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HEAVY  CHAIN VARIABLE 

Ig 

REGION  GENE FAMILIES  EVOLVED  EARLY 
IN PHYLOGENY 

Complexity in Fish' 

SEYED H. GHAFFARI AND CRAIG J. LOBB' 

From the Department of Microbiology,  University of Mississippi  Medical  Center,  Jackson, MS 39216-4505 

The V regions of channel catfish H chain cDNA 
clones have been analyzed. Based  upon  sequence 
relationships and hybridization analyses, five dif- 
ferent groups of VH genes are identified  whose  def- 
inition is consistent with that of five different VH 
families.  Genomic Southern blots indicate that  as 
many as 100 different germ-line VH genes are likely 
represented by these families.  The sequence diver- 
sity between  identified  members of these different 
families is similar in magnitude to  the divergence 
represented between  members of different human 
or mouse VH families.  The FR regions are  the most 
conserved  regions  when  members of different cat- 
fish VH families are compared;  specific  amino  acid 
positions appear to be  highly  conserved  in  phylo- 
geny.  Equally important is  that diversity is repre- 
sented in complementarity-determining regions 
CDRl and CDR2 in  members of the different families 
as well as in members of the same VH family.  These 
results suggest that  an extensive repertoire of VH 
genes can contribute to antibody diversity in this 
lower vertebrate. Sequence comparisons indicate 
that one of the catfish VH families shares consid- 
erable structural similarity to several higher verte- 
brate VH gene  families-a relationship which sug- 
gests that  this VH family  may  be ancestral to some 
VH gene  families of higher vertebrates. Character- 
istic of the genomic organization of higher verte- 
brate H chains, catfish appear to have different VH 
families  wherein a VH gene  likely undergoes func- 
tional recombination  with putative DH gene  seg- 
ments and one of apparently several different JH 
segments. The  recombined V region is expressed 
with the same C region  gene.  These  combined  re- 
sults suggest that bony fishes are  the earliest 
known  phylogenetic representatives to have 
evolved extensive V region  gene  families. 

The ability of a n  antibody  to recognize a specific Ag is 
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dependent  upon  the V regions  in  the  component H and L 
chains.  The  structural  diversity  represented  in  the V 
region results  from  the  recombination of gene  segments 
known as V and J. In addition,  known  H  chains  have  an 
additional V region  coding segment  referred  to as the 
diversity or DH segment.  Recombination of V, (D) and J 
segments is mediated by specific  recombination  signal 
sequences  and is accompanied by the processes of so- 
matic  mutation,  junctional  diversity,  and N region addi- 
tions.  Through  these  processes  the  inherent  structural 
diversity of the V regions in H and L chains arises (re- 
viewed in  Reference 1). 

The V region in  defined H chains is about 1 10 amino 
acids  in  length  and is composed of four FR3 regions and 
three  hypervariable or CDR regions; the CDR regions are 
the  primary  areas  that provide  antibody  specificity.  The 
first  three FR regions and  the  first two CDR regions are 
encoded by VH genes,  the CDR3 is encoded by contribu- 
tions  from VH,  DH, and  JH  gene  segments,  and  FR4 is 
encoded by JH  gene  segments.  Comparisons of the  amino 
acid  sequence of the V  regions  in  different H chains  have 
shown  that  these  sequences  can  be  arranged  into related 
groups (2). Subsequent  approaches  comparing  nucleic 
acid  similarities of  VH genes  further extended these ob- 
servations  to  define  families of VH genes  wherein  mem- 
bers of the  same VH family  show  greater  than 80% 
nucleic  acid  similarity,  whereas  the  similarity  between 
members of different VH families is generally  less  than 
70%. Genomic  hybridization  analyses  have  been  used  to 
estimate  the  number of likely VH members  in  each VH 
family.  Through  these  approaches  the  number of poten- 
tially  different VH genes  in  the  genomic  repertoire has  
been  estimated (3, 4). 

Although the  general  system of recombination  between 
individual VH,  DH, and J H  gene  segments  has  been  dem- 
onstrated  in  human  and mouse  systems, phylogenetic 
studies  have provided additional  insights  into  mecha- 
nisms  that  can  create antibody  diversity. In the  chicken, 
antibody  diversity arises by a hyperconversion  mecha- 
nism  wherein a single  functional copy of a V gene  under- 
goes segmental  gene  conversion  between a n  extensive V 
gene  pseudogene pool (5, 6). A strikingly  different  mech- 
anism  has been  shown  to  function  in  sharks  in  which 
there  are at least 100 individual  clusters of H chain  genes. 
In each  cluster  there are VH, DH, J H ,  and CH gene 
segments.  Sequence  analysis  has  shown  that  the  gene 

tarity-determiningregions: PAM. accepted point mutations  per  100  amino 
Abbreviations  used  in  this  paper: FR. framework: CDR complemen- 

acid residues. 
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1038 V REGION GENE FAMILIES IN FISH 

segments  in  each of these  clusters  are highly  related.  For 
example,  pairwise  comparisons of nine  shark VH seg- 
ments  indicate a -86% overall  nucleotide  similarity  (7). 
Clearly neither of these lower vertebrates  displays  the 
genomic arrangement of Ig V  region genes  known  in 
higher  vertebrates. 

Our  recent  analyses,  however,  have  shown  that  the 
genomic arrangement of the H chain  genes  in  catfish 
appears  quite  distinct  from  that  found  in  sharks.  Quan- 
titative  gene  titration  experiments  have  shown  that  there 
is only a single  genomic copy of the  catfish CH gene 
expressed  in  characterized  full  length H chain cDNA (8, 
9). The phylogeny of single copy CH genes  seems  to  have 
been  established at the level of bony  fishes  early  in 
vertebrate phylogeny.  Phylogenetic  lineages  reflecting 
single copy CH genes  have  also  been  identified  in  the 
amphibian  toad Xenopus (10). as well as in  another 
teleost  fish  (1  1). 

With these  findings a major  phylogenetic question 
arises:  has  structural diversity of V region genes coe- 
volved with  single copy Ig C region genes? In earlier 
studies we had  shown  that  there  was considerable  FR1 
diversity  in the  amino  acid  sequences of purified  catfish 
H chains  (12).  This  variation  suggested  there  was likely 
to  be extensive  genomic VH diversity.  The  results pre- 
sented  here  show  that  different VH genes,  putative DH 
segments as well as potentially  different J H  gene seg- 
ments,  are expressed  with  the  same  C region gene.  These 
VH genes  can  be placed into  related  groups  whose defi- 
nition is consistent  with  different VH gene  families. 

MATERIALS  AND  METHODS 

nant  clones. A channel  catfish  (Ictalurus punctatus) H chain cDNA 
Construction of catfish cDNA library and  analysis of recombi- 

library was  constructed from the poly(A')  RNA obtained from in vitro 
stimulated  peripheral blood leukocytes (8, 9). Briefly, first  strand 
cDNA synthesis of this library was initiated by priming with a 
complementary oligomer located near  the 3' end of the CH2 domain 
of the H chain mRNA. The cDNA library was  screened by hybridi- 
zation with the  use of a radiolabeled oligomer that  was located eight 
nucleotides upstream from the oligomer used  in  priming first  strand 
cDNA synthesis.  The reported cDNA clones were obtained  from this 

chain  termination elongation  reaction by using both plasmid primers 
library and  the  inserts were sequenced  in  both  directions by the 

and  synthetic oligonucleotides a s  described  earlier (8. 9). 

and randomization values reported were done as described  earlier 
Sequence  comparisons.  The  sequence  comparisons,  alignments, 

(8) by using programs of the Protein Identification  Resource. Multiple 
alignments of VH sequences were  done using  the PROPHET System 
ALIGN program,  based  on a described  algorithm (13). PAM values 

and  the percentage differences converted to PAM as described (14). 
for each possible pair were determined by using  the unitary  matrix 

The phylogenetic trees obtained from the above approach were 
verified by an alternative  approach wherein measurements of dif- 
ference with the log odds matrix were  used  (1 5).  The  construction of 
the phylogenetic trees  was  assisted by computer  programs developed 

grams implement the algorithms of Fitch and Margoliash (17). The 
in the PROPHET  by G. Gentry of this  department  (16).  These pro- 

unitary matrix and  has a percent SD of 7.59, which compares 
phylogenetic tree presented  in Figure 5 was defined by using  the 

favorably  with those reported for other  trees  (15-17).  The  best fit 
phylogenetic tree determined by the log odds matrix  approach gave 
essentially the  same  branching topology as shown in Figure 5 with 
only slight differences in the limb lengths. 

The  representative  sequences for the VH families  compared herein 
were taken from the following references: X24. 7183,  and  J606 
(sequences 55.1,  37.1,  and  22.1, respectively) (1 8): 5558 (sequence 
B1-8) (19);  5107  (sequence  S107)  (20);  36-60  (sequence  36-60)  (21); 
952 (sequence M141) (22); V31 and VGAM3.8 (sequences V31. and 
VGAM 3.8, respectively) (4); V10 (sequence MRL-DNA4) (23);  Elops 
(sequence 14501)  (1  1)  Caiman  (sequence C3) (24): horned shark 
(sequence HXIA) (25):  Xenopus VH1 (sequence VH1) (26):  and  Xen- 
opus VHlI (sequence XlgS) (1 0). 

Genomic analyses.  Channel  catfish blood was obtained  from 
animals collected from a nearby commercial  processing plant (Delta 
Pride. Belzoni, MS). The isolation of high m.w. genomic DNA from 
catfish E was previously described (9). The  designated cDNA frag- 
ments used a s  probes  for the  catfish VH family hybridization anal- 
yses were: VHl, a 300-bp  PstI  fragment from NG70;  VH2, a 378 bp 
PuuII fragment from NG41; VH3, a 266-bp PstI fragment from NG54. 
and a 244-bp  Pstl  fragment from NG21:  VH4, a 260-bp PuuII-BstEII 
fragment from NGlO; and VH5, a 364-bp PuuII-BamHI fragment 
from NG66. Each of these  fragments  was randomly primed to a 
specific activity of approximately 1 X 1 O9 cpm/pg. and hybridization 
reactions were performed under high stringency conditions as  pre- 
viously described (9). 

RESULTS  AND  DISCUSSION 

VH gene families in the channel catfish. A catfish H 
chain cDNA library was  screened  to  define  full  length V 
region recombinant  clones.  The cDNA inserts  from posi- 
tive recombinants  were  sized,  mapped  and hybridized 
with a catfish VH gene  probe  (obtained  from clone NG70). 
which  was  defined  earlier  in  our  report  on  the  full  length 
sequence of the  catfish H chain (9). Seven  clones,  pre- 
dicted  to contain cDNA inserts  representing  genes  from 
undefined  catfish VH families, as well a s  one  clone  that 
cross-hybridized  with the NG70 probe  (NG64).  were  cho- 
sen  for  sequence  analysis. 

The  nucleotide  and predicted amino acid sequences of 
these cDNA inserts is shown  in  Figures  1  and 2. The 
defined  V region in  these  clones is divided into  the likely 
5'-untranslated region, the leader  sequence,  and  the FR 
and CDR regions  based  upon  prior  sequence  comparisons 
of NG70 with  higher  vertebrate  V  regions (9) as well as 
amino-terminal  sequence  analyses of purified catfish H 
chains  (12).  The  catfish V regions  extending  through  the 
end of the  FR3 region exhibited  key  structural coding 
features of known VH genes (DH and J H  gene  segments 
are  discussed  later  in  the  paper).  These  features  included 
the conserved V region intradomain  cysteines,  the con- 
served  tryptophan located at  the beginning of FR2,  and 
the conserved  terminal VH coding sequence Y-Y-C-A-R 
located at the  end of FR3.  When the nucleotide sequence 
similarities  in  the VH regions of these  nine clones  were 
compared,  the VH sequences could be  placed into five 
different  groups  consistent  with  different VH families 
(Fig. 3). These  families  were  designated VH1 through VH5 
with  the prototype sequence  for  each  family  designated 
by the  inserts defined  in  clones NG70, NG41.  NG54. 
NG10, and NG66, respectively. 

Genomic VH complexity  in  the channel catfish. Be- 
fore  estimating  the  number of  VH genes by genomic 
Southern blot analyses, it was  essential  to  determine if 
potential VH family  probes  cross-hybridized.  Restriction 
fragments  from  each of the designated VH family  proto- 
types were  analyzed as potential  probes:  each of the 
fragments  extended  from  the  leader  sequence  and  ended 
within  the  FR3 of the V region (see Materials and Meth- 
ods). The  plasmids  containing  the  sequenced cDNA in- 
serts were  transfered  to nitro-cellulose in dot-blot  exper- 
iments  and  duplicate  blots were  probed  with the labeled 
fragments.  These  experiments  showed  that positive hy- 
bridization  occurred  only  between  members of the  same 
VH family  (data  not  shown). Because these  probes did not 
cross-hybridize,  these  probes were  used in  Southern blot 
genomic  analyses. 

Genomic DNA was isolated  from the  nucleated E of 
eight  individual  catfish  and  restricted  with EcoRI. South- 
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NClO 

NCh6 

7 
5"UT 5 ' -UT Leader 

- 4 0  
I 

GTCTGTGATAGATAACATTCCCATACACTTTAAATCTGGGTGAAGCAGAACTCAG~GG------ATGATGTTAGGACATTGTATTTTATTTGTGCTAATT 
........... CA ... G... ............................... . . . . .  T .............................. 

C.CC.GC.G.CAG.TGC. 
TCCC.GTATA . . .  AACAC.C.CC---ATGTTCTCTAC.TCT.TACTGC.CC.GC.G.CAGCTGC. 

A.T.AACAC.C.CC---ATGTTCTCTAC.TCT.TACTGC.CC.GC.G.CAGCTGC. 

T..GA.TT.CAT.GC.C..GCAA..T.C... 
.T..CA.TTGC.T.GC.C..GCAA..T.C..G 

G., 

TC. TCC 

TCCTTCA.C.C..ACATGTTT.CTTCAGCTCC..TGCTGC.GC.GGC.C.CGGCCCC 

Leader FR1 
-1 I 1 40 

I /  I I I I 
TCATATTCTTATGGACAGTCCCTGACCTCCTCGGCTTCTGTGGTGAAGAGACCTGGTGAGTCAGTCACTCTGTCCTGTACTGTTTCCGGATTCTCAGTGGGC ............................. TCTT.G ..................... A...... . . . . . . . .  C . . . . . . . . .  C.C........ . . . .  T.. . A .  

.. C ... GTGC .... TG .. GAA.....TCAGC.T.....CA..ACAGTCCAG..AA.CC..ACTC..T.CA.CAA...C.AG.....G---.AT.....TA C. .. C ... GTGC ..... G..GAA.. ... TCAGC.T.....CA..ACAGTCCAG..A..CC..AGTC .. T.CA.CAA...C.AG. . . . .  A---.AT.. ... TACA .. C ... GTGC .... TATTG AA..... TCAGC.TA....CA..ACAGTCCAG..A..CC..AGTC..T.CA.CAAG..C.AG.. . . .  A---.AT. . . . .  TA C. 
CA ...... C.GCA.T . . .  A.A. ... T.GAG .. C.A ... A ... A.C.TC.A ..... A.C....TCAT. AA... A....C..A.CG .. T.....TAACT.T..  T 
CA ...... C.GCA.T ... A.T .. T.T.GAG .. T.A . . .  A ... A.C.TC.A.....A.C....TCAT.AA...A....C..A.C ... T.....GGACA.T  A.T 

.ATGTGGGA.G .. C.GTAG AA.. C..TCAGGTCA.C..A...A..TTA.AGT.A..A..T..TT.A..C..CAA.....kA..A.....C.A...T.. TACT 

.ATGTG.TC.G .. CTACTGAG .. C.T.CAGC.A.AC . .  A.....T.TA.AG..A..A...A.TT.A..CA.CA......GA..G..T...GCT..T A.CACT 

CDRl FR2 FR2 CDRZ ' 120 ' 160 
I I I I I 

- - - - - - - - - AGCAACTGG---ATGAGCTGGATCCGTCAGAAATCAGGAAGAGGACTGGACTGGATTGGATACATTGAC---ACTGGCACTGGCACTGGCTTTG - - - - - - - - - ... T..... "- . . . . .  T ............... C....C.AG...T....G.....C..GCG.......---.G............AACA.. CA 

- - - - - - - - - ... T.T.AT---.CAGCT ........ A .. ACCTG ...... A..CT.....G..............CAGT---.ACAATGGG..T..A.T T.ACA ... T.T.AT---.CA.CT ........ A .. ACCTG ...... A.ACT ..... G..............CAGT---GG...TGG.AAT..ATA T.ACA ... G .. CAT---.CAGCT ........ A..ACCTG......A.CCT.....G.........A....CT.T---..CA.TGGG..T..A.C T.ACA 
- - - - - - - - - 
- - - - - - - - - 
- - - - - - - - - .. ...... ... .... - - - - - - - - - G TCT ...---... GCT A.A TC.C.T A...G.....A...G...C.ACT..CTCAGAC..CA.TGG.A...AGTA T.ACT 

... TCG ...---... GCT ...... A.A ... GCGC.T .... A ... G.....A.TTG...C.ATT.....GAATGA.A.TGA.A.G.AGTT T.ACT 

GAT------.A ..... ACGCC.CAG.T ..... T .. A..ACCTG......A.ACT.....A.....AAAC......TGG---GG...TGGAA.T...TATC A . A  

GATAGCAGC ... C ... ATGGA.CAGCT ..... T..A..ACCTG......A.TCT.....A...T.CAACAG....T.T---TA..ATGGG..T. T.AATAAGA 

CDRZ FR3 
200 I 240 2 8 0  

I I I I 
CCCAGTCTCTGCAGGGCCAGTTTTTCATCACTAAAGACACACCAAT~AACATGCTGTACCTAGAAGTG~GTCTG~GCTGAAGACACGGCTGTTTATTA 
.T ................. A..C.C............ ........................ T........G.........A.........T............ 

GTG.C AAA... A.AAATA....CAG...TT.C.G.. .... TGC..CT. . . .  CAA.AACAA.TCG..GAC.G.A .... C..A...... .... A . . . . .  G..... 
GTG.C RAA... A.AAATA .... CAG .... T.C.G ...... TGC..CT. . . .  CAA.AACAA.TCG..GAC.G.A....C..A.........TA.....G..... 
TTG.C AAA... A.AAATA .... CAG ... AT.C.G ...... TGC .. CT .... CAA.AACAA.T.G..GAC.G.A....C..A..........A.....G..... 
.. AGTG.AG.TA.T....GC..CAC....T.C.G... .. A..G . . .  G.TGGA.G . . . .  T .. GC.CA .. GCC...G . . .  GGA.A..... . . .  T..A..G..... 
.. A.TG.AG.TA.T....GC..CAC...GT.C.G ..... A..G. . .  G..GCA.G . . . .  T..GC.GA....C.ACG. . .  GGA.A. . . . . . . .  T..A..G..... 
AAG.T... ..AA.AA.. A....CAGT..TT.. ..... TGG.TCC.GC.GT.C.G .. ACT .. GAG . .  GAC.G.A .... C.GA.A. . . . . . . .  A . . . . .  G..... 
AAG.T .. A .. TA.A.A.A.....G.....T..CG ...... GTCC.GC.G .. CAG .AATAT..AC..G.C.GGACA..C.GA..........A.....G..... - 370 7 370 
CTGTGCACGGTGGGTTCGGTATTAT---------------GGTTTTGACTACTGGGGAAAGGGAACCACGGTCACCGTTACTTCT 
........... TAT.ATC.GG.A.A---------------TAC..... . . . . . . . . . . . .  A ..... T T.A . .  G . . . . .  G..... A 
....... A..GCT.C . . . . .  GGC.CCTCTAC---------TAC . . . . . . . . . . . . . . . . .  A . . . . .  T  T.A . .  G ..... G..... A 
... C...A.AGC.TCCTATA..------------------ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
....... A.ACT .. GCTATAC.GCCGTCACGCATAACTGG.C... ... T. . . . . . . . . . .  A . .  C..AG.T........A.. CAGC 

.c 

... CA.TAAAC.CCC . . . .  GGGGGGCGCTTCTACAGC---TAC . .  C . . . . . . . . . . . . . .  A..G..TCAA..G.. ... A . . A . .  A 

... C .. C..TGAC.CG..TGGCACG---------------............................................. 

. . .  CA.C . .  CCATCCATCCAGCGGGTACGCCACC------TAC . .  C . . . . . . . . . . . . . .  A.....TCAA..G.....A..A.. A 

. . .  C . .  T..TGAAAGG.CAAG.GGGGGGGTCCCCAGC---TAC..C..............A.....TCAA..G.....A..A.. A 

F f g u r e  I .  Nucleotide sequences of channel  catfish Ig H chain V regions  defined  in  nine cDNA clones.  The  nucleotide  sequence of the  C region is 
not  shown  because  it  was  identical  to  that  previously  reported (9). Demarcation of the 5' untranslated region  (5'-UT)  from  the  leader  sequence (Leader) 
was  at   the location of the  first  translation  start codon ATG: the  demarcations of FR and CDR are based upon Kabat  et  al.. (2) with  the  aid of the 
ALIGN program of the  Protein  Identification  Resource  computer  facility.  The  sequences  are  compared  with  the NG70 sequence.  and  nucleotide 
identities  are  indicated  by dots whereas  gaps  introduced  to  maximize homology are  indicated  by dashes. 
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-der 
I 

I -? + 
2 9  

NG54 
NGZ 1 

F l g u r e 2 .  Predicted amino acid se- NG1o 
quences of channel  catfish Ig H chain  V NG66 
regions defined in nine cDNA clones. The 

cations of the leader, FR. and CDR regions 
names of the  sequences  and the demar- 

are as in Figure 1 .  
NG70 
NG64 

NG4 1 
NGJ J 
NG77 

NG54 
NG2l 

NGlO 

NG66 

NG70 IMLGHCI~FVLISYSYG QSLTSSASWKRPGESVT~SC~~SGFSVG ---SNW-MS WIRQ~GRGLLWIG 
NG64 .I ............... . . . . .x.. . . . . . . . . . . . . .  L....LD --- .Y.-.. ..... P.K..E... 

.... 
NG22 UFSTSLLL.UAA..VH. EE..QP..UTVQ..Q.LSIN.K..-Y..T --- N64 1 L.UVA..VH. EE..QP..UTVQ.SQ.LSIN.K..-Y..T --- .YY-TA PA.KA.E... 

NG77  UFSTSLU. UAA. .VH. IE. . QPT. UTVQ. . Q. LSIK. K. . -Y. . T --- .YY-TT PA.KT.E... 
.DH-TA .... PA.KP.E... .... 

.SYIA.AMF.Q..CS .T.IE.D..IIK.DQ.HK.T..A...NF. 
FSCPA.AMFMQ..CS .T.IE.D..IIK.DQ.HK.T..A..LDIS 

SSWGCA VE..QVT..MLKS.D.L..N.K...Y..T 

UFTSAPLLL.ALGPWFCA TE.IQPD...IK...TL.IT.R...A.IT 

YID-TGTGTGFAQSLQG QFFI~KOTNKN~LY~WKSIXAEDTAV~YCAR 
R..-S....T.T..... .. S .................. T..M....... 
..S-NNG..WSDK.KN K.S.SR..AT.TITIRGQN.QT.......... 
..S-G.GN.YYSDK.KN K.S.SR..AT.TITIRGQN.QT..I....... 
N.Y-.SG..AYIDK.KN K.S.SR .. AT.TITIGGQN .QT .......... 
T.SD.SGSKYYSSAVN. R.T.SR.NS.UEV ..HUA. VRT........ TK 
1.ENDSDRKFYSNAVN. R.TUSR.NS.KQV .. QMNNVRT. ......... 
..W-G.GS.YHKD..KS K.S.S .. GSSSTVT.RGQN .QT........ T. 

S.Y-YM:.INKKD..XD K.V.SR .. SSSTVI.TCQDnQT.......... 

vH1 vH2 vH3 vH4 vH5 

NG70 NC64 NG41 NGZZ  NG77 NG54 NG21 NGlO  NG66 

VH1 NC70 7 54 54 54 57  58  53  51 

NG64 54 55  54  56  57  52  51 

VH2 NC41 

NC22 

NC77 

VH3 NC54 

NC2 1 

52 52 64 63 

53 53 67 63 

51 50 64 64 

VH4 NClO 

VH5  NG66 YI 
FLgure3. The nucleotide similarity between the VH-coding regions 

defined in the  catfish cDNA clones. The sequences were compared from 
the beginning of the FR1 region through the end of the FR3  region as  
aligned in Figure 1. The boxed values indicate the  clones that are likely 
members of the same VH family: these  catfish VH families are designated 
as VH1 to VH5. 

ern blots of the  restricted DNA were  hybridized with 
probes  for  each of the  catfish VH family  prototypes  under 
the identical  hybridization  conditions  used  in  the dot-blot 
analyses.  These  results  showed  that  each of the five 
probes  gave a different  Southern blot pattern of restric- 
tion  fragments (Fig. 4). The  range  in  the  number of 
different  restriction  fragments  represented  in  these dif- 
ferent  fish  for  each VH probe  was: NG70, 22-28; NG41, 
20-24; NG54, 17-21; NG10, 11-15; and NG66, 28-32. 
By this  approach,  these  results  suggest  that  there  are 
about 100 genomic VH gene  represented  by  these five 
families. This  estimate  assumes  that a given  restriction 
fragment  contains  only  one VH gene  and  that comigration 
of similar sized restriction  fragments  does  not  occur. 
Thus, it appears  that  each of these  catfish VH families 
is relatively  complex. In this  regard,  similar  Southern 
blotting  approaches  when  used  to  analyze  human  or 
mouse VH gene  families  have  shown  that  many VH fam- 
ilies appear  to  be  considerably  more  simple (3, 4, 27, 28). 

---GS. -.A .... SP. K. .E. VA -" .S.-.A .... AP.K..EFVA 
D--N.YATG .... PA.KT.E..N 
DSS.HYGTA .... PA.KS.E.FN 

cDR3 ' 100 
WVGYY-----GFDY WGKGlTvTvTS 
LLSGK-----Y... ..... S . . . . .  

M.WHLY---Y... ..... S . . . . .  
ASYN------A... ........... 
LCYTAVIWNWA... ..... A..... 
RP.GGRFYS-Y... ..... Q..... 
DA.GT-----.... ........... 
HPSSGYAT--Y... ..... Q..... 
ERASGGVPS-Y... ..... Q..... 

In the mouse,  for  example, the VH families 36-60, S107, 
V 1 0 ,  J606, X24, and VGAM 3.8 are represented by as 
few as 2 and  perhaps no more than 10 restriction frag- 
ments. In fact, by Southern  blotting  approaches only the 
murine VH 5558 family would appear  to be  significantly 
more  complex than  these  catfish families. 

In these  analyses,  the  hybridization  intensity of the 
genomic  restriction  fragments  that  were  detected  with 
the  same probe  varied in  an individual  fish.  This could 
result  from  comigration of similar sized fragments, po- 
tential  differences  in  the  number of VH genes on a given 
restriction  fragment as well as potential  differences be- 
tween the probe and VH genes located on the  fragment. 
In a n  effort  to  gain  some  insight  into  hybridization  inten- 
sity  variation of the  fragments  seen  in  an individual  fish, 
as well as to  determine if different  probes  from  the  same 
VH family  gave the  same  general VH family  restriction 
pattern, two VH probes  obtained  from  the VH3 family 
(derived  from NG-54 and NG-21) were  labeled  to the  same 
specific  activity and hybridized  to duplicate  Southern 
blots.  These  results  showed  that  the  same  general  pattern 
of VH3 restriction  fragments  was  detected.  There  were 
differences,  however,  in  the  intensity of some of the 
fragments  that hybridized with  these two  probes.  Some 
of the  fragments  that exhibited  relatively  high intensity 
with  one  probe  were  less  intense  with  the  alternative 
probe and vice versa. Although the  basis  for  this  variation 
will not  be  understood  until  sufficient genomic VH ele- 
ments  are isolated and  characterized,  these  results  seem 
to  suggest that  there is a partial  spectrum of closely 
related  genes  within a VH family. 

Therefore,  bony  fishes  seem  to  be  the  earliest  known 
phylogenetic representatives  to  have evolved extensive 
genomic VH gene  diversity.  This  finding  distinguishes 
the VH genes  in  bony  fishes  from  those  defined  in  sharks, 
where only a single VH family is known  (additional  phy- 
logenetic relationships  with  other  vertebrate VH families 
are  discussed  later in the paper). 

Relationships  between  the different catfish V H  farn- 
ilies. Inspection of the aligned  nucleic  acid sequences 
(Fig. 1) shows  that  sequence  diversity  between  the  repre- 
sentives of the  different VH families is reflected through- 
out  the VH coding  region. There  were no examples of 
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NG 70 NG 41 NG 54 

1 2 3 4 5 6 7 8   1 2 3 4 5 6 7 8   1 2 3 4 5 6 7 8  

5.0, 

2.8 

I .7 

. 
1 

*.a - 5.0 

NO10 NG 66 

1 2 3 4 5 6 7 8   1 2 3 4 5 6 7 8  

- 1.7 

- 1.1 
- 0.8 

0.8 - 0 .  - 0 . 8  

the Indicated catfish VH family probe. The sizes  shown in kllobases were  measured by using Pstl-digested A DNA. 
FLgure 4. Southern blots of  EcoRI-digested catfish genomic DNA Isolated  from eight individual catfish (lanes I to 8): each blot was hybridized with 

long, continuous  stretches of identical  nucleotides (i.e.. 
>lo) between members of different VH gene families. To 
determine the  extent of similarities  between the VH genes 
in the different  families, the sequence  similarities in the 
FR and CDR regions were compared (Table I) .  These 
comparisons showed that the FR2 region was  the most 
conserved: the percent nucleotide similarity  ranged from 
60% to 93% (Table I). This conservation was  also reflected 
in the predicted amino acid sequence  wherein 9 of the 14 
amino  acids (64%) were generally conserved. FR2 is the 
smallest of the FR regions and  the conserved tryptophan 
located at  the beginning of FR2 forms  part of a conserved 
sequence that is postulated  to  serve as essential  struc- 
tural role  by allowing Ag to  have  optimal  interaction  with 
the flanking CDR regions (reviewed in  Reference 29). 

The FR3  regions were generally more conserved than 
the F R l  regions in the different families: the overall 
nucleotide similarity in the FR3  regions ranged from 5 1 % 
to 72%. whereas  the similarities  in the FR1 regions 
ranged from 46% to 68%. Although these  ranges were 
about  equal, the similarities in the FR1 regions were 
generally  dispersed,  whereas the similarities in the FR3  
regions were generally more localized. The lowest simi- 
larities defined in  these comparisons were in  the CDR 
regions. Nucleotide comparisons of both CDR regions 
showed that both exhibited extensive  variation: the sim- 
ilarities in  the CDRl regions ranged from 25% to 60% 
whereas  the similarities  in the CDR2 regions ranged from 
35% to 64%. Thus  the selective pressure that was  appar- 
ently applied early  in the phylogeny of vertebrate VH 
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1042 V REGION  GENE  FAMILIES IN FISH 

TABLE 1 
Percent oJ nucleotide  and  amino  acid  similarities in the F R  and CDR regions between  representatiue  members of 

dLtferent catfish  VHfamiUes" 

Catfish 
VH Famliles FR1 CDRl FR2 CDR2 FR3 FRT CDRT TOT 
Comparied 

V H I  vs VH2 46 40 76 35 65 60  37  54 
(381 (20) 1641 (31) (501 (481 (29) 144) 

VH1 vs VH3 60 53 74 35  60 63 39 57 
1481  (401 (57) (18) 1471  1491  1231  143) 

VH1 vs VH4 49 38 62 48  58 56 45 53 

VHl vs VH5 49 26 60 40  62 56 35 51 
(451 (1 11 150) (251 (47) (471  (201  (401 

VH2 vs  VH3 47 60 74 37  54 55 42 52 

VH2 vs VH4 59 83 50 72 69 49  64 
155) 

(29) 48 1861 
1441  1751 (691 67 (39)  (62) 

VH2 vs V H 5  54 81 54  72 52 63 
(451 (441  (791 (38) (691 (611  (401  1561 

VH3 vs  VH4 48 24  64 41 57 55 36 50 

VH3 vs VH5 55 64 41 51 37 50 

VH4 vs VH5 68 56 93  65 72  61 71 

(481  1141  (571  1381  (471 (49) (301  1451 

1241  1201  48  1641  1291 (441  (401 (271 (371 

1311 26 (01 1641 (241  (531  (471 55 (18) (39) 

(411 (1  1) (641 (12) 1531  1511 74 1121  1411 

1521  1331  (861  1441  (751 (681 1401  (611 

CDR regions of the VH coding regions  were determined from the aligned sequences  shown in  Figure 1 and 2. The 
a The  percent of nucleotide and  amino  acid (shown in parentheses]  similarities  in  the  three framework (FR) and two 

similarities of the  three  combined FR regions (FRT). and two combined CDR regions (CDRT), and  the overall total (TOT) 
similarities are indicated.  The  prototype  sequences for each of the five catfish VH families (VHI. VH2.  VH3.  VH4. and 
VH5) were used for these  comparisons (NG70, NG41.  NG54,  NG10, and NG66, respectively]. Aligned randomized nucleotide 
versions of NG54 with NG66 gave an  average  total  percent  similarity of 48.3 f 1.8. 

genes  was  not  equally  distributed over the  entire VH 
coding  region.  Lastly, there  were  also  structural  features 
that were  only  represented  in  certain  catfish VH families. 
The FR 1 region of the VH2 family was  one codon shorter 
than  the  others:  the CDRl  regions of the VH4 and VH5 
families were seven  and  nine codons in  length  respec- 
tively, whereas  in  the  others  the  CDRl  regions  were five 
codons  in  length.  Lastly,  the CDR2 regions  in  the VH3 
family  were  one codon  longer than  those  found  in  the 
others. Clearly additional  family  members will need  to  be 
analyzed  to  determine if these codon length  distinctions 
are  characteristic of particular VH families.  These  fea- 
tures,  however,  suggest  that VH families  may  have  arisen 
from  different  lineages of  VH genes  (see  also below). 

Relationships  between  the  individual  members of a 
catfish V H  family. Clones likely representing  different 
members of the  same VH family  were  also  sequenced  to 
provide some  insight  into  the  similarity of  VH genes 
within a  family.  Without  experimental  evidence  there 
was  no a priori reason  to  assume  that a primitive  multi- 
gene VH family was composed of related  genes  rather 
than multiple  copies of nearly  identical  genes.  The VH1 
family was  represented by clones NG70 and NG64, the 
VH2 family was  represented by clones NG41, NG22, and 
NG77. and  the V H 3  family was  represented by clones 
NG54 and NG2 1. The  comparisons of the nucleotide and 
amino acid sequence  similarities  in  the FR and CDR 
regions  in  these  clones  are  shown  in  Table 11. The FR 
regions  were the  most  conserved:  the  total FR nucleotide 
similarities  ranged  from 88% to 96% and  this similarity 
was reflected in  the  comparisons of each of the  three FR 
regions. The total  nucleotide  similarities  in  the CDR re- 
gions,  however,  were  considerably  less  and  ranged  from 
73% to 84%. Of particular  importance  was  the  predicted 
diversity at  the  amino acid level. The total  amino  acid 
similarity of the CDR regions  ranged  from 52% to 84%, 
and diversity was exhibited  in  both  CDRl  and CDR2 
regions.  Comparisons of the two  most  divergent  members 

of the VH2 family, NG22 and NG77, are particularly 
noteworthy.  Although the overall  total  nucleotide  simi- 
larity  between  these  two  was 90%, the total  nucleotide 
similarity  between  the CDR regions was 73%. The  amino 
acid  similarity  was only 40%  and 56% for  the CDRl and 
CDR2 regions,  respectively. The diversity  in the CDR 
regions was  not reflected within  the  intermediate  FR2 
region; the  FR2  sequence  was  essentially  identical  in 
these two  genes (98% similarity).  These  comparisons  sug- 
gest  that,  in addition  to the evolutionary  pressures  that 
lead  to the divergence of different VH families,  there  may 
have  been  accompanying  selective  pressure  toward di- 
versity of the CDR regions in closely  related genes.  This 
selective  pressure would significantly  expand  the  poten- 
tial  antibody  repertoire  when closely related VH genes 
were  expressed. 

The  relationships of catfish VH families  to  repre- 
sentative  vertebrate VH families.  The  data  bases were 
searched  to  define  genes  that  had  the  highest  similarity 
to the  representative  catfish VH prototype sequences. 
The  highest optimized alignment  scores  were  with VH 
genes. Aligned amino  acid  sequence  comparisons  showed 
strong  conservation  in  specific  residues;  these  residues 
(identified by using  the  numbering  system of Kabat et al. 
(2)  included: Leu[-10) in  the leader  sequence;  Leu-4, Cys- 
22,  and Gly-26 in  FRl;  Trp-36,  Gln-39, Gly-42,  Leu-45, 
and Glu-46 in FR2; and Asp-86,  Ala-88,  Tyr-90, Tyr-91, 
and Cys-92  in  FR3.  These  residues  are highly  conserved 
residues  in  higher  vertebrate VH sequences  (2). 

To define  possible phylogenetic relationships,  the  cat- 
fish  prototype VH sequences  were  compared  with  nucleo- 
tide  sequences  representing  10 of the  murine VH families 
as well as representative lower vertebrate  sequences  [Ta- 
ble 111). The lower vertebrate  sequences  included VH fam- 
ilies  from the toad [Xenopus),  the crocodile (Caiman).  the 
ladyfish  (Elops),  and  the  horned  shark  (Heterodontus). 
If it is assumed  that  the  similarities  in  the CDR regions 
can vary  extensively  depending  upon  which VH genes 
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V REGION GENE  FAMILIES IN FISH 

TABLE 11 

Percent of nucleotide  and  amino  acid  similarities  in the F R  a n d  CDR regions  between  representatiue  members of 
the   same  cavish  VHfamily“ 

Fayiiy Clones Compared  FR1  CDRl  FRZ CDRZ FR3  CDRT  FRT  TOT 

VH 1 NG64 vs NG70 87 87  81 79 93 81 88 87 
(83) (80) (79) (751  1911 (76) (851 (83) 

VH2  NG4 1 vs NG22 96 93 98  79 96 83 96 93 
196) (80) 

NG4 1 vs NG77  92 80 98 85 97 84 95 93 
(93) 1751  197)  (761  196) (92) 

(86) (601 (93) (631 
NG22 vs NG77 93 73 98 73 96 73 95  90 

197) (62) (92) (85) 

(891  1401 (93) (561  1941 (52) (92) 183) 

VH3  NG54 vs NG2 1 91 87 91 73 87  76 89 86 
(861  180)  186) (53) 1751 (59) (81) (76) 

The nucleotide and  amino acid  (shown in parentheses)  similarities  were  determined as described  in  Table I. 

1043 

are  compared,  then  the  comparison of the total FR simi- 
larities  may provide a more  consistent  indicator of phy- 
logenetic relationships. In this regard the  sequence com- 
parisons  with  the  catfish VH3 family  were of particular 
interest. In 1 1  of these 1 5  vertebrate VH families,  the 
catfish VH3 family  had  the  highest  total FR similarity. 
The  highest FR similarity  was  with  the Elops VH se- 
quence (76%); a sequence  relationship  which  suggests 
that closely related VH genes  have  been  identified  in  two 
different  teleost  fish. A strong  relationship  also  appears 
to  extend  to  other lower vertebrate VH families. Of the 
five  catfish VH families,  the VH3 family  also  shared  the 
highest  similarity  with  the VH families  in Xenopus, Cai- 
man, and  shark. 

The  comparisons  with  the  murine VH families  were 
also of interest.  The 7183 ,  S107, X24,   V10,  and J606 
each  shared  about 6 0 %  or  higher  total FR similarity  with 
the  catfish VH3 sequences.  The  highest FR similarity 
was  with  the 7 1 8 3  family (66%). Murine  families 7183 ,  
X 2 4 ,   S 1 0 7 ,  and J606 are  known  to  share a close struc- 
tural  relationship  and  have  been placed in  the  same 
major subgroup of murine VH families (30). Murine  fam- 
ilies 7 183 ,  S107. and X 2 4  are  also  among  the VH families 
that  are located  most  proximal  to the D  region (30). 

Multiple sequence  alignments  have  been  shown  to be 
useful  to  define  relationships  among  members of se- 
quence  families,  to  reveal  conserved  regions,  and to pre- 
dict  possible structural  relationships  among  distantly re- 
lated  proteins (reviewed in  Reference 16). Although nu- 
merous  approaches  have  been  used  to  demonstrate 
sequence  relationships,  one  extensively  used  method is 
based  upon  the model of Dayhoff et al., wherein evolu- 
tionary  distance is measured  in PAM units (14). With this 
approach  phylogenetic  trees  were  constructed  to  compare 
the  different  catfish VH families  with  representative ver- 
tebrate VH families. The phylogenetic tree  having  the 
lowest S.D. is shown  in  Figure 5. Several  conclusions  can 
be  made  from  these  analyses.  Consistent  with  the  percent 
similarities  obtained by the pairwise  comparisons pre- 
sented  in  Tables I to 111, these  analyses  suggest  that  there 
is a close  phylogenetic relationship  between  the VH2, 
VH4, and VH5 catfish  families.  These  analyses  also  sug- 
gest that  catfish  families VH1 and VH3 share a somewhat 
closer  phylogenetic relationship  to  each  other  than  they 
do  to the  other  three  catfish families.  These  results  also 
suggest that  these major groups of catfish VH families 
diverged in  an  ancestral  animal  which phylogenetically 
preceded the  radiation of bony fishes  (catfish)  and  sharks 

erence  sequences  for  each of the five  catfish VH families (VHl to VH5) 
Figure 5. Phylogenetic  tree  for  catfish VH family  sequences.  The  ref- 

are  compared  with  reference  sequences  representing  some  other  verte- 

as described  in  the  text.  The  lengths of each  branch of the  tree  are in 
brate VH families  (mouse VH 7183. Xenopus VH1. horned  shark HXIA) 

ancestral  animal  which likely underwent  a  duplication  event  to give rise 
PAM. The  dot  at  the  top of the  tree  represents  a VH gene  in an  unknown 

to  the  descending  branches of the  tree. 

(horned  shark). In this regard, the fossil  record is incom- 
plete. It is known,  however,  that  the  first bony fishes 
appear  in  the fossil  record at  a stage  that  preceeds  the 
first  sharks.  This fossil  evidence has led one  author  to 
comment  “even  though  (sharks)  are  generally  considered 
to be  “primitive”  fishes,  it is doubtful  whether  they  are 
truly  more  primitive  than  the bony fishes” (31). 

The  percent  similarity  values as well as  the PAM anal- 
yses  suggest  that  the  catfish VH3 family, as represented 
by NG54, shares a close  phylogenetic relationship  with 
other  vertebrate VH families.  This  sequence  relationship 
is also  observed  in a multiple  nucleotide  sequence  align- 
ment (Fig. 6). Areas of identical  nucleotide  sequences  are 
apparent  within  the FR regions. The  similarities  are  most 
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1044 V REGION GENE FAMILIES IN FISH 

TABLE I11 
Percent nucleotide seauence similarltu of five catfish V H  famllies comoared to reoresentative vertebrate V H  families" 

Catflsh VH Famllles 

VHI  VH2  VH3  VH4  VH5 
VH Famllles 
Compared 

FRT CDRT TOT FRT CDRT TOT FRT CDRT TOT FRT CDRT TOT FRT CDRT TOT 

Q52 
7183 

56  40 53  59 46  56  54 47 53 54  49 53 57 39 53 

VGAM 3.8 
58 50 57  53 49 52 66 49 62 51 54 52 54 41 52 
57 50 54 57 44 53 54 38 49 51 33 45 55  36 48 

V36-60 54 48 53 51 54 52 53 44 51 47 54 49 51 36 47 
X24 
SI07 

61 55  60  55 42 52 63 40 58 54 44 52  54  36 49 
59 36 54 54 43 51 59 39 54  50 36 47  54  32 48 

J606 
V3 1 

54 44 52 48 43 47 61  42  56 54 36 50  52 35 47 

5558 
53  39 50  54 41 51 54  42  51  50  44 49 53 43 50 

v10 55 44 53 54 44  51  62 43 57 54 41 51  54  38 50 
54 49 53 53 52  52 53 46  51 48 42 47 48 44 47 

Xenopus V H I  60  59  60 56 49 54  69 56 66  57 51  55 58 42 53 
Xenopus VHIl 61 51 58 55 51 54  65 49  61 48 48 48  45 47 45 
Elops 65  48 61 57  38 53 76 61  72  54  32  49  56  36 51 
Caiman 
Shark 

58 52 57 50 30 45 65 50 61 53 35 48 52 36 48 
54 43 52 52 37 49 58 47 55 52 26 46 51 32 46 

7 183 gave an average  total  percent  slmllarlty of 49.1 2 1.7. 
The nucleotlde similaritles  were  determined as described In Table 1. Aligned randomized nucleotide versions of catfish VH3 (NG54) wlth  mouse 

FR1 
1 4 0  

FR1 CDRl 
80 I 

I I I I I 
House 7183 GMGTGMGCK;GTGGAGTCGGffiGAGG~AGTGMGCCTGGAGGGTCCCTGAAACTCTCCTGTGCMCCTCTGGATTCA~TCAGTAGCTATGGCAT 
nouse X24 .. G. ....... TC.C ........ A..T...C.G...C. ......... A.. ...... T ............ G .... A.. .... GA. .. T ..... A..CT.G.. 
nouse V I 0  .. G...C....T .. T...A....T ..... A .. G...C.....M...... AT .......... A...C .. G.. .......... GC....A..C.A...C.. . 
nouse 5606 ........... T.A. ........ A..... ... G ... C.A........A...A...... ......... TTG ..................... A...CT.G.. 
caiman c3 C.G...C. ............ C..A....ATG.GAG...A.. .... MC..TT..CGC.... .... CM.G .... G..G ..... C...G..G....C..... 
Xenopus VH1 .. T..AC.A..T.CCC. ... A.A.TC..TGG.GA.A.. ... G...... .. T.AC ..... G.....CA..G..... .. C ..... A...........CT.G.. 
Catfish NG54 --- CA..CA. .. A.C ..... C.ATTC..TGA.CA.C..A....ATCA...T.AT.....GA....CA..G.  G. ....... T.AC..TG..G ... C.T.G.. 

CDRl FR2 
I 120 

*FR2 CDRZ 
I * 160 2 0 0  

I I I I I 
nouse 7183 GTCPTGGGTTCGCCAGACTCCffiAGMGAGG~GGAGTGGGTCGCMCCATTAGTGGT------GGTGGTAG~ACACCTACTATCCAGACAGTGTGMGG 
nouse X24  .AG ..... C...G ... G....A.G...AG...A...A...A.T.G.GAA.. .. A.CCA ------.. M.C...ACG.TM.. ... A.GCCATC.C.A .... 
House VI0 
nouse J606 

. M C  C......G....A.GA...G.TT....A.....T..TCG...A..M..-GTM.M.TA.GCA..A..T...G.C..TTCA..... A. ... C ..... C.. .... T....A. ..... G....T.. ...... T..TCM..A..ATTGAAATCT.A.M.TA.GCA..AC.T ... G.G..GTC. ..... A. 
caiman C3 
Xenopus VH1 .AGC A.A G....T.G...AG.AT.AC......AGT.TCGT.....C.A.------.....GG..AG...A......G.T..TTCA..T.. A. 

TC C G....T.G....G.......C.....G..T..A.. A.AC. ------. A...ATCCAG.CAG.ffi..CT.CCCGGCC..TC.. 
Catfish NG54 .G ..... A.CA.A ... T.A .. T.GA .. AG ....... A.....T.....T..CTCA.AC------ACCA..G..AG..AG..T..CT.CAGTGCA..T.. T. 

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

CDRZ FR3 
I 2 4 0  2 8 0  

FR3 

I I I I I 
nouse 7183 GGCGATTCACCATCTCCAGAGACMTGCCMGMCMCCTGTACCTGCAAATGAGCAGTCTGAGGT~TGAGGACACGGC~TATTA~GTGCMGA 
nouse X24 A T M  ..... T ............... C.....A..T.CG...................MG....A...........A...C.T............... 
nouse V I 0  ACA.G ................. TG .. T.AC.A.G ..n;.. C .. T..........A..ACT...AM..........A...A............TG... 
nouse X 0 6  . .  A.G ........ A .. A.....TG..T....A.GT.GTG.C.............A..ACT.A...G....A.....T.GM.T........CA.. G.C 
caiman  c3 .. ................. 
Xenopus VH1 .M MT C.....GT.A..T..........A..A...A......A.....T...A.............T... 

M G. ..CP.. C......TG...........G........C..C.CAC..........A...AC.........C..C... 
Catfish NG54 .C .. C....................CAGT....TGG.GG....T.....C...GC....G.....A.A..A.....T..AG..........CA.T. A. 

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

aliened  wlth the mouse VH7183 sequence  and nucleotide identities are indicated by dots whereas gaps  introduced to maximize homology are indicated 
Figure 6.  Multlple alignment of representative  members of vertebrate VH families  compared wlth  the  catfish NG54 sequence.  The  sequences are 

by'hashes. 

evident as continuous  stretches of common nucleotides 
that lie within the approximate first  and  last  thirds of 
the FR3 region. Tutter and Riblet have recently postu- 
lated that  the mouse 7 183 family shares a close relation- 
ship with an ancestoral VH gene  (32). They also  postu- 
lated that conserved coding region sequences,  such as 
chi octomer found  within FRl as well as an embedded 
heptamer  within FR3, may provide important noncoding 
functions  during  recombination  processes.  Earlier  stud- 
ies had suggested that  this embedded FR3  heptamer may 
mediate VH gene  replacement in a  downstream VDJ re- 
arrangement (33. 34). Although a  chi octomer is not 
present  within  the FR1 of the  catfish  sequences,  the 
embedded FR3 heptamer TACTGTG (see VH7183, Fig. 6 
nucleotide positions 289-295) is represented in some 
catfish families (see Fig. 1, families VHl  and VH2, nu- 
cleotide positions 282-298). This  heptamer is contained 
in a  10-base  sequence TATTACTGTG; the  first 8 bases 
in this sequence are conserved in the  catfish  sequences 
a s  well as in  other  vertebrate  sequences. Hence, these 

analyses  support  the hypothesis that  the mouse VH7 183 
family likely descended from a phylogenetically con- 
served VH gene family. 

Evidence for multiple DH and J H  gene  segments. The 
CDR3/FR4  region of mammalian V regions is encoded by 
contributions from VH,  DH, and J H  gene  segments.  Our 
earlier  sequence  comparisons  had identified two likely 
catfish J H  coding sequences,  each  about 45 nucleotides 
in length,  which encoded the  last four amino  acids of the 
CDR3 and  the  entire FR4 region. These coding sequences 
shared  about  70% nucleotide sequence  similarity  with 
known mouse, human,  and  shark J H  segments.  Present 
sequence  comparisons suggest that  there may be as many 
as five different J H  segments that  can recombine with 
VH genes from different VH families (Fig. 7). For example, 
the identical J H  coding region sequence  was defined in 
clones NG70,  NG22, and NG21; each of these  clones 
represent  members of different VH families (VH1,  VH2, 
and VH3, respectively). A different J H  coding region se- 
quence identified in NGl  (VH4 family) was identical to 
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N Q 7 0 1 2 1 r 1 3  

N Q l 4  

N Q 4 1 1 6 4  

in the CDR3/FR4 region of various  catfish NQlO I 66 
Flgure 7. JH and DH coding segments 

cDNA sequences. Upper, the nucleotide 
and predicted amino acid sequence of five 
likely J H  coding regions is shown:  clones NQ77 
having  identical  sequences are indicated. 
Lower, likely catfish DH-encoded se- 
quences  compared  with  a  known shark 
DH gene. 

C.tf i8h N Q 2 l  

C a t f i 8 h   N Q 4 l  

Shark DB 1113 

C a t f i 8 h  NQ77 

4 3 4 0  I 360 
CDR3 PR4 PR4 

I I 
G F D Y W O K G T T V T V T S  
GGT TTT GAC TAC TGG GGA  AAG  GGA  ACC  ACG GTC ACC GTT ACT TCT 

307 
I 

CDR3 

- "  G C - G - G G T G G C A C - - - -  

- "  G C T G - G G T G G C A C - - - -  I I  I I I I I I I I I  

T A T A C T G - G G T G G C A C A G C A  
I l l  I I I I I I I I  

I I I I I I I  
T A T A C T G C C G T - - C A C - G C A  

I 1  I l l  I l l  

310 
I 

that identified in  clones  representing  the VH3 and VH5 that of five  different VH gene  families.  Comparisons 
families (NG54, and NG66, respectively). The J H  coding show  that  the  sequence  diversity  defined  between  differ- 
sequences  in  clones NG54 and NG22 are  not  shown  in  ent  family  members is similar  in  magnitude  to  the  diver- 
Figure 7; each of these differed  from a concensus  se-  gence  represented  between  members of different  human 
quence by one  nucleotide. In NG54 nucleotide  position  or  mouse VH families.  These  studies  also  suggest  that 
335 was C ,  otherwise it was identical  to  the J H  coding 
sequences  in NGlO and NG66. In NG22 nucleotide posi- 
tion 357 was G, otherwise it was identical  to  the J H  
coding sequences  in NG70, NG21, and NG13. The con- 
servation of structure is evident  in  the JH coding  regions. 
Although the nucleotide  similarities  ranged  from  about 
67% to 89%. only  two  or  three of the  15 encoded  amino 
acids  varied. Amino  acid  position 108 (see Fig. 2)  was  the 

evolutionary  pressure  seems  to  have  been applied  early 
in  vertebrate phylogeny  to  derive different V region CDR 
sequences:  sequence  differences  are  apparent  in  both  the 
CDRl and CDR2 regions and  are reflected in  members of 
different VH families as well as in  members of the  same 
VH family.  Characteristics of the genomic  organization 
of higher  vertebrate H chains,  the  catfish  seems to  have 
different VH families  wherein a VH gene likely undergoes 

most  variant  in  the  catfish  JH  sequences;  this position is functional  recombination  with  putative DH gene seg- 
also highly variant in both  mouse  and  human J H  se- ments  and  one of apparently  several  different J H  seg- 
quences  (2). Ongoing analyses  indicate  that  JH  gene seg- ments:  this  recombined V region is joined  to a four do- 
ments  are probably  not  linked  to  individual VH elements main  C region  gene. This  C region gene is represented  in 
because  single as well as mixed sequence oligonucleotide the genome as a single copy. The ongoing efforts  to 
probes  complementary  to  the  defined J H  coding  regions characterize  genomic V region elements of catfish H 
define  distinct  genomic  restriction  fragments  (data  not chains should  continue  to provide important  insight  into 
shown). the phylogeny of Ig structure  and  function. 

concerning DH gene  segments  in  catfish.  First,  the  length  Acknowledgments. We would like  to thank  James R. 
of the CDR3 region in these  clones  varied  extensively  Hayman,  Julia Cay Jones,  and Tereza  Ventura-Holman 
ranging  from  24  to  42  nucleotides.  Second,  there  was  for  their  valuable  assistance  in  these  studies. We also 
little sequence  similarity  in  the CDR3 between  members  extend  our  appreciation  to Dr. Glenn  Gentry  for  his  help 
of the  same VH family.  Third,  and  perhaps  most impor- and  thoughtful  discussions  regarding  the  construction of 
tant,  there were  specific  sequences  within  the CDR3 of phylogenetic trees. 
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