
RESEARCH 

One-Megabase Sequence Analysis of the 
Human immunoglobulin X Gene Locus 

Kazuhiko Kawasaki, Shinsei Minoshima, Eriko Nakato, Kazunori Shibuya, 
1 Ai Shintani, James L. Schmeits, Jun Wang, and Nobuyoshi Shimizu 

Department of Molecular Biology, Keio University School of Medicine, Shinjuku, Tokyo 1 60, Japan 

A total of 1,025,415 bases of nucleotide sequence, including the entire human immunogiobulin X gene locus has 
been determined. This is the largest contiguous human DNA sequence ever published. The sequence data 
revealed the organization of 36 potentially active V~ gene segments, 33 pseudogene segments, and seven ]x-C~ 
gene segments. Among these 69 functional or nonfunctional V~ gene segments, 32 were newly discovered. These 
Vx gene segments are located within five gene-rich clusters and are divided into five clans based on sequence 
identity. Five potentially active nonimmunoglobulin genes were also detected within the X gene locus, and two 

other genes were observed in the upstream region. Sequence organization suggests that large DNA duplications 
diversified the germ-line repertoire of the V x gene segments. 

[The sequence information is available through the Advanced Lifescience Information Systems {ALIS} project 
World Wide Web site {http://www-alis.jst-c.go.jp} of Japan Science and Technology Corporation {JST}, as well 
as DDBJ/GenBank databases {accession nos. D8698?-D87024 and D88268-D88271}.] 

Immunoglobulin molecules are composed of light 
(L) and heavy (H) chains, each consisting of variable 
(V) and constant (C) regions (Tonegawa 1983). 
There are two types of light chains, K and X, each 
encoded by separate genes on different chromo- 

somes (Lai et al. 1989). During B-cell development, 

germ-line VL gene segments are juxtaposed to Jk 
gene segments and form mature VL genes. In this 
V-J joining, a large number of distinct V gene seg- 
ments contribute to the diversity of antigen recog- 
nition (Tonegawa 1983). 

The V gene segment is composed of protein 
coding regions and cis-acting elements. The protein 
coding regions are divided into a signal peptide cod- 
ing region and a V coding region (Kabat et al. 1991). 

These regions are encoded by two exons. The first 
exon encodes a large portion of the signal peptide, 

and the second exon encodes the carboxyl terminus 
of the signal peptide and the V region (Kabat et al. 
1991). The cis-acting elements are composed of pro- 
moter motifs (Falkner and Zachau 1984), splice sites 
(Stephens and Schneider 1992), and a recombina- 
tion signal sequence (RSS; Hesse et al. 1989). Two 
promoter motifs, an octamer (8-mer) and a TATA 
box precede the signal peptide coding region 

1Corresponding author. 
E-MAIL shimizu@dmb.med.keio.ac.jp; FAX 81-3-3351-2370. 

(Falkner and Zachau 1984). The V coding region is 
followed by the RSS, which is necessary for V-J join- 
ing (Hesse et al. 1989). The RSS is composed of three 
elements, a heptamer (7-mer), a spacer (23 nucleo- 
tides long in Vx genes), and a nonamer (9-mer) 

(Hesse et al. 1989). 
Previously, we isolated 176 cosmid clones and 

one bacterial artificial chromosome (BAC) clone, 

which cover the entire h gene locus located on 
22q l l  (Kawasaki et al. 1995; Asakawa et al. 1997). 
Southern hybridization analysis of restriction frag- 

ments revealed that 69 Vx and 7 Cx DNA segments 
are located in a 911-kb region (Kawasaki et al. 1995). 
Using a set of yeast artificial chromosome (YAC) de- 
letion and cosmid contigs, Frippiat et al. (1995) re- 

ported that V x gene probes hybridize to 55 DNA 
segments within the Vx gene locus. Considering 

that half of these segments contain pseudogene seg- 
ments as observed in VH (Matsuda et al. 1993; Cook 
and Tomlinson 1995) and V K (Zachau 1995) loci, 

the total number of active V x gene segments had 
been estimated to be 30-35 (Kawasaki et al. 1995). 

To study the h gene locus comprehensively, we 
have completed >1 Mb of nucleotide sequence in- 
cluding the entire X gene locus using 33 cosmid 
clones and one BAC clone. This study establishes 

the genomic organization of the X gene locus un- 
covering the entire germ-line repertoire and phylog- 
eny of the V x gene segments. The sequence data 
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obtained in this study will also give insight into the 

evolution of multigene families. 

RESULTS 

Sequence Data Evaluation and Allelic Variations 

The comple te  1 ,025 ,415-nuc leo t ide  sequence 

(DDBJ/GenBank accession nos. D86989-D87024 

and D88268-D88271), including the entire germ- 

line ~ gene locus, was determined by the shotgun 

sequencing method (Fig. 1). The sequenced data 

were 6.5- to 9.1-fold redundant, and -90% of the 

sequenced region was determined in both direc- 

tions (see Methods for details). To evaluate the reli- 

ability of the sequence data, we compared sequence 

differences appearing in a total of 39,236-nucleotide 

sequence of the two BAC-cosmid overlapping re- 

gions (35B9-288A10 and 288A10-50D10 in Fig. 1). 

These two cosmid clones and the BAC clone are de- 

rived from two different DNA sources: 35B9 and 

50D10 are from Caucasian and 288A10 is from Japa- 

nese origin (Kawasaki et al. 1995). Nucleotide differ- 

ences were detected at a total of 107 distinct sites. 

Strict inspections of wave patterns of these 107 sites 

enabled us to conclude that 100 sites are real differ- 

ences that are derived from allelic variations reflect- 

ing the difference of DNA sources (Table 1) and that 

the remaining seven sites are apparently originated 

from sequence editing errors. This implies that the 

accuracy of our sequence data is >99.98% (7/39,236 

nucleotides). 

Interestingly, 73 of the 100 differences reside 

wi th in  a 10-kb Alu-rich region (3' half of the 

288A10-50D10 overlapping region in Fig. 1; 6,001- 

16,643 nucleotides in Table 1). These sequence 

variations are equally detectable within and outside 

of the Alu sequences (data not shown). Among the 

73 allelic variat ions,  42 (58%) are t rans i t ions  

(nucleotide substitutions of a pyrimidine by a py- 

rimidine, or a purine by a purine), 22 (30%) are 

transversions (nucleotide substitutions of a pyrimi- 

dine by a purine, or a purine by a pyrimidine), and 

the remaining 9 (12%) are nucleotide insertions or 

deletions (data not  shown). The frequencies of 

transversions, transitions, and insertions/deletions 

observed in this study are remarkably similar to 

those (62:23:14.6) observed in the factor IX gene 

(Sommer 1992). Thus, the accuracy of our sequence 

data is high enough to investigate the biological sig- 

nificance further. 

Organization of the immunoglobulin X Gene Locus 

To determine the locations of the V~ gene segments, 

genomic sequences were searched for sequence ho- 

mology against >130 entries of germ-line Vx gene 

sequences in a GenBank database and V BASE (I.M. 

Tomlinson, pers. comm.). As a result, 36 potentially 

active Vx gene segments, which maintain the open 

reading frame and essential amino acids (such as 

cysteine at amino acid residues 23 and 88) for im- 

munoglobul in  protein (Kabat et al. 1991), were 

identified. Among these 36 V~ gene segments, 10 

were newly discovered in this study (Fig. 2). These 

newly discovered Vx gene segments show <97% se- 

quence identity to any known germ-line Vx gene 

segments (allelic variations account for 1%-3% se- 

quence difference). A total of 33 pseudogene seg- 

ments, which contain all essential Vx gene elements 

but are disrupted by frameshift and/or stop codon 

caused by point mutation, small insertion, or dele- 

tion, were also detected (Fig. 1). Among these 33 

pseudogene segments, 22 were newly identified. In 

addition, 34 V~ relics, which have large deletions or 

insertions, were detectable. Because of the difficulty 

of aligning these severely disrupted gene sequences 

to complete V~ gene segments, all relics were elimi- 

nated from this study. All of these V~ gene seg- 

ments, including pseudogene segments and relics, 

are clustered in five regions, I-V (Kawasaki et al. 

1995; Fig. 1) and have the same transcriptional po- 

larity as for the Jx and Cx gene segments. 

Three Alu-rich regions were identified (Fig. 1). 

These Alu clusters reside in an intervening region II 

(itv-region II) between regions II and III, in an up- 

stream half of itv-region III between regions III and 

IV, and immediately upstream of region V. Minisat- 

ellite clusters and ~ satellite clusters (Vogt 1990) 

were also identified within itv-region III and itv- 

region IV, respectively. 

Phylogeny of the V~ Gene Segments 

For the 36 potentially active Vx gene and 33 pseu- 

dogene segments, nucleotide sequences were multi- 

ple-aligned and a phylogenetic tree was constructed 

(Fig. 3). As a result, all of these Vx gene and pseudo- 

gene segments are integrated into five distinct 

groups, which we designate clan 1-clan 5 (see 

Kirkham et al. 1992 for VH clans). A clan represents 

a family or a group of families that were originally 

defined on the basis of amino acid sequences. For 

example ,  c lan  1 c o n t a i n s  fami l ies  I, II, VI 

(Chuchana et al. 1990), and X (Stiernholm and Ber- 

instein 1995). Clan 2 is identical to family III; how- 

ever, clan 2 is highly diverged and is obviously di- 

vided into three different subfamilies, III-1, III-2, 

and III-3 (Fig. 3). These subfamilies are different 
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Table 1. Nucleotide Sequence Variations Detected within 
BAC-Cosrnid Overlapping Regions 

35B9/288A10 
(no. of nucleotides) 

288A10/50D10 
Variations (no. of nucleotides) Variations 

1-2,000 I 1-2,000 7 
2,001-4,000 I 2,001-4,000 I 
4, 001-6,000 I 4, 001-6,000 2 
6,001-8,000 2 6,001-8,000 1 5 
8,001-I 0,000 I 8,001-I 0,000 12 

10,001-12,000 5 10,001-12,000 16 
12,001-14,000 0 12,001-14,000 12 
14,001-16,000 0 14,001-16,000 14 
16,001-18,000 3 16,001-16,643 4 
18,001-20,000 2 
20,001-22,593 1 

Total 1 7 83 

The 5' end of each overlapping region (35B9/288A10 and 50D10/288A10)is des- 
ignated nucleotide I. The length of the overlapping regions are 22,593 nucleotides 
for 35B9/288A10 and 16,643 nucleotides for 50D10/288A10, respectively. 

from subfamilies IIIa, IIIb, and IIlc, which were de- 

termined previously by a serological method (Eulitz 

et al. 1991). Subfamily III-2 includes both Ilia and 

IIIc, and subfamily III-1 includes IIIb. The nucleo- 

tide sequence of Vx4-2 shows 92% identity to a 

cDNA sequence T1 (Berinstein et al. 1989), which is 

the sole member of family V (Chuchana et al. 1990). 

Because three Vx gene segments, 4-1, 4-2, and 4-3, 

are all closely related, we included these three gene 

segments in family V. The relationships among 

clans, families, V x gene segments, and locations are 

summarized (Table 2). All previously identified Vx 

families, I-X (Chuchana et al. 1990; Winkler et al. 

1992; Deftos et al. 1994; Stiernholm and Berinstein 

1995) are identified within clan 1-clan 5. 

tiaUy active Vx gene segments (1- 

9, 1-18, 2-8, 2-15, 4-1, 4-3, 4-6, 
and 5-1) failed to detect cDNA 

sequences with high sequence 

ident i ty  [>~95%; allelic varia- 

tions and subsequent hypermu- 

tations account for 1%-5% se- 

quence difference (Ch'ang et al. 

1994)] (Fig. 4). Considering the 

large sizes of these databases 

(>460 entries for rearranged or 

expressed V x genes), lack of 

cDNA sequences corresponding 

to these eight Vx gene segments 

could be attributable to less ac- 

tive transcription compared to 

the other Vx gene segments. 

To find a relat ionship be- 

tween V x gene activity and the 

cis-acting elements that are es- 

sential for producing functional 

i m m u n o g l o b u l i n  molecu les ,  

promoter  motifs (Falkner and 

Zachau 1984), splice sites (Ste- 

phens and Schneider 1992), and RSSs (Hesse et al. 

1989) are aligned (Fig. 4). The nucleotide sequences 

of the 8-met (Falkner and Zachau 1984) and the 

7-mer (Hesse et al. 1989) are well conserved. In con- 

trast, the TATA box (Falkner and Zachau 1984) and 

the 9-mer (Hesse et al. 1989) are rather variable. The 

consensus sequences of splice donor and acceptor 

sites (GT and AG) are all perfectly conserved. Three 

nucleotides 5' to the splice donors (CAG), as well as 

two nucleotides adjacent to the acceptors (5' C and 

3' G), are also highly conserved (Stephens and 

Schneider 1992). Interestingly, variable sequences 

within these cis-acting elements, as well as the 

length of the introns, are significantly conserved 

within families and clans. 

Expression of the V~ Gene Segments 

Despite an extensive search of GenBank and dbEST 

(Boguski et al. 1993) databases, 8 of the 36 poten- 

Evolution of the X Gene Locus 

The dot matrix analysis (Sonnhammer and Durbin 

Figure 1 A comprehensive map of the immunoglobulin k gene locus. The first row of each group shows names 
and locations of genes and pseudogenes. The Vx gene segments are indicated by red lines (half-height lines 
represent pseudogene segments), and Jx-C~, gene segments as well as the GXI gene (Evans and Hollis 1991) are 
indicated by lavender lines. Nonimmunoglobulin genes and pseudogenes are shown by open triangles or pen- 
tagonal boxes, representing the transcriptional polarity. The second row shows the locations of repetitive elements 
detected by XGRAIL (REPBASE): Alu (green), LI (magenta), LTR (yellow), MER (blue), MLT (orange), and MST 
(mauve). Minisatellite (Vogt 1990) clusters and s-satellite (Vogt 1990) clusters are indicated by blue and yellow 
shaded boxes, respectively. The third and fourth rows show the locations of EcoRl and Hindlll sites, respectively. The 
fifth row, above the scale, shows sequenced regions of 33 cosmid clones and a BAC clone (288AI0). 
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1996) of the entire h gene locus versus itself revealed 

that regions I and III have large internal duplica- 

tions (Fig. 5). Broken lines in the dot plot show that 

the duplicated regions underwent a large number of 

deletions and/or insertions after duplicating. In re- 

gion III, four lines, each separated b y - 2 5  kb, are 

detectable in parallel with the diagonal line, sug- 

gesting that five large amplification units are tan- 

demly repeated (Kawasaki et al. 1995). An -lO-kb 

duplication is also detectable between regions I and 

II. Smaller duplications (4-6 kb) dispersed through- 

out the locus represent L1 repeats (Smit et al. 1995). 

Small duplications corresponding to each Jx-Cx unit 

are detectable in the Jx-Cx gene locus (Vasicek and 

Leder 1990). The dot matrix analysis also shows that 

there are no obvious short interspersed elements 

(SINES), such as Alu repeats (Batzer et al. 1996) in 

the vicinity of the Jx-C× gene locus (Vasicek and 

Leder 1990), whereas a large number of SINES are 

located in itv-regions II, the upstream half of itv- 

region III, and upstream of region V. 

Other Genes and Pseudogenes within the X Gene 
Locus 

Two h-related genes, the VpreB gene (Kawasaki et al. 

1995; Frippiat et al. 1995) and the Ghl gene (Evans 

and Hollis 1991), are located within the h gene lo- 

cus. The VpreB gene is localized within an Alu clus- 

ter in itv-region III, and the Ghl gene is located 

upstream of the Jx-Cx gene locus (Evans and Hollis 

1991; Fig. 1). In addition to these genes, XGRAIL 

(Uberbacher and Mural 1991) analysis identified 

five putative genes (labeled Genel,  Gene2, Gene3, 

5 '-OYll .  1, and 3 '-OYll .  1). A homology search of 

dbEST of these five sequences showed several differ- 

ent expressed sequence tags (ESTs; Boguski et al. 

1993) with high sequence identity (>98%; because 

of ambiguous sequences in the 3' end of ESTs, se- 

quence identi ty is often <100%), except for 3'- 

OYl1.1. Genel is identical to a 5.1-kb cDNA se- 

quence (GenBank accession no. D13640), and the 

deduced amino acid sequence has a protein phos- 

p h a t a s e  2C m o t i f  (PROSITE a c c e s s i o n  no .  

PDOC00792; Wenk et al. 1992). Gene2 has moder- 

ate sequence homology to human (46%) and yeast 

(43%) topoisomerase III (GenBank accession nos. 

U43431 and M24939; Hanai et al. 1996). Gene3 

does not  show high sequence homology to any 

known genes. Two OYl1.1 (sheep putative gene, 

GenBank accession no. U30307)-like sequences (5'- 

OYl1.1 and 3'-OYl1.1) were detected in itv-region 

II. Two ESTs were identified for 5'-OY11.1, but there 

was no EST corresponding to 3'-OYl1.1. 

A breakpoint cluster region gene (BCR) (Gen- 

Bank accession no. YOO661)-like sequence (BCRL4; 

Frippiat et al. 1995; Kawasaki et al. 1995), a POM121 

(GenBank accession no. Z21513; Hallberg et al. 

1993)-1ike sequence, a ~/-glutamyl transpeptidase 

(GGT, GenBank accession no. J04131)-like sequence 

(Frippiat et al. 1995; Kawasaki et al. 1995), and a 

GGT-related gene (GenBank accession no. M64099; 

Heisterkamp et al. 1991)-like sequence were all de- 

tected within itv-region I. A 5'-truncated transform- 

ing growth factor-J31 (TGF-[31) (GenBank accession 

no. M60315; Celeste et al. 1990)-like sequence was 

identified within region IV. These five sequences 

possess only a part of the original genes (BCR, the 

GGT-related gene, and TGF-[31), a f rameshif t  

(POM121-1ike sequence), or a defect in one of the 

splice sites (GGT-like sequence). Accordingly, these 

sequences would not  contribute to the protein- 

encoding function of this locus. 

DISCUSSION 

The complete 1,025,415-nucleotide sequence, in- 

cluding the entire human immunoglobulin h gene 

locus has been determined with >99.98% sequence 

accuracy. This sequence is larger than the T-cell re- 

ceptor 13 (TCR[3) locus (685 kb), which, until this 

study, was the largest known human  contiguous 

nucleotide sequence (Rowen et al. 1996). Within 

the h gene locus, 36 potentially active V x gene seg- 

ments have been identified. It had been difficult to 

unambiguously identify a germ-line sequence of a 

given Vx sequence in the databases because of the 

allelic sequence variations or polymorphisms in 

germ-line immunoglobulin Vx gene segments and 

because of the high sequence similarity among in- 

dividual nonallelic Vx gene segments. Because this 

study revealed the entire germ-line repertoire of the 

Vx gene segments, these 36 Vx gene sequences pro- 

vided us with a standard to assign any unidentified 

Vx gene sequences. This standard will be invaluable 

to examine how each V~ gene segment participates 

in immunological responses. 

In addition to 36 potentially active V× gene seg- 

ments, 33 pseudogene segments were also identi- 

fied, and a phylogenetic tree was constructed from 

the nucleotide sequences of these 69 V x gene seg- 

ments (Fig. 3). This tree is substantiated by a phy- 

logenetic tree generated with amino acid sequences 

(data not shown). Based on the tree, all 69 Vx gene 

and pseudogene segments are divided into five 

clans, and these five clans are divided further into 

10 or more families. We have subdivided (subfami- 

lies III-1, III-2, and III-3) or extended (family V) the 

254 @ GENOME RESEARCH 



1-MB SEQUENCE OF THE HUMAN IMMUNOGLOBIN ~ LOCUS 

~ 0 0 0 0 ~ 0 ~ 0 0 0 ~ 0  0 0 ~ 0 ~ ~  0 ~ 0  ~ ~  0 ~ 0  
~ 0 0 0 0 ~ 0 ~ 0 0 0 ~ 0  0 0 ~ 0 ~ ~  0 ~ 0  ~ ~  0 ~ 0  

~ ~ 0 ~  ~ ~ 0 ~ 0  ~ ~ ~  ~ ~ ~ ~ ~  ~ ~ ~ 
~ ~ ~ ~ 0  ~ 0 ~  ~ ~ I ~ ~ 0 ~  ~ ~ ~ 0  ~ 0 0  ~ ~  ~ ~ 0  

~ . . . .  0 ~ ~ 0  ~ ~ 0 ~ ~  . . . . . .  ~ ~ 0 ~  

"i 

r..) 

rj [j 

! 
! 

~ a ~ a  a a a  e ~  ~ 
a 

a 

U3 ~ ~ 03 ~ ~ ~ OQ 

! ! 

~A A A ~ A A 

~ ~ O ~ o ~  

~ogNE~ 

~ o  
~ 4.o 

g . ~  ~ • 

o~_~ ~ ~o 
O 3 + . ~  Z " :  . - -  ~ :... 

¢- ~r- ~..~ r . - . - ~  

~) I ~  c- , '  ,__ C 

; ' ~ ~ u  

,.,5 . ~  o ,..... c .=_  
_ . ~  ~ . ~  

~ 0 ~ ~ ' - -  
I L l  s . .  ~ s_ ~ 

4..-, ~'~, .. ,,A ._~ O 

--'-- L2.. ( ~  I ' 1  y~  
_ ~- ~ - ~  

~ , ~ . ~ _ ~  ~ ~- 

~,) .-~-- . - -  ._~. ~ ,-, • 

- - - ~  E .c. ,.,, ,n ~ 

~ ~ ~ • A , ~  
" ~  O~ 

¢~ . ¢ ~ r ' ~ .  c 
4_, O7 > , - -  "~, ~ . _  
O " - -  ~ On .M_..-~ , 
O .  u -  ~ O~-.-~,~ ~ u g  

~ " ' - -  ~ " ~  ~ 0 " ~  

~ 0 ~ 0 ,., ~ 

--~ ~ ' ~  ~ ~ 
• ~ D . ~  ~- ~ ~ ,,, 

k . . ~  0 "  ~ ~ 0 c'- 

-~.-~ ~ V ~ ~,~ 
" a ~  c,,- ~_ ~ ×  

o e - g u ~  " >  
....., ~ . _  ~ _~ 0 7  

~;  ~ ~ 0 - 0  

~ > . , , 0  0 > m >.,, 
¢.- . ~  ~ , . - - ' . ~  . ~  . ~  

n ~ . -  ~-'~'; 
~ .~cN _co 

GENOME RESEARCH J 2 5 5 



KAWASAKI ET AL. 

Clan 5 
IX 

4.s,~ 

Clan 4 

- . . ~ . . . . I V  ~ , ~  
" - . .  6 .  6 , 

" . .  '.- 

' / - 7  ~ ' / ~ ~ " . . .  

V 4-;, 
4-3  ..... 

4 -4  

x 

x 
x 
x 
x 
x 
x 
x 

x 

x 

II 

e l , -  

" I/z'/, 
~ .,-" 

/.- 

"Z ;' / "  

,, i . _  

S 

S 

S 

vI 

2 

Clan 1 

/ 

. .  \ "  &.'k~ 

1-17 

1 -16  
" . /  1-11 1 -23P  

1 -24P  

~ t 

VIII 3"~ .... ,"" 1 ~ """  
/ 

..... ., , ~.~.,., 

Clan 3 ~.~,~ ,, ,, .. . 

v,, "'" i 

Clan 2 111-2 

/ 
/ 

/ 

II1-1 

1-21p 

F i g u r e  3 A phylogenetic tree of 69 Vx gene and pseudogene segments. 
Nucleotide sequences of the V coding region (FR1-CDR3) were aligned and a 
phylogenetic tree was constructed by the neighbor-joining method (Saitou and 
Nei 1987). Five distinct groups (separated by broken lines) have been assigned 
the names clan 1-clan 5. Names of pseudogene segments are indicated with a P 
at the end. The V x families, I, II, and IV-X (Chuchana et al. 1990; Winkler et al. 
1992; Deftos et al. 1994; Stiernholm and Berinstein 1995) are circled, and the 
family names are indicated by Roman numerals. Subfamilies, II1-1,111-2, and 111-3 
are surrounded by broken circles. 

previously assigned V~ families, to illustrate unam- 

biguously the diversity among families. 

The three largest V~ gene families, I-III, are clus- 
tered in both regions I and II (family II and III), or 

region III (family I) (Table 2). The dot matrix analy- 

sis shows that regions I and III have large internal 

duplications (Fig. 5). Large duplications are also de- 

tectable between regions I and II. In addition, the Vx 

gene segments in regions I and II have small se- 

quence variations and mostly belong to either fami- 

lies II or III (except 1-6P and 5-1 in region I). The 

high sequence identity between regions I and II sug- 
gests that regions I and II have a common ancestor. 

All of these observations concerning the large du- 

plications and the clustering of the V~ families sug- 

gest that families I, II, and III have been generated 

by large duplications. Similar, 

though less complex, duplica- 

tions are also observed in the 

TCR[3 locus (Rowen et al. 

1996), suggesting that  large 

duplications commonly con- 

tribute to the generation of 

diversities among multigene 

families. Regions IV and V are 

different in that the V~ gene 

segments are highly diverged, 

and no large dup l i ca t ions  

other than L1 repeats (Smit et 

al. 1995) are detected. This 

suggests that  these two re- 

gions are devoid of recent dy- 
namic amplifications. 

By searching  GenBank 

and dbEST databases, cDNAs 

for 28 of the 36 potentially ac- 

tive V~ gene segments were 

identified; however, the re- 

maining eight Vx gene seg- 

ments failed to detect any cD- 

NAs wi th  />95% sequence  

identity (Fig. 4). This suggests 

that these eight Vx gene seg- 

ments  are t ranscr ipt ional ly  

less active than the other V~ 

gene segments .  The V~4-6 
gene segment has a 4-nucleo- 

tide short spacer in the RSS 

(Fig. 4). This defect presum- 

ably renders this gene seg- 

ment  inactive (Hesse et al. 

1989). However, the reason 

for low transcriptional activ- 

ity of the remaining seven 
gene segments is unclear. Obviously, Vx4-1 has no 

harmful substitutions in the promoter motifs, splice 

sites, and the RSS, yet neither rearranged nor ex- 

pressed Vx sequence was found among >460 entries 

in the databases. A large number of active gene seg- 

ments have sequence substitutions in their 9-mer 

signals, especially at the third, fourth, and fifth 

nucleotides (Fig. 4). Apparently, these substitutions 
do not affect gene activity. V~1-20 has two unique 

substitutions in the 8-mer promoter; however, this 

gene segment is shown to be slightly act ive:-100 

times lower than active gene segments (Stiernholm 

and Berinstein 1995). Interestingly, substitutions in 

the cis-acting elements (Fig. 4) and introns (data not 

shown) are well conserved within families or clans 

as observed in V H (Matsuda et al. 1993) and VK 
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Table 2. Relationship among Clans, Families, Vx Gene 
Segments, and Location 

Clan Fami ly  Vx gene  segmen ts  

also complementary to the consen- 

sus sequence of the 12-nucleotide 

spacer of the Jx gene segments (5'- 

Region ATGAGCCTGTGT-3 ' ) ,  a l t h o u g h  
these are wi th  less fidelity. This 

III complemen ta ry  nature of the se- 

I quence between the 23- and the 12- 
II 

nucleotide spacer may aid the V-I re- 
IV 

combination by stabilizing the sec- 
IV 
V ondary  structure of RSS regions. 

I However, this complementary  na- 

III ture was not detected in the VK and JK 

IV gene segments (GenBank accession 

V no. J00242). Because the available 

I nucleotide sequence of spacer region 

I is limited, studies on immunoglobu- 

I lin loci of various other organisms 

II will be necessary to clarify the sig- 
II 

nificance of the complementary na- 
III 
V ture of the sequence. 

III Of 372 Alu repeats (Batzer et al. 

III 1996) detected in this study, 31, 30, 

IV and $6 are clustered in the region 

V immediately upstream of region V 

IV (42 kb), in an upstream half of itv- 

V region III (37 kb), and in an inter- 

III mediate region of itv-region II (60 

I kb), respectively. It is interesting to 
IV note that  all of these Alu clusters 
V 

occur outside of the Vx-gene rich, 

highly duplicated regions. Dense 

Alu clusters have been reported also 

in the h u m a n  leukocyte ant igen 

(HLA) class III locus (Iris et al. 

1993). Further large-scale sequenc- 

ing will clarify whether  or not  this 

pat tern  of Alu clustering is com- 

m o n  t h r o u g h o u t  the h u m a n  ge- 

nome. It is of particular interest that  the VpreB gene 

and two OYl l . l - l ike  sequences are embedded in 

these Alu clusters. Cons ider ing  tha t  the mouse  

VpreB gene is not  included in its own X gene locus 

(Carson and Wu 1989) and that  both  the sheep 

OYl1.1 and the bovine homolog of this sequence 

are located within Y chromosome repeat regions, 

these dense Alu clusters might  have played a role in 

the translocation of these sequences. Of 20 L1 re- 

peats (Smit et al. 1995), 7 are distributed in region III 

and 5 are located in region IV. L1 repeats in region 

III periodically appear e v e r y - 2 5  kb (Fig. 1). This 

-25-kb repeat unit  is also seen in the dot matrix 

analysis (Fig. 5). Studies on the distribution of re- 

petitive elements in the ~ gene locus will give fur- 

ther insight into the evolution of this locus. 

1 I 1-11, 1-13, 1-14P, 1-16, 1-17, 1-18, 1-19 

1 II 1-1P, 1-2, 1-3, 1-4, 1-5, 1-7, 1-8P 

1 II 1 - 9 ,  1-10P 

1 VI 1-22 

1 X 1-20 

1 X 1-25P 
1 m 1 - 6 P  

1 m 1-12P, 1-15P 

1 ~ 1-21P 

1 ~ 1-23P, 1-24P, 1-26P, 1-27P 

2 II1-1 2-4P, 2-7, 2-9P, 2-11, 2-15, 2-17, 2-19 

2 111-2 2-1, 2-6, 2-8, 2-10P, 2-14, 2-16P, 2-20P 

2 111-3 2-2P, 2-3P, 2-5P, 2-12P, 2-13, 2-18P 

2 111-2 2-21P 

2 111-3 2-22P, 2-23P 

3 VII 3-1P, 3-2, 3-3 

3 VIII 3-4 

4 V 4-1, 4-2, 4-3 
4 m 4-4 

4 ~ 4-5P, 4-6, 4-7P 

4 m 4-8P, 4- 9P 

5 IV 5-4 

5 IV 5-6 

5 IX 5-2 

5 ~ 5-1 

5 ~ 5-3P 

5 ~ 5-5P 

Dashes show unassigned families. The Vx families were assigned previously (see 
Chuchana et al. 1990 for families I, II, IV, V, VI, VII; Stiernholm and Berinstein 1995 
for family X; Winkler et al. 1992 for family VIII; Deftos et al. 1994 for family IX) or in 
this study (111-1, 111-2, and 111-3). Three Vx gene segments, 4-1, 4-2, and 4-3, are 
assigned to family V in this study. The letter P next to a gene name indicates a 
pseudogene. 

(Zachau 1995) loci. Quantitative analysis of expressed 

Vx gene segments, coupled with an analysis of allelic 

variations of the promoter and RSS sequences, is re- 

quired further to elucidate the relationship between 

gene activity and the variations of cis-acting elements. 

The RSS is also required for lx gene segments upon 

V-I joining. The RSS of the Ix gene segments is com- 

posed of a 9-mer signal, a 12-nucleotide spacer, and a 

7-mer signal (Hesse et al. 1989). The consensus se- 

quences of the 9-met (S'-GGITITFGT-3') and 7-met 

(S'-CACAGTG-3') in the Ix gene segments are comple- 

mentary to the 9-mer and 7-mer signals in the Vx gene 

segments. As shown in Figure 4, the S' half of the 

consensus 23-nucleotide spacer sequence of the Vx 

gene segments (S'-acaCAgGCagAT-3'; where lower- 

case letters indicate less-conserved nucleotides) are 
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5' 

8mer 7mer 

! ~A l!iiit ~3 n ~  

TA box do,or acceptor 9mer 

intron 

I i::ii~i::i~:~;P eP t i de i iiiili V region 
li~i~i~i ...................................................................... ~i~i~iJ 

Promoter Splice site RSS 

V k Promoter Splice site RSS cDNA entry 

8mer TATA donor intron acceptor 7mer 23 nt 9mer in databases 

CONSENSUS ATTTGCAT gATAAG CAG GT TcC AG GgT CACAGTG acaCAgGCagATGGGGAAgTGAG ACAaAAACC 

1-2 29 nt 108 nt TTTT-A-TCA---A ...... A-- -T ....... yes L03633 (99%) 

1-3 30 nt ii0 nt ...... A- GTC--A-TTCC .............. C ...... yes L03630 (97%) 

1-4 30 nt Ii0 nt GTC--A-TTCC ....... C ...... C ...... yes L25295 (99%) 

1-5 30 nt 109 nt ...... A . . . . . .  A- GTC--A-TTCC ....... C ...... C ...... yes Z46852 (98%) 

1-7 ..... T--- 30 nt ii0 nt GTC--A-TTC ........ C ...... C ...... yes Z37354 (97%) 

1-9 29 nt 115 nt --T .... GTC--A-TTCC-A ..... C ...... C ...... no H61392 (83%) 

i-ii 24 nt T--G-A 108 nt ....... CTC ..... CC-G ...... CA ....... G .... yes U03898 (95%) 

1-13 24 nt T--G-- 103 nt CTC ..... CCGG ...... C ........ G .... yes L26908 (99%) 

1-16 24 nt T--G-A 108 nt CTC ..... CA--A ..... C ........ G .... yes X57817 (99%) 

1-17 24 nt T--G-A 108 nt CTC ..... CC-G ...... C ........ G .... yes X54446 (99%) 

1-18 G---T--- 40 nt T--G-A 103 nt ..... CTC ..... CC-G ..... G ...... G--G .... no L26908 (94%) 

1-19 24 nt T .... A 102 nt CTC---C-CA ........ C ........ G .... yes X14583 (100%) 

1-20 .... AA-- 34 nt T .... A 105 nt -A- -- T-- C-T ..... CAG -T ...... T yes gVLX-4.4 (98%) 

1-22 32 nt 118 nt -G .... T- CTC---A-CC- G .... T yes Z37375 (99%) 

2-1 25 nt 286 nt -GT -- -A- C- G ..... yes L25296 (100%) 

2-6 25 nt 279 nt -G .... T- A AA C ..... yes X84941 (99%) 

2-7 22 nt C---G- 146 nt -G- -- TC- T C ..... yes L29164 (100%) 

2-8 G ....... 25 nt 396 nt -G .... C . . . .  G A no X91131 (91%) 

2-11 39 nt A . . . . . . .  147 nt -G .... C- A-G---CA ......... A ---T ..... yes S77599 (98%) 

2-13 20 nt T .... 139 nt -G .... T . . . . .  T ........ A ---G ..... yes L35920 (100%) 

2-14 25 nt 427 nt -G .... C . . . .  G--- A . . . . . . . . .  A yes X57821 (99%) 

2-15 39 nt A ..... 142 nt -G .... C- -T . . . . . . . .  C .... T no L29162 (82%) 

2-17 39 nt A ..... 159 nt -G .... C- A ..... CA . . . .  T ..... yes L29163 (99%) 

2-19 39 nt A ..... 135 nt -G- -- TC- A---A ....... C ..... yes L29162 (100%) 

3-2 46 nt ...... A 80 nt -T- -G-CT--T-A-A .... CCA ..... T ..... yes $69332 (95%) 

3-3 46 nt ...... A 82 nt -T . . . . . . .  G-CC--TGA-A .... CCA ..... T ..... yes L19893 (99%) 

3-4 39 nt --A--- 92 nt -TT -- -AG -TTT-AA-CT---A ....... CA --T ...... yes Z18334 (99%) 

4-1 30 nt --A--- 115 nt -G .... T- CA G no D01059 (87%) 

4-2 29 nt --A--- 118 nt ...... T ............. CA G yes L28048 (97%) 

4-3 29 nt --A--- 117 nt ...... T- T ........... CA G -T no L28048 (91%) 

4-4 33 nt A-G-G- 114 nt -T .... T- CTC---A-CC---A ...... A yes X57820 (99%) 

4-6 35 nt Iii nt -G .... T- 
......... G .... AT*--*** ...... CG no D01059 (78%) 

5-1 34 nt 119 nt -A .... TC ATGA-G---A-GTGAG- C ..... C-T no L39131 (84%) 

5-2 ........ 36 nt A 130 nt A C ..... yes U43928 (99%) 

5-4 36 nt 114 nt -T- -T ........... A ....... G ....... T-- yes X87950 (98%) 

5-6 ........ 36 nt -G ..... 113 nt -T- A ....... G .... G ..... yes U03867 (97%) 

Figure 4 Alignment of nucleotide sequences of promoters, splice sites, and RSSs. The structure of the Vx gene 
segment (Tonegawa 1983) is depicted at the top. Dashes indicate identity to the consensus sequence. Lowercase 
letters appearing in the consensus indicate less-conserved nucleotides. The length of the sequence between the 
8-mer and TATA box as well as the intron is indicated. An asterisk in the 23-nucleotide spacer is used as a space to 
align each sequence to the consensus. By searching GenBank and dbEST databases, expressed Vx genes were 
assigned to each germ-line Vx gene segments (yes, if assigned with -->95%). The GenBank accession numbers of the 
expressed Vx genes with the highest sequence identity are shown. Vx 1-20 (gVLX-4.4) was shown previously to be 
active (Stiernholm and Berinstein 1995). Vx1-18 shows high sequence identity (94%) to an expressed V x gene 
(GenBank accession no. L26908); however V x 1-13 has higher sequence identity (99%) to this sequence, so we 
concluded that the cDNA of Vx 1-18 was not identified in the databases. 

W e  have  descr ibed the  entire germ- l ine  reper- 

toire of  the  Vx g e n e  s egments .  To e luc idate  the  ex- 

press ion  and the  var ia t ion  of  Vx g e n e  s e g m e n t s ,  

c o m p r e h e n s i v e  analys i s  of  c D N A s  and  p o l y m o r -  

p h i s m s  are ind i spensab le .  Studies on  the  X g e n e  lo- 

cus of  o ther  organisms ,  espec ia l ly  pr imates  and ro- 

dents ,  wil l  shed  l ight  on  the  e v o l u t i o n  of  the  entire 

locus  as wel l  as o n  the  role of  c lan 1 - c l a n  5. 

METHODS 

Cosmid and BAC DNA Sequencing 

Cosmid clones and the BAC clone used for nucleotide se- 

quencing have been described previously (Kawasaki et al. 

1995). DNA sequences were determined by the shotgun se- 

quencing method, with slight modifications as described 

(Chissoe et al. 1995). Cosmid and BAC DNAs were extracted 

by the alkaline-SDS method and purified by equilibrium ul- 

tracentrifugation in cesium chloride-ethidium bromide gra- 

dients (Sambrook et al. 1989). The purified DNA was sheared 

using a nebulizer (Okada-izai) at a pressure of 1.0 kg/cm 2 for 

1.5 min. DNA termini were then end-repaired using T4 poly- 

nucleotide kinase, T4 DNA polymerase, and Klenow frag- 

ment, followed by size fractionation using a low-gelling tem- 

perature agarose gel. DNA fragments of 2.0-2.5 kb in size were 

recovered, ligated to a SmaI site of the pUC19 plasmid vector 

(Fermentas MBI), and electroporated to SURE2 (Stratagene) 

Escherichia coli cells. Plasmid DNA was extracted using a plas- 

mid isolation robot PI-100~ (Kurabo) and used for sequencing 
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F i g u r e  5 Dot  mat r i x  analysis of the ent i re X gene locus vs. itself. Locat ions of 

the V× and Cx gene segments  are a l igned at the top and the left side (see also Fig. 

1). Each do t  represents a sequence iden t i t y  be tween  t w o  regions shown  above 
and at left. The s t rength  of each do t  reflects the sequence ident i t y  w i t h i n  a 

50 -nuc leo t ide  sl id ing w i n d o w  ( S o n n h a m m e r  and Durb in  1996) .  Lines parallel to 

the d iagona l  line represent  d i rec t  o rder  dup l icat ions.  The te rminus  of a large 

dup l i ca t ion  is ind icated by an a r rowhead .  

reactions (ABI Prism dye terminator cycle sequencing ready 
reaction kit). 

Using ABI Prism 377 DNA sequencers, an average of 650- 
nucleotide sequence from both ends of the inserts was deter- 
mined for 250-350 shotgun clones (for cosmid clones) or 800 

shotgun clones (for the BAC clone) with M13 forward primer 
and reverse primer. Sequencing data were edited and as- 
sembled using the Staden software package (Bonfield et al. 
1995). These sequencing conditions provide 6.5-9.1 times re- 
dundancy; hence, -90% of the sequenced regions were deter- 
mined in both directions. For regions covered by less than 
three shotgun clones (-10% of the total length), individual 

nucleotides were confirmed by inspecting wave patterns. 
When necessary, sequencing primers were designed and used 

for primer walking to determine ambiguous nucleotides or to 
fill unsequenced gaps between contigs. 

A total of three gaps remained after extensive shotgun 
sequencing and primer walking (one gap each in 47H9, 33B6, 

and 123E1 cosmid clones). These 
three gaps were filled using the 
nested deletion method. Restriction 
fragments containing the gaps were 

subcloned into pBluescript II SK(+) 
plasmid vector (Stratagene), and 
nes ted  dele t ion  sets were con- 

structed from both ends of the in- 
serts by digestion with an appropri- 

ate r e s t r i c t i o n  enzyme ,  th io-  
derivative dNTP fill-in, second 
digestion using another restriction 
enzyme followed by exonuclease 
III, and mung bean nuclease diges- 
tion as specified by the supplier 

(Stratagene). 

Computer Analyses of DNA 
and Amino Acid Sequences 

Locations of putative exons and re- 
petitive elements were determined 
using XGRAIL version 1.2 or 1.3c 

(Uberbacher and Mural 1991). V x 
gene sequences were extracted from 

the GenBank and V BASE Sequence 
Directory (I.M. Tomlinson et al., 
MRC Centre for Protein Engineer- 

ing, Cambridge,  UK) and were 
searched for sequence similarity us- 
ing the FASTA program (Pearson 
and Lipman 1988). Further surveys 

of sequence homology (BLASTN or 
BLASTP; Altschul et al. 1990), as 
well as p ro te in  mot i f  analysis  
(PROSITE) were conducted using 
GenomeNet  WWW server (The 

University of Tokyo and Kyoto Uni- 
versity). The Vx sequences were 
m u l t i p l e - a l i g n e d  u s i n g  t h e  
CLUSTAL W (v. 1.6) package  
(Thompson et al. 1994), and a phy- 
logenetic tree was constructed by 
the  n e i g h b o r - j o i n i n g  m e t h o d  
(Saitou and Nei 1987) using the 

PHYLIP (v. 3.57c) package (Felsen- 

stein 1989). The dot matrix analysis was accomplished by the 
DOTTER program (Sonnhammer and Durbin 1996) with dy- 

namic threshold control. 
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