
results could be useful for drilling, and we 
suggest that such an approach should be 
routinely applied to seismic data before 
drilling. If many BSRs are underlain by 
gas, methane must be present in sufficient 
concentrations to exceed its solubility at 
ocean bottom pressures. Such concentra- 
tions are not readily attained by in situ 
biogenic degradation of organic material 
(25). They may be attained by upwelling 
of free or dissolved methane generated at - 
depth or, alternatively, by thermal pertur- 
bations such as those caused by continued 
sedimentation, which cause the base of 
the zone of hydrate stability to rise 
through the sediment column. 

Although the insensitivity of velocity to 
gas saturatic above -1% does not allow 
tight constr~ nts to be placed on the degree 
of gas saturation beneath the BSR, we can 
be confident that gas is present and can 
estimate the thickness of the gaseous zone 

L, 

(about 30 m in the areas we have studied). 
We can also estimate the quantity of hy- 
drate present immediately above the BSR- 
at the VI-5 site it appears to be small 
because the velocity increase is at most 
-5% above the background velocity (Fig. 
4A), which corresponds to a hydrate satu- 
ration of only -10%. The drilling results 
from site VI-5 will ~rovide a direct test of 
these estimates and allow the relation be- 
tween the seismic velocity and degree of gas 
or hydrate saturation to be investigated in 
detail. 

The amount of carbon stored in and 
beneath gas hydrates may exceed that in all 
fossil fuel deposits (5).  BSRs have been 
identified in at least 22 continental margin 
locations worldwide, and multichannel 
seismic reflection data have been acquired 
at many of these locations. As computers 
become faster and techniques are refined, 
one- and two-dimensional inversion 
schemes should routinely be applied to large 
multichannel data sets and ultimatelv 
should be able to put well-constrained 
quantitative limits on the global methane 
resource stored immediately above and be- 
low the BSR. 
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Impairment of V(D)J Recombination in 
Double-Strand Break Repair Mutants 

Guillermo E. Taccioli, Gary Rathbun, Eugene Oltz, 
Thomas Stamato, Penny A. Jeggo, Frederick W. Alt 

Cells maintain the integrity of their genome through an intricate network of repair systems 
that recognize and remove lesions from DNA. The only known site-directed recombination 
process in vertebrates is the V(D)J recombination of lymphocyte antigen receptor genes. 
A large panel of cell lines deficient in DNA repair were tested for the ability to perform V(D)J 
recombination after introduction of the RAG-1 and RAG-2 genes. Two mutants failed to 
generate normal V(D)J recombination, and further analysis provided evidence for two 
distinct nonlymphoid-specific genes that encode factors involved in both DNA repair and 
V(D)J recombination. 

V ( D ) J  recombination is a complex reac- 
tion that likely involves numerous activi- 
ties. These include recognition of con- 
served heptamer-spacer-nonamer sequences 
(RS sequences) that flank germline V, D, 
or J segments, introduction of site-specific 
double-strand breaks between the elements 
to be joined and the RS sequences, poten- 
tial deletion, with or without addition of 
nucleotides, at coding junctions, and poly- 
merization and ligation activities [ ( l )  and 
Fig. 1, A to C]. The differential processing 
of the coding and RS joins is an unusual 
aspect of V(D) J recombination. Nucleo- 
tides are frequently lost from the former but 
not the latter. 

G. E. Taccioli, G. Rathbun, E. Oltz, F. W. Alt, Howard 
Hughes Medical Institute, Children's Hospital, and 
Department of Genetics, Harvard University Medical 
School, Boston, MA 021 15. 
T. Stamato, Lankenau Medical Research Center, 
Wynnewood, PA 19096. 
P. A. Jeggo, Medical Research Council Cell Mutation 
Unit, University of Sussex, Brighton, United Kingdom 
BNI 9RR. 

Two genes, recombination activation 
genes 1 and 2 (RAG-1 and RAG-2), have 
been identified that, when expressed simul- 
taneously in a nonlymphoid mammalian 
cell, generate V(D)J recombinase activity 
(2). The RAG genes either encode or acti- 
vate the tissue-specific activities necessary 
for initiation of V(D) J recombination (1). 
By analogy to site-specific recombination 
systems of yeast and bacteria, the specific 
components of V(D)J recombinase may re; 
cruit ubiquitously expressed cellula~activi- 
ties to perform certain aspects of the reac- 
tion. One such activity may be encoded by 
the gene affected by the mouse severe com- 
bined immune deficient (SCID) mutation 
(3); homozygous scid mutants are impaired 
in one of the terminal steps of V(D)J 
recombination (4) and also have a defect in 
double-strand DNA break repair (DSBR) in 
lymphoid and nonlymphoid cells (5). 

To test whether or not DNA repair 
processes and V(D)J recombination share 
common factors, we assayed a number of 
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mutant Chinese hamster ovary (CHO) cell 
llnes defective In different pathways of 
DNA repalr for the abllity to rearrange 
introduced V(D)J recomblnatlon sub- 
strates. Cells mere tranqiently transfected 
wlth RAG expression vectors driven by a 
long termlnal repeat (LTR) promoter pro- 
vldlng the spec&, V(D) J recomblnatlon 
functions to the nonlvmnhoid cells and. , a 

simultaneously, with extrachromosomal 
V(D)J recombination substrates that, when 
recovered and assaved in bacterial cells. 
permit evaluation of the approximate level 
and fidelity of V(D)J recombination (6). 
Two different substrateq were used; one 
(pJH290) allows recovery of coding joins, 
whereas the other (pJH2OO) allows recovery 
of RS joins (7). In each case, V(D)J recom- 
bination activity was estimated by the rel- 
ative amount of rearraneed substrate (based - 
on gain of choramphenicol resistance, 
CamR) as compared with the total amount 
of recovered substrate (based on generation 
of ampicillin resistance, AmpR) (Table 1). 

None of the cell lines examined pos- 
sessed measurable V(D)J recombination ac- 
tivity in the absence of cotransfected RAG 
vectors (Table 1; mock transfectants); the 
integrity of the recovered substrates con- 
firmed that deletions do not appear in the 
absence of RAG exnression. As exvected. 
introduction of RAG vectors generated 
V(D)J recombination activity in  all wild- 
type lines at a lev71 consistent with that 
seen by others using this assay ( 2 )  (Table 
1). Seven ultraviolet (UV) light-sensitive 
mutants that belong to independent com- 
plementation groups (8), most deficient in 
excision re~a i r .  were tested and all had 

L ,  

levels of V(D)J recombination activity sim- 
ilar to that of wild-type lines (Table 1). We 
tested five independent x-ray-sensitive mu- 
tants, four of which are defective in DSBR 
(9, 10). Of these mutants, two (xrs-6 and 
XR-1) showed blocks in the ability to form 
both coding and RS joins (Table 1). 

In addition to the defect in DSBR. the 
xrs-6 and XR-1 lines share a similar spec- 
trum of sensitivity to ionizing radiation, 
radiomimetic drugs, and alkylating agents 
(9). However, complementation studies us- 
ine cell fusion showed that these mutants - 
belong to different complementation groups 
[(9) and Table 11. In support of this finding, 
correction of the radiosensitive phenotype 
of xrs-6 could be attained by the introduc- 
tion of human chromosome 2 (1 1) and that 
of XR-1 by the introduction of human 
chromosome 5 (12). Both the XR-1 and 
xrs-6 lines. after comvlementation bv hu- 
man chromosomes, as well as an indepen- 
dent xrs-6 reactivant (9), also regained 
normal levels of V(D)J recombination ac- 
tivity (Table 1). The simultaneous correc- 
tion of both the ionizing radiation sensitiv- 
ity and the V(D) J recombination defects by 

specific chron~oson~al segments provides 
strong evidence that these two processes 
share common gene products. 

T o  characterize further the V(D)J re- 
combination defect in the C H O  mutants, 
we analyzed the structure of RS joins and 
coding joins recovered from xrs-6 and XR-1 
transfectants. Analysis of restriction endo- 

nuclease digestions of polymerase chain re- 
action (PCR) products of pJH2OO substrates 
recovered from each mutant indicated that 
more than 80% of the RS joins were impre- 
cise, with deleted nucleotides from one or 
both RS sequence (Table 1 and Fig. 2). 
This contrasts to the fidelity of joins from 
wild-type cells, revertants, or from other 

Site-specific 
double-strand break - 

5,7 "7 1 y 
recombination 

Precise RS joins Normal RS joins Impaired RS joins 
with with and 

modified coding joins impaired coding joins impaired coding joins 

Fig. 1 .  Impact of mutations on V(D)J recombination. (A to C) Normal pathway of V(D)J recombina- 
tion ( I ) .  (A) RS elements are indicated by triangles, and coding sequences are indicated by boxes. 
(6) During normal V(D)J recombination, double-strand breaks are introduced between the RS and 
adjacent codlng sequences. (C) Generation of precise RS jolns and tr~mmed codlng joins. (D) 
Defective jolnlng In scld mutants Double-strand breaks appear to be properly Introduced in scid 
cells, RS joins occur relatively normally, but coding joins are Impaired (E) Defect~ve join~ng in xrs-6 
or XR-1 cells. Double-strand breaks occur normally, but both US and cod~ng sequence join~ng is 
impaired. 

Fig. 2. Nucleotide se- 
quence of selected RS 
joins (A) Map of the Hind Ill Hind Ill 

pJH200 (6) reglon that A -  ac I 4.. . OOP [> 
contains the RS se- A, pJH200 
quences. The box repre- 
sents the lactose promoter B Hgi Al 

(Lac) from whlch the CAT 
9 

gene IS expressed after the - 7 *7 
& 9 - 

1TACAGTGTTmGTTCCAGTCTGTAGCACTGTGCACAGTGGTAGTACTCCACTGTCTGGCTGTACMAACCCTCCTCA 
transcrlptlon term~nator 
(OOP) is el~minated by re- xrs-6 
combination involving US 
(triangles) joins (6). The lo- 
cat~on of primers used to 
generate PCR products for 
analysis of RS jolns 1s lndl- 
cated by arrows (22). (B) 
The sequence shown is the 
product of two slgnal ends 
fused without base loss af- 
ter V(D)J recomblnatlon XR-1 
The site for the restriction 
enzyme Hgl Al (Indicated in 
bold) 1s generated only af- I 

ter precise fusion of hep- scid 

tamers (6). The bracketed 
dashes show the extent of 
the deletions In substrates 
recovered from the varlous 
lhnes (indicated at the left) The deletions shown were selected and are not representative of the 
overall size distribution (text). Asterisks and @ represent bases that cannot be unequivocally 
asslgned in each group. 
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DNA repair mutants in which levels of 
V(D)J recombination were not affected 
(Table 1). Nucleotide sequence analysis of 
selected mutant RS junctions confirmed the 
presence of deletions, some as great as 20 bp 
(Fig. 2B). The recovery of recombinant 
plasmids in this assay depends on the integ- 
rity of the gene that encodes chloramphen- 
icol acetyl transferase; consequently, dele- 
tions larger than 350 bp are not detected 
(Fig. 2A). To determine whether larger 
deletions are generated. we examined sub- - 
strates recovered from XR-1 cells that con- 
fer ampicillin resistance but fail to hybridize 
to a probe for the sequence (OOP) normal- 
ly deleted by V(D)J recombination (Fig. 
2A). Two such recombinants, which con- 
tained deletions of about 2 and 4 kb, were 
detected from 600 screened colonies 
(0.3%). Thus, a substantial number of ab- 
normallv laree deletions occur but are not , cz 

identified in the double selection proce- 
dure. Similarly, an analysis of coding junc- 
tions showed that these, too, had abnor- 
mally large deletions, although some re- 
combination points were within the normal 
range (Fig. 3B). 

To compare the manifestations of the 
homozygous scid mutation to those of the 
two x-ray-sensitive CHO lines, we assayed 
scid fibroblasts by the transient V(D)J re- 
combination assay. As observed previously 

Hind Ill Sal I Barn HI Sma I 
B C-TTGGGCT~~CDACDWLTCCCC~TCACCTTGGCWU~ATT 

I 
CHO K1 (wt) 

3 

XR-I :Ch5 

~5(xrs-6/Ch2) 

scid 

XR-1 

xrs-6 (none rescued) I 

(g!3ggatcc) 

Fig. 3. Nucleotide se- 
quence analysis of random 
coding joins. (A) Map of the 
pJH290 (6) region that 
contains the RS se- 
quences; details are as de- 
scribed in Fig. 2. (B) The 
nucleotide sequence rep- 
resents the product of a 
coding join in which no nu- 
cleotides have been lost. 
The solid lines below repre- 
sent the extent of deletions 
in coding joins isolated 
from substrates recovered 
from the indicated cell 
lines. Asterisks represent 
bases that could not be as- 
signed unequivocally. Bas- 
es inserted at the joins are 
listed at the right of the fig- 
ure in lowercase letters; all 
except one of these (not in 
parentheses) are consis- 
tent with P elements (14). 
The short sizes of the P 
elements in the XR-1 joins 
are consistent with those 
found in normal cells, 
whereas scid cells often 
have much larger P ele- 
ments (23). 

Table 1. Analysis of signal and coding joins formation in CHO cell lines by transient V(D)J recombination assay (9). Abbreviations are as follows: wt, 
wild type; ND, not determined; NA, not applicable; S, sensitive; P, partial; L, low cross-sensitivity; and (-), indistinguishable from wild type. 

- 

Sensitivity pJH200 (signal) pJH290 (coding) Correct 
Cell line joins 

UV AmpRCamRIAmpR cent cent 
Per- AmpRCamRIAmpR 

Per- 
X-ray (%)* 

t - (gtc*) 

AA8 ( 4  - - (24015950) 4.0 (1 2711 825) 6.9 99 
Mock - - (213600) 0.05 (22130225) 0.07 N A 
UV5 S - (1 4016375) 2.0 (8712025) 4.3 99 
UV20 S - (63011 1390) 5.7 (1 5211 31 5) 12.0 97 
EM9 S L (8011 950) 4.0 (1 4012700) 5.1 99 
UV24 S - (1 000126350) 3.8 (23012585) 8.8 97 
UV135 S - (1 3311 955) 6.8 (1 061970) 11.0 98 
UV6 1 S - N D (1 6512935) 5.6 N D 
UV41 S - (1 4511 580) 9.0 (9411 040) 9.0 N D 

K1 ('4 - - (1 5516800) 2.3 (1 701931 0) 1.8 99 
Mock - - (-15775) <0.01 N D N A 
xrs-6 - ! (1 17196000) 0.10 (831504000) 0.02 14 
xrs-6Rev (24) - I (6418800) 0.7 (2413255) 0.75 99 
xrs-6lCh2(D5) (24) - I (1 9811 4450) 1.4 (7018850) 0.8 99 

4362A (wt) - - (1 3111 2320) 1 .O (7016880) 0.92 99 
Mock - - (-12272) 10.04 N D N A 
XR-1 - S (2721258400) 0.10 (1 531540800) 0.02 10 
XR-1 :Ch5 (24) - - (5411 804) 3.0 (2811 309) 2.1 99 
XR-llxrs-6 (24) - - (1 3515040) 2.6 (4713645) 1.3 99 

K1 - - (1 5512850) 5.4 (26212800) 9.3 99 
Mock - - (-18960) 10.01 N D N A 
BLM-1 - S (50011 0000) 5.0 (> 40011 0000) >4.0 99 
BLM-2 S S (~300110000) >3.0 (~300110000) >3.0 99 
ADR-3 . - S (9811 900) 5.0 (1 6611 088) 10.0 99 

scid (SCGRI 1) - S (4017 1 0) 5.6 (3811 3280) 0.30 80 
scidlxrs-6 (24) - - (71 12352) 3.1 (1 3013056) 4.2 80 

*Percentage of correLt RS joins screened by digestion of the PCR products of the recombinant substrate pJH200 with Hgi Al (see Fig. 2). 
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(1 3), the scid fibroblasts had impaired coding 
join formation but, unlike xrs-6 and XR-1 
cells, had a relatively normal level and 
fidelity (80% precise) of RS joins (Table 1). 
This finding suggested that the scid mutation 
affects a different gene than the xrs-6 and 
XR-1 mutations. To verify this conclusion, 
we made multiple cell hybrids between these 
lines and found a complete complementa- 
tion of radiation sensitivity. Furthermore, 
V(D)J recombination activity was restored 
to normal in the one hybrid (xrs-6/scid) 
tested (Table 1). We conclude that xrs-6, 
XR- 1, and scid represent three different 
genes involved in V(D) J recombination. 

The xrs-6 and XR-1 mutations affect 
both RS and coding join formation (Fig. 
1E) ; however. recognition and introduction , . - 
of double-strand breaks appear to occur 
normally in these mutants because some RS 
or coding joins have at least one end at or 
near the RS or coding junction, and recov- 
ered RS and coding joins linked sequences 
from the expected side of the involved 
elements. Therefore. it is likelv that these 
mutations either result in hyperexonucle- 
olytic activity or impair the normal joining 
process such that only illegitimate recombi- 
nation events are recovered. The presence 
of extra nucleotides resembling normal P 
elements [(14) and Fig. 31 in the XR-1 
mutant suggests that the defect in this 
mutant affects a V(D)J recombination step 
downstream of that involved in the gener- 
ation of these elements and the activity 
affected by the scid defect (13, 15). 

V(D)J recombination has some mecha- 
nistic similarities to certain transposition 
events. For example, P element transposi- 
tion in Drosobhila occurs bv a cut-and-oaste 
process usually followed by double-strand 
gap repair to restore the donor P element 
(1 6). A gene product (mei-41) necessary for 
recoverv of P-bearing chromosomes under- 
going trmsposition (as also has been impli- 
cated in DSBR (1 7). Furthermore, protec- 
tion of ends in DSB intermediates by a 
stable protein complex occurs in Tn7 and 
TnlO transposition in Escherichia coli (18). 
In the radiosensitive Rad52 epistatis group 
of yeast, mutants show defects in meiotic 
and mitotic recombination (19, 20). Fur- 
thermore, yeast exhibit extensive exonucle- 
olytic processing of broken DNA ends dur- 
ing meiosis and mating-type switching 
(21). In this context, the xrs-6 or XR-1 
mutations might lead to a failure to protect 
free ends from extensive degradation by 
either the V(D)J complex or by normal 
cellular exonucleases. 
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cell fusion as described elsewhere (9). The re- 
sults presented for the xrs-6 and XR-I mutants 
plus the complemented derivatives of these lines 
were reproduced in at least three independent 
transfection experiments. 
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Mackerels, tunas, and billfishes (suborder Scombroidei and Teleostei) provide an ideal 
taxonomic context in which to examine the evolution of endothermy. Multiple origins and 
diverse strategies for endothermy exist among these fish. Here a molecular phylogeny of 
the Scombroidei has been determined by direct sequencing of a portion of the mitochon- 
drial cytochrome b gene. The distribution of endothermic species within this proposed 
genealogy indicates that the ability to warm the brain and retina arose independently in 
three lineages, each time in association with a movement into colder water. This suggests 
that the evolution of cranial endothermy in fish was selected in order to permit thegal  
niche expansion and not selected for increased aerobic capacity. 

T h e  majority of the 30,000 species of metabolic means, has been documented 
teleost fishes are ectotherms with body tem- only within one major assemblage of large 
peratures within lo to 2OC of ambient water oceanic teleosts, the Scombroidei (1-3). 
temperature. Endothermy, the ability to Sharks of the family Lamnidae and Alopi- 
maintain elevated body temperature by idae have convergently evolved endo- 

thermy (3, 4). The transition from ecto- 
Department of Organisma1 Biology and Anatomy, Uni- thermy to endothermy requires the eleva- 
versity of Chicago, Chicago, IL 60637. tion of aerobic capacity (and hence heat 
*To whom correspondence should be addressed. production) and the reduction of the rate of 
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