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A b s t r a c t  We have previously reported the molecular clon- 
ing of the mammalian major histocompatibility complex 
(MHC) class III gene, complement factor B (Bj) from 
Xenopus laevis, and linkage of the gene to the frog MHC_ 
Here, we estimated the copy number of the Xenopus Bf 
gene by genomic Southern blotting analysis and demon- 
strated that Xenopus laevis has two copies of the Bf gene. 
Both genes co-segregated with the MHC-linked HSP70 
genes among 19 offspring of an f/r x f/r cross, indicating 
a close linkage of the two Bf genes to the frog MHC. Both 
genes are transcribed and contain open reading frames. 
When compared with the previously determined cDNA 
sequence (Xenopus Bf A), the predicted amino acid se- 
quence of the second cDNA species (Xenopus BfB) shows 
82% overall identity. Polymerase chain reaction analysis 
indicated that all of the partially inbred frogs with t h e f  r, g, 
and j MHC haplotypes, as well as 12 outbred frogs tested 
have both Bf genes, suggesting that the duplicated Bf genes 
are stable genetic traits in Xenopus laevis. 

Introduction 

Complement factor B (B0 plays a pivotal role in the 
activation of the alternative complement pathway as a 
catalytic subunit of the alternative pathway C3 convertase, 
C3bBb (Reid and Porter 1981). Bf and its classical pathway 
homologue, C2, show the same domain structure, com- 
posed of three SCR (short consensus repeat) domains, avon  
Willebrand domain, and a serine protease domain (Bentley 
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et al. 1986; Ishikawa et al. 1990; Horiuchi et al. 1993). 
Moreover, Bf and C2 genes have the same exon-intron 
organization (Ishikawa et al. 1990), suggesting that these 
two genes were generated by duplication from a common 
ancestor_ There are other weft-known examples of gene 
duplication in the mammalian complement system such as 
C3/C4/C5 (Sottrup-Jensen et al. 1985; Wetsel et al_ 1988) or 
Clr/Cls (Journet and Tosi 1986; Leytus et al. 1986), 
indicating that gene duplication was important in establish- 
ing the modern complement system. Although it has not 
been clearly shown when the duplication events occurred 
during vertebrate evolution, cyclostomes, the most primi- 
tive extant vertebrates, seem to have only the alternative 
complement pathway (Nonaka et al. 1984), most probably 
representing the situation before the C3/C4 (Nonaka et al. 
1992) or Bf/C2 (Nonaka et al_ 1994) gene duplication. In 
contrast, cartilaginous fish and higher vertebrates have both 
the alternative and classical pathways (Dodds and Day 
1993), suggesting that these gene duplications occurred 
between the divergence of cyclostomes and the divergence 
of cartilaginous fish from the main line of the vertebrate 
evolution. 

The mammalian Bf and C2 genes and the two C4 genes 
reside in the major histocompatibility complex (MHC) 
class III region (Carroll et al. 1984), In addition to these 
complement genes, the mammalian MHC class III region 
contains many other diverse genes apparently not structu- 
rally or functionally related to the class I and class II genes. 
Some of them, such as inducible members of the heat shock 
protein-70 (HSP70) family of genes (Milner and Campbell 
1990) and cytokine TNI:A and TNFB genes (Carroll et al. 
1987), encode proteins involved in immunity. Other genes 
whose products have no apparent immune function, such as 
the microsomal enzyme 21-hydroxylase (Carroll et al. 
1985) and valyl-tRNA synthetase genes (Hsieh and Camp- 
bell 1991), are also located in the class III region. There- 
fore, the mammalian MHC class III region seems to be 
constituted of genes whose linkage to class I and class II 
may have some physiological or evolutionary significance, 
and of genes present there simply by "accident"_ Phyloge- 
netic studies of the MHC class III region of the lower 
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vertebrates are necessary to elucidate the original genes in 
this region. 

We have previously reported the isolation of  Bf cDNA 
clones from Xenopus laevis (X. laevis) (Kato et al. 1994). 
The comparison of  the deduced amino acid sequence of 
Xenopus Bf with mammal ian  Bf, C2, and lamprey Bf  
sequences indicated that the Bf/C2 gene duplication most 
l ikely occurred before the mammal ian/amphibian  diver- 
gence. Moreover,  the Xenopus Bf gene analyzed was 
closely l inked to the MHC class I a  and HSP70 loci, 
indicating that the Xenopus Bf gene resides within or in 
close proximity  to the frog MHC (Kato et al. 1994). 

X. laevis is a pseudotetraploid (Kobel and Du Pasquier 
1986) and all MHC genes examined to date including class I 
(Shum et al. 1993), class II (Sato et al. 1993), and HSPTO 
(Salter-Cid et al. 1994) appear to have been "diploidized".  
Thus, we set out to determine whether the Bf genes are also 
l inked only to the functional MHC and are not found on 
other chromosomes in which vestigial MHC genes were 
si lenced or deleted. 

Materials and methods 

Restriction enzymes were purchased from Toyobo (Osaka, Japan) and 
New England Biolabs (Beverly, MA). The ligation kat was from Takara 
(Kyoto, Japan). [~-32p]dCTP was from Amersham Japan (Tokyo, 
Japan). The primer cycle sequencing kit for automated DNA sequencer 
was from Aplied Biosystems Japan (Tokyo, Japan) and the Taq cycle 
sequencing kit was from Takara. The TA-cloning kit was from 
Invitrogen (San Diego, CA). Outbred X. laevis were purchased from 
Nippon Bio-Supplies Center, (Nagoya, Japan). Partially inbred MHC- 
typed Xenopus frogs with the haplotypes f g, and r were bred and 
maintained at the University of Miami School of Medicine (Miami, 
FL). Partially inbred frogs with the j MHC haplotype were provided by 
S. Tochinai (Hokkaido University, Japan). 

Southern hybridization 

Genomic DNA isolation was performed as previously described 
(Salter-Cid et al. 1994). To prepare Southern blots, 1 to 2 gg of 
genomic DNA was digested to completion for 3 h with 10 to 30 units/ 
gg DNA of restriction endonucleases. Digested DNA was electrophor- 
esed in a 1% agarose gel and transferred to a nylon membrane. After 
UV cross-linking, membranes were prehybridized for 10 min at 65 °C 
in 3 x standard sodium chloride (SSC) (1 x SSC is 150 mM, 15 mM 
sodium citrate)], 20 rain at 65 °C in 3 x SSC, 10 x Denhardt's solution 
(1 x Denhardt's solution is 0.02% BSA, 0.02% Ficoll, 0.02% poly- 
vinylpyrrolidone), and 30 min at 65 °C in 10 x Denhardt's solution, 
1 M sodium chloride, 50 mM Tris, 10 mM ethylenediaminetetraace- 
tare, 0.1% sodium dodecyl sulfate (SDS), and 0.1 mg/ml denatured 
salmon sperm DNA. Membranes were then hybridized with radiola- 
beled probes prepared using Megaprime DNA labeling systems 
(Amersham) at 65 °C for 16 to 20 h. After hybridization, membranes 
were washed twice for 30 min in 0.1 x SSC, 0.1% SDS at 65 °C. 

Nucleotide sequence analysis 

DNA sequencing was performed by the dideoxy chain termination 
method (Sanger et al. 1977) using a Shimadzu DSQ-1000 or an 
Applied Biosystems 373A DNA sequencer. Each sequence was deter- 
mined from both strands_ 
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PCR amplification of genomic DNA segment corresponding to the 5' 
untranslated (UT) region 

PCR primers were synthesized to amplify the 5'UT region where the 
Xenopus Bf A and Xenopus Bf B cDNA sequences show a 24 base pair 
(bp) size difference. The sense strand primer was TATCATCCT- 
TATCTGCTC and the antisense primer was TTTCTCCCCA(C/ 
A)TCTTTTA. The PCR template was genomic DNA from X. laevis. 
Thirty cycles of amplificataon were carried out in an Astec PC700 
thermocycler (Fukuoka, Japan) using the following parameters: 95 °C 
for 0.5 rain, 50 °C for 1 min, and 72 °C for 1 rain. 

Results 

Copy number of the Xenopus Bf gene 

The copy number of  the Xenopus Bf gene was est imated by 
Southern hybridizat ion with genomic D N A  from frogs with 
the MHC haplotypes r/r andf/f. Southern hybridizat ion was 
performed using an approximately 1.2 ki lobase (kb) long 
3 ' -end  fragment of  the Xenopus Bf cDNA (Xenopus BfA)  
as a probe as described previously [(probe 3 ')  (Kato et al. 
1994)]. Probe 3' detected two major hybridizing bands with 
both r/r andf/ fDNA digested with Hin dIII (Fig. 1 B). The 
rationale to determine whether these two bands represent 
two adjacent  fragments of  a single gene or fragments from 
two different genes is outl ined in Figure 1A. Probe 3' is 
divided into two fragments, 3 ' - a  and 3 ' -b ,  and are used as 
hybridizat ion probes separately. If  the original two bands 
are from a single gene, only one fragment (in this case 3 ' -a)  
can detect the original two bands and the other fragment (in 
this case 3 ' -b)  will hybridize to only one band (Fig. 1A, 
case 1). On the other hand, if  the original two bands are 
from two different genes (Fig. 1A, case 2), both fragments 
should detect these two bands. As shown in Figure 1B, the 
same two hybridizing bands detected by probe 3' were also 
detected by both probes 3 ' -a  and 3 '-b,  demonstrat ing that 
these two bands represent different genes. Since part ial ly 
inbred frogs were used for this analysis, these two genes 
most l ikely represent a Bf gene duplication rather than two 
different alleles at the single locus. A similar analysis was 
performed using an approximately 0.6 kb long 5 '  end 
fragment of the Xenopus Bf cDNA [(Xenopus Bf A) 
(Fig. 1C)]. The result showed that the 5' end of the Xenopus 
Bf gene is also duplicated (Fig. 1C). Therefore, the entire Bf 
gene seems to be duplicated in X. laevis. 

Two Xenopus Bf genes are linked to the frog MHC 

We have previously shown that a Xenopus Bf gene is l inked 
to the frog MHC (Kato et al_ 1994). To test the possible 
l inkage of  the other Bf gene to the Xenopus MHC, we first 
searched for a combinat ion of restriction enzymes and 
probes that would detect polymorphisms in the two genes 
present in t h e f a n d  r MHC haplotypes.  The combinat ion of  
Hin dIII and probe 3 ' ,  used in Figure 1B, fulfil led the above 
criteria and was used in the mapping study. Although the 
lower band of  the r haplotype and the upper band of  the f 
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Fig. 2A, B Southern blot analysis of genomic DNA from members of 
the f/r x f/r X. laevis family. A MHC typing of the f/r x f/r offspring 
was performed using the HSP70 probe as described (Salter-Cid et al. 
1994). Genomic DNA were digested with Pst I. The r andf  diagnostic 
bands described in the previous paper (Salter-Cid et al. 1994) are 
indicated by bars on the left side. Haplotypes determined based on the 
HSPTO types are:f/f, 2, 4, 9; r/r, 3, 6, 7;f/r, 1, 5, 8, 10, 11, 12. B Bf 
typing of the same individuals as used in A. Genomic DNA were 
digested with Hin dIII and hybridized with the Xenopus Bf probe, 
probe 3', as described in the legend to Figure 1. The r andfdiagnostic 
bands are indicated by bars on the left side 

Fig. 1 A - C  Genomic Southern blot analysis to estimate copy number 
of the Xenopus Bf gene. A Schematic explanation of the rationale for 
copy number estimation. The two possibilities that the double bands 
detected by probe 3' represent 1) two adjacent fragments of a single 
gene, or 2) two fragments of two different genes are schematically 
shown. Subfragments of probe 3', probes 3'-a and 3'-b, were prepared 
byAfl II digestion of probe 3'. B Southern hybridization using probes 
3', 3'-a, and 3'-b. One or two micrograms of genomic DNA from frogs 
with the MHC haplotypes r/r and f/f  were digested with Hin dIII. The 
MHC haplotypes axe shown above each lane. Probe 3', an approxi- 
mately 1.2 kb long 3' end fragment of the Xenopus BfA cDNA clone, 
detected double bands from r/r and f/ f  DNA. Probe 3'-a and probe 3'-b 
detected the same double bands as the bands detected by probe 3', 
indicating that possibility #2 of A is the actual case. C Copy number 
analysis with the 5' probe_ The same analysis was performed using the 
5' end 0.6 kb fragment of Xenopus BfA as a probe (Probe 5'). The 5' 
and 3' half of probe 5' were PCR-amplified using primers TAATAC- 
GACTCACTATA (T7 promoter) and TTTCGGGTATGGGTATTT 
(+148 ~ +165 of Xenopus Bf A), AAATACCCATACCCGAAA 
(+148 ~ +165 of Xenopus Bf A) and ATTTAGGTGACACTATA 
(SP6 promoter), respectively. The r/r and f/f  DNA were digested by 
Eco RI 

haplotype showed a s imilar  mobil i ty ,  there is a slight 
difference in the size of  these two bands  (see Figure  2). 
The M H C  haplotypes of  19 offspring f rom anf /r  x f / r  cross 
were de te rmined  by  Southern  b lot  hybr id iza t ion  us ing  as a 
probe the HSP70 gene,  which  has been  shown to be closely 
l inked to the Xenopus M H C  (Salter-Cid et al. 1994). The 
same offspring were then typed for the two B f g e n e s  (Fig. 2). 
Twelve  representat ive  offspring shown in Figure  2 were 
typed as f / f (2 ,  4 ,9 ) ,  r/r (3, 6, 7), andf /r  (1, 5, 8, I0, 11, 12) 
with the HSP70 probe (Fig. 2A). With  the B f  probe,  probe 
3 ' ,  20 kb and 13 kb Hin dIII bands  were r-specific,  and the 
12 kb and 10 kb Hin dIII  bands  were specific for the f 
haplotype (Fig. 2B), ind ica t ing  that the two B f  genes and 
the HSP70 genes are closely l inked. In total 3f/ f ,  7 r/r, 9 f / r  
ind iv iduals  were ident i f ied with the HSP70 probe,  and the 
B f  Hin dIII po lymorphic  bands  co-segregated in  all cases 
with the HSP70 typing_ These  results indicate  that the two 
Xenopus B f g e n e s  are l inked to each other and reside near  or 
wi th in  the Xenopus MHC.  
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A C A A C T~ A A A A AT TTCTTGTAGCAGAATCTGGAGT T A C A AG A T .... 
B GAGAGGAACAAAGCATC TATC GS"2ATC ATCC TTATC TGC TC - - TTTATAGA~TCAGTAAGGTGG- .................... GTTAAGC G~AAGAC -AGCAAC AATTAGATT~TGGGGAGAAAAGAGA 

+i • SCR Dc~i~s 
A---C GA G C C G G TG 

B AGAAGGAGGG%~fGAGAGATGAA CTTCAGGATGATGC~TCCTTATAACCCATGTTTCAGTGTCA~TTGCTGTAGAGTGTGACCTCACCAAAG~C~ATTA~T~~~ 108 
B M M L L L L I T H V S V S L A V E C D L T K V P I I G G N Y T V S N G G 36 
A L Q A S D 

T A G C G T G A T A GC AAA T AGA 

B AATGTCGGCAGTAAAGTAGACTA~CAGTGTCCAAAATGGAAATAC~CACAC~CAAAATACACC~GTGAGTGCCTGTACAATGGGCTCTGG~EGGATCA~T~~~Cc~G 246 
B N V G S K V D Y Q C P K W K Y P H P K Y T R E C L Y N G L W T D Q K I K A V C K D V R C P K 82 
A E G Y Q F A T I R 

A AC A G T A CC AA C A T C T G ~ T GC G C 
B CCAG TTGAATTCC~TGGAGATTAC C~AAC CATGGcAAAATT~I'fACACCG~GATACG~'I~-~AAC TTTC~%ATG~2ATAc~C=GC T ~ c ~ ~  ~ ~ C ~  ~ 384 
B P V E F E G G D Y E P W Q N F Y T V G D T L N F E C Y T G F E T K G S Q N R T C Q E N A K W 128 
A T D R P K y S T M P 

A C T CA GT T ~'9 C T T AA C TA 
B ~ ~ G A C  GAC T ATTTGTGAAGATT~E ;~T~F= C TATTGTCC TAAC C C~j~-~=ACAC C TATT~ CAGCAAATcAC~=AAC ~2C T T ~ - A A ~ ~  ~ C ~ c ~ ~ A ~  522 
B S G E T T I C E D Y N S Y C P N P G T P I G A S K S G T S Y K M E G K V S Y T C Q Q G L V M 174 
AT D N G I S N N 

BA G G T T T C C C 
~%~2GGATC C~ATC~TGTTTAC~AC~ACAAGAC TTGGTC~GGAAC TC4~AC CTTCATGCAGGCAGTGGTATACATATGACAA~ ~ ~ C ~ T ~ C ~  C A ~ T T A ~ ~  660 

B F G S N E R K C L E D K T W S G T E P S C R Q W Y T Y D N P K E V A K S F S S S M L E N V D 220 

A K E S T T 

• yon Willebrand D~ain 
A T A G C T A C ATG T AGC T 
B AcC~AAATCTGGAAGACAGAAGTGATCGAAGTGTGCAGATATTAAAGGAT~GTTTAATGAACATC~CATTGTCCTGGATACTTCCAAAAGTGTTGGGGAAGAGAAATTTGAAGAGGCCAAAGAAGC~AGTAAACTA 798 
B T T N L E D R S D R S V Q ~ L K D G L M N I F I V L D T S K S V G E E K F E E A K E A S K L 266 
A R Q N R D S I 

G TCA C C C C A AA T CAT A T TGG T A 
B TTCAT~TG~C TGATTATGATATAAAGCC TC GGTATTGCATTATCTCATATGC TTC TGTAGCAATC GCAGTGGTTTC TC TCAGAGATCCAGATAGTAATGACGC TGA~=C TGTGACAAAACA~T 936 
B F I E K M A D Y D ~ K P R Y C I I S Y A S V A I A V V S L R D P D S N D A E A V T K ~ L E D 312 
A S N K S N D M E E 

A G CG A G G TG T A G CG A 
B ~/TcAGTATAATAAT~ATGCAGATAAGcAGGGAA~CA~A~GTGCTGCTCT~ACTCCA~TATGAGCATCTAATTGAGCAGGAGCTGGCAT~~~~A~~T 1074 
B F Q Y N N H A D K Q G T N T R A A L H S I Y E R L I E Q E L A Y E K E G K K A D F M K I H N 358 
A D R E A R E 

BA AA G C AA T T GA G 
GTTATTCTAC TCATGACAGATGGAAAGTTTAATATGGGAGGTGACCC TC GAGAAGAAATC~AAATTGATCATTCGGTTCTTAGACATTGGAATAAGGACGGAAAAC C C ~ T T A ~ A ~ A ~  ~ 1212 

B V I L L M T D G K F N M G G D P R E E M K L I I R F L D I G I R T E N P R L E Y L D V Y V F 404 
A K V K D E 

• • Serine~ 
A G C A C GG A A A AAT GAT A 
B GGCCTGGGTTCAGACATTGATCAAcCTGAGATCAATGAACTTGCATCCAAGAAAGACAAAGAAGTTCACACCT~CACCTGGAGAACGTAAAT~~~~T~A~ 1350 
B G L G S D I D Q P E I N E L A S K K D K E V H T F ~ L E N V N K M K E F F E L M L D E S D V 450 
A D E Q E I I D 

Protease Domain 
A T T T C CC AA A G ACT T CAT AT A C 
B CTGGATACCTGTGGTCTGTCAA~ATATCATTCAGTGGAGGTAGATGAGAAGCTAAGGTCATTGGTGATG~CC~~T~CTA~ACT~A~GT~T~T~~C~T 1488 
B L D T C G L S K Y H S V E V D E K L R S L V M F P W I A K I T I T S S G V Q Y C K G T I L S 496 
AF L P K K A T V H N I 

A A GT C T AGAA A T G G G G AA 
B CCATAT~2CATcTTGACAGCTGC~ACTGCTTCCACCTGC~ATGATAAAAATCAAA/%AATACAAGTTATAGTTGA~GGA~2ACCCTGTA~guAAT~2CTA~3ACACCCTAAATATC~CC~TATCCAAGGTA 1626 
B P Y F I L T A A H C F H L D D K N Q K I Q V I v D G K D Y P V K N F Y R H P K Y D P I S K V 542 
AQ D T H K I E L D K 

A G A G T T CAGAGA A G T AA A G A A TC CA A C C 
B GACAAAGGCATCAAAAGAGCGT~'~GATTATGATA~CGCCCTGCI~gGAACTG - ..... ACT2u~D~AAGATTGAAT~TCCGCCACTGCCAC~%CCTATCTGTCTATCATGTACCATGGGCACAGCTCAGG~ATTGAAGCAA 1758 
B D K G I K R A F D Y D I A L L E L T K K I E F S A T A R P I C L S C T M G T A Q v L K Q 586 
A v Q R N D E N I P Q A 

A C C C A TC ACA A C A C T CAA AG 
B CCAGGGGCA~CCTGCAGTAGTCATGAGAAAGCTTTAT~TC~GGA~GTCAAAGCTGTCTTcATAGCAGAGGAAAAAAGTGATCTAA~~~T~T~GT~T 1896 
B P G A P C S S H E K A L L S E E E V K A V F I A E E K S D L M E E M N V L I K R G S K R H A 632 
A T S N K P K H Q S 

A A G A T AG A ATG C T A A 
B TGCCTAGA~GCTGCTAAAAAGACACCAGAACTGAAGGATGTGACAAATATTGAGGATGCGGTTTCAGACCAGT~CTCTGTA~TGGGGGATTGA~CC~CCC~C~T~T~A~T 2034 
B C L D A A K K T P E L K D V T N I E D A V S D Q F L C T G G L I P V V D P P V C K G D S G G 678 
A E A N T I V A 

A A C C C C A G C AG T 
B CCACT~TCGTTCAAGT~-AAAAGGAGATATGTTCAGGTTGGCATTATAAGCTGGGGA~CTGTC~=ATCACTG~T~GT~C~T~C~CC~CT~CA~A~ 2172 
B P L L V Q V K R R Y V Q v G I I S W G T V D H C E K G K R V K Q T K S N A R D F Y Q D I F K 724 
A I D T I Q K 

A A~ C GTT A AAC T GT TCA CG T C GA T C CACA 
B GTCATGCC TTGGATAAAGAAAACATTGGAGGACAGCAACC~ATC TC TCAC TI'rCC TTC CCAAC TAAATGAAACAAATGGCAGC CT~'ETGGGT~AGTAGGCAGCAC T G T C ~ C ~ T ~  ~ T 2307 
B V M P W I K K T L E D S N E S L T F L P N 745 
A L Q V E K H V 

Isolation of another Xenopus Bf cDNA clone 

In our  prev ious  paper  (Kato et al. 1994), only  one B f c D N A  
species (Xenopus Bf A) was isolated.  To examine  for 
express ion  o f  the second gene  as m R N A ,  the Xenopus 
l iver  c D N A  library used  in the p rev ious  study was screened 
with  probe  5 ' .  One  point  two mi l l ion  plaques  o f  once-  
ampl i f i ed  l ibrary were  screened and about  sixty pos i t ive  

Fig. 3 Nucleotide and deduced amino acid sequence of Xenopus Bf B. 
The entire nucleotide sequence of the clone 10 insert is shown together 
with the deduced amino acid sequence. The nucleotide and deduced 
amino acid sequences of Xenopus Bf A (Kato et al. 1994) axe shown 
above and below the Xenopus Bf B sequences, respectively, only at the 
positions where these two sequences diverge. The initiation methionine 
codon was assigned from alignment with other Bf and C2 sequences 
(Fig. 4), and is marked as +1. The nucleotide and amino acid numbers 
of the rightmost residues, starting from the initiation codon, are shown 
for each lane. The boundaries of the SCR, von Willebrand, and serine 

signals were  detected.  Twen ty - two  clones  were  p laque protease domains, in this order from the N-terminus, axe indicated by 
purif ied,  and restr ict ion e n z y m e  mapp ing  analysis of  closed triangles. These domains are assigned based on alignment with 

the Xenopus Bf A sequences. The 32 amino acids between the SCR and 
von Willebrand domains correspond to an unidentified domain 
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Fig. 4 Alignment of the Xenopus 
Bf B amino acid sequence with 
the Xenopus Bf A, mouse Bf, 
mouse C2, and lamprey Bf se- 
quences. For each domain, the 
Xenopus Bf B amino acid se- 
quence (XE Bf B) was manually 
aligned with the Xenopus Bf A 
(XE Bf A), mouse Bf (MO Bf), 
mouse C2 (MO C2), and lamprey 
Bf (LA Bf) sequences, based 
primarily on the positions of the 
cysteine residues. Identical resi- 
dues with the Xenopus Bf B in the 
Xenopus Bf A, mouse Bf, mouse 
C2, and lamprey Bf sequences are 
shown by dots. Gaps introduced 
to increase t-he identity are shown 
by dashes. Alignment of the sig- 
nal peptide (amino acid residues 
1-16) is presented before the 
SCR domain. Alignment of the 
unidentified domain (amino acid 
residues 198- 229) is presented at 
the end of the SCR domain. The 
residues at the active center of 
serine proteases are shown by 
asterisks 
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1 16 
XE Bf B MMT.LT,T,ITIIVSVSLAV--- 
lie Bf A .L .............. --- 
MO Bf .ESI~Q.CLVLL. LGFSSGG 
MO C2 .AP..ALFYLLQLGP .... 
LA Bf .PRAR. TVV. LSIVV .... 

SCR Domains 
17 

XEBf B 
XEBf A 
MO Bf 
MO C2 
LA Bf 

XEBfB 
XEBfA 
MO Bf 
MO C2 
LA Bf 

73 

............. E C DL TKVP i IGGNYTVSNGGNVGSKVD yQCPKWK~P BI~KYTREC LYNGLWTD ............ QKIKA 

............ -Q ...... A .... S .... D ........ E ..... G...Y ....... Q...F. . .- ........... . .A.T 
V S A T P V ~ V S  . S .EG.E .K. . SFQLLQ , --- .QALE .L. .SGF. .Y.VQ. .T.RST. S .S.L .... -QTRDQKIVQ . . 
GLAAI~ ........ . N-QN.N.T.. . F. L. II . WAP.. LLI. S, . LGR.. S. -AW. K.QS..Q. LTPRSSSHHTLRSSRMV . . 
-W~HQQLCDARLQ. TKQG. S. L... TSMPDEPA, . , VLK, R. • YAMR. F. V~..V. QK.. D. SPI.- .... VNAYNQKARR. 

74 155 

VCKDVRCPKPVE FEGGDYE PWQNFYTVGDT LNFEC Y TGFE TKGSQNRTC QENAKWSGE TT ICE DYNS YCPNPGTP IGASKSG 
I ....... R..T..D ..... R.P. ,K ..... Y .... S..TM..P ........... T ...... D.N.G ...... I ........ 
E .RAI. • .R.QD. ,N.EFW.RSP..NLS .QIS .Q.. D. YVLR..A ....... GR .D.Q.A.. D. GAG ...... I... TR.V. 
• . .P. , .LA.SS..N.I.F.RLVS.P. .SNVS. . .DED.TLR. .PV.¥.RP.GL.D. . .AV.DNGA.H ..... ISV. TART, 
S.RPMT.VG. L...N.E .Y.RKHP.N .... VT.S..S..LFY..GT .... A.G .... TVPA. D.ES.F.R...V.F.GR.M. 

L56 197 
XE Bf B TSYKMEGKVSYTCQ-QGL~NERKCLEDKTWSGTEPSCRQ 

XE Bf A S ..... N .... N. ,- ........ K..E ..... S .......... 
MO Bf SQ.RL.DI.T,H.S-R...LR..QK...Q.GGS ........ QD 
140 C2 LNFDLGD..R.R.SSSNM.LT..A..E. QSNGV...S.. I... 
LA Bf VDFDI..V. .F. .S-P .... S.DTG.T. .STGE.T.K.SD.ED 

198 229 
lie Bf B WYTYDNPKEVAKSFSSSMLEN VDTI~NLED--RSD 

XE Bf A ..... T ...... T ................ --... 
MO Bf SFM. ,S.Q,..EA.L..LT.TIEGADA. .GBSPG 
MO C 2 P.S.. F. ED.. SALDT. LTNLL-GATNPTQNLLT 
LA Bf I, S .... ED .S-FAL ....... SKVT. SMGVEQS 

von Willebrand Dcmmin 

XEBfB 

XNBfA 
MO Bf 
MO C2 
LA Bf 

XEBf B 
XE BfA 
MO Bf 
MO C2 
LA Bf 

XEBfB 
XE BfA 
MO Bf 

MO C2 
LA Bf 

230 307 
.... RSVQI LKDGLMNI F IVLDTSKSVGEEKFEEAKEASKLF IEIqlADYDIKPRYC I I SYASVAIAVVSLRDPDSNDAEAVT 
.... ,..R .................... QNR.D...S..I ...... SN .............. K..S .......... N.D..M 
EQQK.KIVLDPS.S. . .YL. . .G.D.I.SSN.TG. . RCLTNL. . .V.S.GVR. . .GLLT. .T.PKVL.RVS.ER.S. .DW. . 
KSLG. KI I. QRS. HL. LYLL. • A.Q. • T. KD. DIF. KSAE. MV. RIFSFEVNVTVA.. TF.. QPKTIM. ILSER. Q. VTE. I 
ESMA.. INLTSLYDTH, YL. I. A. Y, • • K. D. DTGLNFV. DL. NRIGM. VRNI.. S. VM.. TNPSLKL. V. , SW... PN.. I 

3O8 3B9 
KIILEDFQYNNIIADKQGTNTRAALBS IYE HL IEQELAYEKEGKKADF~I HNVI LI~TDGKFNMGGDPREEI~LLI IP2 LDIGI 
E...E...DR.E ............ A ............. R .... E .............................. K .... V.. 
EK .NQIS .ED .KL.S .... KR. . QAV . St~4S ..... WAC-DAPPEG~IqRTRH . . II .... LH .... N.VTVIQD .RAL .... R 
TS. DSAS. KD. ENAT.A. . YEV. IRV. SF~4Q--TQMD~TSAWE~ . R~T. I. L .... S. , , DS- KKAVTR . REL. S. -- 
. I.D.LD.YEFD.TP .... AM. . KMVLDTMA ..... LY.VANQNT.KD.RQA. I.L.. .RS.V.Pp. GKFLMDN.D-. . .-- 

390 446 
RTENPRLEYLDVYVFGLGS DIDQPE I -NELASKKDKEVHTFHLENVN FFE LMLD 
.KD...E ................... -.D ..... E ........ Q..E ......... II 
DPK...ED ........ V. PLV. SVN. - .A ...... N. H. V. KVKDMEDLENV. YQ. I. 
--.QN. DD. . . I .AI .V.KLDVDWKEL. . .G .... G.R.A.I. QDAKALQQI . .H. . . 
..... PK. HM ...... M, DVYI~)E IE--TI, , Q. PN. Q. S. I. RDYDDLN. V. . K. . B 

Serine Protease Domain 
447 * 511 

XE Bf B ESDVL-DTCGLSKYHSVEVDEKLRSLVMF .... PWIAKIT ...... ITSSGVQYCKGTILSPYFILTAAHCF ...... HLDD 

XE Bf A ,D..F-. ........... L.P.KKAT...----...V...- ..... . .HN.I ......... Q .......... - ..... D.., 
MO Bf . TKS. -SL.. - ..... MVWEH. KGNDYHKQ---.. Q... S .... VTRPLK. HET. M. AVV. E.. V ....... - ..... MV.. 
MO C2 V.KLTDTI..- ..... .GNMSANA.QERT .... . .Q ........ ~KSII~T.Q.SLI.DQWV ....... HDIQMEDHHL 
LA Bf ADEK. FTQ.. T. GTFR IPRARIAGGDPTKI DLW.. Q. Q. SMRVHISNDEVKPAF. G. S. IAEQW ........ DEFAITDDEW 

512 • 585 
X~ Bf B KNQKIQVIVD ..... -GKDYPVKIqFYREPKYDPISKVDKGIKRAFDYDIALLEL--TKKIEFSATARPICLSCTMGTAQVLK 

XE Bf A .T...H.KI.- ..... ..E.L..D ............ K ........... V ..... QRND ..... EN ..... LP..Q .... A.. 
MO Bf QKHS.K.S.G----GQRR.LEIEEVLF .... NING.KAE..PEFY...V..9~K.KNKL.YGQTL --. .... P..E..TRA.R 
MO C2 WR .... ,N.GDPTSQH..EFL.E~VIIA.GFNVHA.RKQ..SEFYAD ..... K.SRKV.M.TH.--. .... p..V.ANMA.R 
LA B f WRGS. D. VIGSSI~KLG. DKISP. QI I I. EG. NRNPDAHVQ. -ENL. N .... IK. SKRLTFGYTY--. .... P.. I¢~. NAI. D 

586 650 
XN Bf B QP-GAPCSSHEKAIZ~EEEVKAVFIAEEKSDI24EEMNVLIKRGSKRIIA .............. -CLDAAKKTPEL-KDVTNIE 

XE Bf A . .- ......... T ............... SNKP.K..H ...... Q. ,S,- .............. . ,E .... A...-.N ..... 
MO Bf L,QT.T.KQ.KEQ..PVKD...L.VS.QG-KSLTRKE.Y. ,N.D.K-.S .............. .ERD.T.AQG-YEK,KDAS 
MO C2 RSP.ST.KD..TE...QQK.P .H .V, LN----GS~L. INLRT. PEW-TR .............. , IQ.VSQI~<NIFPSL..VS 
LA Bf L .... NSANKDWT'I.. NIHG. NLI DVKKN-TS LTVTGFGLLE. D.K.. QQLQQATVQY~V.. KDIMABI~N--VTEEKA. 

651 * 727 
XE Bf B DAVSDQFIETGGLIPVVDPPVCK~PLLVQV~IRYVQVGIISWGTVDHC-EKGKRVKQTKSNA .... RDFYQDIFKVMP 
XE Bf A ., .T ........ IV..A .............. I .................... -D. ,T.I...QK..----. ......... L. 
MO Bf EV.TPR ...... VD,YA..NT ......... I.HKRS.FI...V .... V..V.-RDQR.QQLVP.Y.----., .HINL.Q.L. 
MO C2 EV, T ..... --SC.MEEE. DNP...E... AVFLGRRY. FF, •. LV. •. LF. P. HGSSNKNLRK. PpRGVLP... HISL. RLQ, 
LA Bf KHITENM..--AWNATA.--T.R ....... VL.KN..WI .... VAG.VAQ..-G.NIKSS ............ . .TNVA.M.. 

728 745 
XE Bf B WIKKTLEDSNESLTFLPN 
XE Bf A . .Q.V..EKH.V ...... 
MO Bf . L.DK. K.EDLGFL 
MO C2 . LRQH.-. GVLDFLP • 
LA Bf .V.RQIP. L. FGDV 

these clones indicated the presence of  two different c D N A  
species. Twelve clones had the same restriction map as the 
previously reported Xenopus BfA. The other ten clones had 
a different restriction map, and these c D N A  species were 
named Xenopus Bf B. Clone 10, containing the longest 

insert among the latter group, was analyzed for its complete 
nucleotide sequence and was compared with Xenopus BfA 
(Fig. 3). The Xenopus Bf  A and Xenopus Bf B sequences 
are 86% and 82% identical at the nucleotide and amino acid 
levels, respectively. The nncleotide substitutions between 
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Table I A calculated regional amino acid identity among the Xenopus 
Bf B, Xenopus Bf A, mouse Bf, mouse C2, and lamprey Bf sequences. 
Percent amino acid identity among the Xenopus Bf B (XE Bf B), 
Xenopus Bf A (XE Bf A), mouse Bf (MO Bf), mouse C2 (MO C2), and 
lamprey Bf (LA Bf) sequences was calculated based on the alignment 
shown in Figure 4. Number of adentical residues per number of 
compared positions as shown in parentheses 

SCR von Willebrand Serine pro- Total 
domains domain tease domain 

XE Bf B vs 81% 85% 79% 82% 
XE Bf A (147/181) (184/217) (239/301) (615/747) 

XE Bf B vs 43% 39% 38% 39% 
MO Bf (86/201) (86/221) (118/309) (305/784) 

XE Bf B vs 40% 31% 29% 31% 
MO C2 (79/200) (68/222) (93/324) (250/796) 

XE Bf B vs 40% 33% 24% 30% 
LA Bf (80/200) (73/221) (82/339) (245/810) 

the Xenopus Bf A and Xenopus Bf B sequences are 
distributed almost uniformly over the entire length, indicat- 
ing that these two cDNA species are not generated by 
differential processing of transcripts from a single gene but 
are products of  two distinct genes. Since only two genes 
have been detected by the Southern hybridizat ion analysis 
with genomic D N A  from al l  frogs under stringent hybrid-  
ization and/or washing conditions, we conclude that these 
two cDNA species correspond to these two Bf genes. 

Alignment of the Xenopus Bf B amino acid sequence with 
Xenopus Bf A, mouse Bf mouse C2, and lamprey Bf 
sequences 

The predicted Xenopus Bf B amino acid sequence was 
manual ly  al igned with the Xenopus Bf A, mouse Bf, mouse 
C2 (Ishikawa et al. 1990), and lamprey Bf  (Nonaka et al. 
1994) sequences (Fig. 4). The domain structure, including 
three SCR domains,  a yon Wil lebrand domain, and a serine 
protease domain from the N-terminus,  is complete ly  con- 
served among these proteins. The calculated regional amino 
acid identity based on this al ignment among Xenopus Bf B, 
Xenopus Bf A, mouse Bf, mouse C2, and lamprey Bf is 
shown in Table I. In total, Xenopus Bf B has 82%, 39%, 
31%, and 30% amino acid identity with Xenopus Bf A, 
mouse Bf, mouse C2, and lamprey Bf, respectively. 

Duplicated Bf genes are widely recognized among partially 
inbred and outbred Xenopus laevis 

To examine whether the duplicated Bfgenes  are found only 
in the few part ial ly inbred strains and outbred frogs tested 
or are rather widely distributed in X. laevis, PCR amplif ica-  
tion of the region where Xenopus Bf A and Xenopus Bf B 
show a size difference was performed using genomic D N A  
from part ial ly inbred frogs of  the f r, g, and j haplotypes as 
well  as twelve outbred frogs. PCR primers were designed in 
the 5 ' U T  region, which would amplify a 110 bp and an 
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A 
-121 5'primer-lp.4 

XE Bf A ...C.A...A .... C ...................... AT,..A..A..A., .A 

-53 

~m Bf A T...rrc~re, rAc, c ~ r G C ~ . . . T . A  . . . .  e . . .A. .~  . . . . . . . . .  A . . . . .  

3 'primer -36 +i 

lie Bf B ~GApF_~_~GC~TTL~iACK~IATGAACTTCAGGATGATGCTTTTG 

X~ Bf A . .T ........... - ..... -C ........ GA .... G .............. C ........ 

BI 
l 2 3 4 5 6 7 8 9 10 11 

l lO bp 
86 bp - -  

Fig. 5A, B RT-PCR amplification of the different length fragment of 
the 5'UT regio n of the Xenopus BfB and Xenopus BfA. A 5'UT region 
sequences of Xenopus Bf B and Xenopus Bf A are shown. The Xenopus 
Bf A residues identical with the Xenopus Bf B are shown by dots. 
Deletion introduced into the Xenopus Bf B and Xenopus Bf A sequences 
for better alignment are shown by dashes. Sequences of the primers 
used for PCR amplification are indicated by differential shading. B 
PCR amplification of genomic DNA of partially inbred and outbred 
frogs; lanes 1 and 2, control amplification of cDNA clones, clone 9 
(Xenopus BfA) and clone 10 (Xenopus BfB), respectively: lane 3, r/r: 
lane 4,f/f: lane 5, g/g: lane 6,j/j: lanes 7 ~ 11, outbred frogs. The two 
bands of the expected sizes, 86 bp and 110 bp, are indicated 

86 bp band from the Xenopus Bf A and Xenopus Bf B 
cDNAs,  respectively (Fig. 5A)_ The two expected bands 
were amplif ied from the inbred and outbred frogs (Figure 
5B and data not shown), indicating that all frogs have both 
Bf genes and that no intron is inserted between the two 
sequences corresponding to these two primers. Nucleotide 
sequence analysis of  these bands confirmed that the 86 bp 
band corresponded to the 5 'UT  region of Xenopus BfB and 
the 110 bp bands corresponded to the 5 ' U T  region of  
Xenopus B fA  (data not shown). This result demonstrated 
that the duplicated Bf genes are a widely distributed, stable 
genetic trait in X. laevis_ 

Discussion 

Here we demonstrated that X. laevis has the duplicated Bf 
genes with an 82% deduced amino acid sequence identity, 
and that both these duplicated genes are closely l inked to 
the frog MHC. Although information at the protein level is 
still missing, both genes produce transcripts with open 
reading frames and thus are l ikely to be functional. Since 
the Bf and C2 genes are bel ieved to be generated from a 
common ancestor by gene duplication, we examined the 
possibi l i ty that one of  these two Xenopus Bf genes is a frog 
counterpart  of  the mammal ian  C2 gene. This possibi l i ty is 
highly improbable,  however,  because the similarity be- 
tween Xenopus Bf A and Xenopus Bf B (82%) is too high 
when compared  with the similari ty between mouse Bf and 
C2 [(38%) (Ishikawa et al. 1990)]_ Moreover,  both Xenopus 
Bf A and Xenopus Bf B amino acid sequences showed a 
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higher similarity to the mammalian Bf  sequences than to 
the mammalian C2 sequences ( 3 9 % - 4 0 %  identity to Bf; 
3 0 % - 3 1 %  identity to C2). Thus, our data do not support 
the idea that one of  the Xenopus Bf  genes corresponds to the 
mammalian C2 gene_ 

Although B f  gene duplication in any species has not 
been reported, other examples of  complement gene dupli- 
cation in the MHC class III region are well known. Two 
human C4 (Carroll et al_ 1984), named C4A and C4B, show 
more than 99% amino acid sequence identity (Belt et al. 
1984), and both proteins possess C4 functional activity, 
although there is a slight difference in chemical reactivity 
between them (Dodds et al. 1986). In the mouse (Chaplin et 
al_ 1983), two C4 genes, C4 and sex-limited protein Slp, are 
95% identical in amino acid sequences (Nonaka et al. 
1986), and Slp is reported to be non-functional due to a 
three amino acid deletion in the region critical for proteo- 
lytic activation by Cls (Ogata et al. 1989)_ Although Slp is 
expressed only in some inbred and wild mice (Klein 1975; 
Shreffler et al. 1984), its structural gene seems to be stable 
and no deletion of the C4 or Slp gene has been reported. In 
contrast, duplicated human C4 genes seem to be rather 
unstable, and deletion and further duplication are fairly 
common (Collier et al. 1989). Duplicated X. laevis Bfgenes  
were detected from all frogs analyzed, indicating that these 
duplicated genes are stable. Although the physiological 
significance (if any) of  duplication of  the B f  genes is 
unclear, it is possible that the Bf  A and Bf  B proteins, 
with only 82% amino acid identity, have different reactiv- 
ities with C3. 

X. Iaevis is a pseudotetraploid species, and the globin, 
actin, and vitellogenin genes are encoded by two active 
genetic loci (Jeffreys et al. 1980; Stutz and Spohr 1986; 
Schubiger and Wahli 1986). The Xenopus MHC loci, in 
contrast, are believed to be functionally diploidized (Kobel 
and Du Pasquier 1986). The class I, class II, and HSP70 
genes appear to have been diploidized by deletion (Salter- 
C i d e t  al. 1994). Thus, it was possible that one of  the B f  
genes may have been encoded an another chromosome, 
perhaps in a vestigial MHC. Linkage analysis, however, 
demonstrated that both B f  genes are closely linked to each 
other and to the frog MHC, suggesting that duplication of  
the B f  gene occurred in the functional MHC. The data 
presented here on the B f  genes, as well as our unpublished 
observation that the Xenopus L M P 7  gene is a single copy 
gene closely linked to the frog MHC (Namikawa and co- 
workers unpublished data), support the idea that the Xeno- 
pus  MHC has been diploidized by the deletion of  the entire 
complex. 

Hughes and Hughes (1993) estimated, based on the 
described method (Nei and Gojobori 1986), the numbers 
of  synonymous nucleotide substituions per synonymous site 
(ds) and nonsynonymous substituions per nonsynonymous 
site (dN) of 17 X. laevis genes considered to be products of  
tetraploidization, and found the average ds/lO0 sites and dN/ 
100 sites to be 19.2___1.7 and 2 .5±0.5 ,  respectively. The 
corresponding values estimated for the two B f  genes were 
23.7 _+ 2.5 and 10.1 _+ 0.8, respectively. Since the ds value of 
the two B f  genes is similar to that of  the average, B f  gene 
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duplication seems to have occurred around the time of  
tetraploidization. It is possible that the whole genome was 
unstable just after tetraploidization, and a non-reciprocal 
recombination may have generated duplicated B f  genes in 
the MHC. Physical analysis of  the two Bf  genes and a study 
of  B f  genes in other X. species, now in progress in our 
laboratory, will help to clarify the molecular details and 
hence the underlying mechanism of B f  gene duplication. 
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