
Gly 12 Asp 12 

a b c d  a b  c d  

Flg. 5. Stimulation of Gly12 p21 GTPase by 
mammalian cell extracts. Packed cell pellets were 
washed with phosphate-buffered saline and lysed 
with buffer A + 0.5% NP40 ( 1 vol cell pellet : 0.5 
vol lysis buffer). Extracts were mixed with Gly12 
or Asp12 p21.GTP and GTPase activities mea- 
sured as in Fig. 4. Panel a, human peripheral 
blood lymphocytes; panel b, mouse NIH 3T3 
cells; panel c, 1 : 10 dilution of NIH 3T3 extract in 
buffer A + 0.5% NP40; and panel d, buffer 
control. 

be considered to be directly upstream from 
p21 in a signal transduction pathway de- 
pending on p21 activation. It is interesting 
to note that bacterial elongation factor EF- 
Tu, which may be structurally related to p21 
within the GTPase domain (13), has virtual- 
ly no detectable GTPase activity in vitro. As 
with p21, EF-Tu GTPase activity is greatly 
stimulated in vivo; in this case by association 
with ribosome components (14). 

A striking property of GAP is its failure to 
stimulate GTPase activity of Asp12 or 
Val12 p21 proteins. As a result, they are 
able to remain GTP-bound in vivo. Estima- 
tion of GTPase activities of these mutants 
suggests that they are several hundredfold 
lower than the GTPase activity of Gly12 
~ 2 1  in vivo. These differences reflect the 
different biological potencies of these mu- 
tant and normal p21 proteins. We therefore 
conclude that the major role of Asp12 and 
Val12 mutations is to prevent interaction 
with GAP, and that the effects of these 
mutations on intrinsic GTPase activities 
measured in vitro are not biologically signif- 
icant. 
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Germline Organization of the Murine T Cell Receptor 
P-Chain Genes 

The complete germline organization of the p-chain genes of the murine T cell receptor 
was elucidated in order to obtain the structural basis for understanding the mecha- 
nisms of somatic DNA rearrangements. Twenty of the 22 known variable (VB) genes 
are clustered within 250 kilobases of DNA 5' to the constant region (Cs) genes. These 
Vp genes share the same transcriptional orientation as the diversity (DB), joining up), 
and Cg genes, which implies that chromosomal deletion is the mechanism for most VB 
to DB-JB rearrangements. Within this VB cluster, the distance between the most 
proximal Vg gene and the DB-JB-CB cluster is 320 kilobases, as determined by field- 
inversion gel electrophoresis. The large distance between VB and Do, relative to that 
between Dg and Jp, may have significant implications for the ordered rearrangement of 
the T cell receptor P-chain genes. 

T HE VERTEBRATE IMMUNE SYSTEM 

uses multiple rearranging gene fam- 
ilies to generate clonal diversity for 

its antigen-specific receptors. These gene 
families, including the heavy- and light- 
chain (K and A) genes of the B cell receptor 
(immunoglobulin) and the a-, P-, and y- 
chain genes of the T cell receptor, undergo 
developmentally regulated somatic DNA re- 

linked heterodirners composed of a and 
p chains, each divided into variable (V) and 
constant (C) regions (2) .  The V region of 
the p chain, like that of the immunoglobulin 
heavy chain, is encoded by three separate 
DNA segments, Vp, diversity (Dp), and 
joining (Jp), that recombine somatically to 
form a complete Vp gene (3,4). The p-gene 
family contains two closely linked Cg genes, 

arrangements to generate functional tran- .. - - .- - 
0-------- - -  0 --  - 

scription units during B cell or T cell differ- Howard Hughes Medical Institute, Division of hu- 
entiation (1). T cell receptors involved in the nology and Genetics, D e p m e n t  of Medicine, and 

recognition of antigen and major histocom- Department of Microbiolo and Immunology, Wash- 
inmon Universitv School %Medicine. St. Louis. MO 

patibility complex molecules are disulfide- 6fi10. 
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C p l  and Cp2, each of which is preceded by a 
cluster of six functional Jp gene segments 
and a single Dp  gene segment (5). 

Analyses of the murine T cell receptor @- 
chain genes to date have identified 22 Vp 
genes, belonging to 17  non-cross-hybridiz- 
ing subfamilies (6-8). Of these Vp genes, 
Vp14 has been mapped 10 kb 3' to the Cp2 
gene, has an inverted transcriptional orienta- 
tion relative to the Dp-Jp-Cp gene cluster, 
and undergoes somatic ~ ~ ~ ' r e a r r a n ~ e m e n t  
by chromosomal inversion (9). In contrast, 
the majority of the Vp genes are thought to 

lie 5' to the Cp genes and to undergo 
rearrangement by the deletion of interven- 
ing chromosomal DNA. We have described 
a chromosomal order of 12 Vp genes by 
using deletion mapping in a T cell clone that 
had rearranged the @-gene locus on both 
chromosomes (1 0). T o  further investigate 
the mechanisms by which clonal diversity of 
the T cell receptor is generated, we have 
analyzed the overall structure of the @-gene 
locus by isolating overlapping cosmid clones 
and by mapping with field-inversion gel 
electrophoresis. 

Vp genes pwl0 pw8 8.3 8.2 8.1 
416 101 5.2 5.1 5.3Y13 12 11 9 
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Fig. 1. Molecular map of 330 kb of the Vp gene locus of the murine T cell receptor. The V genes are 
shown as vertical lines above the horizontal Itne. Vp nomenclature is as described (7, 13). qp3.1 is the 
Vp3 gene previously reported [also designated VB2B4 (4) and Vp3H.25 (24)l; Vp3.2 represents an 
additional Vp gene cross-hybridizing with the Vp3 probe and is the BALBIc allele of the Vp17b 
reported by Kappler et al. (25). Vp18 hybridizes to a V-region probe from a complementary DNA clone 
pMlpr2 (8); sequence determination indicates that Vp18 is a functional Vp gene. The 5' to 3' 
transcriptional orientation is from left to right and is the same for all Vp genes shown. The single-copy 
probes used in the chromosomal walks are represented by open boxes above the horizontal line. These 
probes are as follows: pwlO, a 1.8-kb Kpn I fragment from the 5' end of clone B39; pw8, a 1.3-kb Eco 
RI fragment from the 3' end of clone C16; pwll ,  a 1.7-kb Hind I11 fragment from the 5' end of clone 
C1; and pw2, a 750-bp Eco RI-Hind I11 fragment from the 3' end of clone C55. An additional single- 
copy probe, pw20, a 600-bp Ava I1 fragment from the 3' end of clone E19, was used as a probe in 
determining the distance between the Vp and Cp genes. Phage clone 5E was a Vpll-positive clone 
isolated from a total genornic library constructed from C57BLl6 liver DNA (26). Phage clone B16 has 
been described (10). Cosmid libraries were constructed from high molecular weight BALBIc liver DNA 
in the pTCF vector and were screened according to the method of Chaplin et al. (11). 

The murine Vp genes were isolated by 
means of 16 Vp-specific probes to screen 
cosmid genomic libraries constructed from 
BALBIc liver DNA (11, 12). Twenty-four 
overlapping cosmid clones, which deiine 
three regions of approximately 60, 110, and 
70 kb of DNA. were isolated. Twelve addi- 
tional clones were obtained from two suc- 
cessive chromosomal walks performed with 
single-copy probes pw2, pw8, pwlO, and 
p w l l  isolated from the 3' end of cosmid 
clone C55, the 3' end of C16, the 5' end of 
B39, and the 5' end of C1, respectively. 
Together, these 36 overlapping cosmid 
clones span 330 kb of genomic DNA and 
contain 20 Vp genes previously described 
(Fig. 1). Two overlapping cosmid clones 
containing the Vp2 gene and 12 overlap- 
ping clones containing the Dp, Jp, Cp genes 
were also isolated. 

The distance between neighboring Vp 
genes ranges from 0.5 kb between Vp4 and 
VB16 to 50 kb between V p l  and Vp5.2. 
~ h u s ,  although there are regions with 'clus- 
tered Vp genes, there are also regions devoid 
of identified Vp genes. Whether the latter 
contain Vp genes not yet identified awaits 
hrther studies. The transcriptional polarity 
of these Vp genes was determined by restric- 
tion enzyme mapping and by direct DNA- 
sequence analysis. The 5' to 3' transcrip- 
tional polarity of each of the Vp, genes 
within the 330-kb genomic segment is iden- 
tical. 

Mutant mice, including the SJL, C57L, 
C57BR, and SWR strains, which have an 
SJL type of T cell receptor, have been shown 
to lack 50% of the Vp genes and to have lost 
the reactivity with a Vp-specific serological 
reagent, KJ16-133 (13, 14). The fact that all 
t e n v p  genes deleted in the SJL mouse are 
present in one contiguous region of DNA 
suggests that a single chromosomal deletion 
event led to the generation of the SJL-type 
Vp mutants. The breakage points of the SJL 
deletion occurred between Vpl and Vp5.2 
on the 5' end and between Vp9 and Vp6 
on the 3' end (Fig. 2C). Thus, the SJL Vp 
mutant represents a deletion of 60 to 120 kb 
of DNA. The molecular basis of this dele- 
tion is not yet known. 

Next, we determined the distance be- 
tween the Vp and the Dp, , Jp, and Cp genes 
and their relative transcripuonal polarity. 
Chromosomal walking with cosmid clones 
extended the cloned genomic DNA 60 kb 
beyond the 3' end of Vp7 and 30 kb beyond 
the 5' end of the D p l .  1 gene. These two 
ends, however, did not overlap. Further 
analysis was performed with the field-inver- 
sion gel electrophoresis technique (15, 16). 

Linkage between the Vp genes and the 
Dp, Jp, and Cp genes was obtained by 
mapping with two restriction enzymes. 
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Fig. 2. Field-inversion gel-electrophoresis analysis of the P-chain locus of the T cell receptor. (A) Electrophoresed DNA samples were hybridized with a 
single-copy probe pw20, isolated from the 3' end of clone El9 (see Fig. 1). The resmction enzymes used were Nru I (N) and Sal I (S). The size markers 
(yeast chromosomes, strain AB972) are indicated on the left. Hybridizing bands are marked on the right by arrows. (B) Gel containing electrophoresed DNA 
samples from (A) was treated with 0. IN NaOH to remove bound radioactive probe and rehybridized with a Cp-specitic probe (lane S and lane S + N). The 
420-kb fragment in lane S + N was a product of Nru I partial digestion. No fragments smaller than 140 kb were ever observed. (The 420-kb fragment in lane 
S and the 140-kb fragment in lanes S + N and N also hybridized to a Vp14 probe.) (C) Schematic representation of the P-chain gene locus of the murine T 
cell receptor. Vp and Cp genes are shown as vertical lines or boxes above the horizontal lines. Restriction enzymes sites were derived from mapping of cosmid 
clones and from Southern blot analysis and are indicated by vertical lines below the horizontal line. 

High molecular weight genomic DNA sam- 
ples were digested with restriction enzymes, 
separated by field-inversion gel electropho- 
resis, and hybridized directly in the gel with 
single-copy probes from the VB and CB 
regions (10, 17). Southern blots of Nru I- 
restricted genomic DNA showed that two 
Nru I fragments, a 500-kb fragment and a 
140-kb fragment, hybridized to a CB probe 
(Fig. 2). The 500-kb Nru I fragment also 
hybridized to a VB7 probe. Mapping of rare 
restriction enzyme sites on cosmid DNA 
revealed one Nru I site in the VB8.3 gene 
and another Nru I site between the CB1 and 
C+2 genes. Thus, 500 kb is likely the dis- 
tance between these two Nru I sites. South- 
ern blots of Sal I-restricted genomic DNA 
indicated that a 420-kb Sal I fragment hy- 
bridized to both a Cp probe and a single- 
copy probe, pw20, isolated from the 3' end 
of the 330-kb VB gene cluster. In addition, 
Southern blots of double-digested (Nru I 
and Sal I) genomic DNA showed that a 
single 280-kb Nru I S a l  I fragment hybrid- 
ized to both the pw20 and the CB probes 
(Fig. 2, A and B). Mapping on cosmid 
DNA revealed that the 3'-most Sal I site in 
the 330-kb Vp cluster is located 30 kb 3' to 
VB18 and 200 kb from the Nru I site in 
VB8.3. Therefore, the distance between the 
VB18 and DB1.l-that is, the smallest VB to 
Dp-JB rearranging distance-is 320 kb (Fig. 
2C). 

The observations that VB7 and VB18 are 
mapped closer to the Cp genes than is VB4 
and that VB7 and VB18 arc mapped closer to 
G1 than to CB2 demonstrate that most VB 
genes are located on the 5' side of the DB, 
Jg, and Cp genes and share the same tran- 
scriptional orientation. From these data and 
the data of the Vp deletion studies, we 
conclude that chromosomal deletion is the 
mechanism for most of the Vp to DB-JB 
rearrangements. 

The order of VB genes on the chromo- 
some was initially hypothesized by Vp dele- 
tion mapping (10). The physical linkage 
map presented here establishes unequivocal- 
ly the chromosomal order of the Vp, DB, JB, 
and CB genes. The location of the VB2 gene 
(El) has not been mapped (6). However, 
the fact that VB2 is present in the T cell 
clone F3 suggests that VB2 is located either 
5' to most Vp genes or 3' to the CB2 and 
VB14 genes. Preferential rearrangement and 
utilization of immunoglobulin VH genes in 
early B cell ontogeny have been correlated 
with their chromosomal position (18). Ex- 
amination of RNA transcript levels in adult 
mice by ribonuclease protection assay did 
not reveal obvious preferential VB usage 
(19). It would be interesting to determine 
whether VB expression in the developing 
fetal thymus correlates with chromosomal 
position. 

The tissue- and stage-specific expression 
of appropriate antigen receptors on im- 
munocompetent B and T cells requires de- 
velopmental regulation of the somatic re- 
combination events. In the assembly of both 
the heavy-chain genes and the p-chain 
genes, an intermediate DJ rearrangement 
(DHJH or DBJB) occurs before VH to DHJH 
or Vp to DBJB rearrangement (20, 21). We 
note that the Vp to DBJB rearranging dis- 
tance (300 to 600 kb) is significantly larger 
than the Dp to JB rearranging distance (1 to 
10 kb). Thus, a larger rearranging distance is 
correlated with a later rearrangement event. 
Recent recombinase substrate studies have 
led to the hypothesis that the regulation of 
the accessibility of the target gene locus to a 
common recombinase determines the tissue 
and stage specificity of immunoglobulin and 
T cell receptor V-gene assembly (22). We 
suggest that the large distance between V 
and D genes might be necessary to ensure 
that the V-gene locus remains inaccessible to 

recombinase activity prior to DJ rearrange- 
ment. The presence of inappropriate DJ 
rearrangements (23) (DBJB in precursor B 
cells and DHJH in developing T cells) and 
the absence of inappropriate to DJ rear- 
rangements suggest that modulating the ac- 
cessibility of the appropriate V-gene locus, - -  - 

and hence its rearrangement, is important 
regulatory step. The existence of a large V to 
DJ distance also raises the intriguing possi- 
bilitv that this interval mav encode other 
re&atory elements that cdntribute to the 
ultimate control of the tissue and stage 
specificity of V-region gene assembly. 
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Nuclear Reassembly Excludes Large Macromolecules 

Interphase nucleus and cytoplasm are distinct compartments, whose soluble macromo- 
lecular contents mix when the nuclear envelope disassembles at mitosis. To determine 
how their interphase identities are reestablished, fibroblasts were loaded with fluores- 
cent dextrans and then allowed to divide. Large dextrans (molecular weight of 40,000 
or more) were excluded from condensed mitotic chromosomes and from newly 
formed, postmitotic interphase nuclei. Therefore, postmitotic reassembly of the 
nucleus as a compartment distinct from cytoplasm occurs by exclusion not only of 
organelles but also of soluble macromolecules. This might occur by exclusion of 
macromolecules from condensed chromatin throughout mitosis and completion of 
nuclear envelope assembly before nuclear expansion. 

URING MITOSIS THE NUCLEAR EN- 

velope of metazoan cells disassem- 
bles, and nucleoplasm mixes with 

cytoplasm. Yet interphase nucleoplasm and 
cytoplasm are distinct compaments, whose 
separate identities are maintained in part by 
the integrity of the nuclear envelope. Pores 
in the nuclear envelope provide a size-selec- 
tive barrier to diffusion, confining many 
macromolecules ( I )  and organelles to the 
cytoplasm. Some large proteins are selective- 
ly concentrated in the nucleus (2 ) ,  probably 
by specific transport or trapping mecha- 
nisms. Others, such as tubulin, are predomi- 
nantly cytoplasmic (3 ) .  It is not known how, 
after mitosis, the distinct chemical identities 
of interphase nucleus and cytoplasm are 
reestablished. We examined this question by 

ly the nucleocytoplasmic distribution of 
large fluorescent dextrans, initially confined 
predominantly to the cytop!asm, in cells that 
have undergone mitosis. 

Dextrans labeled with fluorescein isothio- 
cyanate (FDx) are highly water soluble mol- 
ecules of low charge density that appear not 
to interact significantly with intracellular 
components or to affect cell viability (4) .  
Moreover, they are available in various size 
ranges and are therefore useful as probes of 
the nucleocytoplasmic distribution of solu- 
ble macromolecules (5). 

Dextrans were loaded into fibroblast 
(Swiss 3T3) cytoplasm by a modification of 
the scrape-loading technique (6). We de- 
nuded zones of cells from a monolayer by 
scratching the culture substratum with a 

characterizing qualitatively and quantitative- sharp instrument (7). When the monolayer 
was wounded by scratching in the presence 
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of the cells remaining on the substratum and " 
lining the denuded zone were rendered fluo- 
rescent (Fig. 1); that is, they were loaded 
with exogenous molecules present during 
the culture wounding. Cells lining such 
wounds migrate into the denuded zone 
where DNA synthesis and mitosis are then 
initiated (8). We observed that loaded cells 
retained fluorescent dextrans for up to 48 
hours, migrated into the denuded region, 
and divided, confirming for loaded cells 
these earlier observations of viability of cells 
bordering a wound. Therefore, by means of 
this "scratch-loading" procedure we were 
able to introduce the dextran probes into 
cell cytoplasm and, at the same time and in 
the same cells, to induce cell division. 
Scratch-loading, like microinjection and 
scrape-loading, relies on transient disruption 
of the plasma membrane. In all these meth- 
ods, resealing of plasma membrane is evi- 
denced by prolonged retention or exclusion 
of soluble dyes. More rigorous, long-term 
indications of cell health are movement and 
division. Scratch-loaded cells, like scrape- 
loaded (6) and microinjected cells, llfill all 
these criteria. Moreover, the nuclear enve- 
lope permeability in undivided cells loaded 
by scratching was similar to that reported 
for microinjected cells (5). Scratch-loading 
should find many applications in cell biolo- 
gy, as it is a simple and rapid alternative to 
microinjection that requires only a small 
volume of dissolved macromolecules to be 
loaded. 

Fig. 1. Swiss 3T3 fibroblasts, 60  minutes after 
scratch-loading with fluorescent dextrans. (A) 
Phase-contrast images of cells bordering a denud- 
ed zone. (B) Fluorescein fluorescence image of 
cells in (A) that were scratch-loaded in the pres- 
ence of FDxlO, showing inclusion in the nucleus 
of this 10,000 molecular weight dextran. (C) 
Fluorescein fluorescence of cells scratch-loaded in 
the presence of FDxl50, with exclusion from the 
nucleus of this 150,000 molecular weight dex- 
tran. Scale bars, 5 pm. 
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