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Mice Lacking TdT: Mature Animals with an 
l mmature Lymphocyte Repertoire 

Susan Gilfillan, Andree Dierich, Marianne Lemeur, 
Christophe Benoist, Diane Mathis 

In adult animals, template-independent (or N) nucleotides are frequently added during the 
rearrangement of variable (V), diversity (D), and joining (J) segments of lymphocyte 
receptor genes, greatly enhancing junctional diversity. Receptor genes from adult mice 
carrying a mutation in the terminal deoxynucleotidyl transferase (TdT) gene have few N 
nucleotides, providing proof that this enzyme is essential for creating diversity. Unlike those 
from normal adults, receptor genes from adult mutant mice show extensive evidence of 
homology-directed recombination, suggesting that TdT blocks this process. Thus, switch- 
on of the TdT gene during the first week after birth provokes an even greater expansion 
of lymphocyte receptor diversity than had previously been thought. 

T h e  repertoire of B and T cell antigen 
receptors expressed in adult animals is 
more diverse than that in perinates (I) .  
One major difference is the amount of N 
region diversity at the junctions of rear- 
ranged immunoglobulin (Ig) and T cell 
receptor (TCR) gene segments. N nucle- 
otides are rare in V(D)J junctions from 
fetal or newborn animals, but constitute a 
major component of the diversity of Igs 
and TCRs from adults (2-7). This dissim- 
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ilarity may be due to differential expres- 
sion of TdT. Terminal deoxynucleotidyl 
transferase catalyzes template-indepen- 
dent addition of nucleotides in vitro (8), 
and the amount ex~ressed in vivo corre- 
lates with the degree of N region diversity 
in antigen receptors (9, 10). Another 
difference between adult and perinatal 
repertoires lies in the diversity of V-J, 
V-D, and D-J junctional sequences. Exam- 
ination of large sets of fetal and newborn 
Ig and yS TCR sequences revealed over- 
representation of some junctions, coinci- 
dent with short stretches of homolow -, 
between abutted gene segments (3-5, 11- 

13). In the case of yS TCRs, certain 
dominant junctions (termed "canonical") 
are functionally significant because they 
give rise to the quasi-monoclonal recep- 
tors in specific anatomical locations such 
as the skin. Overrepresented joints were 
not generally observed in adult sequences, 
only in some of those lacking N nucleo- 
tides. Initially, the presence of dominant 
junctions of yS TCRs was attributed to 
cellular selection (5, 14), but a preference 
for rearranging at short stretches of homol- 
ogy is more probable (1 5, 16). Why such 
homology-directed recombination is pro- 
nounced in perinates but rare in adults is 
an open question. 

One approach to better understanding 
the adult-perinate dichotomy is to artifi- 
cially produce mature animals with reper- 
toires having immature features. Thus, we 
generated, through homologous recombi- 
nation in embryonic stem cells, a strain of 
mice lacking TdT (1 7). The mutation of 
TdT we obtained was an insertion of the 
neomycin gene into exon 4, as illustrated 
in Fig. 1 and confirmed by extensive 
Southern (DNA) blot analysis. Given the 
predicted location of the TdT active site 
and its presumed globular nature (18), 
exons 4 to 7 are probably critical for TdT 
function. No mRNA corresponding to 
regions 3' of the neomycin insert was 
detected in thymus RNA from homozy- 
gous mutant mice after polymerase chain 
reaction (PCR) amplification, for which 
we used a primer pair on the 3' side of the 
insertion; nor was any revealed by in situ 
hybridization of the appropriate probe to 
thymic sections (1 9). Abrogation of pro- 
tein expression was confirmed by staining 
of thymocytes with a polyclonal antiserum 
to TdT (1 9). 

Homozygous mutant TdT-'- mice breed 
well and appear healthy in a conventional 
animal facility, are of normal size, and do 
not have increased susceptibility to infec- 
tion, as is common for immunodeficient 
animals in our colony. The mutants show 
no marked abnormalities in the major T or 
B cell compartments and are capable of 
mounting T and B cell responses to com- 
plex antigens like keyhole limpet hemocy- 
anin and ovalbumin (20). 

To evaluate the effect of a TdT defi- 
ciency on the lymphocyte repertoires of 
adult mice, we sequenced the V(D)J junc- 
tions of more than 300 rearranged Ig and 
TCR genes from adult animals (most from 
6 to 8 weeks of age) (2 1 ) . Representative 
sets of V,3 DNA sequences from total 
thymocytes (Fig. 2), VH7183 DNA se- 
quences from splenocytes (Fig. 3),  and 
V 8 RNA sequences from CD4+- 
c ~ ~ + c D ~ ' o  thymocytes (Fig. 3) are 
shown. The enzyme TdT was responsible 
for the bulk of N region diversity because 
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the abundant N nucleotides found in re- 
arranged genes of wild-type mice were 
absent in the mutant. Nonetheless, a few 
nucleotides not encoded in the germline 
do occur in these and our other data sets 
from TdT-I- mice; of the iunctions that 
can be unequivocally assigAed (the rele- 
vant V,, J,, DHT JH, Vp, DPI and JP  
genomic sequences being on record), 
about 3% had inserts of one to three 
nucleotides. Although PCR and sequenc- 
ing errors may account for a few of these 
extra nucleotides, it is unlikely that such 
errors would be clustered so precisely at  
the ioints. Similar inserts have been noted 
after rearrangement events involving oth- 
er genes in nonlymphoid cell types. For 
example, about 10% of the junctions aris- 
ing by circularization of transfected linear 
DNA have extra nucleotides (22). A t  
least two mechanisms can be invoked to 
explain insertions in the absence of TdT: 
(i) incorporation of oligonucleotides dur- 
ing the joining process and (ii) nucleotide 
misincorporation by DNA polymerase at 
free ends during the fill-in and repair 
process that presumably occurs before 
joining. Some prokaryotic and eukaryotic 
DNA polymerases add one or two extra 
nucleotides when copying an oligonucleo- 
tide substrate (23). Despite the few tem- 
plate-independent nucleotides observed, 
we can now say with some certainty that 
TdT is the enzyme responsible for the 
difference in N region diversity character- 
istic of perinatal and adult antigen recep- 
tor repertoires, confirming earlier predic- 
tions (9, 10). 

Analysis of the mutant mice also per- 
mitted us to evaluate the role of TdT in 
other aspects of the repertoire, in partic- 
ular homology-directed recombination, as 
defined above. Rearranged V,3-J,1 genes 
seem best suited for studying this aspect 
because three V-J junctions are signifi- 
cantly overrepresented in the fetal thy- 
mus. One junction, which comprises 
about 40% of the sequences, is in-frame 
and results in the invariant receptor found 
on essentially all intraepithelial lympho- 
cytes in the skin [termed junction 1 by 
Itohora et al. (15)l; the two others, each . , .. 
comprising about 20% of the sequences, 
are out-of-frame (designated junctions 2 
and 3). The dominance of these "canon- 
ical" junctions reflects a preference for 
recombining at short stretches of nucleo- 
tide homology (1 5, 16). Overrepresented 
joints are not a feature of the repertoire 
generated in adults. To  determine wheth- 
er TdT influences homology-directed re- 
combination, we analyzed V 3-J 1 se- 
quences derived from pairs of TJT-'- and 
TdTf littermates. The sequences were 
obtained from either total thymocyte 
DNA or DNA from sorted populations of 

CD4-CD8- and CD4+CD8+ thymo- 
cytes, enriched for cells committed to the 
yS or orp lineage, respectively. In all of 
the data sets from TdT-I- animals (for 
example, Fig. 2), canonical joints were 
overused: junction 1 in 24 to 30% of the 
sequences, junction 2 in 20 to 23%, and 
junction 3 in 11 to 13% (Table 1). The 
data from sorted thymocyte populations 

indicate that this is true of cells from the 
orp as well as the yS lineage. In contrast, 
these joints are rare in the rearranged 
V,3-J,1 genes from TdT+ animals. Ac- 
cording to current models of the rear- 
rangement process (24), their use would 
result in genes lacking N region diversity 
because homology alignment would be the 
last step before ligation. The large major- 

Fig. 1 .  Disruption of the RI H 1 x 
TdT gene. A partial re- 111 I I 

K K K  RV striction map of the TdT RV . . gene, targeting vector, , > 

i k b  
8 ,  

and mutant allele are I 

shown. The positions of 
exons 5 and 6 are ap- 
proximate (within 1.5 RI H 1 I X I 2 3 5 6 RI 

111 1 I kb). For construction of KKK RV 
the targeting vector, a RI RI 
I .I-kb fragment of the Mutant-12 kb RI 
neomycin resistance WT 1 16 kb I 

gene (pMCl neo-polyA, probe u 
Stratagene) was cloned 
into the Eco RV site in exon 4 of the I I-kb Xho I-Kpn I TdT.genomic fragment, and the herpes 
simplex virus thymidine kinase gene was appended to the 3' end to allow double selection. RI, Eco 
RI; RV,  Eco RV; K ,  Kpn I ;  X,  Xho I ;  B, Bgl I I ;  and H ,  Hind I l l .  

"? i n  frame 
TGTGCCTGCTGGGAX 
T G T G C C T G C W  
TGTGCCTGCTGG 
TGTGCCTGCTGG 

o u t  o f  frame 
TGTGCCTGCTGGGAT 
TGTGCCTGCTGGGAT 
TGTGCCTGCTGGGATC 
TGTGCCTGCTGG 
TGTGCCTGCTGGGA 
TGTGCCTGCTGG 
TGTGCCTGCTGGGA 
TGTGCCTGCTGGGATCT 
TGTGCCTGCTGGGATC 
TGTGCCTGCTGGGAT 
TGTGCCTGCTGGG 
TGTGCCTGCTGGG 
TGTGCCTG 
TGTGCCTGC 
TGTGCCTG 
TGTGCCTGCTGGGATC 
TGTGCCTGCTGGGATCI 
TGTGCCTGCTGGG 
TGTGCCTGCTGGGAT 
TGTGCCTGCTG 
TGTGCCTGCTGGG 
TGTGCCTGCTGGG 
TGTGCCTGCTGGGA 
TGTGCCTGCTGGGA 
TGTGCCTGCTGGGATCT 
TGTGCCTGCTG 
TGTGCCTGCTGGG 
TGTGCCTGCTGGG 
TGTGCCTGCTGGG 

P  N  

TTA 
CCTC 

CCCCATi 
W7G 
CGT 

T 
GGG 

G 

AGCTCAGGTTTT 
AGCTCAGGTTTI 

ATAGCTCAGGTTTT 
A G C T C r n T T I  

ATAGCTCAGGTTTT 

ATAGCTCAGGTTTT 
ATAGCTCAGGTTTT 

WCTCAGGTTTT 
ATAGCTCAGGTTTT 
ATAGCTCAGGTTTT 
ATAGCTCAGGTTW 
ATAGCTCAGGTTTT 

AGCTCAGGTTTT 
ATAGCTCAGGTTTT 

TAGCTCAGGTTTT 
AGCTCAGGTTTT 

ATAGCTCAGGTTTT 

TCR y 

Tdl- 

G 
TC 
GG 

CGA 
GGGGG 

TC 
GAGGGG 
ARGGC 
GGAA 

GC 
C 

AAN 
TTGG 

ARGGC 
GI 

GTC 
CT 

AT ATAGCTCAGGTTTT 
T ATAGCTCAGGTTTT 

AT ATAGCTCAGGTTTT 
AT ATAGCTCAGGTTTT 

GGTTTT 
ATAGCTCAGGTTTT 

TAGCTCAGGTTTT 
AGCTCAGGTTTT 

ATAGCTCAGGTTTT 
ATAGCTCAGGTTTT 

AT ATAGCTCAGGTTTT 
ATAGCTCAGGTTTT 

AGCTCAGGTTTT 
AGCTCAGGTTTT 

AT ATAGCTCAGGTTTT 
T ATAGCTCAGGTTTT 

ATAGCTCAGGTTTT 

"? i n  frame 
TGTGCCTGCTGGGU 
TGTGCCTGCTGGGAT 

TGTGCCTGCTGGGU 

TGTGCCTGCTGGW 
TGTGCCTGCTGGGAT 
TGTGCCTGCTGGGBT 
TGTGCCTGCTGGGU 

TGTGCmW7F. 
TGTGCCTGCTGGGATC 
o u t  of frame 
TGTGCCTGCTGGGGTC 

TGTGCCTGCTGGGATC 

TGTGCCTGCTGGGATC 
TGTGCCTGCTGGGATC 

TGTGCCTGCTGGGATC 
TGTGCCTGCTGGGATC 

TGTGCCTGCTGGGAT 

TGTGCCTGCTGGGU 
TGTGCCTGCTGGGU 

TGTGCCTGCTGGGU 

TGTGCCTGCTGGGU 
TGWCTGCTGG 
TGTGCCTGCTGG 
TGTGCCTGCT 
TGTDCCTGCT 
TGTGCCTGCTGG 
TGTGCCTGC 
TGTGCCTGCTGG 
TGTGCCTGCTGGGATC 
TGTGCCTGCT 
TGTGCCTGCT 
TGMCCTGCI'GG 
TGTGCCT 
TGTGCCTGCTGG 

P N P  Jrl 
AGCTCAGGTTTT X1 
AGCTCAGGTTTT X1 
AGCTCAGGTTTT X1 

AGCTCAGGTTTT X1 
AGCTCAGGTTTT X 1  
AGCTCAGGTTTT X1 
AGCTCAGGTTTT X1 

CAGGTTTT 

GCTCAGGTTTT 

W T C A G G T T T T  X2 

TBGCTCAGGTTTT #2 

m C T C A G G T T T T  $ 2  

W T C A G G T T T T  X2 

S C T C A G G T T T T  X2 
W T C A G G T T T T  X2 

ATAGCTCAGGTTTT X3 

ATAGCTCAGGTTTT # 3  
ATAGCTCAGGTTTT X3 

ATAGCTCAGGTTTT # 3  
ATAGCTCAGGTTTT # 3  

AT ATAGCTCAGGTTTT 
AT ATAGCTCAGGTTTT 

AGCTCAGGTTTT 
AGCTCAGGTTTT 

ATAGCTCAGGTTTT 
AT ATAGCTCAGGTTTT 

CTCAGGTTTT 
AT ATAGCTCAGGTTTT 

TAGCTCAGGTTTT 
AT ATAGCTCAGGTTTT 

CTCAGGTTTT 
AT ATAGCTCAGGTTTT 

T CTCAGGTTTT 

Fig. 2. Representative sequences of Vy3-J,I junctions from age-matched adult mice, either 
wild-type TdT+ (o/+ or +/+ genotypes) or mutant TdT-1- (o/o genotype). The TCRr sequences 
were derived from total thymus DNA. The assignment of N nucleotides was based on the known 
sequences of the germline elements. Homologies of two or more nucleotides shared between joined 
segments are underlined. We did not score putative homologies of a single base because their 
significance is difficult to ascertain: in the absence of homology-induced joining, the probability of 
any junction containing a single-nucleotide "homology" is 38%. Homology was assigned assuming 
possible P inserts of up to five bases. P inserts are template-dependent nucleotides added to the 
ends of recombining gene segments; they are palindromic to the terminal few nucleotides of the 
unadulterated coding joint (5). Repeated junctions are shown only if they were obtained in 
independent amplifications from at least two mice. For Vy3, the canonical junctions are numbered 
according to (15). 
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ity of sequences from TdT+ animals carry 
N nucleotides, and less than half of those 
that lack N additions have a canonical 
junction. It might also be worth mention- 
ing, should the currently preferred model 
of rearrangement prove incorrect, that the 
sequences with N nucleotides almost nev- 
er have the same cutting points as those 
used to generate the canonical junctions. 

Extensive use of homology-directed re- 
combination has also been documented 
for the Ig heavy chain genes of perinatal 
mice (3, 4, 11, 12). Therefore, we ana- 
lyzed VH7183-JH4 and VHJ558-J,2,3 se- 
quences to see whether our observations 
on rearranged V 3 genes could be gener- 
alized (Fig. 3). T L ~  representative data set 
shows the frequent use of a few junc- 
tions-particularly certain D-J joints-in 
the sequences from TdT-'- mice, all of 
which are situated at short stretches of 
nucleotide homology. Overused junctions 
are rare in sequences derived from TdTf 
animals. 

Analysis of rearranged TCRP genes 

revealed a different situation (Fig. 3 and 
Table 1). Homology-directed recombina- 
tion is not a dominant feature of the Vp 
repertoire in either TdT-I- or TdT+ mice. 
In both types of mice, junctions are heter- 
ogenous: almost every sequence has a dif- 
ferent V-D and D-J joint. That such heter- 
ogeneity is a feature common to Vp se- 
quences, whether or not they show N re- 
gion diversity, was confirmed by exam- 
ination of published perinatal and adult 
Vp5,6,8 and 17a genes (6, 7, 10). 

Two conclusions can be drawn from the 
data on homology-directed recombina- 
tion. First, the presence of TdT somehow 
blocks this process. This could be a direct 
effect at the protein level-for example, 
the binding of TdT to the ends of seg- 
ments might inhibit attachment of some 
protein needed to hold together short 
homologous stretches of nucleotides. Our 
data and those of others (4, 12) are con- 
sistent with this possibility: adult se- 
quences devoid of N region diversity con- 
sistently have fewer dominant junctions 

than do perinatal sequences lacking N 
nucleotides. The blocking of homology- 
directed recombination of TdT could also 
be an indirect effect; the addition of nu- 
cleotides to segment ends might set 
stretches of homology too far apart for the 
recombination machinery to join them 
effectively. This possibility has been sug- 
gested previously (12) and is supported by 
the preponderant use of homologies resid- 
ing close to the ends in both Ig and TCR 
yi3 genes. A similar preference for homol- 
ogous stretches near the extremities was 
observed after circularization of trans- 
fected linear plasmids in nonlymphoid 
cells (25). 

The second point is that in animals 
whose receptor variety is severely restrict- 
ed by the absence of N region diversity, 
some receptor gene families (V,3-J,1 and 
IgH) use a strategy to further reduce vari- 
ety, whereas the TCR genes do not. The 
Dp and J p  segments actually seem to be 
organized to avoid homology-directed re- 
combination. Few stretches, even dinucle- 

Fig. 3. Representative se- 
quences of V,7183-D-JH4 
and V,8-D-J, junctions 
from age-matched mice, 
either wild-type (TdT+) or 
mutant (TdT-I-) as in Fig. 
2 ,  immunoglobulin heavy 
chain sequences came 
from total spleen DNA and 
TCRP sequences from 
CD4+CD8+CD310 thymo- 
cyte RNA. Assignment of N 
nucleotides was as in Fig. 
2, except for the several 
members of the VH7183 
family for which the germ- 
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ECPATG 

GGGGCG 
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GGGG 
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CCMCAGB .T GGTMCTAC 
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line sequences are not 
known; in this instance, we TCR P 
relied on the fact that those 
VH71 83 family members 
whose germline se- 
quences are known end 
with either . . .GCAAGACA 
or . . .GCAAGAGA (12). 
Underlined bases are ho- 
mologies of two or more 
nucleotides. Homologs 
were scored as in Fig. 2. 
The impression that the D 
segment is generally short- 
er in TdT-/- mice is an 
illusion caused by the rou- 
tine placement of homolo- 
gous nucleotides in the V 
or J segments. 
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AGCGGEATG C 
AGCGGE CCC 
AGCGGEA C A&C CTATGCT 

A CP AC'IGCAGAA2.3 
CMGAC 2 .5  

A CICCTATGM 2 .6  
IT m 

AGCDDEAT 
AGCDDEATG 
AGCGG 
I\CCCCZATG 

8 . 3  
AGCAGEAT 
AGCAGEA 
AGCAGEA 
AGCAGE 

AGCAGE 
AGCAGEAT 
AGCAGEATG 
AGCAGEATG 

GGACA 
DDGAC 
GGOICA 

x u  

A K A G l X  
AGCOOTCATG 
AGCG 
AGCffiEAT 
A K G G E A  
AGCOOEAX CA 
AGCOGEaTE 

AGCGGEBTE 

8.3 

TATGCT 2 .1  
CACCOGG 2 .2  

IT MCCMGAC 2.5 
MCCMGAC 

T CCAAGACACC 
TOM 2.6  

M 
M 

ACAGAA 1.1 
M A W  
AGA U X M T  1.3 

&@A 1.4 

CC CMCCAGGCT 1.5 
T CCAGGCT 
IT TR'CTATMT 1.6 

CCT 
G I  
C 

C C A A C W  1 .4  
C W  

U C W  
MCCAGGCT 1 .5  

AGCAGE 
AGCDDEATG I AGCAGE T n r T  2.1 

MCTATGCT 
A TWCTATWT 

AGCAGEA 
GCCAGCAG GCCC 
AGCIGT A 

AGC I AGCAGEA 
AGCAGE -~ -~ 

AGCAGEATG C T 
TATGCT 

ACACCGGT 2.2 
m G A A  2.3 

mum 
CMAAC 2.4 

AGCAGEATG MGAC 2.5 
AR-UGAC 

TATGAA 2.6 
AGC T C M  
AGCAG CCCC 
AGCAGTGA A 

AGCAGE 
AGCAGE I AGCAGEA 

AGCAG GC CC TXTWU 
X T  CTCCTATWU 
A CTATGU 
TCT CFCCPATGU 

AGC I A G C A G m  
AGCAGEA 

AGCAGEAT 
AGCAGT C 
AGCAGEATG CA 

C U T C M A A C  
GGGGGGG CAAGAC 2 .5  

OG AG CICCTATGAA 2.6 I AGCAGEATG 
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Table 1. Use of homology in TdT-I- and TdT+ V(D)J junctions. Most data sets were compiled 
from independent amplifications from at least two mice. Only homologies of two nucleotides or 
more were counted, and as in the figures we considered the possibility of P inserts of up to five 
nucleotides. The VY3 canonical junctions are numbered as in (15). DP, CD4+CD8+; DN,  
CD4-CD8 thymocytes. 

v ~ 3  DP VH 7831J558 
6 ~ 3  lo spleen 

Total DP DN (D-J only) 

No. of junctions 
No. of junctions with N 
No. of homologies z 1 bp 

(% in N-  junctions) 
No. of canonical junctions 

(% total junctions) 
Junction 1 
Junction 2 
Junction 3 
Total 

No. of junctions 
No. of junctions with N 
No. of homologies > 1 bp 

(% in N-  junctions) 
No. of canonical junctions 

(% total junctions) 
Junction 1 
Junction 2 
Junction 3 
Total 

otides, are shared between the two: the D gaki, S. Tongegawa, Cell 59, 859 (1989). 

segments are essentially G nucleotide 6. M. Bogue, S. Candeias, C. Benoist, D. Mathis, 
EMBO J. 10, 3647 (1991). 

stretches, whereas few G nucleotides are 7, A. J. Feeney, J.  EX^. Med. 174, 115 (1991). 
found in the J segments. Consequently, 8. F. J. ~ol lum, in The Enzymes, P. D.' ~ o ~ e r ,  Ed. 

(Academic Press, New York, 1974), pp. 145-1 71 TCRP genes be very diverse even in 9. S. V. Desiderio et al., Nature 311, 752 (1984); G. 
perinatal animals. D. Yancopoulos, T. K. Blackwell, H. Suh, L. Hood, 

Thus, the enzvme TdT catalvzes the F. W. Alt, Cell44, 251 (1986); N. R. Landau, D. G. 

bulk of N nucleoiide addition td V, D, Schatz, M. Rosa, D. Baltimore, Mol. Cell. Biol. 7, 

and J segment ends and blocks homology- 3237 (1987); S. Kallenbach, N. Doyen, M. Fanton 
d'Andon, F. Rougeon, Proc. Natl. Acad. Sci. 

directed recombination. These two ~ r o -  U.S.A. 89. 2799 (I 992). 

cesses greatly magnify the number of 10. M. ~ogue;  S. ~i l f / l lan, C. Benoist, D. Mathis, P~oc. 
Natl. Acad. Sci. U.S.A. 89, 1 101 1 (1 992) 

gen . . 'pecificities . . expressed by 11. Y. Ichihara, H. Hayashida, S. Miyazawa, Y. Kuro- 
adults as compared with perinates. It re- sawa, Eur. J. lmmunol. 19. 1849 (1989) 
mains to be determined -which is more 
critical for the development and well- 
being of the animal, the relatively restrict- 
ed perinatal or the highly diverse adult 
repertoire. 

The accompanying paper by Komori et 
al. arrived at similar conclusions about 
mice carrying a different TdT mutation 
(26). 
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