. This would result in a higher conservation of 

sequences surrounding the alternative polyadenylation signal than might be seen with other 

gene pairs which contain only a single, more typical polyadenylation signal. The other 

extreme occurs at the 3' end of human and mouse Htf9c genes. Although an 11 bp 

sequence spanning the polyadenylation signal is conserved between human and mouse (see 

Table 4.6), this segment is the most conserved segment within the 3' end 200 bp of both 

genes. The level of sequence conservation outside the AATAAA signal reinforces our 

current understanding that sequences upstream of ATT AAA may enhance the efficiency of 

polyadenylation but they are not essential for the process (Wahle and Keller, 1996).
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Table 4.6 Comparison of sequences around polyadenylation signals

gene p a ir  p u ta tiv e  polyadenylation  s ig n a l sequence

hDok

mDok

TTTAA.AaATTTTAAAATTCTCATTAAAGTCflGCTTGGGTTTAAG
M i l l  I I  I I I  1 1 1 1 1 1 I I 1 1 1  1 1 1 I I 1 1 1 1 I ITTTAACTTATAAGACAAATCTCATTAAAGCCAGCTTGCGTTG__

hGene?

mGene?

GCTACrTCTTTACACAGGTGAaGATTAAACAr.CCAGTRAGC'.TTCT
I I I  I I I I I I I I I I I I I I I  I I I I  I I I I I I I  I I I
GATAGTGTTTACACA CAIAATTAAATGCCCAGTAAGCCTCC

hTlO

mTlO

TACCTGAATGTGAGCTCCTGATAATAAAACrCTGAGGCTTT. .

I I  I I I I  I I I I I I I  I I I I  I I I I I I  I I I  I I IAACTTGAATGTGCACAGTTGATAATAAATCTTTGAAGTTGTAA

hHtf9c

mHtf9c

TflGCCAAGGCTGTGAGGGCCAGMTAMCAACTGCTCAACAAAGG___
I I I I I I I I I I I I I I I  I I................. GflGAATAAACAATTGCTGATTTTACTAACA

hRanBPl TTTATAGTCATCAAAAATAGTGAATAAAAAACACATTTGGA ACCTGGG.
I I I I  I I I I I  I I I I I I  I I I I I I I  I I  I I I I I I  I I I I I I  I I  I I ImRanBPl tttatagtcatcaaaaatagtgaataaaaaatgcctttgaaaacctgga

hPutA

nputa

GCGAGCCTTGATTGTCTGAACACATAAAGCAAACTGTCCAGAA- . .
I 1 I I  I I I I  I I I I  11 I I I  1 1 I I 1 1  1 1 1  I I I  11 I IGTGTACCCTGATGGTCTGAACACATAAA ACTGTCCAAAAGGG

?50 TAAATCGTCTTATTTTATTTTCTTTTCCTCTCTTTCCTTTCCTTTTTTTAA 800
I I  I I  I I I I  I I I I  I I I I I I  I I I I I I

?34 TGA.............. ATCACTCTGTCTTTTTCCTTTCCTTTTCTTTT ?84

801 AAAATTTTACCCTGCCCCTCTTTTTCGGTTTGTTTTTATTCTTTCATTTT 850
I I I  I I  M i l l  I M l  I I I  I I I I  I I I I  1 1 I I

?85 TAAAAATT___ TGCCCIACCCTTTAAGGTTTGTTTTTCTGTTTTGTTTT 830

851 TAGAAGGGACGTTATATAAAGRACTGAACT. CaACATTCAGGTTGTTTTT

1 1 I I 1 1 1 1 1 1  I I I I 1 1 1  I I I  1 1 I I I  I M l  I I I 1 1 1 1 1 1  I I I  I I831 TACAAGGGAC. .TTTATAAAGAAGTGAATTCCAATTTTCA3GTTGTTTTT

899

8?8

900 TTTTTTTGTT................... TCTAAGTTTTTGCCCTATT 928
I I I I I I I I8?9 TTGTTTTGITTTTTTTTTAACTTTTTTTTCCTCCAAGTTTTGACACCATT 928 

929 GAAGATGACTTCAGAAAATCCATTCCCCAGTCATGAAAATGTACTGTGCT 9?8
1 1 1  I I I I I I  I I I  I I I I I I  I I I I I  I I I t  I I I t  I I I I I  I I I I I I  I I I I I  I

929 GAACATGACTTCAG.AAATCCATTCCCCAGTCATGAAAATGTACTGTGCT 911 

919 AACTTTCTTTTCCATAGTGGAAACACTTATTTATAGTCATCAAAAATAGT 1028
I I I I  I I I I I I I I I  I I I I I  I I I I I I  I I I I  I I I I I  I I I I I  I I I I I I  I I I I I  I9?8 AACTTTCTTTTCCATAGTGGAAACACTTATTTATAG'rCATCAAAAATAGT 102?

1029 GAATAAAAAACACATTTGGAACGTGGG.
I I I I  I I I I  I I I I I I I  I I  I I I1028 GAATAAAAAATGCCTTTGAAAACCTGGA

1055

1055

Figure 4.12 Alignment of the 3' UTR of human and mouse RanBPl gene.
Putative polyadenylation signals are underlined.
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4.5 Comparison of introns

Previous studies (e.g. Lamerdin et al., 1995; Chen, 1997) have reported that 

relative intron sizes of homologous genes are generally conserved between human and 

mouse. This observation also is supported by comparison of intron sizes of the six pairs of 

homologous genes sequenced in this dissertation research (Figure 4.13). However, 

significant size differences between homologous introns do exist. Two striking examples 

occur in the first and sixth introns of the almost identically sized human and mouse Gene? 

genes. The first intron of the human and mouse genes are 24886 and 11264 bp, 

respectively, while the sixth intron of the human and mouse genes are 13012 and 26989 

bp, respectively, with the mouse intron more than twice of that in human. Examination of 

the sequences in those intron regions reveals that the first intron of the human gene contains 

two pseudogenes (total about 6.5 kb, see Section 3.6), which are not found in mouse, 

while an TAP element is found in the sixth intron of the mouse gene (about 7 kb, see 

Section 3.7), which is absent in human (see Figure 4.4). Although insertions of these 

pseudogenes/transposons into the respective intron regions do not explain all the 

differences between these introns, they clearly make a significant contribution to the 

observed differences in these introns while maintaining the approximately equally sized 

total (exon and intron) gene sequences.

Examination of intron sequences through Dotter analysis shows that for the six 

gene pairs, they have varying degrees of conservation at the nucleic acid level. The Dok 

gene pair introns have a relatively small size and moderately well conserved sequences 

(Figure 4.14), as revealed by the multiple short segments (around 30 bps) distributed along 

the diagonal line in Figure 4.14. Alignment of these intron sequences (Figure 4.15) 

showed that they had an identity of 58.2% and that a similar level of conservation also 

occurs in both the 5' and 3' UTRs (see Table 4.1).
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Figure 4.13 Comparison of intron sizes between human (horizontal) and mouse 
(vertical) genes
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Figure 4.14 Dotter plot between intron sequences of human and mouse Dok genes
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1  GTAG............... TCTGGOS.mTGGATGCCGAACCrTATCCGGGCTAGTAGTGGGTGaGAGAGCCCftGAAACAGGG.AGaGG 7 2
n i l  M i ni  1 1 1 1 1  n i l  i  n  n  n n  n i n n i i  i n  i i n i n  n i l  n  n

73 TGGGCMCGGGCKMAC3AœGGCGœC3GGAGTTGGAGAGCCIOTGACTTTCCCGTGAAGTTGCTTTGCACaCTCCCGGGA. 1 5 2
I I  I I  I I  I I I  I  n i l  I I  I  I I I  I I I  I  I I I  I I  I I I  I I I  I  I  I I  n i l

81  CCGGAAGAAGGTCGGAACGGCGCGCGGGCAMTGTflGA TCXCCAAGACGTTCCCTT.AAAAGTCTCGGG. 148

n i l  I  I  I !  I  I I  I I I  I I  I I  I I I  I I  l l l l l l l l  I  I  I  I  I  I I  I
149  CTGT...............GCCC7XXT..TGATGCGGACTrGGGATGCCATTATCrTTGGGAAA..CTAGCTC___ A G C C ...T G  2 0 8

233 GGAAGCCCCAGATCCCAftATCGACTT(XXXX33CflACCICCTTCCXXarrCGGGACCCGGGCCGCCTGCGCAa3CCACTCCC 3 1 2
I I  I I  I  I  I  I  I  I  n  I I I  n i l  I I I  I  I I  I  I  I  I  I  I I  I I I  I I I  I I I  I  I  I  I  I  I

209  GGAfiGCaXAGA.CTCAGATCGGCCTTCATGGGTCTCTrCTTCCrTGT.................... GGGGCGCGTGCTACXIACXGCGCAC 2 7 9

GTCflG.......................................................GAGCT...GCGGCGATGCGGGGTGGGG 368
i n n  I  I I I  M l  I  I  I  I  I I  I I

GTGAGTGACTGGGGGTGGGCATCTCTCGGCrTAAGGGACfiCTGCGAGGATGGA 357

313
l l l l l l l  I I  I I  I I I  n i l  I I

280  TXnCGAG.TCrrTCGTTCTTTCCC.AG

369  GCSGTTACAGAGG(aGAGfiAATGGGCXrrGCOICAGflCCGflCCCCCGCTCCCCGCTGAGGAAATTACGGGT. -TTC.TCG A  4 4 5
I I  I I I  m i l l  I  I I  I I  I I  I I I  n i l  I I I I  I I  m i l  i  i n  n  i

358  GCTATTATAGAGGC............... ACTXXÎACr.TCTTGCRCCTACCCTAG. .A C C C . . -AAGAGAATTATATATAATTCTTCCA 4 2 5

I  I  I  I  I  I  I I  m i l l  l l l l l l l  I I I  I I  I
GTAGATGTCT........................ GGCAGGAATGGAGT...................................................G G G - .- T T - .G  4 7 2

2
4 4 6  TG..CTCTCTACTACAG

I I  I  I I  I  I I  I I I
4 2 6  TGTTCCCTTrrCTGCAG

524 AAGTG<SnX3GATAC(:x:AGGGGCCCATGGGGAAGTARGAAGTAGQAAGGCCCTGAGATCTGGCTTCCGAGTGaGTGCTTGG 603
I I I  I I I  n i l  m i l l  I I I  n i l  i n

473 AAG..................................AGGTGCCCTTGGGGA..............................................................................GOT AGTGATTG. 5 0 1

604 ACACTATGCTCATGAGTCCTCTGGGTaXr.ClCTCCrGCœCCGTœCTCCCCCGCAGCTGTCTAATCGTGTATGCCrrrC 682
m i l  I  I  m i l  I I I  m i l l  i  i  1 1  i  i  i  n  n  n  n n  n n

5 0 2  .................................GAGTCaACCGAGTCCCTAACT..TGCCCCSG.CGCTTCTrCTC.-CT.TCGTAT.GTGT...TCTTC 558
3

683 CAG

559 CAG

GTGCA.GGGGCTGTCCGGGAGGGCTTCCTGGGTTGGGCAGCTGTGGGAGGGGTGGGGCAGGACAGAAAGTGGGAAGC 7 6 1
m i l  i i i i i i i i i  n i l  I I  I I  I I I  l l l l l l l  I 1 1 1 1  I I  I  I I I

GTGCATGGGGCTGTCTGGGA......................... GGATGACCCG.TCAGGGAGGGCT. . ACCAGG..................TTGAGTAGC 618

^  I  I  m i l  I I I  I I I  1 1 I I I I 1 1 1 1 1 1 n i ' i i  m i l l
619 TG T.............................................................................. AGGTGA. .  .CAATTCCATTCTCAGGTGGTCTCTTCIGTGCAGATACAG 6 6 6

842  TAACTAGTGCAGGCGTGTGACTCACTIXXriCTGATGGCTCCTGGTAATGTGTTTCCCCCTCTACCCTCCTTAG 9 1 4
m i l l  m i l  111111 n i  n  i  i n  i n  i n  n n n n n i  1111 n  i  n

667  TAACTTCGTCAGGCCTGTGACTCATTTTTTATGA.CACGCC...TAACGTGTTTCCCCC...ACCC.CCTCAG 7 3 1

Figure 4.15 Alignment of intron sequences of human and mouse Dok gene 
The boundaries for each of the four introns are as indicated.

The intron sequences of the other gene pairs subsequently were examined in a 

similar fashion. In contrast to the results for the Dok gene pairs, a Dotter analysis revealed 

a relatively low level of sequence conservation, as only relatively short segments of 

homology were observed distributed sparsely along the diagonal. However, these short 

conserved segments are present in every gene pair although not necessarily in every intron 

pair as short conserved segments are found in all introns of the Gene? and TIO gene pairs, 

in most introns of the RanBPl gene pairs, and about half the introns of the Htf9c and PutA 

gene pairs. A typical example of introns with only slight but detectable homology is shown 

in the Dotter plot of the eight intron regions of the human and mouse Gene? genes shown
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in Figure 4.16. Although little is known as to why there is a relatively high degree of 

identity of some comparable introns and a low identity of other comparable introns, it has 

been hypothesized that these variations may be due to differences in the evolutionary rate 

for the intron regions of different gene pairs (see below). It also may be that shorter introns 

evolve slower than longer introns and the introns in the Dok genes are the shortest (average 

about 200 bp) among all the six homologous gene pairs. Alternatively, introns with 

relatively high sequence similarities may contain regulatory elements which are required to 

be maintained. Although neither idea can be proven, neither can be excluded. Finally, it is 

interesting to note that no repeated sequences of any type are detected within the Dok gene 

introns. The effect of repeated sequences on the degree of apparent conservation is 

expected to be significant since both of the human and mouse sequences contains abundant 

short interspersed repeats, many of which most likely were inserted into the human and 

mouse genome after their divergence. In addition, insertion of pseudogenes and 

transposons that occurred after human and mouse divergence obviously would result in 

different intronic sequences.

Since repeated sequences inserted into the human and mouse introns after their 

divergence would result in apparent non-conservation, it would be interesting to examine 

the degree of conservation when repeated sequences are excluded from the comparison 

because the resulting sequences would be derived, with a larger proportion, from the intron 

sequences before the human and mouse divergence. For this purpose, the repeated 

sequences that could be identified by Repeatmasker were masked from all the intron 

regions, and then a dotter analysis was performed. The apparent conservation level 

between intron regions of homologous genes are significantly improved for all the 

remaining gene pairs except for the Htf9 gene pairs, which do not contain detectable repeat 

sequences. An example of this analysis for the human and mouse Gene? gene pairs is 

shown in Figure 4.17. The shifts of diagonal traces within introns I and 6 in Figure 4.17 

partly are attributed to the two pseudogenes inserted in intron 1 of human and one
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transposon inserted in intron 6 of mouse Gene7. It thus can be concluded that in at least 

four pairs of homologous genes from this dissertation research, the presence of repeat 

sequences is one of the major factors responsible for the apparent absence of conservation 

of intron sequences. After assessing the effect of repeats, it should be noted that only a 

few introns (with known repeats removed) do not show observable conservation between 

human and mouse, as is found, for example, in several introns (introns 9-14) of the human 

and mouse PutA genes (Figure 4.18). The reason for the lack of observable conservation is 

not clear. However, it could partially be due to the possible presence of unidentified repeat 

sequences and/or pseudogenes/transposons in those introns. Examination of synonymous 

substitution rate of internal exons does not reveal a systematic increase for those exons 

adjacent to the nonconserved introns, and thus, there is no evidence for a higher evolution 

rate of those nonconserved introns than the moderately conserved introns.

Overall, a comparison of intron sequences of the six pairs of homologous genes 

shows that most introns (37/47) are weakly to moderately conserved between human and 

mouse, if repeat sequences and pseudogenes/transposons are excluded from the 

comparison. This observation may explain the general conservation of the lengths of 

introns if we assume that the human and mouse received a similar amount of insertions of 

interspersed repeats after their divergence.

Previous studies have shown some strikingly different results regarding 

conservation of intron sequences. Koop and Hood (1994) compared about 100 kb of 

human and mouse sequences in a T-cell receptor region. They showed that although the 

coding sequences only account for <6% of the studied region, the 100 kb sequence from 

human and mouse has a similarity of about 71%. Similarly, a high level conservation of 

intron sequences also was found in the human and mouse Bruton's tyrosine kinase loci 

(Oeltjen et al., 1997) as well as recently in a gene-rich region in human chromosome 12 

syntenic to mouse chromosome 6 (Ansari-Lari et al., 1998). In contrast to these studies and 

partly consistent with this present work, little or no conservation of intron sequences was

173



h u m a n  (h o r iz o n ta l)  v s .  m o u s e  ( v e r t ic a l )

0  5 0 0 0  1 0 0 0 0

2 0 0 0 -

4 0 0 0 -

6 0 0 0  —

8 0 0 0

1 0 0 0 0 -

1 2 0 0 0 -

1 4 0 0 0 -

1 6 0 0 0 -

1 8 0 0 0 -

2 0 0 0 0 -

200001 5 0 0 0

%

: . L

w

iiilfii&
lilfc

m m
m r n m r n m m

in t ro n 1"h2 13 14
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found in the human and mouse beta-globin gene cluster region (Shehee et al., 1989), 

XRRCI DNA repair gene regions (Lamerdin et al., 1995) and ERCC2 region (Lamerdin et 

al., 1996). Based on the observed differences, Koop et al. (1995) proposed a mosaic 

model of genome evolution in which different regions of human and mouse genomes most 

likely have "evolved" at different rates. Based on the limited number of sequence 

comparisons performed to date, this prediction seems unlikely because the extent of 

intronic sequence differences in different genomic regions may vary depending on the need 

for maintaining, or not maintaining a region which may or may not have biological 

function.

The human and mouse genomic regions spanning the six homologous gene pairs 

contain four intergenic regions (Table 4.7) whose sizes are quite well conserved. However, 

at the sequence level, one intergenic region (between Dok and Gene? genes) has only a low 

to moderate sequence similarity while two other intergenic regions have very little sequence 

similarity. Therefore, it is likely that the conserved regions might represent sequences 

needed for appropriate gene expression beyond the typical promoter domains while the 

other non-conserved intergenic regions do not contain sequences with significant functional 

relevance.

Table 4.7 Sizes of intergenic regions between adjacent genes

Dok-Gene? T lG -P u tA PutA -H tf9c H tf9c-R anB P l

Hum an 902 bp 14366 bp 426 bp 0 bp

M ouse 772 bp 11615 bp 444  bp 0 bp

4.6 Com parison of repetitive elements

Table 4.8 summarizes the level of repetitive elements within the two syntenic 

regions in human and mouse and reveals several notable features. First, different genomic 

regions contain different amounts of repetitive elements and the tendency for a region to 

have more repeats seems to be conserved between human and mouse. Specifically, the first
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syntenic region has a lower amount of total repeats (32.2 % in human and 25.4 % in 

mouse) than the second syntenic region (42.9% in human and 46.8 % in mouse). This 

observation may be related to the gene density of the two syntenic regions as the first 

region contains four genes while the second contains only two. It may also be due to the 

presence of common repetitive elements inserted before human and mouse divergence 

(such as LI repeats discussed below). Second, in terms of total repeats, no tendency is 

observed for either mammalian species to have more repetitive elements than the other 

species, although the mouse seems to contain more simple repeats than does the human. 

Third, any significant variation in the level of repeats between the two syntenic regions 

mainly is because of differences in the amount of LI and LTR repeats. In Chapter 3, it was 

observed that LI repeats are frequently oriented in the opposite direction of gene 

transcription, with the notable exception of the human and mouse Gene? regions even 

though comparison of the distribution of LI repeats in the human and mouse Gene? region 

(Figure 3.3? and Figure 3.45) shows that the exceptions occur in the same intron regions. 

Therefore, it might be that these LI repeats were inserted before the human and mouse 

diverged.

Table 4.8 Summary of repetitive elements within syntenic regions

R egion  1 (p201m l8-72k2L) R egion  2  (h l7 3 -b 2 4 5 c l2 )
H um an M ouse H um an M ouse

A lu  (hum an)
B1+B 2 (mouse)

16.3 % (51)
17.0 % (97)

16.0%  (56)
13.6 % (80)

L I 5.8 % (9) 0.3 % (2) 17.8 % (28) 8.8 % (19)

L T R 5.5  % (8) 3.9 % (20) 3.1 % (5) 15.7 % (29)

M E R s 1.8 % (4) 0.5 % (3) 2 .9  % (11) 0

S im ple repeats 1.1 %  (13) 2.0 % (26) 0 .7  % (12) 4 .2  % (52)

Total repeats 32 .2  % 25.4 % 42 .9  % 46.8 %

Note: numbers in parenthesis represent numbers o f respective repeats foimd.
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Chapter V 

Gene Prediction

5.1 Overview

One major goal of genomic sequencing is to locate the structural features that can be 

correlated directly with genomic functions. Current methods of predicting genes and other 

genomic features include computation-based methods such as Genscan and Xgrail, and 

database similarity searches.

Computational methods have been quite successful in recent years to decipher the 

complexity of vertebrate genomes. Claverie (1997) evaluated the performance of various 

programs and found that the most accurate program available only can perfectly locate 

approximately 80% of all the internal coding exons while being less successful at 

predicting the 5' and 3' end exons that contain untranslated regions. Most of the available 

programs evaluate several parameters in their prediction process. These parameters include 

(1) codon usage; (2) start, stop and splice sites; (3) open reading frames and (4) other 

signals such as promoter and polyadenylation signals. Unlike gene prediction in bacterial 

sequences, open reading frames are not very useful in predicting vertebrate genes since the 

average internal exon size typically is only approximately 150 bp while every kb sequence 

is expected to contain open reading frames larger than 150 bp just by chance (Claverie, 

1997). Therefore, the most often used parameter to determine whether a region is coding or 

non-coding is the coding measure which, in most cases, is based on the observation that 

exons and introns exhibit different codon usage pairs or hexamer frequency (Claverie and 

Bougueleret, 1986; reviewed in Fickett and Tung, 1992). Thus, for an exon to be correctly 

predicted, it should have a hexamer or "word" composition similar to that of known genes 

compiled into a training set for each organism. Therefore, if a non-coding region has a 

word composition similar to known genes, it often will be falsely predicted as an exon. An
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example of such false prediction is the falsely predicted exons within the (GGT)n repeat 

region in PAC p201ml8 (contig 3, see Chapter 3) by both Genscan and Xgrail. To further 

improve the accuracy of prediction, it is desirable to evaluate predicted coding regions by a 

fundamentally different criteria. During this dissertation research, the hypothesis that the 

conservation of coding region between human and mouse can serve as a basis for coding 

region prediction by comparative gene analysis was tested.

Coding region sequence conservation between different species previously has been 

used to predict genes whose transcripts could be isolated experimentally. For example, 

Page et al. (1987) found that a nucleic acid probe from human Y chromosome cross­

hybridized to a region of Y chromosome of other mammals including mouse. 

Subsequently, the sequence of the probe led the authors to describe a new gene termed zfy. 

However, for gene prediction based on coding region conservation to be useful, it should 

be assumed that most if not aU genes are conserved between the human and mouse, and 

available data do suggest that this is reasonable. Even though there only is a limited number 

of comparative genomic sequences available, a comprehensive study (Makalowski et al., 

1996) of 1196 orthologous human and mouse full-length cDNA sequences showed that the 

coding sequences were well conserved, with an average identity of about 85% both at the 

nucleic acid and amino acid levels. Although sequence conservation between closely related 

species such as human and mouse has been suggested as a source of information for gene 

prediction (Ansari-lari et al., 1998), there has been no widely available program which 

takes advantage of comparative sequence information.

5.2 Prediction of exons and regulatory elements

As discussed above, the strategy for predicting coding regions is to find segments 

of a nucleic acid sequence which maintain an open reading frame, code for an amino acid 

sequence that is conserved between human and mouse and is bounded by start, stop or 

consensus splicing site sequences (Figure 5.1). Since interspersed repetitive elements

178



Human Sequence Mouse Sequence

R epeatm asker

C rossm atch

Conserved
regions

Conserved
regions

1
,

Com pare
T ranslation products

r1 1
Conserved
ORFs

Conserved
ORFs

P red ic t putative exons by  considering  
A m ino  A cid level sim ilarity, 
sp lic ing  site quality 
re la tive  length to conserved O R F s etc.

Putative Exons

^  D ynam ic program m ing

Gene Models

Figure 5.1 Diagram showing the procedures used in comparative gene 
prediction by Geneligner

179



generally do not occur in gene coding regions (Adams et al., 1995), the first step in the 

gene prediction approach developed during this dissertation research was to mask the 

repetitive sequences with Repeatmasker. The conserved nucleic acid segments then were 

identified by Crossmatch with the minimum match length changed from the default 14 bp to 

10 bp. Subsequently, the sequences in and around the Crossmatch-identified conserved 

segments were evaluated as potential exons by determining the following: (1) sequence 

similarity between human and mouse at the amino acid level; (2) splicing site quality; (3) 

change of sequence similarity surrounding a splicing site; (4) relative length of a potential 

exon when compared to the conserved ORF length; (5) percentage of substitutions at 

different codon positions; and (6) conservation of exon length and reading frames.

Several assumptions typically were made when investigating potential exons. First, 

although the length of coding exons vary and can be very small, a minimum exon length of 

30 bp was assumed since the vast majority (>98%, based on results of Zhang, 1998) of 

human exons are larger than 30 bp. Second, exons from different strands do not overlap, 

i.e. only one potential exons in either of the two strands would be predicted; Lastly, the 

splicing sites conform to the AG/GT rule and the splicing site quality was calculated using a 

Weight Matrix Model (WMM, Staden, 1984) where the nucleotide distribution around a 

potential splicing site is compared to the distribution of nucleotides at known splicing sites. 

The profile data used for known splicing sites was obtained from 1254 splicing sites of 238 

multi-exon genes (Burge, 1997). The qualities for translation start sites (ATG) and stop 

sites also were calculated using the WMM model with profile data from Zhang (1998). In 

calculating an overall score, all parameters were weighted to obtain the overall probability 

for a potential exon. Here, the weight for each parameter was empirically determined such 

that an overall high accuracy was obtained when applied to a training set of sequences (see 

below). When several overlapping but not identical exons were predicted with similar 

probability of being candidate exons, all were chosen as potential exons and further 

analyzed by building gene models.
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Figure 5.2 illustrates the typically chosen parameters for an example of known 

genes, i.e. the human and mouse Dok genes, which are located in condgs 5 and 6 (Sections

3.6 and 3.7). As expected, the coding exons have a relatively high level of amino acid level 

similarity when compared to non-coding regions and most known splicing sites also have 

scores higher than any pseudosites. By using just the two parameters of amino acid level 

similarity and splicing site score, more than half of the exons in the training set could be 

identified correctly. Examination of the false predictions revealed that errors often occur 

when high score pseudo-splicing sites occur. For example, if a pseudosite was located in a 

less conserved region outside of a large exon, the overall amino acid level similarity would 

be only slightly lower than that in the true exon causing this pseudosite to be incorrectly 

chosen in the final prediction. On the other hand, if the pseudosite is located within an 

exon, it may be falsely chosen as the final prediction since a potential exon with this false 

site may have an equal or even higher amino acid similarity than the true exon. To avoid 

such false predictions, the third and fourth parameters, i.e. the level of sequence similarity 

surrounding a splicing site and ± e  relative length of a potential exon as compared to the 

length of conserved ORF were considered. The other parameters, such as the percentage of 

third codon substitutions also were designed to eliminate false predictions since, as detailed 

in Chapter 4, substitution at the third codon position generally contribute more than those 

of the other codon positions to the total substitutions in a known coding region.

In addition to exons, potential regulatory elements such as promoters and 

polyadenylation signals also can be predicted. Promoters obviously are important elements 

in gene function and they determine the S' end of a gene. However, the existing promoter 

predicting methods often are inefficient. As discussed in Chapter 2, even the best program 

available predicted a large number of false positives when analyzing genomic sequences. 

However, when the syntenic human and mouse sequences were compared, as detailed in 

Chapter 4, all the known genes in the genomic regions sequenced in this dissertation 

research were associated with conserved CpG islands in both human and mouse. These
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observations are consistent with the prediction that 15% of human genes are associated 

with CpG islands (Bird, 1986; Garden and Frommer, 1987; Fields et al., 1994) and 

conversely. La via et al. (1987) showed that CpG islands typically are associated with 

genes. Given these observations, conserved CpG islands can be good predictors of either 

promoters or the 5' ends of genes. The prediction of CpG islands was implemented based 

on the definition by Garden and Frommer (1987). Specifically, they defined a CpG island 

as a segment of genomic DNA at least 200 bp long which has a GC content of greater than 

50% and a ratio of the number of observed CpG to the number of expected CpG greater 

than 0.6. Another feature, the polyadenylation signals, which also has a relatively well 

defined sequence, most frequently AATAAA, occurs in many sites randomly throughout 

the genome. In this current study, only those potential polyadenylation sites (AATAAA or 

the less firequently used ATT AAA) which were located close to or within conserved regions 

were examined.

5.3 Building gene models

After the gene elements described above are located, a prediction based on gene 

models then is attempted. Here a dynamic programming technique was used to solve two 

of the major problems with building gene models. First, the predicted exons, including 

falsely predicted ones must be optimally organized into an open reading firame assuming 

that only one gene occurs in the region and second, when more than one gene are present in 

a region, the individual start and stop positions must be determined.

Dynamic programming, a method that builds a global optimal answer on local 

optimum to a potentially complex problem and is often used to solve optimization problems 

(Cormen et al., 1990), has been used in gene prediction programs (e.g. Snyder and 

Stormo, 1993). To illustrate how this approach was employed in this dissertation research 

to solve the gene structure prediction problem, a simplified example with three non­

overlapping potential exons (A, B and C), each of which has a score and associated ORF
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compatibility, is as follows. First, it is determined whether exons A and B can form an 

ORF and if so, a new score is calculated, otherwise the higher scoring exon, either A or B, 

is selected to represent the optimal path from exons A to B, or (A, B). Similarly, the 

combination of exons B and C is examined and subsequently, the combinations of ((A,B), 

C) and (A, (B, C)) are examined. The higher score of the two combinations is the final 

score for the three exons and the path from which the higher score is obtained, represents 

the optimal exon organization of the three exons. Generally, the score and optimal path 

from predicted exons i to j is calculated by the recursive formula:

m (i,j)=  max { max {mgu(i, k) + mut(k+l, j) } }
0 < s < 4  i < k < j  
0 < t < 4  0 < u < 4

where mguO, k) is the score for optimal path from exons i to k, with the start frame 

of s and next compatible frame of u. A start frame of 0 represents an initial exon and a end 

frame of 4 represents a terminal exon. Thus, when applying dynamic programming to 

solve the exon structure problem, the objective is to search for an optimal path which has a 

maximum total score among all possible paths through the exons. However, when the 

predicted exons are joined to form an open reading frame in the manner as described above, 

the optimal path will result in only a single ORF representing a single gene. To allow for 

the possibihty that more than one gene could be detected, the algorithm also allows for a 

potential 3' end exon to form a valid path with a neighboring 5' end exon or even an 

internal exon to accommodate cases where a 5' end exon is missed in the exon prediction 

process. Similarly, the algorithm also allows for searching alternative paths around the 5' 

end exons. Promoters and polyadenylation signals are assigned frames of 0 and 4, 

respectively.
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5.4 Testing of comparative gene prediction

A training set of human and mouse sequences, including the two pairs of human 

and mouse sequences collected in this dissertation research, and another sequence pair that 

was retrieved from Genbank (Table 5.1) was used to adjust the various parameters to 

obtain the optimized prediction results. Then, the program (part of Geneligner, see Section 

5.6) was run on a test sequence set (Table 5.1). The predicted genes then were compared to 

gene annotation either directly from the Genbank or from aligning cDNA sequences with 

genomic sequences. The results are shown in Table 5.2.

Table 5.1 Human and mouse sequences used in comparative gene prediction

Source C lone nam e (A ccession) Length(bp) Genes* R efe rence

T raining set:
1 H um an p201ml8(AC(K)(X)97) 162,268 3 T his d isserta tion

m ouse 72k21(A C 003060) 118,243 T his d isserta tion
2 hum an H 173(A C 003065) 9 0 ,832 2 T his d isserta tion

m ouse b245cl2 (A C 003061) 162,750 T his d isserta tion
3 hum an (U47924) 222 ,930 16 A nsari-L ari e t  al.(1998)

m ouse (A C 002397) 227 ,538 A nsari-L ari e t  al.(1998)

T est set
1 hum an (U78027) 9 9 ,0 1 4 5 O eltjen  e t  al.(1997)

m ouse (U58105) 88,871 O eltjen  e t  al.(1997)
2 hum an (L47234) 54 ,336 3 L am erd in  e t al. (1996)

m ouse (L47235) 32 ,595 L am erd in  e t al. (1996)
3 hum an (L34079) 37 ,785 1 L am erd in  e t al. (1995)

m ouse (L34078) 37,349 L am erd in  e t al. (1995)
4 hum an (L77570) 108,400 2 A C G T

m ouse (AC(X)3063) 128,148 A C G T
5 hum an 83c5(A C 00087)+ 102g9(A C 000068)+  4 9 c l2 (A C 000079)+  98c4(A C 000029)

-1 0 0 ,0 0 0 1 A C G T
m ouse b264n l(A C 003062) 89 ,743 A C G T

* Only know n genes are coun ted  fo r the  te s tin g  purpose.

As hsted in Table 5.2, the performance of the current version of Geneligner is close 

to that of Genscan and significantly better than that of Xgrail in terms of sensitivity and 

specificity. A close examination of the predictions reveals that errors may occur in several 

situations: (1) low conservation of an exon between the species compared; (2) non-typical 

splicing sites; (3) potential sequence errors; and (4) coding exons shorter than 30 bp. It is
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Table 5.2 Performance of gene prediction programs on testing set

Exact exon O verlap exon M issed  exon F alse  exon Exact gene ends

Genscan 102 10 11 8 12
Xgrail 68 36 18 27 N /A
G eneligner 95 17 11 0 11

Sensitivity(%  ) Specificity(% )

Genscan 83 85
Xgrail 55 52
Geneligner 77 85

Sensitivity: % o f the actual coding exons been predicted exactly right 
Specificity: % o f the predicted exons perfectly matching an actual exon

expected that later versions of Geneligner will deal with these situations and as a result, 

improve its overall accuracy. For example, if two internal coding exons are predicted with 

high probability but with an incompatible open reading frame, a less conserved exon 

between them may be predicted. Currently, all exons are predicted independently without 

considering the frames of adjacent exons. An example of a comparative prediction result 

vs. the prediction of Genscan and Xgrail is shown in Figure 5.3. Here a comparison of the 

exons in the two gene model predicted by Geneligner (panel 3) with those of the two 

known multi-exon genes (Idd gene: X95480 and ES2 gene: AF037256, both contain 10 

coding exons) shows that Geneligner correctly predicted 18 of the 20 exons, with no false 

exons, one exon predicted with an incorrect exon range and one exon not predicted. 

Although at the position of the missed exon (position labeled with * in panel 3 of Figure 

5.3) an exon was originally predicted in the exon prediction phase (see panel 1) but the 

final gene model failed to include this exon since the exon range was falsely predicted due 

to a deletion in its corresponding human exon. In contrast, the first coding exon of the ES2 

gene was predicted to be shorter than the actual exon since part of the region was not 

recognized as conserved by Crossmatch. Compared to Geneligner, Genscan correctly 

predicted 16 exons, with three more overlapping the actual exons, the first coding exon of 

the Idd gene being missed entirely and three false positive exons being predicted. Xgrail 

predicted 16 exons which overlap the known exons while it predicted more than 10 false
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positives. Comparison of the prediction results on the test set by all three programs 

showed that Geneligner made the fewest false positive predictions because the regions 

falsely predicted by the other programs were not conserved to a level that could be detected 

by Crossmatch. Interestingly, Genscan and Xgrail often made similar false predictions 

most likely because of the exon-like nucleotide composition of those regions.

It also can be seen from Table 5.2 that as with all known gene prediction programs 

(Claverie, 1997), gene boundaries are much less efficiently predicted. The major difficulty 

in predicting gene boundaries is that terminal coding exons often are not as conserved as 

internal exons (also see Chapter 4). However, since regions spanning terminal exons 

generally are revealed by Crossmatch, it is expected that future improvement in the 

algorithm should improve the performance of Genehgner in predicting terminal exons.

5.5 Building gene models by integrating data from database similarity 
search and computational gene prediction

As discussed above, another important aspect of gene prediction is to include the 

results from a database similarity search. The growing Genbank EST database provides 

important information that can be used to predict gene presence and location. Since EST 

sequences generally represent the 5' or 3' end of a gene and gene prediction programs do 

not perform well in predicting these gene boundaries, this information has the potential of 

being extremely useful. Thus, integrating the results from gene prediction programs and 

results from database similarity searches most likely will improve the overall accuracy of 

gene prediction. During this dissertation research, a program which builds gene models 

based on information firom database searches and from gene prediction programs has been 

written into the Genehgner programs in an attempt to improve the automatic annotation of 

genomic sequences.

The strategy is similar to that used for comparative gene prediction as detailed in the 

above sections. Specifically, individual elements, including exons, promoters and 

polyadenylation signals, first are identified from individual data sources and then gene
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models are built. When available, the results from Genscan, Xgrail, comparative gene 

prediction and other gene prediction programs are directly inputted into the gene model 

building routines while special routines process database similarity search results.

Database searches are performed with the program Powblast. Since the Powblast 

output generally does not contain the full length sequence and annotation of the 

homologous items in Genbank, the first step is to retrieve these data from Genebank. Then, 

the homologous sequences are evaluated to determine whether all segments of the full 

length sequence (such as an EST sequence) are present in the Powblast results. This step is 

necessary since it was observed that Powblast often fails to identify short exons, or low 

homology exons. If such segments exist, alignment with the genomic sequence is 

performed using Crossmatch. In addition to the above, Powblast often does not correctly 

identify boundaries of homologous regions as proper exon boundaries, since the 

homologies frequently extend into the introns and therefore are longer than the actual 

exons. In such cases, further local alignment will give an optimal alignment of the 

homologous sequence with the genomic sequence. In addition, the direction of an EST, i.e. 

whether the EST corresponds to the 5' end of a potential gene or from the 3' end is 

determined. Although this information can be obtained from Genbank annotation of the 

EST, often the annotation is incorrect. However, when a Genbank entry matches several 

segments (potential exons) of a genomic sequence, the boundaries of those matches in the 

genomic sequence are examined for potential splicing site consensus sequence (AG|GT) in 

both strands. If the obtained results contradict the Genbank annotation, the direction of the 

EST is reversed. Finally, if the Genbank annotation of an EST indicates the presence of 

repetitive elements, the EST is removed from further consideration since ESTs containing 

repetitive elements such as Alu repeats may arise by contamination from various sources 

(Adams et al., 1995). After these initial processing steps, the remaining homologous 

entries are analyzed for the exon characteristics of potential genes as described above. The 

obtained result then serves as input for gene model building routines as described in
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Section 5.3. The overall strategy for analyzing database similarity search results is shown 

in Figure 5.4.

During the course of this work, it became clear that further restrictions were needed 

when building gene models from input data containing information from database similarity 

searches. First, if an EST or cDNA revealed two or more exons with appropriate splicing 

sites, any other exons which were predicted within the region must be removed from 

further consideration because the experimental EST or cDNA evidence should take 

precedence over a computationally-based prediction. Second, when two potential exons are 

revealed by the same EST, they must be organized into the same gene model, whether or 

not the two exons have compatible open reading frames. Therefore, the overall strategy of 

building gene models from data that includes extensive database similarity search results is 

shown in Figure 5.5. In the example shown in Figure 5.6, which was the sequence from 

contig 2 described in Chapter 3, Powblast was performed against only the Genbank EST 

database to exclude the known Porc-Pl cDNA sequence in this contig for illustrational 

purposes. Figure 5.6 shows that the 5' and 3' ends of the gene are delimited by a series of 

overlapping EST sequences. From the EST data alone, Geneligner predicts a putative gene 

with 15 exons where the exon content in the middle of the gene is uncertain as indicated as 

red boxes in panel 2 of Figure 5.6. Genscan also predicted a gene in the region, but both 

the 5' end and 3' end of the Genscan prediction were incorrect. Specifically, the 5' end 

coding exon was predicted as an internal exon and the correct 3' end coding exon was not 

predicted by Genscan. Nevertheless, Genscan predicted most of the internal exons 

correctly except for an internal coding exon (exon 3). When combining the results of 

Powblast and Genscan, Geneligner predicted aU the exons and gene boundaries correctly. 

It should be noted that this feature of Geneligner has not been systematically evaluated in 

terms of its accuracy although it has analyzed the entire DiGeorge Syndrome Critical 

Region and gave satisfactory results (Chen et al., 1997).
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5.6 The program package: Geneligner

The programs for comparative gene prediction and gene model building as 

described in the above sections were written as part of a program package named 

Geneligner. One of the major goals of this program package was to provide a platform for 

either automatic or manual annotation of human and mouse genomic sequences. In the 

current version of Geneligner, computational gene predictions and database homology 

search results can be graphically examined in a main window area and to facilitate 

examination of various features at nucleotide sequence level, sequence alignments are 

shown in a separate window. The main window area, which can be zoomed in or out, is 

used to obtain a detailed or overall view of the sequence features from one or more projects 

(such as syntenic regions of human and mouse). In addition, the sequence alignments can 

be adjusted to facilitate feature comparison. Annotations can be added to or removed from 

existing ones, and the graphs can be outputted as a postscript file for printing.

Geneligner also includes the ability to search for specific annotations and sequences 

and the results can give either graphic or tabular output. For example, a sequence can be 

queried for potential polyadenylation signals, splicing sites (with quality), CpG islands and 

open reading frames. In addition, any portion of a sequence can be chosen either directly or 

as its complemented sequence and outputted into a separate file in PASTA format with or 

without translation in all six frames.

This UNIX operating system specific program package was written in the C 

programming language and the graphic interface was written in MOTIF.
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Chapter VI 

Conclusion

Since its advent seventeen years ago (Anderson, 1981), the random shotgun 

sequencing strategy has been evolving in almost every step of its implementation. For 

example, the original fragmentation of DNA with DNase I digestion was replaced by 

sonication and now by nebulization, which is more economic, convenient, and consistently 

gives a more random distribution of DNA fragments of desired size than any other methods 

(Hengen, 1997). The radioactively labeled sequencing terminator was replaced by dye- 

labeled primer and now by more and more sensitive dye-labeled terminator. Many 

technologic improvements, together with advances in bioinformatics, have made it possible 

to efficiently sequence large genomic inserts of more than 150 kb in length, as evidenced 

by the results presented in this dissertation research. As detailed in the previous chapters, 

special efforts also were made to improve the efficiency of both the large scale and mini- 

prep DNA isolation as well as sequence gap closure during this dissertation research.

Through successful implementation of the random shotgun sequencing strategy, 

seven cosmid, BAC and PAC clones, five from the DiGeorge Syndrome Critical Region 

(DGCR) fi-om human chromosome 22ql 1 and its syntenic region from mouse chromosome 

16, and two from the Motor Neuron Disease Critical Region (mnd2) from mouse 

chromosome 6 and its syntenic region from human chromosome 2, have been sequenced to 

completion. Analysis of the resulting approximately 800 kb sequence revealed 13 known or 

putative genes (Table 6.1) along with several other genome features such as pseudogenes, 

repeats and regulatory elements. These features, both structural genes and other elements, 

have been examined in detail.

In humans, five known genes, including CLTCL, BORA, Porc-Pl, TMVCF and 

RanBPl, were found located in the DGCR region sequenced during this dissertation 

research. Although the function of CLTCL gene is unknown, it shares significant amino
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Table 6.1 Summary of Genes predicted in the sequenced, contigs’*

Genom ic N um ber of Egene size Gene density
Contig no. Genes size (kb) Exons contig size (kb)
I (human) CLTCL (73.7) (2)

HIRA (28.2) (7) 61% (50)
2 (human) Porc-Pl 41.7 19

TMVCF 1.4 1 53% 42.7
3 (human) TIO (14.7) (6)

Htf9c 5.2 12
RanBPl 9.8 6 45% 32.5
PutA 31.6 15
PutB 11.8 11

4 (mouse) TIO 43.1 9
Htf9c 4.8 12 78% 29.6
RanBPl 8.9 6
PutA 35.3 15

5 (human) Dok 2.8 5
Gene? 82.9 9 94% 45.4

6 (mouse) Dok 2.5 5
Gene? 80.3 9
SemaM 26.3 14 70% 40.7
Lor2 (5.6) (4)

Average human 23.4 9.8 60% 31.2
mouse 28.7 10 73% 35.1

* N um bers in  parenthesis indicate incom plete genes and average values are  calcu lated  on  complete genes.
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acid level sequence similarity with the clathrin heavy chain gene. The HERA gene may be 

involved in transcriptional regulation of histone synthesis and/or modification of chromatin 

structure. Both the CLTCL gene and HIRA genes also have been proposed to be the 

candidate genes responsible for DCS. The Porc-Pl gene codes a putative nuclear protein 

that possibly is involved in DNA synthesis. The TMVCF gene codes a putative 

transmembrane protein that might be involved in target cell recognition and pore formation. 

The RanBPl gene, a member of the Ran network, most likely is involved in a number of 

cellular processes including DNA replication, cell cycle progression, protein and RNA 

transportation. In addition to the above known genes, two other genes, i.e. the TIO and 

Htf9c genes, were predicted in the DGCR region based on sequence similarity with two 

known mouse genes as well as the human EST data. While the function of the TIO gene 

currently is unknown, the Htf9c gene most likely is involved in nucleic acid metabolism 

and/or modification. Two other genes, PutA and PutB, were predicted in the DGCR region 

based on the combination of database similarity search and computational gene prediction. 

The putative PutA gene probably is a nuclear protein involved in nucleic acid modification 

and the PutB gene contains transmembrane domains and a Zn-finger motif. Thus, a total of 

nine genes were discovered in the approximately 500 kb human DGCR region sequence. In 

the human syntenic region of mouse mnd2 region, one known gene, the Dok gene, was 

located and one putative gene, Gene?, were predicted. The Dok gene most likely is a 

component of a signal transduction pathway while no function has yet been assigned to the 

putative Gene? gene.

In mouse, two known genes, the TIO and Htf9c genes, were localized and one 

predicted gene, PutA, was discovered in the mouse region syntenic to the human DGCR 

region. In the mouse mnd2 region, one known gene, Dok, was located and three genes, 

Gene?, semaphorin M and Lor2, were predicted and partially confirmed. The semaphorin 

M gene is a member of the semaphorin family which is believed to be involved in neuronal
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axon guidance during neural network formation. The Dok, Gene? and Lor2 genes found 

in the mouse presumably have functions similar to their human homologues.

A detailed comparison of the two syntenic human and mouse genomic regions 

determined in this dissertation research reveals that both gene order and genomic structure 

are well conserved between human and mouse. At the DNA sequence level, the coding 

regions are well conserved, with a sequence similarity varying between 79.4% and 

90.6%. Relatively less conservation is seen at the 5' and 3' ends of coding regions. The 5' 

and 3' untranslated regions (UTR) are even less conserved in human and mouse but often 

well conserved sequence stretches that presumably represent conserved regulatory elements 

important for transcription and/or translation are scattered within these UTRs. Comparisons 

of the promoter regions revealed varying degrees of conservation. Some promoter regions, 

such as those of the human and mouse RanBPl genes, are well conserved, especially at 

known or predicted transcription factor binding sites. Transcription factor binding sites for 

other genes, such as the human and mouse TIO genes, are less conserved since more 

unconserved transcription factor binding sites were predicted than conserved ones. If those 

predictions are correct, it might be that there is a different method of gene regulation for the 

human and mouse TIG genes. Comparison of intronic and intergenic regions generally 

revealed high conservation in their length with low but generally discernible conservation at 

sequence level. An examination of the distribution of repetitive sequences showed that both 

the human and mouse genomes are rich in repetitive elements, with the amounts varying 

between 32.2 - 42.9% in human and 25.4 -46.8% in mouse for the two syntenic regions. 

While different genomic regions show different repeat percentages, the variation seems to 

be locally conserved between human and mouse. Specifically, the first syntenic region 

contains 32.2% and 25.4% repeats in human and mouse, respectively, while the second 

syntenic region contains 42.9% and 46.8% repeats in human and mouse, respectively. The 

variation in the repeat percentage may be related to gene density of the regions since the
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first syntenic region contains four known or predicted genes while the second syntenic 

region only contains two genes even though both regions span about 100 kb.

Coding and protein sequence substitution rates were examined for the two syntenic 

regions sequenced by this dissertation research. Specifically, for the synonymous 

substitutions which are thought to be an indication of coding sequence evolution, a rate of 

1.99-3.17 per site per 10  ̂year was observed for the human DGCR region and its syntenic 

region in mouse while a rate of 2.54-2.64 per site per 10  ̂year was observed for the mouse 

mnd2 and its syntenic region in human. The nonsynonymous substitution rate, which is 

thought to be an indication of protein evolution, is 0.13-0.59 per site per 10^ year and 

0.61-1.12 per site per 10^ year for the two syntenic regions, respectively. Since these two 

syntenic regions are located in different chromosomes for both species, the numbers 

indicate a similar evolution rate for both coding DNA sequence and the resulting protein 

sequence from these two different regions of the human and mouse genomes. Further 

studies involving more syntenic regions will be required to determine whether different 

portions of the human and mouse genomes evolved at a similar rate.

Finally, a new gene prediction approach which includes analysis of the coding 

sequence conservation between human and mouse was developed. Results from the 

detailed sequence comparison between human and mouse guided the selection of 

parameters used in this new prediction method. A preliminary test of the program on a set 

of sequences showed that the performance of this new approach was slightly superior to 

the gene prediction programs currently available. This gene prediction program was 

designed as part of a program package named Geneligner developed by this dissertation 

research. The major purpose of the Geneligner program package was to provide a platform 

for annotation of large genomic sequences. Many of the figures and tables in this 

dissertation research were generated by this program package whose features include a 

graphic alignment of the results from database similarity searches, computational gene 

prediction programs, and gene model building.
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Glossary

Amyotrophic lateral sclerosis. A neurologic disease that rapidly progresses from 

mild motor symptoms to severe motor paralysis and premature death.

Atrophy. Diminution in the size of a tissue or organ after full normal development has 

been attained.

Centromere. The region of an eukaryotic chromosome that is attached to the spindle 

during nuclear division.

Complementary DNA (cDNA). A single-stranded DNA molecule that has a 

complementary base sequence to a molecule of a messenger RNA.

Competent cells. Cells which have an increased ability to take up foreign DNA.

Conservation. Macromolecules showing a high degree of invariance of their primary 

structure.

Cytogenetics. The branch of genetics concerned with correlating inherited traits with 

cytological features, especially the appearance, structure, and behavior of 

chromosomes.

Divergence. Biological evolution that tends to produce an increasing difference in 

some characteristics between initially similar groups of organisms or gene 

products.

Dosage analysis. A method to determine the copy number of a locus. Gene dosage 

often is quantified by Southern blotting experiments using a DNA probe with 

genomic DNA as the substrate.

Expressed sequence tag (EST). A particle sequence of a clone picked at random 

from a cDNA library.

Etiology. The cause or causes of disease and their study

Exon trapping. A method to functionally clone expressed sequences from genomic 

DNA. In this method, a genomic DNA fragment is inserted into a plasmid
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vector. After the plasmid is introduced into a suitable host cell and gene 

expression is stimulated, exons in the target genomic DNA segment are 

identified by their ability to remain as a mature spliced mRNA.

Fluorescence in situ hybridization (FISBQ. A procedure that involves the use 

of DNA probes to locate specific regions of DNA in the chromosomes.

H om ologous. DNA or proteins that have the same or similar residues at 

corresponding positions.

Hypocalcaemia. The presence of a lower than normal concentration of calcium in the 

blood.

Hypoplasia. Underdevelopment or defective formation of an organ or tissue.

Isochore. A genomic region which has a relatively homogenous base composition.

Linkage group. A group of genes whose members show a marked tendency to 

segregate as a unit.

Microheterogeneity. A slight difference between sequences of different individual.

Monosomy. A condition in which one member of a chromosome pair is missing.

Mytonic dystrophy. An autosomal dominant disorder characterized by myotonia 

(muscle malformations), muscular dystrophy (abnormal structure and function 

of a muscle), and other changes.

Pleckstrin homology. A protein domain which was first noted in the platelet protein 

pleckstrin and has unknown function.

Proband. The first individual to present as a patient, in a series of cases related to a 

heritable disorder, and firom whom the line of descent is traced.

Profile analysis. A method for detecting related proteins by comparing a query 

sequence with a profile. A profile is a position-specific scoring table created 

from a group of sequences previously aligned by structural or sequence 

similarity.
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Pseudogene. A sequence in DNA that is related to a functional gene but can not be 

transcribed.

Rapid amplification of cDNA ends (RACE). A variation of the polymerase 

chain reaction designed for amplification of cDNA corresponding to low- 

abundance mRNA.

Restriction fragment length polymorphism (RFLP). Variation in the length of 

DNA fiagments generated by a restriction endonuclease.

Shotgun cloning. A method of cloning in which the DNA is randomly broken into 

fragments of a desired size and the fragments are then cloned into suitable 

vectors.

Splicing. The enzymatic process in eukaryotic cells by which introns are excised from 

heterogeneous nuclear RNA (hnRNA) following its transcription from DNA, 

and the cut ends are rejoined to form messenger RNA.

Synteny. In genetics, synteny refers to the condition that gene loci or genes are 

located on the same chromosome. In recent years, synteny has been used to 

indicate that similar genomic sequences are located in homologous 

chromosomal regions of different species.

Telomere. The stmcture at the end of a chromosome.

Transcription factor. Any protein required to initiate or regulate transcription; They 

often bind to DNA sequence elements in the promoter region and stimulate 

transcription.

Transformation. I. Transfer of genetic information by means of extracellular DNA 

in bacteria. 2. Characteristic and inherited changes produced in cells in culture 

when they have been treated with certain viruses or carcinogens.

Transgenic. The process by which a new gene is added to the germ line of an 

organism using recombinant DNA technology.
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Translocation. A chromosomal mutation associated with the transfer of a 

chromosomal segment from one chromosome to another. When there is no net 

loss of the genetic material, the translocation is said to be balanced, otherwise it 

is unbalanced.

Zinc finger. A DNA-binding domain of a protein that has a characteristic pattern of 

cysteine and histidine residues that complex with zinc ions.
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