
M. H. Jericho, M. 0. Watanabe, S u 6  Sci. 217,276 electrical contacts (silver epoxy) to the gold films. In 
(1989); J. Vancea, G. Reiss, F. Schneider, K. Bauer, addition to the possibility of practical applications of 
H. Hotfman, ibid. 218, 108 (1989); C. E. D. these experiments, careful measurement of resistivity 
Chidsey, D. N. Loiacono, T. Sleator, S. Nakahara, may allow an estimation of the degree of atomic 
ibid. 200, 45 (1988). (gold-gold) contact between the two surfaces. 

20. We made these measurements using a four-probe 
method to avoid errors due to the resistance of the 17 December 1990; accepted 7 June 1991 

Thymocyte Expression of RAG- 1 and RAG-2: 
Termination by T Cell Receptor Cross-Linking 

The expression of the V(D) J [variable (diversity) joining elements] recombination 
activating genes, RAG-1 and RAG-2, has been examined during T cell development in 
the thymus. In  situ hybridization to  intact thymus and RNA blot analysis of isolated 
thymic subpopulations separated on the basis of T cell receptor (TCR) expression 
demonstrated that both TCR- and TCRC cortical thymocytes express RAG-1 and 
R A G 3  messenger RNA's. Within the TCR+ population, RAG expression was 
observed in immature CD4+CD8+ (double positive) cells, but not in the more mature 
CD4+CD8- or CD4-CD8+ (single positive) subpopulations. Thus, although cortical 
thymocytes that bear TCR on their surface continue to  express RAG-1 and RAG-2, it 
appears that the expression of both genes is normally terminated during subsequent 
thymic maturation. Since thymocyte maturation in vivo is thought to  be regulated 
through the interaction of the TCR complex with self major histocompatibility 
complex (MHC) antigens, these data suggest that signals transduced by the TCR 
complex might result in the termination of RAG expression. Consistent with this 
hypothesis, thymocyte TCR cross-linking in vitro led to  rapid termination of RAG-1 
and RAG-2 expression, whereas cross-linking of other T cell surface antigens such as 
CD4, CD8, or HLA class I had no effect. 

D URTNG DEVELOPMENT, THE THY- 

mic rudiment is seeded by bone 
marrow-derived stem cells that 

have not yet undergone TCR gene rear- 
rangement (1). As thymic cells mature, each 
cell assembles the genes that encode a TCR 
a-P or y-6 heterodimer through the recom- 
bination of individual variable (V), diversity 
(D), and joining (J) gerrnline elements for 
each chain (2). This assembly process is 
known as V(D) J recombination. 1n general, 
mature T cells express only a single TCR ( 3 ) .  
It is the specificity of the TCR that appears 
to determine the fate of the thymocyte as it 
undergoes thymic selection (4). Recently, 
two genes that appear to encode compo- 
nents of the V(D)J recombinase, RAG-1 
and RAG-2, have been cloned (5). Coex- 
pression of RAG-1 and RAG-2 is both 
necessary and sufficient to induce V(D)J 
recombination in fibroblasts, and their 
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expression in lymphoid cell lines correlates 
precisely with the presence of V(D) J recom- 
binase activity (5, 6). These findings sug- 
gested that the regulation of RAG-1 and 
RAG-2 expression might contribute to the 
control of TCR recombination during lym- 
phoid ontogeny. To explore this possibility, 
we have examined RAG expression in lym- 
phoid cells developing in the thymus. 

The intrathymic expression of RAG-1 and 
RAG-2 mRNA transcripts was analyzed by 
in situ hybridization (Fig. 1). Sections of 
thymus from a 32-day-old mouse were hy- 
bridized with RAG-1 antisense (Fig. 1B) or 
RAG-2 antisense (Fig. 1C) RNA probes. 
Control probes included RAG-1 sense and 
RAG-2 sense (Fig. 1D) RNA probes. Both 
the RAG-1 and RAG-2 transcripts were 
detected throughout the cortex although the 
RAG-1 hybridization was consistently more 
intense. The stronger signal for RAG-1 
compared to RAG-2 seen by in situ analysis 
was also seen in RNA (Northern) blots 
hybridized with cDNA probes of roughly 
comparable size labeled to equal specific 
activities (see below). A demarcation of 
RAG-1 and RAG-2 expression was ob- 
served between the thymic cortex and me- 
dulla (Fig. 1, E and F). Little or no specific 

antisense hybridization was seen with 
RAG-1 or RAG-2 in the medulla. The 
extensive specific hybridization for both 
RAG-1 and RAG-2 in the cortex was sur- 
prising in that a large percentage of cortical 
thymocytes express TCR on their surface 
(2), an indication that they have already 
carried out productive V(D)J recombina- 
tion. This suggested that productive TCR 
gene rearrangement and surface TCR 
expression was by itself not sufficient to 
terminate RAG expression. 

To confirm that the expression of RAG-1 
and RAG-2 by TCRf cortical thymocytes 
was a general feature of mammalian T-cell 
development, we investigated human thy- 
mocyte subpopulations (Fig. 2A). After 
productive TCR gene rearrangement, the 
resulting TCR heterodimer is expressed on 
the cell surface in close association with 
several other invariant polypeptides, and 
forms a structure referred to as the TCR- 
CD3 complex (7). Like that of the mouse, 
the human thymic cortex contains both 
TCR-CD3- cells, which have not complet- 
ed productive TCR gene rearrangement, 
and immature TCR-CD3+ cells that have 
undergone successful V(D) J recombination 
(1). As expected, RAG-1 and RAG-2 were 
co-expressed at high levels in unseparated 
human thymocytes (Fig. 2B). Cell fraction- 
ation revealed that both RAG-1 and RAG-2 
transcripts were expressed in TCR-CD3- 
cells, as would be expected if these cells are 
undergoing V(D) J recombination. In addi- 
tion, as was predicted from the in situ 
hybridization analyses, RAG-1 and RAG-2 
were also expressed in TCR-CD3+ cells 
(Fig. 2C). 

Immature cortical TCR-CD3+ thyrno- 
cytes express both the CD4 and CD8 acces- 
sbry molecules. ~ h u s ,  they are frequently 
referred to as "double positive" cells. About 
90% of TCR-CD3+ cells in human thymic 
tissue are double positive cells, but the ma- 
jority of double positive thymocytes die in 
the thymus before further maturation (8). 
The continued maturation of a small num- 
ber of double positive cells is apparently 
dependent on the ability of their TCR-CD3 
complex to interact with a self-MHC class I 
or 11 molecule expressed on thymic epithe- 
lial cells (Fig. 2A) (4). Such an interaction, 
although poorly understood, results in cell 
survival and "positive selection" and ensures 
that the T cell response to foreign antigen 
will be restricted by self-MHC molecules. If 
positive selection occurs as a result of TCR 
interaction with a class I MHC molecule, 
thymocytes differentiate to "single positive" 
cells that express only the class I-restricting 
antigen CD8 and lose CD4 expression. In 
contrast, if selection occurs through interac- 
tion with an MHC class I1 antigen, the 
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single positive cells retain the expression of cortex (9). As found with the in situ hybrid- TCR-CD3+ single positive cells 
the C D 4  antigen and lose CD8 expression. ization experiments, the subpopulation of (CD4-CD8') also failed to show detect- 
Mature single positive thymocytes (TCR- TCR-CD3+ cells that expressed CD4 but able RAG-1 or RAG-2 transcripts (10). 
CD3+CD4+CD8- or TCR-CD3+CD4-- not CD8 (that is CD4+CD8- single posi- The foregoing demonstrate that the sur- 
CD8+)  are found in the thymic medulla, tive) expressed neither RAG-1 nor RAG-2 face expression of a TCR-CD3 complex is 
and also in smaller numbers in the inner (Fig. 2C). The reciprocal population of not by itself sufficient to terminate RAG 

mRNA expression in vivo since TCR- 
CD3+CD4+CD8+ (double positive) thy- 

ctx 

n 

Fig. 1. RAG-1 and RAG-2 in situ hybridization of sections of the murine thymus. (A) Adjacent tissue of both LG-i and  RAG-^ (cig. 3 ~ ) .  M~~~ 
sections from a mouse thymus (age 32 days) were stained with hematoxylin-eosin (cot, thymic cortex; 
med, thymic medulla) or processed for in situ hybridition (23) with the following RNA probes: (B) of the RAG-1 and RAG-2 loss occurred 
RAG-1 antisense, (C) RAG-2 antisense, or (D) control with RAG-2 sense (the control with RAG-1 within 2 hours after stimulation, and the 
sense probe gave an identical result). S~ecific RAG-1 and RAG-2 antisense hvbridization (as revealed mRNA continued to decline over the 20- 
by the' dark staining regions) is ~0;lfin'ed to the thymic Cortex. (A to D) phbtographed at the same hour culture period. In addition to demon- 
magnification; the calibration bar in (C) represents 0.5 mm. (E and F) The cortical-medullary boundary strating that T C ~ - C D ~  cross-linking dra- in sections hybridized with RAG-1 or RAG-2 antisense riboprobes, respectively (bar, 0.05 mm). 

maticallv reduces RAG-1 and RAG-2 

Fig. 2. Expression of 
RAG-1 and RAG-2 in thy- 
mocyte subpopulations. (A) 
Schematic outline of T cell 
ontogeny in the thymus. T 
cell precursors that seed the 
thymus have not undergone 
rearrangement of their T cell 
receptors. Within the thy- 
mic cortex they begin to ex- 
press both CD4 and CD8 
and undergo V(D)J recom- 
bination of their TCR 
genes. After productive 
TCR gene rearrangement, 
thymocytes express TCR- 
CD3 on the surface as well 
as both the CD4 and CD8 
molecules. Those TCR- 
CD3+CD4+CD8+ ("dou- 
ble positive") thymocytes 
that undergo positive selec- 
tion as a result of a TCR- 
MHC interaction differenti- 

expression, these data confirm that RAG-1 
and RAG-2 were being expressed in TCR' 
cells. The TCR- thymocytes would not be 
responsive to treatment with the monoclo- 
nal antibody to anti-CD3 since CD3 is not 
expressed on the surface of a thyrnocyte in 
the absence of a TCR heterodimer (7). 
To examine whether the loss of RAG 

expression in response to TCR-CD3 cross- 
linking was a specific effect, unfractionated 
thyrnocytes were stimulated with immobi- 
lized monoclonal antibodies to TCR-CD3, 
CD4, CD8, or HLA class I molecules (Fig. 
3B). Only TCR-CD3 cross-linking induced 
a significant decrease in RAG expression. 
No ~eproducible effect was seen after cross- 
linking CD4, CD8, or HLA class I in three 
separate experiments. These findings sug- 
gest that termination of RAG expression 
requires specific signals, and that these can 
be ~rovided through the TCR-CD3 com- 

0 

ate to single positive cells, either TCR-CD3+CD4+CD8- or TCR-CD3+CM-CDS+. The TCR- pie;. Identical results were also obtained 
CD3+ thymocytes that are not positively selected die in the thymus. (B) Northern blot of RNA isolated with the same monoclonal antibodies in from unseparated (Unsep) and TCR-CD3- thymocytes hybridized with RAG-1, RAG-2, and HLA 
probes. (C) Northern blot of RNA isolated from unseparated (Unsep) thymocytes, TCR-CD3+ form. 
thymocytes, and TCR-CD3+CD4+CD8- "single positive" thymocytes hybridized with RAG-1, Several additional experiments were per- 
RAG-2 and HLA probes. Purified populations of thymocytes were isolated (24), and total cellular RNA formed to confirm our findings. Under some 
was extracted after cell lysis in guanidinium isothiocyanate after which Northern blots were prepared circumstances TCR-CD~ of thy- 
with equalized RNA samples for subpopulations (25). RAG-1 transcripts were eight to ten times more 
abundant than RAG-2 transcripts. For example, the times of exposures in (B) are 16 hours for RAG-1, mocyteS can induce programmed death 
and 48 hours for RAG-2. This difference in RNA abundance presumably explains the difference in by a ~ p t o s i s  (11). We therefore excluded the 
signal to noise ratio observed with in situ hybridization of RAG-1 and RAG-2 probes. possibility that the cessation of RAG-1 and 
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RAG3 expression observed in vitro was sirn- 
ply the result of cell death induced by anti- 
CD3. To this end thymocytes were stimulat- 
ed in the presence of interleukin-2 (IL-2), 
which blocks anti-CD3-induced cell death 
(12) and supports the proliferation of human 
double positive thymocytes stimulated by 
TCR-CD3 cross-linking (13). Down-regula- 
tion of RAG-1 and RAG3 expression by 
anti-CD3 stimulation was not affected by the 
addition of IL-2 to the culture media (14), 
and cell counts revealed no sigdcant differ- 
ence in cell recovery after 6 hours of culture in 
medium alone, or after stimulation with anti- 
CD3 plus IL-2 (95.0 + 2.2 compared to 94.1 
? 2.2%). Viability in both populations ex- 
ceeded 99% as assessed by trypan blue exclu- 
sion. We conclude that the large decrease in 
RAG expression after treatment of unfrac- 
tionated or TCR-CD3+ cells with anti-CD3 
was not due to cell death. 

In peripheral T cells, cross-linking of the 
TCR-CD3 complex induces the activation of 
phospholipase C, which liberates diacylglyc- 
erol and inositol tris-phosphate from the cell 
membrane. These two second messengers in 

turn lead to the membrane translocation of pleted TCR-dependent selection processes. 
protein kinase C and the release of intracellu- 
lar calcium stores, respectively (15). The com- 
bination of phorbol myristate acetate (PMA) 

1n isolated thykocyte subpopul&ons, we 
found that TCR+CD4+CD8+ double pos- 
itive thymocytes expressed both RAG-1 and 
RAG-2, while TCR+CD4+CD8- or 
TCR+CD4-CD8+ single positive cells did 
not exmess detectable amounts of mRNA 

plus ionomycin mimics these events by stim- 
ulating protein kinase C translocation and 
intra&lldar calcium release direalv. Treat- 
ment of unfractionated thymoc$es with 
PMA plus ionomycin led to the loss of de- 
tectable RAG-1 and RAG2 mRNA within 6 
hours of stimulation (Fig. 4). This decrease in 
RAG expression was more complete than 
when the same cells were treated with mono- 
clonal anti-CD3, suggesting that perhaps this 
combination of rnitogens was able to down- 
regulate RAG expression in TCR-CD3- thy- 
mocytes which were unaffected by the mono- 
clonal anti-CD3. When purified TCR-CD3- 
thymocytes were treated with PMA plus ion- 

from either gene. This suggests that physio- 
logic termination of RAG expression at the 
mRNA level occurs during the process of 
thymic differentiation. Furthermore, cross- 
linking the TCR-CD3 complex of immature 
thymocytes in vitro led to the rapid loss of 
RAG-1 and RAG3 expression. If the signal 
transduction events initiated by in vitro 
cross-linking of TCR-CD3 with monoclo- 
nal anti-CD~ correctly mimic signal trans- 
duction events that occur during TCR- 
MHC interactions in the thymus (1 7), then 
TCR-CD3 stimulation by either the positive oiycin, RAG expression was dramatically 

reduced (Fig. 4). Thus, TCR-CD3- thymo- 
cytes are competent to down-regulate RAG 
expression in response to agents that d i d y  
activate protein kinase C and increase intra- 
cellular calcium levels, despite the lack of 
surface TCR expression. These data are con- 
sistent with the hypothesis that RAG mRNA 
expression is maintained in the developing 
TCR-CD3- thymocyte in part because the 

or negative selection process might lead to 
the termination of RAG expression in vivo. 

Together, our data are consistent with the 
following model of thymocyte development. 
Coexpression of RAG-1 and RAG3 in im- 
mature thymocytes serves to activate TCR 
gene rearrangement. When productive ("in 
frame") rearrangements are achieved the 
TCR-CD3 complex is expressed on the cell 

surface component of the signal transduction 
system is absent, such that one or both of 
these second messenger systems cannot be 

surface.   ow ever, surface expression of the 
TCR-CD3 receptor does not by itself affect 
RAG expression. During the TCR-depen- 
dent selection processes that result in MHC 
restriction, engagement of the TCR-CD3 
complex by an MHC-bearing stromal cell 

induced. Similar signal transduction events 
may also regulate RAG-1 and RAG-2 in B 
cells since PMA and ionomycin treatment 
have been shown to down-r&ulate V(D)J 
recombinase activity in pre-B cell lines (1 6). 

Our data demonstrate that the recombi- 
nation activating genes RAG-1 and RAG-2 

serves to stimulate a signal- transduction " 
pathway that leads to the termination of 
RAG-1 and RAG3 expression. Further 
TCR gene recombination would not be 
possible in the absence of RAG-1 and RAG- 
2. Undoubtedly, other mechanisms may 

are coexpressed in cortical thymocytes. In 
contrast, neither gene appears to be ex- 
pressed at significant levels in medullary control TCR recombination. For ex- 
thymocytes, which are thought to have com- ample, transcriptional regulators may con- 

trol the availability of TCR gene segments 
to the V(D)J recombination machinery 
(18). Therefore, expression of RAG-1 and 
RAG3 in TCR-CD3+ double-positive thy- 

HLA 

TCR- 
P~~ Unsep CD3- 
+lonot-  + ' I -  + '  mocytes does not necessarily- imply that 

these cells continue to rearrange TCR gene 
segments. However, the recent characteriza- 
tion of a T cell clone with surface expression 
of two distinct TCR's (19). as well as data 

Fig. 3. (A) Loss of RAG-1 and RAG-2 expression 
after TCR-CD3 stimulation. Unfractionated thy- 
mocytes were cultured for 4 hours in medium 
alone, or stimulated on tissue culture plates coated 
with a monoclonal antibody to CD3 (a-CD3) 
(24) and harvested at the time points indicated. 
RNA was then isolated for Northern blot analysis 
(25). The IL3R probe was a 1.9-kb Eco RI-Barn 
HI fragment (26). (6) RAG expression is not 
altered by stimulation of CD4, CD8, or HLA 
class I. Unfractionated thymocytes were cultured 
for 6 hours in medium alone, or on tissue culture 
plates coated with the following monoclonal an- 
tibodies: anti-CD3 (a-CD3), anti-CD4 (a-CD4), 
anti-CD8 (a-CD8), or anti-HLA class I (a-HLA 
class I). The cells were harvested and RNA was 
extracted for Northern analysis (25). 

Fig. 4. RAG-1 and 
RAG-2 expression in 
unfractionated and 
TCR-CD3- thymo- 
qes .  Unseparated (Un- 
sep) and TCR-CD3- 
thymocytes (24) were 
cultured in medium 
alone or in medium con- 
taining PMA (10 ng/ml) 
and ionomycin (250 ng/ 
ml) for 6 hours, after 

\ ,, 

on other cells expressing mRNA for two a 
(20) or P (21) chain transcripts, are consis- 
tent with the occurrence of recombination 
of TCR genes in the presence of a hnction- 
ally rearranged allele of the same gene. In 
this regard, recombination of the endoge- 
nous a locus can occur in the presence of a 
rearranged a TCR transgene (22). 

which RNA was isolated 
for Northern blot analy- 
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A LLENE OXIDES ARE REACTIVE EP-

oxides that are prone to nucleo-
philic substitution and intramolecu­

lar rearrangements (1). The first allene 
oxides to be synthesized were small mole­
cules designed with hydrophobic substitu-
ents to protect the epoxyene grouping from 
hydrolysis (2). Allene oxides have also been 
detected as natural products of lipid hydro­
peroxide metabolism (3). These allene ep­
oxides are fleeting intermediates in the con­
version of specific lipoxygenase products to 
more stable end products that include sever­
al prostaglandin-like molecules. 

OOH O 

Fatty acid Allene oxide Prostaglandin-
hydroperoxide like products 

Biosynthesis of allene oxides involves an 
enzyme-catalyzed dehydration of the lipid 
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hydroperoxide. The enzymes are selective 
for the position of the hydroperoxide group 
and the enantiomeric configuration (3, 4). 
We describe the purification of an allene 
oxide synthase (or hydroperoxide dehy-
drase) and its characterization as a member 
of the cytochrome P-450 family of hemo-
proteins. 

As a source of enzyme, we used an ace­
tone powder of flaxseed, a classic prepara­
tion of this type of hydroperoxide-metabo-
lizing activity (5). Allene oxide synthase 
activity in fresh tissues is found in the mi­
crosomal fraction (6), but the acetone wash 
removes the microsomal lipids, and subse­
quent aqueous extraction of the acetone 
powder leaves the protein in a 100,000^ 
supernatant. After initial ammonium sulfate 
fractionation of this extract, we examined 
the ability of the "redissolved" activity to 
pass through a standard 0.22-|xm filter. Us­
ing this simple test in conjunction with a 
spectroscopic assay of enzyme activity, we 
established the efficiency of various deter­
gents to effect complete solubilization. Use 
of 0.1 to 0.25% of the nonionic detergent 
Emulgen 911 (Kao-Atlas, Tokyo) not only 
allowed the free passage of the enzyme 
through the microfilters, it increased the 
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Fatty acid hydroperoxides (lipoxygenase products) are metabolized to allene oxides by 
a type of dehydrase that has been detected in plants, corals, and starfish oocytes. The 
allene oxides are unstable epoxide precursors of more complex products such as 
jasmonic acid, the plant growth hormone. Characterization of the dehydrase enzyme of 
flaxseed revealed that it is a 55-kilodalton hemoprotein. The spectral characteristics of 
this dehydrase revealed it to be a cytochrome P-450. It operates with the remarkable 
activity of > 1000 turnovers per second. The results establish a new catalytic activity for 
a cytochrome P-450 and illustrate the cooperation of different oxygenases in pathways 
of fatty acid metabolism. 
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