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A b s t r a c t  Characterization of the structure, multiplicity, 
organization, and cell lineage-specific expression of T-cell 
receptor (TCR) genes of nonmammalian vertebrate species 
is central to the understanding of the evolutionary origins of 
rearranging genes of the vertebrate immune system. We 
recently described a polymerase chain reaction (PCR) 
strategy that relies on short sequence similarities shared 
by nearly all vertebrate TCR and immunoglobulin (Ig) 
variable (V) regions and have used this approach to isolate 
a TCR beta (TCRB) homolog from a cartilaginous fish. 
Using these short PCR products as probes in spleen cDNA 
and genomic libraries, we were able to isolate a variety of 
unique TCR and TCR-like genes. Here we report the 
identification and characterization of a chicken TCR 
gamma (TCRG) homolog, apparent Xenopus and pufferfish 
TCR alpha (TCRA) homologs, and two horned shark TCR 
delta (TCRD)-like genes. In addition, we have identified 
what could be a novel representative of the Ig gene super- 
family in the pufferfish. This method of using short, 
minimally degenerate PCR primers should speed progress 
in the phylogenetic investigations of the TCR and related 
genes and lend important insights into both the origins and 
functions of these unique gene systems. 

The nucleotide sequence data reported in this paper have been 
submitted to the EMBL/GenBank nucleotide sequence databases and 
have been assigned the accession numbers U22666 (Gd186cDNA), 
U22667 (Gd187cDNA), U22668 (Gd186), U22669 (Gd187), U22670 
(Hf2A), U22671 (Hfl91Y), U22672 (HfI91YcDNA), U22673 
(Hf2AcDNA), U22674 (SnYYC191), U22675 (SnYYC193), U22678 
(SnYYC193cDNA), U22679 (X/ll), and U23067 (SnYFC191) 
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Introduction 

Nonmammalian models are invaluable for resolving funda- 
mental issues relating to the control of expression of 
eukaryotic genes, including those of the immune system. 
The developmental regulation of TCR gene expression is of 
particular interest in terms of the immune function of T cells 
and the pathogenesis of immunological disease (Davis and 
Bjorkman 1988). Peptide sequencing, cross-hybridization, 
and polymerase chain reaction (PCR) amplification em- 
ploying degenerate primers have been employed to char- 
acterize TCR genes in a number of different nonmammalian 
systems, including: the A (Gobel et al. 1994) and B 
(Tjoelker et al. 1990) TCRs in avians as well as a TCRB- 
type gene in the axolotol, a neotenic amphibian (Fellah et al. 
1993), and a teleost fish (Partula et al. 1994). A number of 
other species that have proven useful in understanding the 
developmental control of gene expression are potentially 
valuable model systems for understanding the ontogenetic 
control of T-cell function; however, insufficient nucleotide 
sequence identity for cross-hybridization with known 
genes, difficulties in developing immunological reagents 
that are specific for TCRs (or accessory molecules), and 
complications in obtaining T-cell lines in some of these 
species have confounded the study of the structure and 
function of their TCR systems. 

Recently, we described a PCR amplification approach 
employing short, minimally degenerate nucleotide primers 
that complement variable region amino acid motifs that are 
found in nearly all TCR isotypes and Ig light chain proteins. 
Using this technique we identified TCRB gene homologs in 
the horned shark (Heterodontus francisci, a representative 
chondrichthyan species; Rast and Litman 1994), We now 
report the application of this method to the identification of 
TCR and TCR/Ig-like genes in: the chicken (Gallus domes- 
ticus), which is well suited for ontogenetic studies of T- and 
B-cell lineages; the African clawed frog (Xenopus laevis), 
in which metamorphosis is associated with expression of 
specific genes; and the pufferfish (Spheroides nephelus), in 
which the small genome size can facilitate studies of gene 
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structure and organization (Brenner et al. 1993). We also 
describe the structure of additional TCR genes in the horned 
shark that are not related to the TCRB homolog described 
previously. These studies establish that the PCR amplifica- 
tion of genomic DNA employing short, minimally degen- 
erate primers is a broadly applicable approach for identify- 
ing both TCR and related novel gene types. 

Materials and methods 

DNA isolation 

Chicken, African clawed frog, pufferfish, and horned shark DNA were 
extracted using methods previously adapted by our laboratory (Kokubu 
et al. 1987). 

RNA isolation, mRNA isolation, and cDNA library construction 

Puffeffish RNA was extracted using the RNAzol (Biotecx, Friends- 
wood, TX) method, and poly A+ RNA was isolated using a magnetic 
bead approach as described previously, cDNA was synthesized using a 
kit (Pharmacia LKB, Piscataway, NY) and cloned into )vgt11 (Strata- 
gene, La Jolla, CA). 

PCR primers 

The designations and structures of the various primer pairs utilized in 
these investigations are shown; cloning site(s) are boxed and preceded 
by spacer nucleotides_ Y = C or T; R = A or G; N = A, C, G or T; and 
J = C o r A .  

CC ~ TGGTAYCRNCA TCRWYRQ 
1 

YYCBAM C GGATCC I GCRCARTARTA 
YFCBAM C GGATCC I GCRCARAARTA 

While these primers have been used successfully to amplify product(s) 
from genomic DNA in a variety of species, they sometimes yield 
considerable amounts of nontarget, apparent artifactual by-product. 
This phenomenon appears to be species-specific, and in the case of 
African clawed frog, an additional primer series containing inosine (I) 
was synthesized in an attempt to reduce this problem (Bartl and 
Weissman 1994). 

SalIWYRQ CC ~ TGGTAYJGICA 
AIY (F/L) C CC IGTCGTACI GCACAGARRTAIIIRGC 
AIYYC CC GCRCARTARTAI I IRGC 

205 

2.5 units Taq polymerase was added in a 100 gl final volume and was 
overlaid with mineral oil. The thermal cycling protocol was 1 rain, 
94 °C --* 1 min, 45 °C ~ 1 rain, 72 °C for 30 cycles. The final cycle 
was extended for 10 min at 72 °C. Ten microliters of the PCR mixture 
was electrophoresed on a 4% NuSieve 3 : 1 agarose gel (FMC, Rock- 
land, ME), bands in the 180-210 bp range were cored with Pasteur 
pipettes, the plugs were placed in 100 gl TE (10 mM Tris, 1 mM 
ethylenediaminetetraacetate, pH 8.0) and melted at 95 °C. Individual 
samples (1 gl) were subjected to a second round of 25 PCR cycles, in 
the same buffer, with the same primers, and using the identical cycling 
profile indicated above. Mineral oil was extracted by shaking with 
chloroform, sodium acetate was added to 0.3 M, two volumes of 
ethanol were added, the samples were precipitated at -20 °C, and the 
precipitate was washed in 70% ethanol. The product was resuspended 
in 10 p,1 of TE, of which 2 gl was digested with Eco RI and Barn HI and 
electrophoresed in a 4% NuSieve 3 : 1 agarose gel. The appropriate size 
band was then excised and the DNA product separated from the gel 
matrix in a Spin-X filter (Costar, Cambridge, MA) according to the 
manufacturer's recommended procedure and cloned into appropriately 
linearized M13 (rap18 and mpl9). 

cDNA and genomic library screening 

Spleen cDNA libraries were lifted onto charged nylon filters (Hybond 
N+; Amersham, Arlington Heights, IL) and hybridized with probes 
derived by PCR amplification of the sequenced M13 clones. The 
probes were labeled with 32P-dCTP using a random primer method 
based on Feinberg and Vogelstein (1983). Hybridizations were at 65 °C 
for 16 h in 0.6 M NaC1, 0.02 M EDTA, 0.5% NaPyrophosphate, 0,2 M 
Tris, pH 8.0. The filters were washed at 52 °C in 1 x SSC (0.15 M 
NaC1, 0.015 M sodium citrate), 0.5% NaPyrophosphate, 0.1% sodium 
dodecyl sulfate and exposed to X-ray film. Genomic library screening 
was carried out under the same conditions. 

DNA sequence analysis 

The dideoxynucleotide chain termination method with 35S-dATP was 
employed for sequencing of the initial PCR amplification products, the 
cDNAs, and genornic clones. The FASTDB program of IntelliGenetics 
(Mountain View, CA; Brutlag et al. 1990) was used for initial databank 
searches of genomic PCR amplification products and cDNA se- 
quences. Parameter settings for analyses of genomic PCR product 
were: similarity matrix, unitary; K-tuple = 2; translation frame = 3; 
mismatch penalty = 1; joining penalty = 20; gap penalty = 1; window 
size = 32; gap size penalty = 0.05; cutoff score = 10. Searches were 
made against GenBank 79, and initial matches were then sorted by 
optimized score. For initial database searches and sequence identity 
comparisons, the amino acad residues included the complementary 
portion of the primer. 

cDNA and genomic DNA libraries 

African clawed frog (Haire et al. 1990) and horned shark (Shamblott 
and Litman 1989) spleen cDNA libraries have been described pre- 
viously. The pufferfish cDNA library was synthesized from spleen 
mRNA essentially as described (Shamblott and Litman 1989). The 
unamplified pufferfish spleen cDNA library consists of -1 x 106 pfu. 
The chicken (~ Zap cloning vector, Stratagene) spleen cDNA library 
was supplied by C.-L. Chen and M. Cooper. The amplified African 
clawed frog genomic DNA library has been described previously 
(Haire et al_ 1991). 

PCR priming 

Approximately 0.5-1 btg of the respective genomic DNA templates 
was used in the PCR reactions. The standard buffer reaction consisted 
of 50 mM KC1, 1.5 mM MgClz, 0.01% gelatin, 10 mM Tris, pH 8.3; 
0_2 mM of each deoxyribonucleotide mphosphate; primers at 0.1 btM; 

Results 

Chicken TCRG 

Since several groups had encountered difficulty in identify- 
ing TCRG genes using a number of different approaches 
(M. Cooper and W. McCormack, personal communica- 
tions), detection of the putative chicken TCRG locus was 
used to further examine the capabilities of short primer 
PCR amplification. Agarose gel electrophoretic analyses of 
the products of PCR amplification of chicken genomic 
DNA employing primers (TCRWYRQ and YYCBAM/ 
YFCBAM) yielded distinct bands in the -190 base pair 
(bp) range. The -190 bp fragment was isolated and sub- 
cloned; 18 different clones were selected for DNA sequenc- 
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Snl91 
fgH 

Variable Region i Joining Region 

~TER~S~EDQAV~YKY#RQA~`~sS~DDFFfW~Y~RQ]D~#~EAP~FLLYm~GRNFTRLSEA~R~ETKF~]STVNGDRV~QI~A~HS~ -EP~IGSGGLKLFF~I VK M Q 

X l l l  
TCRD 

D S I Q P KDY H~FA E E~]T E~Y LY~]N~ST~Y ~(WY~Y DYING PF~F I L H KA N KGS S S K~AV[D~F ES EFv~ . . . .  s SB]TV~I~TD~H~A E 
Q KV TQ DQ S DL~SS H V~SV~Jl- LN C[CJR~]- E ~ J s ~ ~  LP S~- - Q]MTY V I RQGS EVTN~R DK~- - Y S V~F KKAD K~I S~TWSA LK~KLE~S~K~JF~ 

Gd186 Q V L~QQ]RQ PF~E RS KT~T~IQ#H#EG I A D~H~AY~MP AGAP~RFL]~TA VAQV S Y D S DS Y~N Ky II~S KM G N K I dT]~SV Q D I G D D~K¢~E~]R~GYy Y~GS~_ _~ S 
TCRG Q~EL~T E L~ TV~T~QTD EN~JQ I~S~l~-Y LPYL~S NL~TAII HWY RQJKTN QQF E~Y~I Y~y~ATNY NQ RP LGGKH~KI EA~KD FKSST-TS~E I NY LKKE~E~D~MS~D~SG F H ~ E G T K L i  VII P ~ R L  

Hf2A 
TCRD 

I .F~SF~EN RRED E~V~I KFC]I~IIF~TANN~LY[WYR~YAEFK~PQ~VVWR~BWN~D RG EF~FGA~F~AE LQT~TF~FTSFET~G~V~y~s D pwI AAA~R~T~E ~ 
QK~QSSVSMPVR, AKLAVT]LN~LLyJET~JSWWSY~Y]JI~LPSK~EJMI~ LIRJQGSD~NAKS~--RL~JY~VNFK~K~JSVALT~T]~A~Q~ DE~S~K~FCLCB~GTGVRGLQDLTjDK~TFL~] GKL~JRvTV~ 

ing. Two clones (Gd186 and Gd187) were identified as TCR 
candidates based on identity with Ig and TCRV regions, 
including the essentially invariant Leu v~ and Asp84 (Kabat 
et al. 1991). The GenBank sequences exhibiting highest 
amino acid identity with the two candidate segments were 
30% -33%  identical (excluding the sequence segments 
complemented by the primer sequences) and include mam- 
malian Ig VH and horned shark light chain (HFL141). A 
mouse TCRG (MUSTCRGZZX) gene produced the tenth 
highest score and was the only TCR in the ten highest 
optimized scores. The analyses with the chicken amplifica- 
tion products are typical of our experience with this general 
approach, in which the initial findings with genomic seg- 
ments do not consistently predict the ultimately determined 
identity of the individual amplification product(s), which 
can be determined when constant (C) region sequence data 
are obtained in cDNA analyses. Because the chicken 
possesses only single V~ and Ig Vc families (Reynaud 
et al. 1985, 1989) and both TCRBV (Tjoelker et al. 1990) 
and TCRAV (Gobel et al. 1994) sequences are known, it is 
likely that gene segments Gd186 and Gd187 represent new 
TCR segments. 

The M13 mpl8  clones containing the candidate chicken 
Vrci~ segments (Gd186 and Gd187) were subjected to PCR 
amplification in order to derive gene-specific probes, which 
were then each used to screen ~6 x 105 chicken spleen 
cDNA recombinant plus. Four positively hybridizing pla- 
ques were purified and sequenced. The predicted amino 
acid sequences of the Vand C regions of the Gd186cDNA 
are illustrated in Figures 1 and 2, respectively_ The align- 
ment shown of the V and joining (J) region is with mouse 
TCRG and consists of 46/121 identities. The highest-rank- 
ing alignment score is with TCRG, when the Y region is 
included; however, the basis for the assignment of this 
clone as a TCRG homolog is based on extensive identities 
of the associated C region with the corresponding regions 

Fig. 1 Alignments of Vregions selected with probes complementing V 
region segments of genomic DNA with best matches from a search of 
GenBank using FASTDB. Highest scoring matches are illustrated to 
establish that sequences are Ig/TCR-type Vregions and are not intended 
to classify a given sequence as homologous to a particular mammalian 
gene type (e. g., IgH, TCRD, etc.). Top matches are as follows: Snl91, 
human IgH (HSIGHXX2); X111, cattle TCRD (BOVBTDV2); Gd186, 
mouse TCRG (MUSTCRGZZX); Hf2A, human TCRD (HSTCRDR). 
J regions are included except in the case of Xlll, which represents a 
genomic V segment 

of the mouse and human TCRG genes. Specifically, 26 
complete identities are shown for chicken, mouse, and 
human sequences in the putative extracellular Ig domain 
(defined here as from the beginning of the C region to 20 
amino acids beyond the second conserved C region cys- 
teine; residues 1-110 in Figure 2). In addition, Gd186cDNA 
shares ten additional extracellular Ig domain identities with 
either mouse or human (Pelicci et al_ 1987) TCRG that they 
do not share with each other. By comparison, human and 
mouse TCRG share 78 identities in the extracellular Ig 
domain. Few identities are evident in the extracellular 
spacer region (residues 111-173 in Figure 2), which con- 
tains extensive deletions and/or insertions. The transmem- 
brahe regions of the chicken Gd186cDNA, mouse, and 
human genes are identical at 9 of 25 positions, including 
a conserved Lys 3~2 (position 185 in Figure 2) that probably 

Figi 2 Alignment of putative chicken TCRGC region with mouse and 
human TCRG prototypes. Dashes indicate gaps introduced to optimize 
alignment. Residues matching the chicken sequence are enclosed in 
boxes. Asterisks indicate residues conserved in all three sequences. 
Periods at the end of sequences indicate stop codons. A lysine, which 
has been identified in all TCRs and postulated to interact with the y 
chain of CD3, is shown in reverse image, in the transmembrane region. 
Extracellular and cytoplasmic (Cyt) regions are designated accord- 
ingly_ The human "/sequence is taken from Pelicci and co-workers 
(1987). The mouse y is from Hayday and co-workers (1985) 

Gd186 
MouseTCRG 
Human TCRG 

Extracellular Region 

~ G . . . . .  F~SA#E N Y - - E[~M Q E EH E~Q V V~]V~IF~S Yp]EF~R~K~T D EA N K E V T Q N V V K~V wF~s p G E~K~S V S T~sFV~L~KN~I yFS~TY EFH~s GG~S LS TQ D L ~  
RLDAD I SIP ~PT I F LP SVA ETN LHI~TGIIYILC LILE KIF FPPIDV I RVYIWIKE KNGNT I LDSQ-FIGDT LNT ~ KGIIYMKFSW LTIV PIE RAMGIK EH Sci I V KH FIN N KGGADQ E I F FPI 
QLDANV~PK~TIFLPS~AETKLQ~AGT~ CL~ EL~FFP~DII~H~QEKKSNTILGSQ-~G~TM~T--N~T~MKFSW~ V~E~LD~EH~IVH~NNK~GIDQEITF~ 
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Gd186 
MouseTCRG 
Human TCRG 

_ _ T r a n s m e m b r a n e  R e g i o n _  Cyt__ 
V . . . . . . . .  P~SERSPQEQ . . . . . . . . . . . . . . . . . . . .  ~Gl l~S G~S~V V N RD H MTH K~IA Q LVMV vF~C[~s MMy v~v L~F F F Ky RTF#f~A K p S ~ T  ' 
SI KKVATT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~W-LQJD KrNIDV - LQ FQ FTSTSIAI- YYTYIL L L L L~IS V IM LAII I sk~s L LR- - RTISVCGNEIK#S 
~IKT~VTTVDPK~Y~KDANDVTT~KYNYS~AN~V~T~PK~N~DAN~D~-~Q~TN~-YYMY~LLL~VV~A~ITCC~G---R~RT~FCCN~ 
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Sn191 
HumanTCRA 
MouseTCRA 
ChickenTCRA 

HfI91Y 
Hf2A 
MouseTCRD 
HumanTCRD 

Extracellular Regton 

~ Y Y - - ~ ] N Y ~ I ~  . . . . . . . . . . .  G E G NT~T~A~G~-~R F~E~N D . . . . . . . . . .  T L F~QT EA~RF~SQDS L FNQV~FI~ - -~D~ . . . . .  
N I ON P~PIAVlYI(~LI . . . . .  R D S K S S D KLSJV C L[~T DIFIDqS~]TLN V S~]S . . . .  KDND - - -~JYIIITD KTV LDM RSMD F KSIN~A~AW SN K 
N I QN PLE ~AVLYIqL] . . . .  KDP RSQDST LIC LIHTD~D~Q I~V P KT . . . .  ME~G- - - TFL~TD KTV LDMK~MDS KS N~A I AWS NQ 

V KP~I T- P SIPISV~R~- --TSEDDK- D L EMC~I~JDY S P E K LD~SS V - - - DSKTETVV EVATS ENKHEASY LS~ . . . . .  YWAKK 

~ KKDAKE#ITLS~IFY P PV LS N P V VGTS D~AAV~TS~@KE~E LF~VGAD P KIN VT RS S~L LNN~]YF~WS SG F LS I P P DQ K~GQ ISf~EA K[HNI 
N KR~ENIPqKLS[IIFY P S EARS DD US PD ETIAAVIC LIASIE FTIP KE ILE ~sv~L~WD I NH KS NVT RS S I L LN DIGMYWS SG F LP F PF~DQ KPV NVTCIEA~H NI 
SQ P®A~PLSV FL~M . . . . . . . . .  KNGITNV¢~C ~V ~D ~YIP KEIVT ILS_LIR-S S KKI V E FD PAI[~I S P S~YISA---  V K LGQYGD~N ~VTCISVQHNI 

RSQPHTKL~SV FVM . . . . . . . . . . .  KN GWN V CALC~V EK~Y PLP~DIIIR I NLL~- S S KK I T m FD PA IL~I S P S~JK#JNA - V K k G~Y E D~JN VS~T~S V Q~D 

5n191C 
HumanTCRA 
MouseTCRA 
ChickenTCRA 

Hf191Y 
Hf2A 
MouseTCRD 
HumanTCRD 

- -  T r a n s m e m b r a n e  Region Cytoplasmic-- . . - -  

SD F~C~NAIHNN- S I I PIEDLTJFFPSP- ESSICDIV KILVEKS FE~DITN . . . .  MNIFQNIHSVqIIG[~RIIIL L LKIVAG FN LILMT L R I - ~wWW KNSS~..- 
TSFTICIQD@K~-T . . . .  NATYPSS-DVPICDIA~TEKSFE~DNN . . . .  [~NIFQN~SIVMIGL~ILLLLLL~VAGIFNILILMT ~- - -  SS-:  
~EMQL~GAKHEGFGI LKGDD PEAGA- STV~ITLGNS LL- FKT~EN . . . .  LL~M LT FS Q ~ K  I I FM~IA~JI,IF NIVLUI~M L- - -  K . 

GQNI ........ SAG[~ .... GFK~I DC G KR S S D[~LG R L~- D I E N ES~- wF~F L[S~f~M~V[~F~IS~F~V M~RC C S[~K E~SAM RC I QG. 
GD~IVQQN I KEPTAAP - PIK Pll DC N KS S N GTSAG LN - DTD N D LIT Ep WINLFMIS LTVNIG L RIVIL F~FI~ISIVAIFINIV MMTAjRC C SIFLK EIHSAM RW I 0 R. 
S EIITVHSTD FE P YAN S FNN E---LK LP E P ENDTQ I~E PCYGP RVTV H-ITEKVINIMMIs LTV LIG LRIL L ~A~I'~I AI N F L dT[V K-- L]FI--]~. 
N KWVH S TO F E V KTD S[~DH V - - - KL~JK ET E NT KQ PL~K S C H~P KA I V H - TLT~KV[~MM S L[SLT~ ~ L~L~ABTLV~V~F L TLLT~K LL~- -L~L. 

interacts with CD3y in mammals (Alcover et al. 1990). The 
mouse and human sequences share additional identities 
with each other in this region that are not shared with the 
chicken sequence_ Six of 14 residues in the short cytoplas- 
mic region (position 110-123 in Figure 2) of the 
Gd186cDNA show identity with the mouse and/or human 
sequence. An additional cDNA representing a second 
TCRGVregion family was identified with the probe derived 
from the Gd187 PCR product (data not shown). Finally, the 
designation of the Gd186/187 as TCRG genes is supported 
entirely by various molecular genetic studies in which they 
have been employed as probes (C.-L. Chen and M. D. 
Cooper, personal communication). 

Fig. 3 Alignment of putative pufferfish clone Sn191C and horned 
shark clones Hfl91Y and HJ2A C regions with human, mouse, and 
chicken TCRA (GDU04611), and human and mouse TCRD. Dashes 
indicate gaps introduced to optimize alignment. Residues shared 
between fish and TCRA sequences and between shark and TCRD 
sequences are enclosed in boxes. Asterisks indicate residues conserved 
among all shown TCRA, TCRD, and query sequences. Periods at the 
end of the sequences indicate stop codons. A lysine, which has been 
described in all TCRs and postulated to interact with the 7 chain of CD3 
is shown in reverse image in the transmembrane region. All sequences 
are aligned to each other, as it is difficult to establish homology to 
tetrapod TCRA vs TCRD. GenBank accession numbers of the se- 
quences used in the alignment are as follows: human TCRADm 
HSTCELA1; mouse TCRA, MMU07658; chicken TCRA, GDU04611; 
mouse TCRD, MMTRDNU; human TCRD, HUMTCRGC 

Pufferfish TCRA-like gene and a novel V-related gene 

The same approach that had been employed with chicken 
DNA was adapted successfully with pufferfish DNA. In this 
case, PCR amplification using primer sets TCRWYRQ/ 
YYCBAM and TCRWYRQ/YFCBAM yielded relatively 
uncomplicated patterns. Prominent PCR bands in the 
-190 bp range were recovered and subcloned; 15 individual 
clones were subjected to complete sequence analysis. 
Despite this relatively small sampling, three sequence 
types (represented by SnYYC191, SnYFC191, and 
SnYYC193) were found to exhibit significant identity at 
the predicted peptide level with Vz/VrcR segments. The 
sequence of the SnYYC191 genomic amplification product 
exhibits -38% amino acid identity with horned shark light 
chain, -38% identity with mouse TCRAV8 ($53024), and 
42% identity with dog TCRAV (DOGTCAA). A full copy 
length cDNA (SnYYC191cDNA) was recovered when this 
sequence segment was employed to screen a spleen cDNA 
library. Identities of SnYYC191cDNA with a human VH 
(HUMIGHGU) sequence are evident in both VI4 and JB 
region segments; however, this gene could be a pseudo- 
gene, owing to the absence of the highly conserved Cys 23 

(Kabat et al. 1991; Fig. 1). The C region of 
SnYYC191cDNA exhibits significant sequence identity 
with mammalian TCRAC and TCRDC regions. However, 
this particular clone contains an apparent frameshift (based 
on identity with mammalian prototypes)_ A probe comple- 
menting the putative C region of SnYYC191cDNA was 
derived and used to screen the same cDNA library. Three 
additional, unique clones with identical sequences and open 
reading frames (resulting from a 2 bp insertion relative to 
SnYYC 191 cDNA) were identified, and the predicted amino 
acid sequence of one of these (Snl91C) is shown in Figure 3 
relative to several tetrapod TCRAC regions. When the 
sequence of the same TCR is compared with mammalian 
TCRD sequences, it is apparent that the pufferfish sequence 
is more A-like, sharing 18 identities in the extracellular 
region (residues 1-120 in Figure 3) with human and mouse 
TCRA; most of these occur in the extracellular Ig domain, 
Only nine positions in the extracellular region are shared by 
all four species. Ten additional positions are shared by the 
pufferfish TCR and either the human or mouse sequences, 
but not both. Chicken TCRA (GDU04611) shares five 
additional identities with pufferfish, which are not shared 
with the mammalian prototypes_ The transmembrane and 
cytoplasmic regions of all four genes are closely related. 
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Leader 
M A S R F V L L V L L C E V V S L A V E S S G V T Q D P R 29 

t c a a ggt cATGGCTTCGC GGTTCGTCTTACTTGTGCTTCTTTGTGAAGTTGTGTCACTTGCTGTTGAGTCCTCAGGGGTTACACAAGACCCTCGG 95 

F M T A T V G D T V T L R ~ F C G E D S V T F F S (W Y Q Q) L L G G K P V 65 
~ A ~ A ~ A ~ A G T ~ A ~ A ~ A ~ T ~ G ~ ~ A A ~ A G ~ A ~ T ~ ~ A ~ A ~ A A ~ A ~ G A G G ~ A A ~  mimic 203 

V-Type Domain 
T I S S R L R H N T E A F V Y P Q F Q G R F E V E S K E K V N H L T I S lol 

AT•ATAT•A•GT•GG•TGAGGcA•AA•A•AGAAG•GA•AGT•TAT••TC•ATT••AAGG•AGGTTTGAGGTGGAGAG•AAAGAAAAAGT•AAc•A••TGAC•AT•T•• 298 

D V L P S D S A T Y Y ~ G I L E F N S L E (F G E G) T L L Q V R M P L S N 137 
GACGTTCTCCCGTCCGACTCcGCTACGTAcTACTGCGGGATCcTGGAATTCAACTcACTGGAATTTGGGGAGGGGACTTTGCTTCAGGTCAGGATGCCGCTcTcAAAT 4o6 

V Q A V V Y Q S A L K P 1 E P G D S V Q L R ~ E V H S E K C E E R Q S L 173 

GTCCAGGCTGTCGTCTATCAGTCAGCCTTGAAACCCATTGAACC GGGTGACTCGGTGCAGTTGAGATGTGAAGTACACAGTGAAAAGTGTGAAGAAAGGCAGAGCCTC 5~4 
, V/C2-Type Domain 

Y G)  L R Y T S S Q P G H I Y P N E G T C V N E A N I T K C A L T F S I N 209 
TACTGGC•CAGATATACTTCGTCTcAGCCTGGACACATCTATCCGAATGAAGGAACC•GCGTGAATGAGGCCAACATCACAAAATGTGCTCTGACCTTCTCTATAAAT 622 

S A N S S D E G I Y Y ~ A L A S C G E V V L G N G T E V Q L K R S K A Q 24s 
TCGGCGAAcTCCTCTGATGAAGGAATATAcTACTGCGCCCTGGCcTCCTGTGGcGAGGTCGTGTTGGGAAATGGAACAGAAGTACAACTCAAAAGAAGCAAAGCTcAG ~o 

~ f i v e ~ n s m e m b r ~ e R ~ o n  
Is L L L Y C L S A A L A V S I I L L F A L A S T A Y T LI K N Q T C S V C ~1 

TCTCTGCTTCTGTATTGCTTGAGTGCAGcGTTGGCAGTTTcCATCATcCTACTCTTCGCCTTGGCTTCCACAG•ATATACGTTGAAAAAccAAAcATGCTCTGTCTG• 838 
~ f i v e C ~ o p l ~ c R e ~ o n  

K G T V V Q S I S P H S M S H D A D E V H Y A A V R L K R S S E R D P N 317 
AAAGGAACTGTGGTCCAGTCcATTT•AcCT•AcAGCATGAGccATGATGCAGATGAAG•C•ATTATGcCGCTGT•AGGTTGAAAAGATcAAGCGAA•GTGACCCAAAT 946 

E E A C Q N E E S V C V Y S A I H V L Q • 337 

GAAGAGGCGTGCCAAAATGAGGAAAGCGTCTGC~TGTACTCAGCAATACATGTACTTCAAt a a t gg a a cLcgg~a t a a t  ca 9 ca gt  a t a a t cc  a t g t  ca a t ggt  ca a g 1054 

By contrast, SnYFC191, which was amplified using a 
different 3' primer, YFCBAM, exhibits significant identity 
only with TCRs, including -38% maximal nucleotide 
identity with TCRB (OSU18125_1, rainbow trout). 
SnYFC191 appears to represent a TCRB homolog, by 
comparison with various vertebrate prototypes. When this 
amplified segment was used as a probe, no hybridization 
was evident with a spleen cDNA library consisting of 
-6  x 105 recombinants, thus precluding further assignment. 
This lack of hybridization of candidate VrcR genomic 
sequences is to be expected, since V segments of TCRs 
within a single species are highly diverse (Concannon et al. 
1986; Klein et al. 1987) and expression of specific V 
segments is known to be both tissue- and developmental 
stage-specific. 

SnYYC193 exhibits -37% identity with human VH and 
VK (HUMIGKAZB) but lacks identity with TCRs within the 
top 17 comparison sequences. When used to screen the 
spleen cDNA library, SnYYC193 hybridized to one cDNA 
clone (SnYYC193cDNA) and its nucleotide and predicted 
amino acid sequences are shown in Figure 4. Although 
SnYYC193cDNA contains an Ig/TCR/CD8B-like V region 
followed by an Ig domain, it is most probably not a TCR. 
By comparison with Ig, TCR, and various cell surface 
antigens that are recognized as members of the Ig gene 
superfamily, several protein domains in SnYYC193 can be 
assigned tentatively: leader, V-type domain, and a second V- 
or C2-type domain (Williams and Barclay 1988). Putative 
transmembrane and cytoplasmic regions were assigned on 
the basis of hydropathicity analyses (Kyte and Doolittle 
1982). At the predicted peptide level, the second Ig domain 
most closely matches a VH region but at a low percentage of 
identity. The transmembrane and cytoplasmic regions lack 
significant identity with sequences contained in GenBank. 
Although the genomic sequence of SnYYC193cDNA has 

Fig. 4 Nucleotide sequence and predicted pepdde sequence of puffer- 
fish sequence Sn193cDNA. Putative leader, extracellular Ig domains, 
transmembrane, and cytoplasmic regions are designated. TCR/Ig/CD8- 
like V (WYQQ) and J (FGXG) motifs are circled. The conserved 
cysteine and tryptophan residues in the Ig domain are circled. The stop 
codon is indicated by a period 

not yet been determined, a PCR from the WYRQ region to 
the putative J region using genomic DNA as a template 
produced a band of a size equal to that produced with the 
cDNA, inconsistent with the existence of a rearranging 
mechanism. It is unlikely that this gene is of the germline- 
joined types that we have described previously for immu- 
noglobulins of cartilaginous fish (Kokubu et al_ 1988; Rast 
et al. 1994). These findings emphasize the ability of the 
short primer PCR approach to identify genetic systems, 
both rearranging and nonrearranging, which relate to Ig and 
TCRs through shared Ig domain sequences. 

Genomic sequence of a TCR-like gene from the African 
clawed frog 

African clawed frog genomic DNA was PCR-amplified 
employing primers that had proven successful with both 
chicken and pufferfish DNA. Amplification products in the 
appropriate size range were recovered, along with an 
unusually large number of products that were not apparent 
Ig or TCR homologs. Although two TCRA-like sequences 
were identified, neither hybridized with spleen cDNAs 
(data not shown). Based on previous experience with 
African clawed frog Ig V genes, which are highly derived 
(Haire et al. 1990), it was not unreasonable to assume that 
minor sequence differences between African clawed frog 
DNA and the primers could preclude amplification. In 
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agcacccaagtcggt•tgtacatLgaccatgctgttcgtgatgcactacaaatat t tccactacctatagcagcgtgtt tcat tLgtgttaaataaatatctata los 
~tg~g~aaga~g~C~tLa~ta~t~a~t tgaa~aCac~atCcC~L~C~Caa~c~a~gCa~a~t~aagc~aa~a~ggt~a~aaaa~aaCa 210 

gta~LaaactagggagtagccaattttggtccaaacaaatggtLacattaaggcacccaatgtggggtctaaaaggttaagctgccaggtaattgctaatagttt  31s 

g C ~ t ~ a g ~ C ~ a C ~ g ~ g C ~ g ~ C c a a g ~ a g ~ C ~ a a a ~ a C g C ~ C ~ C ~ t ~ C g ~ a C ~ C a ~ a a ~ g g ~ a ~ C ~ a ~ a L ~ a ~ a ~ C ~ a ~  420 
~tgaa~ataa~at~a~aaCaC~gtg~t~a~C~a~gaaCctCa~a~a~a~CC~ag~gCttCC~g~C~t~tC~CC~C~CaC~tC~a~CaC~gCa~CL 525 
~aCCaagCaCC~aa~agaga~a~t~aaaaaaaCa~gt~CtCa~atCt~aa~aaCagC~a~t~t~C~CC~t~aaagaaaat~L~aaaaa~ 630 

M F L 
~a~g~a~CtCag~gC~C~a~a~at~tgtaCtg~gC~LtL~C~gg~aa~tga~C~agaa~ta~C~C~a~a~L~L~aa~aAT~TTTTTA 735 

L S K Y P F F C R N E S T O E F C L Z 
TTATCTAAATATCCTTTTTTTTGTAGAAATGAAAGCACTGATGAATTTTGTTTAACCA~ggattacaggctggLagaaaccaagattgctt~tcctataggttt s~ 

R D V W A D S I  
tCa~aCtL~aa~atLagagggC~gaCt~g~gta~gt t t~g~ta~g~tga~t~a~aCaa~t~tg~t~C~A~CT~GGCA~A~C~AT~C 945 
O p K D Y H V F A E E G T E V Y L Y ~ a V S T T Y T T A Y Y L H[W Y R ] 
AACCAAAGGATTACCATGTATTTGCTGAAGAAGGAACAGAAGTATATTTATACTGCAATTATTCAACTACGTATACAACTGCATATTACCTTCACTGGTACCGGClos0 

Y D Y G G P Q F I L H K A N K G S S S K A A V D R F E S E V N S S S 
AGTATGACTACGGTGGCCCACAGTTCATTTTGCATAAAGCCAATAAAGGCTCTTCCAGTAAAGCTGCAGTGGACAGATTTGAATCTGAAGTGAATTCAAG•TCGA Hss 
T V L I I T D L K L E D T A T Y H ~ A L A E -23- 
~AGTTCTTATCATAAcTGACTTAAAA~TGGAAGATACAGCTACTTATCACTGTGCGCTTGCTGAGG~aga~aaaactgagctcagcagt~ACACAAAC~l26~ 
~ctgcagaacggaagaagtagctcagcactgacagaagctcattccagcaactcctccataagagccccatagttgttctagctgacaaaaacaaggccctaaac 136s 
a•tg• ta tgt tagggaatact tccata• t tactgataatatgcat t tgcgggat tgccgctcataaacaaaaaaaactgaat t tcccatgaat tc  1460 

addition, as indicated above, our experience with other 
systems suggests that interference/competition from various 
genomic DNA sequences can complicate amplification and 
identification. Consequently, a second set of PCR primers, 
complementing an additional position and containing an 
inosine triplet, integrated to bridge a nonconserved codon, 
was synthesized. A single sequence of interest was identi- 
fied as a Vregion of the novel 9 light chain isotype (Stewart 
et al. 1993), using the AIYYC primer together with the 
TCRWYRQ or Sal lWYRQ primer. Equal intensity pro- 
ducts corresponding to -180, 190, 200, and 220 bp were 
amplified using the third framework region (FR3) primer 
AIY(F/L)C. These products were electrophoretically re- 
solved and subcloned in M13 mp18/19_ Approximately 10 
subclones corresponding to each band were subjected to 
DNA sequence analysis_ Of these isolates, the 180, 200, and 
220 bp components lack sequence identity with Ig and 
TCRs. Similarly, most clones derived from the ~190 bp 
product lack either an open reading frame or significant 
sequence identity with /g-type genes. However, one se- 
quence was identified that exhibits similarity to the rat Ig 
light chain and to TCRAV. A probe complementing the 
TCRAV-like sequence was employed to screen a spleen 
cDNA library (-5 x 105 recombinant pfu), but no posi- 
tively hybridizing plaques were identified. Similarly, hy- 
bridization was not detected in high representation screen- 
ings of either a phorbol myristate acetate-stimulated Afri- 
can clawed frog thymus cDNA library or a cDNA library 
derived from thymus, spleen, and liver of this species 
(kindly provided by M. Flajnik). Screening of an amplified 
genomic library (-2.4 x 105 pfu), representing >0.5 
equivalent of the African clawed frog genome, yielded 
six hybridizing plaques. Partial restriction mapping of the 
purified phage DNA showed these clones to be identical; 
hybridization was localized to -1.5 kilobases (kb) and 
-0_3 kb Eco RI segments, which were subcloned and 
sequenced. The genomic fragments contained sequence 
that is identical with the amplified V segment (product 
between primers) interrupted by an internal Eco RI restric- 
tion site. A recombination signal sequence (RSS) is present 
3' to the putative coding region Xl l l  (Fig. 5). The sequence 
of this clone was extended to include -1.3 kb upstream of 

Fig. 5 Complete nucleotide sequence of African clawed frog genomic 
clone Xlll. Noncoding sequence is in lowercase and putative coding 
sequence in uppercase. Conserved leader donor and acceptor splice site 
nucleotides are in reverse image squares. Conserved cysteines are in 
reverse image circles. Conserved WYRQ is enclosed, as are recombi- 
nation signal sequences, which are shown in uppercase and separated 
by 23 nucleotides 

the V segment and 200 bp 3' of the RSS. Notably, the 5' 
sequence of this genomic clone did not contain an/g- type 
octamer such as has been identified -200 -300  bp upstream 
of the initial codon in 10 of the 11 different VH gene 
families in African clawed frog (Haire et al. 1990) as 
well as in all vertebrate Ig light chain genes. 

A second class of TCR in a cartilaginous fish 

The (TCRWYRQ, YYCBAM, and YFCBAM) primer pairs 
described above also were used to amplify additional 
segments of homed shark genomic DNA. In this case, 35 
segments were subcloned and sequenced and five separate 
classes of V region-like sequences were identified. Probes 
complementing these V segments were used to screen a 
spleen cDNA library. One of the probes detected a TCRB 
homolog and has been reported previously (Rast and Lit- 
man 1994). Two of these probes failed to hybridize with 
spleen cDNA, and two other probes (Hf2A and HfI91Y) 
hybridized with two cDNAs, both of which were se- 
quenced. The V and putative J regions of the Hf2AcDNA 
are shown in Figure 1, and the C regions of Hf2AcDNA and 
Hfl91YcDNA are shown in Figure 3. The sequence of the 
corresponding Vand J regions of HfI91FY is truncated but 
nevertheless is dissimilar to that of Hf2AcDNA over a 
significantly informative segment. Presumably this repre- 
sents a sequence family difference as has been observed for 

segments in this species (Rast and Litman 1994; N. 
Hawke and J. Rast, unpublished data)_ Forty-three identities 
are evident between the V regions of Hf2AcDNA and 
human TCRD (HSTCRDR), and additional identities are 
found in the J region. This level of sequence identity 
between the shark gene and mammalian prototypes is 
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similar to that described previously for the shark TCRB 
gene (Rast and Litman 1994)_ The relationships of the 
putative C region segments of Hf2AcDNA and 
Hfl91YcDNA to tetrapod TCRD and TCRA are illustrated 
in Figure 3. Twenty-four identities are present between both 
horned shark sequences and at least one of the mammalian 
TCRD prototype sequences in the Ig domain region (resi- 
dues 1-110 in Figure 3). There is less identity in the 3' 
extracellular region (residues 111-144 in Figure 3), but 
extensive identity is found in the respective transmembrane 
regions, as is the case for pufferfish and chicken TCRA 
sequences. Few identities are present in the cytoplasmic 
region. Although the nucleotide sequences of the trans- 
membrane, cytoplasmic, and 3' untranslated regions (not 
shown) of Hf191YcDNA and Hf2AcDNA are nearly iden- 
tical, they exhibit only -75% amino acid relatedness in 
extracellular sequence, with large indels in the 3' Ig domain 
region. Although it is possible that these genes are of the 
c~-type or could be representative of another type, unique to 
the cartilaginous fishes, the identities of both V and C 
equivalent regions to TCRD are the tentative basis for 
their assignment to this TCR class. Nevertheless, the dis- 
tinct possibility exists that the cz/5 divergence took place 
after the divergence of the cartilaginous fishes and the 
lineage leading to the mammals, making the ~ 5  distinction 
in a shark inappropriate. 

Discussion 

By analogy to earlier observations in human and mouse, 
which showed extensive diversification of TCRVregions as 
well as both tissue-restricted and developmental stage- 
specific expression of these genes, it was not unexpected 
that major difficulties would be encountered in identifying 
TCR genes in more divergent vertebrate species using both 
cross-hybridization and conventional PCR priming ap- 
proaches. Although the avian TCRB locus has been identi- 
fied using a pool of DNA probes complementing different 
mammalian TCRVregions (Tjoelker et al. 1990), the avian 
cz locus could not be detected using this approach (M. D. 
Cooper and C.-L. Chen, personal communication) but was 
identified using a CD3-specific antisera to isolate cell 
surface TCR molecules, which in turn were subjected to 
peptide sequencing. The peptide sequence served as the 
basis for synthesis of gene-specific oligodeoxynucleotide 
probes. PCR amplification employing degenerate primers 
proved successful for identifying the TCRB locus in one 
amphibian species, the Axolotl (Fellah et al. 1993); how- 
ever, our efforts to utilize this technology for this purpose 
with African clawed frog and shark have not been success- 
ful (unpublished observation). Since the TCRBC region 
shows the greatest identity with Ig light chains, approaches 
targeting these identities could be less successful in the 
identification of other TCR types. The amplification of a 
TCRB homolog from shark genomic DNA using minimal 
degeneracy primers (8- to 16-fold), which complement only 
10-11 nucleotides, suggested that this approach could have 

J. R Rast et al.: Vertebrate T-cell antigen receptor genes 

broader applications for identifying TCR genes in other 
nonmammalian vertebrate species in which neither nucleo- 
tide nor peptide sequence information is available for a 
TCR glycoprotein(s), gene(s), or accessory molecule(s). 
Furthermore, it is reasonable to predict that other (non- 
classical Ig/TCR) gene families sharing only short sequence 
identities in FR2 and FR3 could be amplified from these 
species since other known genes (e. g., CD8B) also share a 
variant of this motif. 

The studies reported here demonstrate that a variety of 
TCR-like sequences can be primed directly from the geno- 
mic DNA of several different phylogenetically primitive 
species of jawed vertebrates, which are also significant 
developmental and/or phylogenetic models. The use of 
genomic DNA as the PCR template for identification of 
TCR homologs is advantageous as there need be no 
assumptions made regarding tissue- and developmental 
stage-specific expression. However, a sizable number of 
unwanted products are produced, the degree of which 
appears to be species-specific. Thus, although the amplifi- 
cation and cloning steps are relatively straightforward, the 
approach is dependent on the analysis of sizable numbers of 
sequences and extensive database reference analyses. Par- 
allel genomic Southern blotting analyses can be used to 
confirm and partially characterize products and as a means 
for excluding cross-species PCR contamination. The prim- 
ers employed in the studies reported here have been 
designed to eliminate amplification of Ig VI~ genes; how- 
ever, it is not possible to restrict amplification of Vr genes, 
as both VrcR and VL have the same primer-targeted se- 
quence. The less extensively diversified nature of Ig light 
chain genes in some species minimizes difficulties in 
resolving their identity in relation to other gene families. 

Assignment of genomic amplification products as Ig/ 
TCR- like V segments is based only in part on the alignment 
with family-specific residues_ While no positions within the 
PCR product are absolutely conserved throughout all V 
region proteins, genuine products typically can be identified 
both by the presence of consensus residues and through 
database searches, which tend to show matches exceeding 
30% overall identity for authentic products. The FASTDB 
program (Brutlag et al. 1990) is helpful for further char- 
acterizing the genomic amplification products; however, 
several findings in this study demonstrate that the rank 
ordering of minimally homologous sequence segments can 
be misleading, as established by subsequent resolution of 
corresponding full copy length cDNA sequences. Unequi- 
vocal assignment of a putative Vr segment as a TCR 
component remains largely dependent on the resolution of 
a full copy length cDNA sequence, assuming that it is 
sufficiently homologous to existing database sequences. 
However, isolation of a corresponding cDNA can be 
problematic. For example, we identified a large number 
of PCR fragments from Danio rerio (zebrafish) that most 
likely are representative of several different TCR classes 
but thus far have failed to recover corresponding TCRs 
from several cDNA libraries. This is not unexpected as 
levels of representation of less than one in 5 x 105 are 
typical for the gene segments for which corresponding 
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cDNAs have been identified. Since TCRs typically consist 
of a number of highly diversified V region families but 
relatively few, related C region genes, once a C region 
probe has been generated, there is no difficulty in identify- 
ing greater numbers of transcripts (cDNAs). In instances 
where screening with amplified V region products has 
failed, this property of the TCR gene family may be 
exploited in an alternative selection strategy, in which C 
region segments derived from closely related species can be 
used as probes. 

In many cases, homologous cDNAs cannot be found, 
although their genomic equivalent can be identified. As a 
general principle, identification of the tissue (mRNA) 
source for TCR-like products that cannot be identified in 
conventional libraries could employ libraries that are ob- 
tained from other tissues and which are representative of 
different developmental stages and/or are normalized. This 
latter approach can achieve increases of several order of 
magnitude in the relative abundance of rare mRNAs 
through kinetic enrichment (Morgan et al. 1992; Patanjali 
et al. 1991). 

Although it is desirable to have cDNA probes in most 
studies, if a corresponding cDNA sequence cannot be 
identified, presumptive identification of a V element can 
be substantiated further by isolating corresponding genomic 
segments from high representation genomic libraries. Iden- 
tification of typically conserved sequence features - for 
instance, recombination signal sequences, leader peptide, 
and regulatory (promoter) elements - or lack thereof can 
provide evidence for the identity of these products. If the 
primed product is not of the Ig/TCR rearranging-type, 
predicting a peptide structure in the absence of mRNA 
(cDNA) information is considerably more difficult and 
would require extensive genomic sequencing and/or could 
utilize exon trap vector approaches (Auch and Reth 1990). 
Different anchored PCR approaches (see below) also could 
facilitate identification. 

Although the primers used in the present investigation 
potentially would complement the most common TCR/IgL 
sequences, by no means do they encompass all of the 
known variants of these motifs. For example, Ig heavy 
chains and the CDSB chain have a hydrophobic amino acid 
in place of the tyrosine in the WYRQ motif (e. g., WVRQ, 
WLRQ, WIRQ, etc.). Because these motifs are short, it is 
feasible to synthesize primer sets that exhaust the most 
common variant sequence possibilities. To avoid exclusion 
of Vregion PCR products resulting from internal restriction 
digestion at the cloning step, primers containing a different 
set of restriction sites can be used in either the primary or 
secondary PCR. It also is important to note that the analyses 
of these species with the primer sets described here are far 
from exhaustive, as relatively few sequences (less than 50) 
have been analyzed in each case, and more important, in no 
case has any negative selection technique been implement- 
ed to increase the efficiency of screening large numbers of 
cloned products_ These various issues are being addressed 
in ongoing studies directed at further characterizing the 
nature of molecules related through the Ig/TCR V region 
domain. 
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The existence of Ig or TCR homologs in the extant 
agnathan vertebrates has not been established. Thus far, 
although we have sequenced numerous PCR fragments of 
the predicted, appropriate size, we have been unable to 
recover Ig/TCR V region-related genes from either hagfish 
(Eptatretus stouti) or lamprey (Petromyzon marinus). The 
fact that this technique works readily in all of the broadly 
representative j awed vertebrate species in which it has been 
applied, but not in these agnathans, reflects a significant 
difference between the groups and is consistent with pre- 
vious functional studies and the failure of numerous earlier 
attempts to identify true Ig/TCR gene homologs in these 
species. However, these negative findings do not preclude 
the existence of these and/or related genes in the contem- 
porary agnathans. Homologous genes could be present at 
low copy number in the agnathan genome and thus be 
below the kinetic threshold of the technique as applied 
presently. Alternatively, the Ig/TCR light chains/CD8 diver- 
gence may have taken place after that of the jawed 
vertebrates, and the related genes in the Agnatha may 
have sequences that differ from the motifs used to construct 
primers. Finally, if the agnathan genes have diversified 
following the divergence of the jawed vertebrates, amplifi- 
cation could be extremely difficult to achieve. These studies 
are being expanded using different primer series and prim- 
ing parameters. 

In addition to the utility of the minimal degeneracy 
approach for identifying TCR homologs in the jawed 
vertebrates, the method as detailed here, either in its present 
form or through modification of primer sequences, is 
potentially capable of amplifying homologous genes, 
should these exist, in the extant, more phylogenetically 
primitive species_ While rearranging Ig and/or TCR genes 
could be restricted to the jawed vertebrates, the possibility 
exists that progenitor gene systems could be present in more 
phylogenetically distant forms. Likewise, owing to the low 
levels of sequence assumption inherent in this approach, 
there is good reason to believe that the method has 
considerable potential for uncovering heretofore unknown, 
homologous genes in mammals and other species that are 
either rearranging or nonrearranging but nevertheless share 
a phylogenetic origin with the Igs and TCRs. 
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