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T cells recognize antigens by using T cell receptors (TCRs) encoded
by gene segments, called variable (V), diversity (D), and joining (J),
that undergo somatic recombination to create diverse binding
specificities. Four TCR chains («, B, v, and ) have been identified
to date, and, as T cells develop in the thymus, they express
exclusively either an aBTCR or a y6TCR heterodimer. Here, we
show that marsupials have an additional TCR (TCRu) that has V, D,
and J that are either somatically recombined, as in conventional
TCRs, or are already prejoined in the germ-line DNA in a manner
consistent with their creation by retrotransposition. TCRu does not
have a known homolog in eutherian mammals but has features
analogous to a recently described TCR& isoform in sharks. TCRu is
expressed in at least two mRNA isoforms that appear capable of
encoding a full-length protein, both of which are transcribed in the
thymus and spleen. One contains two variable domains: a somat-
ically recombined V and a prejoined V. This appears to be the
dominant isoform in peripheral lymphoid tissue. The other isoform
contains only the prejoined V and is structurally more similar to
conventional TCR chains, however invariant. Unlike other TCRs,
TCRp uses prejoined gene segments and is likely present in all
marsupials. Its similarity to a TCR isoform in sharks suggests that
it, or something similar, may be present in other vertebrate
lineages and, therefore, may represent an ancient receptor system.

evolution | immune system

allmarks of the adaptive immune systems in jawed verte-
brates are cells (lymphocytes) that use somatic DNA re-
combination to assemble the genes that encode antigen recep-
tors. This recombination provides the means to generate a large
repertoire of receptors with diverse binding specificities (1).
There are two classes of antigen receptors that are used by B and
T cells, respectively: Ig and T cell receptor (TCR). Although
there is variation in the isotypes of Ig present, to date, all jawed
vertebrates appear to have the same four TCR homologs (2, 3):
TCRa, -B, -7, and -8. All contain V domains that are encoded
by the variable (V), diversity (D), and joining (J) gene segments;
recombined V and J encode the V domain in TCR«a and TCRYy,
whereas the TCRB and TCR& chains use V, D, and J (4). A
typical TCR locus is organized in a “translocon’ arrangement in
which an array of V segments is upstream of one or more D
segments (in the case of TCRB and TCRS$), followed by one or
more J segments (4). In developing T cells, these gene segments
undergo so-called VDJ recombination that is mediated, in part,
by the recombination activating gene (RAG) recombinase sys-
tem to assemble the exon encoding the V domain (1, 5). To date,
the V, D, and J gene segments in TCR loci have always been
found in a nonrecombined state in the germ-line DNA and
require somatic cell recombination for expression. After recom-
bination, T cells are then selected in the thymus to eliminate
those that bind self-antigens (contributing to self-tolerance) and,
in the case of aBTCR and some y6TCRs, for ability to bind
molecules encoded by the MHC (4). aTCR and some y6TCRs
bind antigens that are presented on MHC molecules, whereas
other y8TCRs bind antigen directly (6).
The marsupials are of a distinct mammalian lineage that is
noted_for_highly altricial young that are comparatively less
mature than that of typical eutherian (“placental”) mammals
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(7-12). In contrast to most eutherian mammals, which have a
thymus and other lymphoid tissues that develop in utero, the
marsupial thymus is primarily undifferentiated epithelium at
birth, and there are few or no circulating lymphocytes. T
cell-dependent responses in marsupials are correspondingly
absent or delayed in the first week of life, and the young are
highly dependent on maternal protection (7-12).

The evolutionary time separating marsupials and eutherians,
which last shared a common ancestor 170-180 Mya (13, 14),
make it possible that marsupials have evolved immune strategies
that are not found in more commonly studied eutherians. Here
we report a locus in marsupials that encodes a TCR chain that
is not found in eutherians and that undergoes VDJ recombina-
tion in the thymus. First isolated as an expressed sequence tag,
this locus was thought to encode a divergent TCR#& (15). Several
characteristics, however, support that this is a distinct TCR
isotype, which we have named TCRu (w or M for marsupial) in
recognition of its identification in marsupials. TCRu has been
found in three marsupial species to date: the gray short-tailed
opossum Monodelphis domestica, the Northern brown bandicoot
Isoodon macrourus, and the tammar wallaby Macropus eugenii.
Given the distant phylogenetic relationship of these three spe-
cies, TCRu is likely to be common to all marsupials (15, 16).

Results

TCRp Is Encoded at a Unique TCR Locus. FISH localizes the TCRu
genes to M. domestica chromosome 3, nonsyntenic to the con-
ventional TCR located on chromosomes 1p (TCR«/8), 8q
(TCRB), and 6q (TCRY) [supporting information (SI) Fig. 5]
(17). In the M. domestica genome, TCRu is organized as six
tandem clusters covering a 614-kb region. Each cluster contains
one V (Vpu), two or three D (Du), and one J (Ju) gene
segment(s), along with the exons encoding constant (Cp),
connecting peptide, and transmembrane (Tm)-cytoplasmic (Ct)
regions (Fig. 14 and SI Fig. 6). The Tm—Ct exon encodes basic
amino acids (lysine and arginine) with positions that are con-
served in the Tm region of conventional TCR chains and that
participate in formation of the TCR-CD3 cell surface complex
(18) (Figs. 1B and 2). Also present in the connecting peptide is
a conserved cysteine that in conventional TCR chains partici-
pates in interchain disulfide bonds that form the TCR het-
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Fig. 1. Diagrams of cluster organization, alternative isoforms, and alignment of TCRu2.0 sequences. (A) Representative TCRu cluster. Closed or open triangles
flanking the Vu, D, and Ju gene segments indicate the presence of 23- or 12-bp spacer recombination signal sequences, respectively. The L sequence, connecting
peptide (Cp), Tm—-Ct, and 3’ UTR exons are indicated. The numbers are intron and exon length in nucleotides and are representative of cluster no. 3 (see SI Fig.
6). The predicted L sequence of Vy; is framed by a box, and an arrow below the exon indicates the location of the embedded mRNA splice site. (B) Model of the
two TCRu isoforms showing the mRNA splice forms and predicted protein organization, with the TCRu1.0 isoform above and the TCRu12.0 below. Arrows above
the exons indicate the locations for the PCR primers used for RT-PCR. Conserved arginine (R) and lysine (K) in the Tm region are indicated. (C) Alignment of
predicted amino acid translations of the V domains in the TCRu2.0 isoform isolated from thymus (T) and spleen (S) cDNA libraries. Sequences are labeled by
species, followed by a clone number. Modo, M. domestica; Isma, I. macrourus; Maeu, M. eugenii. Productive (P) or nonproductive (N) clones are indicated on
theright; ared asterisk in the CDR3 region indicates in-frame stops, and a red letter X indicates frame-shifting nucleotide insertion/deletion in the nonproductive
rearrangements. The residues corresponding to distinct D segments are underlined for the M. domestica sequences.

erodimers. Vi, D, and Ju are flanked by canonical recombi-
nation 51gna1 sequences con51stent with being substrates for
ig. 14) (5). The recom-
gene segments are

asymmetrical, with a 12-bp spacer on the 5’ side and a 23-bp
spacer on 3’ side, a configuration that is typical of D segments
in TCR (Fig. 14) (19, 20). There are two additional partial
clusters that lack Vu and Du segments (SI Fig. 6), and at least
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RSS < Jn ><  Intron  >< L ><
10 20 30 40 50 0 10 20 30 40 50
cacagtgGATAAGTGGGATGACTTTGGGCCAGGAACAGAAGTGACTGTGCTTCIMGBaagt / /9gcagaATGGATGGATTTCTCCTACTTACTCTGCTTCCCTCATTTTCTTCATGCGRAGER
DKWDDEGPGETEVTVTLE® MDGFLLLTLTLTP®STFSSCASG
cacagtgGAGCAAT! ATTTTGGTCCTGGAACARAACTGACTGTCTTACCHRIGRaagt / /aaagtaATGAATTGACCACTCCTGCTCAATTTACCCCCATCTCTGCT'I‘CAT- - - TEAgHE
EQWGNTEFGPGETZ XKLTVTL?® * PLLLNLP?PPSLLES-TLJV
/ /agagtaATGAATTGTCCACTCCTGCTCAATTTACTCCCATCTCTGCTICAT- - - TEAgE
cCPLLLNLTLTPSTLLEH-LUV
GGTCTTGGAACAGAAGTGACTGTACTGCCINigRaagt / / ggaggcATGGATGGACTGCCCCTACTTATTCTACTTCTATCTCTGCTTCAC- - - TeagHE
G L 6GTEVTUVLP MDGLUPULULTIZLLULSTULIULH- SV
FR1 >< CDR1 ><
100 110 120 130 140 150 160 170 180

GATGAGACTTATCTGAAAGAATCAGGAGGTGGCCTATATCCAGGCAATGAGATTCTAAACCTCACATGTCAAACATCTGGCTTCCAATTCAATACAAGTGTACTAGGCTGGTACCTTTGGGACCCA
DETJYZLIKESGGSGLY?PGNETITLNTILTTZ CQTSGTFOQFNTSVILGWYTULWDP
GAARAGACGCTGCTTACAGAGTCAGGAGGAGGCACATACCAAGCTGGAAAGACCCTGAGTCTCARATGCCAAACCTCTGGCTTCCAGTTCAAGACAAGT CAACTTGACTGGTACCTTTGGACCCCT
EXTULLTESGSG®GTYOQAGE KTTZLSTLI KT CQTSGTFQFZ XTSQLDWYTLWT?P

'GCTGCATATAGAGTC, CATACCAAGCTGGAAAGACCCTGAGTCTCARATGCCAAACTGCTGGCTTCGAGTTCAAGACAAGTAAACTTGACTGGTACCTTTGGGCCCCT
EKTULUHTIESGGGTYOQAGE KTZLSILI KT COQTAGT FETFZ KTSZKTILIDWYTULWATP
GAAAAGACAGTGTTGATGGAGTCAGGGGGAGGCTCCC
EKTVLMESGG GG S

CCTGACCCTCAAATGTGAAACTTCTGGTTTTGAGTTCAAGACAAGCAAACTTGGCTGGTACCTTTGGAACCTT
L TLKCETSGTFETFI KTSZKTLGWYTLWNL

FR2 >< CDR2  >< FR3
190 200 210 220 230 240 250 260 270 280 290 300
GGATGTGCTCCTCAGTGGCTGTCCAGCCTTGACCATATATCCACAGARACC GAACGAATCATCTCTTCC: AGTAGCAGCCAGATTTTCCTTCAAATTAAAGGCCTGGGTATT

G CAPOQWILSSLDHISTETI KTETETRTITISSRETDSSSOQITFILOQIZKSGTLSGTI
GGCCATGCCCCGCTGTGGTTGACTGGTCTGAATAGTAGTTCTACAGATGCCACTGAGGGCAGGI-\TCACTTCTTCCAGAGAAGACAACAAGAATCAAATTTTCCTA-TGAGGACCTGGGCCTT
GHAPLWILTGILNSSSTDATEG GRTITSSRETDI?NIE KNS QTITFTLAOQTIETDTILGTL
GGCCATGCCCCGATGTGGTTGACTGGGCTGAACAGTGGTTCTACAGATGCCACTGATGGCAGGATCACTTCCTCCAGAGAGGACAGCAAGAACCARATTTT LLlA-TGAGGALL TGGGCCTC

GHAPMWILTOGILNSGSTDATU DGR RTITS SSRETDSZ KD NOQTITFTLOQTI
GACCATGCCCCACGATGGCTGAACAGTCTTGATAGTAGTCCCACAGATGCTGCTGARGAACGAATTATCGTCTCTAGGGAGGACCCTGGCAGGCAAATTTTACTAARAATTGTAGGCTTGACTCTT
DHAPRWILNSTLDSS?PTDARAREETRTITIVSZRETDTPGRS® QTITZLILI KTIUVGTLTTL
GGCCATGCCCCACTGTGGTTGACCAGTCTCGACAGTAGTTCTGCAGATACTGCTGAAGACCGAATCACCACATCCAGGGAGGACACTGGCAGCCGGATTTTCCTAGAGI TGAGGGCAGAGATTCT
GHAPILWILTSILDSSSADTA AEDT RTITTS SU®RETDTS GSURTITFILQTIESGTLNTL

>< CDR3 >< FR4 >< Intron ><
310 320 330 340 350 360 370 380 390 400 410 420
GGGGATTCTGGCAATTATCACTGTACA TGGGTGATGGAGATAACAC, {‘Ar‘AA!‘r‘TAGTCTTTGGTCCTGGGACAGATGTGATCATAGAACgagt//tthCTCGGGCC
S eGNYHCTE KRV GDGDNTDE KTLYEFEGEG?PGETDVTII
AGGGATTCTGGCCAATACCACTGTGCA TGGGCAATGGAGACGACAC (‘Ar‘z\A[‘TTGGTCTTTGGTCTTGGAACACGTGTGATTGTGGAGC aagt / /tthCTCAAGCC
RDSGOQYHCARRYGNGDDTDE KTLTYVEFGEGLGEGTRVYVTIVEFP R P QA
AGGGATTCTGGCCAATACCACTGTGCA TGGGCAATGGAGACGACACAGACAAGTTGGTCTTTGGTCTTGGAACACGTGTGATTGTGG: u»aagt//tthCTCGAGCC

RDSGQYHCARRMGNGD DTTDI KTLVFGLGTHZ RUVIUV
AGAGATTCTGGACAATACTTCTGTGCAAGAAGGCTAGGCAATGGAAATGACATAGACAAGTTGATCTTTGGTAGTGGGACGGATGTGACTGTAGAAC

RDSGQYFCARRILGNGNDTIDI KTILTIVFSGSGTDVTVEP A P Q A
GGTCAATACCACTGTGCA TGGGC] TGACACAGACAA, ("I‘GGTCTTTGGTCGTGGGACAGATGTAACTGTGGAGC-gagt//gthGAGGACAG
G QYHCRARRUYVGEKGD DT DI KTLVVPFGRGTTUDVTVEP Q
cp
430 440 450 460 470 480 490 500 510 520 530 540 550

CCTTTGACACCCAGCGTGTTTTTGTTGAGGAGTCAGGATGCTGTGGCCTGCCTGGTCAGTGACTTCTACCCCAAGGACCTAAATGTGTCTTTGGCCTCTTCTAGAGCTTCAATACCAGGCCAGGTC
PLTUPSVFILLRSOQDAVACLVSDTFY?PZ XDILUNV VSILASS ST RASTIZPGO QUV
CCCCTGTCACCCAGTGTGTTCTTGGTGAGAGATCAGAATGCTGTTGCCTGCCTGATCAGGAACTTCTACCCCAAGGAACTCCATGTATCCCTGACCTCCTCTGGGACTCTGATCTCAGCTCAGAAC
PLSPSVFLVRDO QNAVYVACLTIRNDNT FYZPIKETLHVSLTSSGTTLTISAQN
CCCCTGTCACCCAGTGTGTTCTTGGTGAGAGATCAGGATGCTGTCGCCTGCCTGATCAGGAACTTCTACCCCAAGGAACTCCATGTATCCCTGACCTCCTCTGGGACCCTGATCTCTGCTCAGAAC

LSPSVFLVRDOQDAVACLTIRNDNTFYZPIEKETLHVSILTSSGTULTISARQN
CCTGTCACCCAG
HL S P
GAAGCCATCATTTACTTACAGGACCTCAAGCCTCCCTATCTACCCAGTGTGTTCATGATGAGGGATCAGGATTCTGTGGCCTGCCTGATCAGGA
EAITI YLQDULI KZP?PYZLUPSVFMMRDOQDS SV VATCTLTITR

o >

560 570 580 590 600 610 620 630 640 650 660 670 680
CTCACTGTGGCTCCCACAGCACGTGGCACCTATAGCGCCATCCAGATTGGTAGGGTTGATGAGAATGATGCAGTAATCTGCTCAGTTCAGCACCTTGGGAAAGAGATCCATATGTCCCACAAGTCEQ
L TVAPTA ARGTYSATIA QI GRV VDENDA AVYVTITCSVQHTLSGZE KETIUHMSHTE K S
CTCACTCTGGCTCCARTGGCCACTGGCACCTACAGTGCTATCCACATTGGCAGGETTGETCAGARTGATGCARTAACCTGCTCAGTGAAGCATCTTGAGARAGAGATACATATGTCTCACCAGGCRE
L TLAPMATG GTYSATIHTIGRVYVGENDA ATITT CSU VI KHTLTET KTETIHMSHZO QA
CTCTCTCTGGCTCCAACGGCCAGTGGCACCTACAGTGCTATCCACATTGGCAGGGTTGGTGAGAATGATGCAATAATCTGCTCAGTGAAGCATCTTGGGAAAGAGATACATATTTT CACCAGGCEE
L SLAPTASGTYSATIHTIGRVYVGENDA ATITIT CSV VI KHTLTGT KTETIHTITFHZO QA

< Intron >< CP ><Intron
690 700 710 720 730 740 750 760 770 780 790
GBatga//cttBEGNE TCTTTGAAGCTGGAACCATCCTATCCTGATCAGAAGT TCAAAGATGAATTAAAAATGAATGGGARAAGGGCAGARATAATGGAATTAAGCCTGAACATGATTCC G gaga/
D SLKILEZPSY?PDOQI KT FIKDETLI KMNGIZ X®RAETIMMETLSTLIUNMTIG

GBatga//ttcEAGHEA TCAGATCATACTGGACCAGAC- - ~CCTGGGATTGCCTCT -~ - - - - GAGCTGAAACTGTCTHHECCTGAGCAGGATATCAC- - - - - - - - - s oo oo GBgagt/
VSDHTGPDS=-PGIAS- --ELEKLSCPEG QDTIT
GBatga//ttcE@GERTCAGATCATACTGGACCAGAC- - - CCTAGGATTGCCTCT - - - - - - GAGATGAAACTGTCTHHSCCTGAGCAGGATATCAGE - - - = - - == === == mmmmmmmm o gtgagt/
vVsDHTG?PD-PRTIASS--EMZE KTILSTCZPE-® QDTIT
>< ™ >< cr >
800 810 820 830 840 850 860 870 880 890

/2ag@agNATC TGAGGAGAGGAATAAGT TACTCCTCAGTGTGCTGAGCCTGAGACTGCTGTTTATGAAGACTGTGGCCATCAATGTCCTGTTCACCATGATAGCTTTGATTTTCTC g gat £
K S EERVNI XKLLULSVLSLRLLTFMEKTVYVATINVILTFTMMIATLTITF *
/CaaCCTGAGCAGGGAAACAAACTACTCCTCAGTATGCTGGGCCTGAGATTGCTATTCATGAAGACTGTGGCCATCAATGTCATATTTACCACCATGACCTTGATCTTCTMSEat
R PEQGVYNKXLLLSMULGLU®RLILFME KTV VATINYVTIFTTMTTILTITF *
/CaaCCCGAGCAGGAAAACAATCTACTCCTCAGTATGCTGGGCCTGAGATTGCTATTCATGMGACTGTGGCCATCAATGTCATATTTACCACCATGACCTTGATCTTCTAME&H‘:
R PEQENNLLILSMLGLRILLTFMEKTVATINVTIFTTMTTLTITF *

Fig. 2. Nucleotide alignment of genomic TCRu sequences from M. domestica, I. macrourus, and M. eugenii. The region shown spans the Ju through Tm-Ct exon.
Complete intron sequences are not included for brevity. Modo-C1, C3, and C7 are three representative clusters in the MonDom4 assembly that are numbered according
to their order along the chromosome 3. The Ju in C7 is missing because of a gap in the current sequence assembly. The FGXG motif is underlined and in bold in Ju and
Vp; FR4. mRNA donor (blue/green) and acceptor (green/red) splice sites are highlighted. Highlighted in yellow are arginine and lysine residues in the Tm region that
participate in CD3 assembly. The Isma and Maeu sequences were generated by sequencing PCR products amplified from genomic DNA. For Isma-3, the primers were
located in the regions corresponding to Ju and Vp; to confirm the absence of the intron. In Isma-6 and Maeu, the primers were located in Vy; and Cu to confirm the
germ-line-joined nature of the Vy; and its location upstream of Cu. in both species. RSS, recombination signal sequence.

one of which is used in VDJ recombination with Vi and Du to framework region (FR)-1 through FR3 of V segments, is most
from upstream clusters (Fig. 1C). similar to the nonrearranged Vu and also the VH (Ig heavy chain

V gene segments) (Fig. 34). Furthermore, the sequence at the

TCRu Contams Pre;omed V. D, and J Segments. Located betweenJu 3’ end corresponding to FR4 encodes a peptide motif (FGXG)

a complete V domain  that is conserved in J segments from TCR and Ig light chain
exon, corresponding  genes (Fig. 2). Thus, this exon appears to contain V, D, and J

Parra et al.
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Fig. 3. Phylogenetic analysis of V (A) and C (B) regions from TCRpu, conven-
tional TCR, and Ig. The trees shown were from nucleotide alignments analyzed
by using the neighbor-joining method. Similar results were obtained by using
both the maximum parsimony and minimum evolution. The numbers are the
percentage of bootstrap support for each node based on 1,000 replicate trees.

segments already fused together in the DNA, hereafter referred
to as a Vpu, (joined V). Vu, lacks the intron in the leader
(L)-coding sequence normally found in Ig and TCR V gene
segments and present in the nonrecombined Vu (Figs. 14 and
2). Vy;, therefore, appears to be a processed gene, suggesting
that its origin may have been by retrotransposition (21, 22).
Similarities in V; gene structure among the three marsupial
species reveal a likely common origin for this exon early in
marsupial evolution. The sequences corresponding to the
complementarity determining region (CDR)3, created by the
junction of the VDJ gene segments during RAG-mediated
recombination, are identical in length, which is consistent with
being from a common event (Figs. 1C and 2). V, is intronless
in both M. domestica and I. macrourus (not determined for M.
eugenii), and the sequences from all three species form a single
phylogenetic clade (Fig. 34). These results are consistent with a
common origin for Vu; before the separation of the American

Parra et al.
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1908-
TCRu2.0
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B Thymus Spleen
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TCRp2.0
TCRp1.0

Fig.4. Transcription of TCRu isoforms in the opossum. (A) Northern blot of
thymus and spleen whole RNA from 9- to 11-month-old M. domestica probed
with the Cu region of cluster 3 (SI Fig. 6). The bands corresponding to the
TCRu1.0 and TCRu2.0 isoforms are indicated. The middle band in the thymus
RNA corresponds to an out-of-frame splice variant that is generated by some
clusters. (B) RT-PCR analysis of the TCRu1.0 and TCRu.2.0 isoforms in thymus
and spleen RNA of a 7-week-old M. domestica. Actin controls for the RT-PCR
were performed and were positive in all cases (data not shown). M, marker
lane. Lanes 1 and 3 are the result of primers specific for the TCRu 1.0 isoform,
and lanes 2 and 4 are from primers specific for the TCRu2.0 isoform. The primer
locations are indicated in Fig. 1B.

and Australasian marsupials 60-70 Mya (23, 24). The origin of
the TCRu clusters may be older, however, because the Cu
sequences always form a single phylogenetic clade sister to
marsupial and eutherian TCRS C region sequences (Fig. 3B),
supporting its emergence before the separation of marsupials
and eutherians 170-180 Mya but after the separation of birds
and mammals 310 Mya (13, 14). Because there are interspecific
sequence differences in the Vu;, we tested for evidence of
positive selection acting on this exon. The ratio of nonsynony-
mous (dN) to synonymous (dS) substitutions for V u; were always
<1 for both FR and CDR analyzed separately (dN/dS = 0.46 for
FR; dN/dS = 0.41 for CDR) or together (dN/dS = 0.43), which
is consistent with an absence of positive selection acting on V ;.
The same was true for the somatically recombining V. segments
(dN/dS = 0.57 for FR; dN/dS = 0.52 for CDR). These results
may indicate conservation of the protein sequence for either
recognition or structural purposes rather than diversification at
the germ-line level. The interspecific differences in the V
regions, therefore, are likely due to the divergence times among
the three species analyzed, a timeframe comparable with that
separating humans and mice (13, 14).

TCRu Is Expressed in Two Apparently Functional Isoforms. TCRu
mRNA of different sizes were detected in thymus and spleen by
Northern blot and RT-PCR analyses (Figs. 1B and 4). When
sequenced, the shortest form was found to encode a transmem-
brane protein composed of a single Vu; and Cu (Fig. 1B), and
the longer form encodes two V exons and Cu. The C proximal
V is always Vu;, and the distal V is a recombinant of the
upstream Vu, Dp, and Ju segments. These two isoforms are
called TCRu1.0 and TCRpu2.0 for the presence of one or two V
domains, respectively. The TCRu2.0 isoform uses an internal,
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canonical mRNA splice site in the Vu; L sequence to splice the
upstream, recombined Vu-Du~Ju to FR1 in Vy; (Figs. 18 and
2). A third TCRu isoform detected in thymus RNA by both
RT-PCR (data not shown) and Northern blot analysis (middle
hybridizing band in thymus RNA in Fig. 44) is created by a splice
between the recombined Vu-Du—Ju and a cryptic splice site in
FR3 of some Vp; (Fig. 2). This splice is always out of frame and
would not encode a full-length protein. This variant is abundant
in the thymus (Fig. 44) but difficult to detect in the peripheral
lymphoid organs (data not shown) and, because it is out of frame,
may be selected against in cells entering the periphery.

There is junctional diversity in CDR3 in the distal V domain
of TCRu2.0 characteristic of RAG-mediated VDJ recombina-
tion (Fig. 1C). The CDR3 of many of the clones contain
sequences corresponding to more than one Du being used
during VDJ recombination (Fig. 2C). Thirteen of 21 TCRu2.0
cDNAs (62%) from an M. domestica thymus library contained
productive rearrangements (i.e., ORFs), and similar results were
found for . macrourus thymus cDNAs (Fig. 1C). Nonproductive
rearrangements contained in-frame stops or were out of frame
because of insertions/deletions in their CDR3 (Fig. 1C). In
contrast, 100% of splenic TCRu2.0 cDNA were productive (six
of six from M. domestica, seven of seven from 1. macrourus, and
five of five from M. eugenii). These data support the notion that
VDIJ recombination occurs in the thymus and that there is
selection for only those cells with productive rearrangements
entering the periphery.

Only two of the eight opossum TCRy clusters (clusters 1 and
7) contain the exons necessary to encode the TCRu1.0 isoform
because of in-frame stops in the L sequence in the other six
clusters (data not shown). All six complete and one of the partial
clusters (cluster 6) have been found to produce the TCRu2.0
isoform, according to comparison of cDNA sequences with
germ-line DNA (data not shown). Cluster 6, a partial cluster
lacking Vi and Dp, achieves this by using the Vu and Du
segments from upstream cluster 5 (clone Modo5-6 in Fig. 1C).
RT-PCR detects both the TCRul.0 and TCRu2.0 forms in
thymus and spleen RNA; however, only the TCRu2.0 form was
readily detected in spleen in a Northern blot (Fig. 4). This implies
that the TCRu2.0 form may be the most abundant, or primary,
isoform in the peripheral tissues.

Discussion

TCRu has several characteristics that merit its classification as
a TCR isotype. First, it has all of the hallmarks of a locus that
undergoes RAG-mediated VDJ recombination, and this recom-
bination takes place in the thymus (i.e., in a thymus-dependent
cell). Furthermore, the J and C sequences of TCRu have greatest
similarity to TCRs, and the recombination signal sequences are
organized more like that of TCRs than Ig. TCRu also has several
characteristics that are consistent with its not being a paralogous
copy of one of the conventional TCR isotypes (25). TCRu maps
to a distinct region of the M. domestica genome unlinked to
TCRa/8, TCRB, and TCRy and has a cluster style organization
that is atypical for TCR loci (4, 17). This is not unheard of in TCR
genomics, however, because mouse TCRy genes are in clusters
as well (6). However, a cluster organization is not the rule for all
marsupial TCRs because the TCRa, -B, -y, and -8 loci in M.
domestica all have translocon organizations (Z.E.P., M.L.B.,,
R.D.M., unpublished results). The phylogenetic analyses support
an evolutionary relationship between TCRu and both TCR 6 and
Ig heavy chain (Fig. 3). The Vu gene segments are related to VH,
whereas Cp is related to C8. Collectively, these results support
TCRu having evolved from a recombination between an ances-
tral Ig heavy chain locus and a TCR locus, most likely TCRG&.
TCRp may form complexes similar to conventional «3TCRs and
v8TCRs because of the presence of conserved residues in the Tm
region known to mediate interactions with CD3 molecules (18).

9780 | www.pnas.org/cgi/doi/10.1073/pnas.0609106104

What other chains TCRu associates with is not yet known. It is
possible that there remains yet a sixth marsupial TCR chain to
be discovered. Alternatively, TCR u may form heterodimers with
one of the conventional chains or perhaps homodimers with
itself.

The organization of the TCRu clusters and the transcripts
isolated allow for the generation of at least two possible trans-
lated forms: the TCRw1.0 form that would contain an invariant
V domain and the TCRu2.0 form that would contain somatically
diversified extra V domain. Whether or not both are synthesized
remains to be determined, and the difference in transcript level
in the peripheral tissues suggests that the TCR 2.0 form may be
more common in extrathymic cells. Furthermore, the discovery
that Vi and D from upstream clusters can be recombined to
Ju segments in downstream clusters, including recombination
with the partial clusters, increases the potential number of VDJ
combinations and may be a means to increase diversity of the
TCRp2.0 isoform.

Unlike the conventional TCRs in vertebrate lineages, TCRu
contains V genes that do not require somatic recombination. In
mammals, this distinction applies not only to TCRs but also to
Ig. The structure of Vp; is consistent with an origin by retro-
transposition, which would be a mechanism for generating joined
V in the germ line. In this model, RAG-mediated VDJ recom-
bination would have occurred, either in a T cell or possibly a
germ cell, followed by retrotranscription and insertion of an
intronless copy into the germ line by homologous recombination
(22). Germ-line complete or partial VDJ fusions have been
found in Ig genes of fish and birds, but, in contrast, they are
thought to have been generated by RAG-mediated recombina-
tion directly in the germ-line DNA (26-28). It is possible that
Vu; was generated similarly; however, a precise excision of the
intron by DNA deletion also would have been required to
account for Vy; appearing processed (22).

In many respects, TCRu2.0 appears analogous to a TCR&
isoform that has been described recently in sharks [nurse shark
antigen receptor (NAR)-TCR] and that contains a double V
domain created by tandem VDJ recombination (29). Like
TCRp, the nurse shark TCR& locus also appears to have evolved
by recombination between an Ig locus (IgNAR) and TCRS. In
both NAR-TCR and TCRuy, the resulting distal V domain is
most related to Ig V domains, suggesting that they may bind
antigen directly like Ig and some y8TCRs, rather than MHC-
presented antigens such as «TCR (6, 29). TCRu also shares
similarity to shark IgNAR and mammalian TCR& in by using
multiple D segments in a single VDJ recombination (19, 20, 30).
Collectively, these results support TCRu as having an ancestral
relationship with TCRé. However, similarities between marsu-
pial TCRu and shark NAR-TCR appear to be convergent
evolution. For example, TCRu is encoded at its own locus,
whereas NAR-TCR is encoded as part of the conventional
TCRS locus (29). Furthermore, TCRp V sequences are more
related to conventional VH, where the N-terminal V domain in
NAR-TCR is related to Ig-NAR V genes, which do not have a
known mammalian homolog (29). In NAR-TCR, the proximal
V domain requires somatic VDJ recombination rather than
recombination with prejoined V, as in TCRu.

Because both marsupials and sharks possess a TCR expressing
a double V configuration, it seems plausible that similar TCRs
would be found in other vertebrate lineages as well. This raises
the possibility of a class of TCRs that has gone unnoticed because
of its absence in commonly studied eutherian mammals, such as
humans and mice. Whether TCR w is uniquely marsupial remains
to be determined; however, its presence in three distantly related
species supports the notion that it performs a role that has been
conserved in this lineage of mammals. Furthermore, the absence
of selection on the V genes of this locus suggests a conserved
recognition role for this receptor.

Parra et al.
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Materials and Methods

M. domestica Whole-Genome Sequence. The M. domestica whole-
genome assembly used for this study (MonDom4) is available at
GenBank under accession number AAFR03000000. The 614-kb
genomic region containing the six complete and two partial
TCRu clusters spans coordinates 3.432520000 and 3.433134000.

RNA Analysis. RNA was extracted by using TRIzol (Invitrogen,
Carlsbad, CA) and, when used for RT-PCR, was treated with
TURBO DNA-free (Ambion, Austin, TX) to remove contam-
inating DNA. RT-PCR was performed by using a GeneAmp
RNA PCR Core kit (Applied Biosystems, Foster City, CA) with
Advantage-HF 2 PCR (BD Biosciences, San Jose, CA) under the
following conditions: 94°C for 1 min, denaturation at 94°C for 30
sec, annealing/extension at temperatures ranging from 62°C to
66°C for 4 min, and a final extension period of 68°C for 5 min.
PCRs were performed in 25-ul reactions. Actin primers used as
controls were 5'-GGTTCAGGTGTCCAGAGGCC-3" and 5'-
CCAGGGCTGTGATTTCTTTTTG-3" (64°C). All TCRu
cluster-specific primers pairs had an annealing/extension tem-
perature of 62°C. M. domestica cluster C7 was as follows: Vp,
5'-AAGGTGACACATGAGGGCC-3'; Vy;, 5'-CCACTCCT-
GCTCAATTTACTCCC-3'; and Cp, 5'-GAAGTTCCTGAT-
CAGGCAGGCG-3'. To amplify from genomic DNA, the I
macrourus Ju to the Vy; the primers 5'-GGTCTTGGAACA-
GAAGTGACTGTAC-3" and 5'-GGGAGCCTCCCCCT-
GACTCCATC-3" were paired; to amplify from Vy; to Cp, the
primers 5'-CCTGACCCTCAAATGTGAAA-3" and §5'-
CTGGGTGACAGGTGTGCTTG-3" were paired. To amplify
the M. eugenii TCRu cluster from genomic DNA, Vy; primer
5'-CTGGTATCTTTGGGCCCCTGGCC-3" and Cu primer 5'-
TCCTGATCAGGCAGGCCACA-3" were paired. Northern
blots were prepared by using the NorthernMax formaldehyde-
based system (Ambion), and probes were labeled by using a
Strip-EZ DNA random primed StripAble DNA probe synthesis
and removal kit (Ambion) according to the recommended
protocols of the manufacturer.
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Sequence Analyses. Sequences were analyzed by using Sequencher
4.1, compared with GenBank by using the BLAST algorithm,
and aligned by using BioEdit by first aligning the protein
translation and then converting back to the nucleotide sequence
to retain codon position (31, 32). Phylogenetic analyses and
nonsynonymous-to-synonymous substitution analyses were con-
ducted by using MEGA version 3.1 (33). The GenBank accession
numbers for sequences used in the V analysis are as follows:
AY238451, M13726, DQ076246, M34198, M12885, D13077,
D90014, J005903, D16113, AY238448, Z14996, U78035,
M27904, AF030011, D17419, AF030017, D90129, M15616,
D38135, M13429, 212998, DQ011295, U73188, S60779, D38142,
DQ022705, DQ022688, DQ022710, AY114762, AY114997,
U18680, 250034, DQ125454, AF434587, AF091140, AF012122,
AF381307, AF012124, X03398, BC095846, U04227, U80145,
U15194, AF298161, AJ245110, DQ979404, DQ979406,
DQ979404, AY956350, DQY979403, and AY955291. The Gen-
Bank accession numbers for sequences used in the C analysis are
as follows: U58505, U50991, AJ133845, M12885, AF133097,
AY014504, AK131826, NM_001014234 (BC088274), X02592,
XM_509837, AB087992, D10394, M55622, M12886, XM_527931,
AF043178, U62990, D16409, D90140, AB079529, M13895,
M11456, AF133098, AY014507, X70168, U39193, AJ133848,
U18122, X97435, M37800, AY 190025, X15019, L21160, D38134,
X03802, Z27087, 7212966, X63680, 712964, DQ499633,
DQ499632, DQO011301, DQO011295, U22666, DQ076246,
AY238447, 712963, D90420, L21163, D26555, AF196214,
M37694, AY190026, M21624, AY956350, AY955295, and
AY955293. The sequences from MonDom4 used in the phylo-
genetic analysis are from locations 1.171502250, 1.171187281,
1.171051783, 8.200970738, 8.201195815, 6.236627382, and
6.236580558.
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