
Transfecton k ~ t  (Pharmngen) In each case the re- 
combnant extracellular vrils (rECV) was purlfled by 
a I t n tng  d lu ton dot-blot hybr~d~zaton procedure 
(16) The cells were Infected at 80% confluence w~ th  
rECV at a m u t ~ p l c ~ t y  of lnfect~on of 10 and hawested 
typlcay 72 hours after ~nfect~on. For purlf~caton of 
recombinant GST-a,, frozen cell pellets were 
thawed and resuspended In HMDN buffer 120 mM 
Hepes (pH 7.41, 5 mM MgCI,, 1 mM d~th~othre~tol 
(DTi j ,  and 100 mM NaCI] contanng Tr~ton X-100 
( l?d j  or cholate ( l?b j  and the protease lnhlb~tors 
aprot~nln and leupept~n. Cells were ysed by sonca- 
t~on  on Ice, the lysates were centr~fuged at 40,000g, 
and sedmented materal was d~scarded. The soluble 
GST fus~on protelns were purlfled by gutathone- 
agarose aff~n~ty chromatography Purlfled protelns 
were d~alysed aganst HMDN buffer (pH 7.11) before 
use In assays. The protease thrombln was used (at a 
fuson prote1n:protease ratlo of 50 :  I )  to separate the 
GST and o, protens by cutt~ng at a thrombn recog- 
n t o n  s~te  Dgeston was done In HMDN buffer sup- 
plemented w~ th  2.5 mM CaCI, at 11°C for 3 hoi~i-s 
L~berated GST subun~ts and und~gested GST-a, 
were removed by gutathone-agarose affnty chro- 
matography to y~eld purlfled vd~ld-type a, and 
aTE203A. 
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volume of 200 p at rooln temperature. The reactons 
were done ~n 20 mM sod~um Hepes (pH 7.41, 5 mM 
MgCI,, 1 mM DTT, and 100 mM NaCI and were 
n~tiated by the addton of GTP and [y-i2P]GTP to a 
fnal concentration of 1 kM.  After 10 mn ,  the reactons 
were quenched by the add~ton of 5 ml of 10% am- 
lnonum molybdate solut~on. The [y-3iP]P, released 
upon GTP hydroyss was extracted by the addt~on of 
5 lnl of a 1 :1 mixture of sobutanol and benzene and 
quant~tated by q u ~ d  sc~ntlilat~on count~ng. Back- 
ground hydrolys~s of GTP was lneasured by quantl- 
tat~ng P release by rhodops~n-conta~nng p ~ d  vesicles 
and pyT w~thout added oT-GDP, or by lneasurlng the 
GTPase actv~ty by a,-GDPvdth py, In the absence of 
rhodops~n-conta~nng p ~ d  vescles. 
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(1 978). 

19. The GTP-y-S-bnding ac t~v~tes  of retnal o, and re- 
combnant n, subun~ts were measured ~n a manner 
slmlar to the GTPase assays (1 7). Reactons were 
lntated by the add~ton of a mxture of GTP-y-S and 
[3%]GTP-y-S to a f~nai concentraton of 1 pM.  The 
reacton ln~xtures were Incubated for 20 m n  at rooln 
temperature, then quenched by the addton of ce-  
cold buffer contanng 20 mM sodum Hepes (pH 
7.4), 5 mM MgCli, and 100 tnM NaCI, and then 
added to 0 45-pm n~trocellulose f~lters on a suct~on 
man~fold. The flters were washed tvd~ce vd~th 3 ml of 
bi~ffer and counted n 3 m of L~qusc~ent  (Nat~onal 
D~agnost~cs). Nonspecrfrc b~ndlng was determlned 
by lneasurlng [i5S]GTP-y-S b n d n g  to u,-GDP w~ th  
byT n the presence of hp~d vescles that lacked rho- 
dops~n, or by measurlng b ~ n d n g  to py,- and rho- 
dopsn-conta~nng 11p1d ves~ces n the absence of 
added u,-GDP. 

20 Peltuss~s tox~n-catalyzed ADP rbosyaton was per- 

of 250 ng of act~vated pertussis tox~n, 1.25 p M  nlc- 
otlnamde adenlne dnuceot~de (NAD). 0 5 [LC per 
assay of [cY-~'P]NAD, 50 mM t r~s -C  (pH 8.01, 3 mM 
MgCli 1 mM D T T  50 p M  GTP and 0.5 mM aden- 
oslne trphosphate. The reactonswere ncubated for 
1 hour at rooln temperature and then Laemlnl~ sam- 
ple bi~ffer was added and the salnpes subjected to 
SDS-polyacrylan~de gel electrophoress (PAGE) and 
ai~toradography 

21. Measurements of cycllc GMP (cGMP) hydrolysis by 
the retna cGMP-dependent PDE were done as de- 
scrbed (IS). Brefy,  a pH m~croelectrode was used 
to measure the decrease In pH that resulted from the 
producton of one proton for each molecule of cGMP 
hydrolyzed by the PDE All assays were done at 
rooln temperature In a f ~ n a  volume of 200 k l  n a 
buffer conta~n~ng 5 mM Hepes (pH 8 0), 5 mM 
MgCI,, and 100 mM NaCI. A PDE assays contaned 
10 plnol of Intact hooPDE and when measurlng the 
GTP-y-S- bound a,-stmulated act~v~ty, 15 p m o  of 
the a,-GTP-y-S complex, Load~ng of the u, sub- 

units w~ th  GTP-7-S was done w~ th  rhodopsn that 
had been reconst~tuted n to  phosphat~dylchol~ne 
ves~cles and p i~r l f~ed ret~na py, (12) Equ~valent 
amounts of the dfferent n, subunts, as quanttated 
by ["SIGTP-y-S b ~ n d ~ n g  (121, were added to the 
PDE assays The PDE assays were init~ated by the 
addton of cGMP to a fnal concentraton of 5 mM, 
and the change In pH (In m~ll~volts) was measured 
once per second. At the end of the assay period 
(-200 s), the buffer~ng capacty (m~ll~volts per nano- 
mole) was deterlnned by the add~t~on of 0 1 l ~ m o l  of 
KOH to the react~on mxture The rate of hydroyss of 
cGMP (nanomoles per second) was deterln~ned 
frorn the ratlo of the slope of the pH record (m~liivots 
per second) and the bufferng capacty of the assay 
buffer (m~llvolts per nanomole). 
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Rearrangemen t-En hancing Element Upstream of 
the Mouse immunoglobulin Kappa Chain J Cluster 
Laurent Ferradini," Hua Gu,? Annie De Smet, Klaus Rajewsky, 

Claude-Agnes Reynaud, Jean-Claude Weill 

Transcriptional regulatory elements have been shown to be necessary but not sufficient 
for the developmental regulation of immunoglobulin gene rearrangement in mouse pre- 
cursor B cells. In the chicken X light chain locus, additional elements in the V-J intervening 
sequence are involved in negative and positive regulation of rearrangement. Here, mu- 
tation of the mouse homolog of a chicken element, located in the VK-JK intervening 
sequence upstream of the JK cluster, was shown to significantly decrease rearrangement. 
This cis-acting recombination-enhancing element affects the rearrangement process 
without being involved in regulating transcription. 

D u r i n g  differentiation in the  hc~ne marroll, 
most 6 cell precursors undergo successive 
rc~unds of immunoglobul i~~ (Ig) gene rear- 
rangement: D-J then V-DJ joining for the 
heavy chain, fc~lloweci hy V-J joining for the  
l ~ g h t  chains ( 1 ,  2 ) .  Because the  same re- 
co~nhillase machinery is involved a t  each 
stage, specific elelnents are thought to ac- 
count for such a developmental regulation 
by contrc~lling the  accessibility of the  loci 
(3). Experi~llents with transgenic recomhi- 
nation substrates as well as homologous re- 
colnbinatioll have shown that transcrip- 
tional regulatclry elelne11ts are necessary for 
these events to occur (4-6) .  

Usi11g a c h i c k e ~ ~  A light chain transgene 
in its natural ger~nlille configuration, we 
previously sho\ved that,  in aciditioll to the 
enhancer and promoter, other ele~ncllts lo- 
cated in the  V-J intervelli~lg sequence reg- 

L. Ferradln~, A. De Smet, C.-A. Reynaud, JLC. W e ,  
INSERM U373, lnst~tut Necker, Faculte de Medeclne 
Necker-Enfanrs Malades Unversrte Pars V, 156 rile de 
Vai~g~rard, 75730 Par~s Cedex 05, France 
H. GLI and K. Rajewsky, lnst~tut fur Genetk, Unverstat 
Koln, Weyerta 121, D-50931 Koln, Germany, 
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ulate rearrallgelnent of this locus in m c ~ ~ ~ s e  
pre-B cells (6, 7). O n e  of these additional 
ele~nellts r e i i~~ces  rearrangement, hence we 
call it :I "silencer." T h e  silencer is flanked 
hy one elelllellt (or possibly tlvc~) counter- 
actillg its effect, hence we call it an "anti- 
silencer" (6) .  W e  proposed that the silencer 
and alltisilellcer are involved in ensuril1g 
allelic e x c l u s i o ~ ~  at  the  chicke11 A loc~ls 18). . , 

O n e  of the c h i c k e ~ ~  alltisilellcer elelnents is 
homc~logc~us in sequence and location to 
two palindrolnic motifs (called KI and KII) 
located in  the mouse \I,-], intervening se- 
quence upstseam of the  J,1 gene segment 
and previclusly descrihed as billdillg sites for 
a factor present in mcluse pre-6 and 6 cells 
(9). 

T o  investigate the  role of the KI and KII 
sites in regulating rnollse K light chain re- 
arrangement, a7e generated KI-KII mutant 
mice using the  gene-targeting method in 
mouse e ~ n b r ~ c ~ n i c  stem (ES) cells (10) .  T h e  
vector used for transfectioll contained a 
murine J, ge~ lc~mic  fraglnellt (1 1 ) in which 
the KI and KII sites were altered by site- 
directed mutage~lesis to replace 8 and 9 base 
pairs 1 b ~ )  of the KI and KII sites, resoec- . & ,  

formed by lncubatng the a, subun~ts (2 l ~ g )  w ~ t h  p ~ d  -:-Present address. Laboratory of ln~nunology, Natronal tively, in cIrder tcI moc]ify the overall strLlc- 
vescles ack~ng  rhodopsn (12) and varous amounts lnst~tute of Allergy and lnfectoi~s Diseases, Natonal lnst- 
of the py, subun~t complex (0 to 2 pg) at rooln tutes of Health, 12441 Parklawn Drlve, Rockv~lle, MD ture of sites (Fig. I*). I n  we 
temperature n atotal voulne of 40 p n rhe presence 20852, USA useci the Cre-losP system of bacteriophage 
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P1 (12,  13) (Fig. 1B) t c ~  delete the  neomy- 
cin resistance gene (neo') in order that a 
transcriptionally active neo' gene, \vhich 
could interfere with the regulation of rear- 
r a ~ ~ g e m e n t ,  did not relnaill in the targeted 
locus. A t  the  5 '  end of the genolnic se- 
quence, a7e introduced the  herpes simplex 
virus thylnidine kinase gene (HSV-tic) to 
allow selectic~n against random integration 
(Fig. 1B) (14,  15) .  

T h e  linearized vector was electropc~rated 
intcl E14.1 ES cells (16,  17) .  After double 
selectic111 with G418 and ganciclovir (15) ,  
the  surviving clones were screelleci by 
Southern ( D N A )  blot analysis t c ~  verify the 
structure of the targeted locus o n  both sides 
and the  presence of the KI and KII muta- 
tions (18).  In  a secclnd step, indepe~ldelltly 
targeted clones were tra~lsie~ltly transfected 
with a Cre-recomhinase-expressillg vector 
to delete the neo' gene from the locus (12,  
13, 16) .  After appropriate s e l e c t i c ~ ~ ~ ,  the 
deleted clones were identified by Southern 
blot analysis (18).  Some clo~les  had recom- 

hined hetcveen the  neo' gene and the  KI-KII 
l n ~ ~ t a t i o n s  during the  targeting event (19) ;  
these clones were used t c ~  control tlmt the 
loxP site remai~lille in the locus after the  
deleti011 of the  nro' gene does not affect 
rearrangement. Cells from three indepen- 
dently mutated clones and one loxP control 
clone were injected into severe cornbilled 
ilnrn~~llodeficie~lcy disease (SCID) anti 
C57BL/6 blastocysts; the resulti~lg chilneras 
were lnated with CB20 anti C57BL16 mice. 
respectively, for gerlnline transmissic~n of 
the mutations. 

W e  investigated the  i ~ l f l ~ ~ e ~ l c e  of the  
KI-KII rll~~tatiolls on rearrallgernent in the 
SCID chimeric Inice because all their pe- 
ripheral lymphoiii cells are derived from the  
injected ES cells. Sorted splenic B and T 
cells were analyzed by Southern blot with 
the  diagnc~stic restriction enzymes (Fig. 1 B). 
As the diagnostic sites in the  KI and KII 
elelnellts are lost u p i ~ n  rearrangeme~~t ,  mu- 
tant versus wild-type alleles call o111y he 
discrilninated a2he11 the  K loci are unrear- 

ra~lged, that is, in the  gerlllline configura- 
tion. T h e  orc~uortion of D N A  relnai~lille in 

& 

the  gerlnline cc~~lfiguration in B cells for 
each allele is therefclre used to estimate 
their relative rearrallgelnent frecluencies. As 
seen in Fig. 2, the intensity of the wild-type 
gerlllli~le band was much less than the  mu- 
tant one in B cells, whereas both alleles 
gave bands of comparable intensity in T 
cells. W e  conclude that rearraI1gelllent in  
vre-B cells from these SCID chirneric mice 
takes place lnostly o n  the wild-type allele. 
T h e  analvsis of several chimeras, as well as 
heterozygous mice representing altogether 
three i~ldepelldent ES clones, yielded sirni- 
lar results (1 8). 

T h e  red~lction in rearrangement seen (111 

the Southern blots was confirmed with a 
polymerase chain reaction (PCR) strategy 
to amplify the  genc~mic D N A  surrounding 
the KI-KII m ~ ~ t a t i c ~ ~ l s .  T h e  amplified prod- 
uct was digested with S p h  I or Xba I or both 
t c ~  estimate the ratio of wild-type (Sph I-di- 
gested) t c ~  mutated (Xha I-digested) germ- 

KII KI 
C- - - _t TCCACGCA~GC~GGA-------------. 37 bp - - - - - - - - - - - - T C C T C ~ C A G T G A G G A G ~ ~ ~  23 bp .--m J K 1  

Sph l + 
* . * * *  ,, . . C 

.*...* 
T~~ACGCTGCTGATGA AGCTC~CTAGACTGA 

Xba l 

Sa Sp CI KII-l JK1-5 
V MAR ~ E K  CK B 

MI a m  I I n n 

Fig. 1. (A) Mutations of the mouse KI and KII s~tes.  The mutat~ons were 
introduced by directed mutagenesis and verif~ed by sequencing. Modified 
nucleotides are shown by stars. The palindrolnic structure of both sites (noted 
by horizontal arrows) was destroyed. To aid in analysis, the Sph I site in the 
wild-type K I  sequence was destroyed and a new Xba I site was ntroduced n 
the mutant K sequence. The heptamer and nonamer sequences of the 
recombinallon signal sequence are represented by boxes and the JK1 gene 
segment by a bold line. (B) Gene-targeting of the murine J,< locus The target- 
ng vector contans the 11.5-kb S a  I-Bam HI fragment of the J K  locus, which 
includes the K - K I  mutation. the elements JK1 to JK5  (JK1-5), the J-C inter- 

I I /  

Sa ;I 

I 10xP JK1-5 MAR ~ E K  Cr B 
ma a m  m I n n I Targeted 

locus 

I 

I I I I U 

venlng sequence, and the C,< gene (1 1). The neo' gene flanked by IoxP s~tes  
was introduced 2 kb upstream of JK1, and the HSV-tk gene flanked by the 
pSP64 plasmid was positioned at the 5 '  end of the Bam HI linearized con- 
struct (14, 15) Tile vector was introduced by electroporation into ES cells (16). 
In a second step, the neor gene was deleted (small dashed lines) from the 
targeted locus by translent transfect~on of the targeted clones with a Cre- 
recotnb~nase-expressng plaslnid (76). The remalnlng IoxP site IS shown, and 
the diagnostic enzyme restriction sites are crced.  E,  Eco RV; B. Bam HI; S, 
Sph I ;  X ,  Xba I: P, Pst I ;  Sa,  S a  I: Sp. Spe I ;  Cl, C a  I ;  MAR, matr~x attachment 
region; ~ E K ,  intronlc enhancer kappa. 

I .  I I u v I Wild-type 
S X X X S E  P X S I locus P I 
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/ 

I 

/ KII-l 
I 

/ mutation I 
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/ IoxP loxP 
B 

pSP64 ( HSV-tk 1 1 neoR I Targeting 
vector 
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line DNA in the samples studied (Fig. 3A). 
In sorted splenic T and B cells from SCID 
chimeras. as well as from a heterozveous , u 
mouse, the wild-type amplified fragment 
was drastically reduced compared to the 
mutant fragment in B cells, but not in T or 
the corresponding ES cells (Fig. 3B). As can 
be seen from the phosphorimager quantifi- 
cation of the results obtained with this PCR 
assay and shown in Table 1, in B cells from 
mutant mice about 10 and 90% of the PCR 
products correspond to wild-type and mu- 
tant alleles, respectively; these PCR prod- 
ucts are distributed equally for both alleles 
in the corresponding T and ES cells. These 
results suggest that rearrangement of the 
mutant allele is reduced by about 80%. 
Such a quantification might even underes- 
timate the reduction of rearrangement be- 
cause the amount of wild-type germline 
DNA detected in our assav could have been 
increased by contaminating nonlymphoid 
cells (less than 2% in each case studied) or 
by K-expressing B cells that have rearranged 
by inversion involving the gene segments 
JK3 to JK5. However, similar quantitative 
results were obtained from Southern blot 
analysis (18) in which such inversions were 
not taken into account. Altogether, the 
Southern blot (Fig. 1) and the PCR analysis 
indicated that the KI-KII mutations reduce 
rearrangement considerably (-80%), but 
that the block is not complete. 

As the Cre-induced neoT gene deletion 
leaves a loxP site about 2 kb upstream of 
JK1, we analyzed a chimera obtained from 
a loxP control clone containing the re- 
maining loxP site but not the KI-KII mu- 
tations. B cells of the loxP control chimera 
were sorted for the ES-derived allotype, 
and DNA surrounding the site of loxP 
integration was amplified. Both loxP-con- 
taining and wild-type alleles were ampli- 
fied to a similar extent (18); thus, the loxP 
site does not by itself affect rearrangement 
auureciablv. . . 

To our surprise, heterozygous and ho- 
mozygous mice for the KI-KII mutations 
were found to have peripheral B cells in 
normal numbers with an unmodified K/A 
ratio. This was true even when young mice 
(2- to 3-week-old) were analyzed (18, 20). 
A four-color analvsis of bone marrow cells 
showed that pro-B, pre-B, and immature B 
cells are represented in apparently normal 
proportions in 4- to 6-week-old heterozy- 
gous and homozygous mice (18, 21); thus, 
despite the presence of the mutation, nor- 
mal pre-B cell development seems to occur 
in these mice. As J,1 is the most frequently 
used J, gene segment during rearrangement 
in primary B cells (22), it was suggested that 
the KI-KII elements, located just upstream 
of JK1, could target the recombinase to this 
gene segment (9). However, a similar pat- 
tern of J, usage was detected by PCR in 

Probe A A r--- Probe A 1 kb - 
EK CK 
" - 

1 
D 6 P 

I Wild type 7.6 kb - Mutated 3.6 kb 

t~g. 2. southem (DNA) blot analysis of sorted splenic B and T cells from 
a SClD chimeric mouse with mutant KI and KII sites. (A) With a FACStar 
instrument (Becton-Dickinson), splenic Thy-1 + (T) and 6220' (6) cells 

11-70 - - 4 
from a 6-week-old SClD chimera derived from the E14.1-578 mutant 

probe " r+ ' 5  clone were sorted (29). Less than 1 % of the cells were B220' IgDh- 
cells, that is, derived from the SClD host, and in each case the sorted 

cells were -98Oh pure (18). Genomic DNA from B. T. and the original E14-576 ES clone was digested 
with Pst I and analyzed by Southern blotting with the probe A. (6) The restriction map of the mutant lgK 
locus with the expected germline Pst I (P) restriction fragments corresponding to the wild-type and the 
mutant loci. (C) The blot in (A) rehybridized with an interleukin-10 gene probe (30), to serve as a control 
(6.5-kb Pst I fragment). 

Fig. 3. PCR analysis of the J, A P@I~ 
germline locus from sorted KII KI JK1-5 
splenic €3 and T cells of a n n n  n n n n 
SClD chimeric mouse and a 

U V U  U 

+ 4- 
Sph l heterozygous mouse with Wild type , 

mutant KI and KII sites. (A) Mutated , 
Strategy used to amplify J, Xba I 

genomic DNA. Primers (5' 
wrimer: 5'-GAACTGCAGTC- 
CTATGGAAGAGCAGCGA- 
GTGCC-3'; 3' J,2 primer: ES 

SClD chimera Hetemzygous 
T B T B 

5'-CCAAGCTTTCCAGCT- ----- X X X X X 
TGGTCCCCCCTCCGAA- + d  + d  + U  + U  + j m x m  S m x c n  S c n x m  5 m x m  5 m x m  
3') were chosen for arn~lii- I 

the correct size were gel pu- 
rified and reanalyzed after digestion with Sph I ,  Xba I ,  or both to distinguish wild-type (Sph I-digested) 
from mutant (Xba I-digested) amplified products. An oligonucleotide (5'-GACATAGAAGCCACAGA- 
CATAGACAACGG-3'), hybridizing between J,1 and JK2, was used as a probe for Southern blot 
analysis. (B) Southern blot analysis of the amplified J, genomic DNA of sorted splenic B and T cells 
from a SClD chimera and a heterozygous mouse. Cells were sorted as in Fig. 2 (29). The 732-bp band 
corresponds to undigested amplified material, whereas the 494-bp band corresponds to Sph I- and 
the 442-bp band to Xba I-digested material. About 5 to 10% of the PCR product was not digested by 
either enzyme and probably reflects the presence of hybrid molecules. Und., undigested; S, digested 
with Sph I ;  and X, digested with Xba I. 

cation of a 0.7-I& fragment 
encompassing the KI and KII 

peripheral B cells from wild-type and ho- 
mozygous mice (18); that is, the KI-KII 
mutation does not selectively reduce the 
frequency of JK1 rearrangement. 

Germline transcription of immunoglob- 
ulin (Ig) gene segments appears to be cor- 
related with rearrangement during B cell 
development, and it is thought that tran- 
scription plays a role in the rearrangement 
process (1, 23). For the K locus, two distinct 
types of transcripts initiating approximately 
3.5 and 0.1 kb upstream of JK1 have been 
reported (24, 25). As several initiation sites 
for the shortest transcripts are within the KI 
and the KII sequences, they might have been 
modified by the mutation we introduced. 
Transcripts initiating within KII were ana- 
lyzed by reverse transcriptase (RT)-PCR in 
bone marrow B220+ IgM- B cell precursors 
from mutant mice. We found that both al- 
leles were transcribed similarly in heterozy- 
gous animals (Fig. 4). Although only one 

type of germline transcript can be detected 
in our assay, its presence indicates that, de- 
spite the KI-KII mutations, the J, locus is 
accessible to the transcriptional machinery. 
To find out whether the KI-KII mutations 
impair accessibility to the recombinase by 
modulating methylation, we used the previ- 
ous PCR strategy (Fig. 3) to test the meth- 
ylation status of the J, locus in fractions of 
bone marrow cells from heterozygous mice 
(26). The results showed no obvious differ- 
ence in methylation between the wild-type 
and the mutant allele (18). 

In conclusion, the KI-KII mutation acts 
in cis to decrease considerably VK-J, rear- 

- - -  - -?-- --- r y -  
00 . r -6 

rangement, but it does not prevent accessi- 
bilitv to the locus. as monitored bv the 

732 bp 
i494 bp 

sites (37). PCR products of 

germline transcription, the methylation sta- 
tus, and the baseline amount of rearrange- 
ment, which are maintained on the mutant 
allele (27). This baseline amount of rear- 
rangement is compatible with normal B cell . 

\442 bp 
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Fig. 4. RT-PCR analysis of K germline 
transcripts in B220' IgM bone mar- A KIIKI J,1-5 
row 6 cell precursors from heterozy- n n ~ n  n n 

Probe 
3 1- 

gous and homozygous mice. (A) Short *- 
germline transcripts from the ~~ id - t ype  Wild type- - - - 
and the mutated alleles are represent- Mutated - - = 1 1 - - - - - - - - 

Xba l - - < # - _  - _ -  _ -  
ed. Primers, shown above the tran- - - - _ -  
scripts, were designed to amplify tran- 
scripts initiating w~thin KII, with a 5'  primer (5'-GAGGGGGTTAAGCTTTCG- B 
CAGCTACC-3') located between KI and KII and a 3' C, primer (5'-GTCCT- +8.$'& 
GATCAGTCCAACTGTTCAG-3') that allow amplification of complementary 
DNA (cDNA) corresponding to spliced transcripts and not of contaminating 
germline DNA. The Xba 1 site introduced by the KI mutation was used to 309 bp 
d~stinguish germline transcripts originating from the mutant allele. An oligonu- 268 bp 
cleotide hybr~dizing just upstream of J,1 (5'-CCACAGTGGTAGTACTCCACT- Ek 
GTCTGGCTG-3') was used as a probe. (B) Southern blot analysis of RT-PCR products after digestion 
with Xba I. Total RNA from sorted bone marrow B220' I g M  B cell precursors (29) from homozygous 
(Horn.), heterozygous (Het.), and wild-type (WT) mice was prepared with RNAzol (Bioprobe Systems). 
First-strand cDNA synthesis (cDNA cycle kit, Invitrogen) was performed with random oligonucleotides. 
PCR products were gel-purified, digested with Xba I, and then separated on 6?& acrylamide gel before 
electrotransfer and hybridization. 

Table 1. Quantification of PCR amplification of wild-type and mutant germline J_ alleles. Analysis of mice 
der~ved from two distinct targeted ES clones, ~14 -578  and El  4-34D, shown. sorted Band  cells were 
obtained as in Fia. 2 from an El  4-57B SClD chimera and a heterozvaous mouse. The ES-derived s~lenic 
B cells from ~ 1 4 - 3 4 ~  B6 chimeras were sorted according to t h g l i ~ ~  allotype (29). PCR analysis was 
performed as in Fig. 3 and quantified with a phosphorimager (Molecular Dynamics). The total amplified 
product minus hybrid products not digested by either Sph I or Xba I is defined as 100%. 

Percent of PCR products corresponding to a J, allele 

E14-57B ES clone El  4-34D ES clone 
J, allele 

ES SClD chimera Heterozygous B6 chimera 1 B6 chimera 2 

T B T B B B 

Wild type 49 52.5 10 48.5 12 13.5 11 
Mutant 51 47.5 90 51.5 88 86.5 89 

development, resulting in no obvious alter- 
ations o f  the bone marrow B cell fractions 
or the KIA ratio in both heterozygous and 
homozygous animals. The influence o f  the 
KI -KI I  mutation is thus manifest in a con- 
text o f  competition between a mutant and 
a wild-type allele. The results presented 
here demonstrate the existence o f  a cis- 
acting recombination-enhancing sequence 
that affects I g  gene rearrangement process 
without being involved in regulating tran- 
scription. That  is, while transcriptional 
regulatory elements (promoter and en- 
hancer) are required to initiate rearrange- 
ment by inducing a change in chromatin 
structure and rendering DNA accessible to  
the recombinase, other elements including 
KI-KII participate in the regulation o f  re- 
arrangement. 

Taking into account the homology of 
the sequences between the chicken and 
mouse KI-KI I  sites, as well as the similar 
inhibition of rearrangement observed when 
these sites are mutated, we propose that the 
mouse element, like that of the chicken A 
locus, is an antisilencer counterbalancing 
an upstream silencer element. Such a si- 
lencer-antisilencer couple present in the 

mouse V,-J, intervening sequence may pro- 
vide the molecular basis for the two specific 
regulatory events required to achieve allelic 
exclusion during lymphoid development: 
the limited access to one allele that occurs 
during the onset of rearrangement and the 
feedback inhibition o n  the unrearranged 
allele once a productive rearrangement has 
been performed. 
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Electrophoretically Uniform Fluorescent Dyes for 
Automated DNA Sequencing 

Michael L. Metzker," Jing Lu, Richard A. Gibbs 

A class of dyes, BODlPY fluorophores, has been identified for automated DNA sequencing 
that has improved spectral characteristics compared with conventional fluorescein and 
rhodamine dyes. Single and double BODIPY dye primers were characterized in com- 
mercially available DNA sequencers and showed uniform electrophoretic mobilities and 
high fluorescence intensities. The improved physical properties of BODIPY dye primers 
were demonstrated by direct base-calling from the unprocessed fluorescent signals and 
improved heterozygote analyses of mixed-base populations. The high sensitivity of 
BODIPY dye primers requires at least 33 percent less reagent consumed per reaction than 
conventional dye primers, which should affect the costs of large genome-sequencing 
efforts. 

Fanlilies of fluorescent dyes form the  basis 
of multicomponent D N A  detection assays. 
In  automated D N A  sequencing, up to  four 
dyes are attached to oligonucleotides ( 1 )  
that are enzymatically extended by D N A  
polylnerase to generate a set of nested frag- 
ments. D N A  seauence data are obtained 
after electrophoretic separation of the  D N A  
and excitation, detection, and processing of 
the  raw fluorescent signal by a computer. 
T h e  generation and interoretation of these " 

luixed fluorescent signals are therefore the  
central elements of current D N A  sequenc- 
ing technology. 

Dyes suitable for high-thro~lghput ge- 
nome-scale D N A  sequencing require the 
combined properties of physical stability, 
~n in in~a l ly  overlapping eluission spectra, 
high fluorescence intensity, and uniforlll 
electrophoretic n~obilities. Although physi- 
cally stable, the  currently available set of 
fluorescein and rhoda~nine dyes do  not 
meet the renlaining criteria i n d  require 
both chemical and software corrections to 
produce optimal data ( 1 ) .  

Four spectrally resolvable dipyrro- 
metheneboron difluoride (BODIPY) dyes 
have been identified (Fig. 1 )  that show 

combination of these four BODIPY dye 
prinlers yielded high-quality sequencing 
data when analyzed with mobility software 
correction; however, the  spacing pattern of 
the  BODIPY dye primer set was further 
improved in the beginning of the  sequenc- 
ing nln  when n o  software correction was 
applied at all (4). F ~ ~ r t h e r  evaluation of 
other BODIPY-linker combinations vielded 
a n  optimal dye primer set (5). Thus, a set of 
four BODIPY-linker constructs was identi- 
fied that generated excellent sequence data 
when analyzed without mobility correction 
and gave a n  indisting~~ishable spacing pat- 
tern compared with software-corrected con- 
ventional seauenclnp reactions. 

Comparison of normalized, overlapping 
e~nission spectra revealed that the band- 
widths of the  BODIPY dye primer set are 
narrower than their resoective convention- 
al dye primer counterparts (6), resulting in 
lower noise cross-talk between the instru- 
ment's collection filters (Fig. 4).  T h e  signal 
strellgth of BODIPY dyes, measured by flu- 
orescence spectroscopy and an  ABI 373A 

- 
~lniform electrophoretic properties under a 
variety of polyacrylamide gel conditions. 
Initiallv, the substitution of a BODIPY- n , , 
labeled universal sequencing primer (Fig. 
2A)  for the  same orimer labeled with the  BODIPY 5031512 BODIPY 5231547 

corresponding fluorescein or rhodamlne dye 
(2 )  generated termination reactions prod- 
ucts that nligrated approximately '/4 to 1 
base faster by gel electrophoresis (Fig. 3, A 
and B). Substitution of BODIPY dyes la- 
beled with various linker-arm lnodifications 
(Fig. 2A)  revealed the  optinla1 configura- 
tions that luirnicked the mobility pattern of 
software-corrected fluorescein or  rhoda- 
mine dye primers (Fig. 3, A and C) (3). T h e  
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BODIPY 5641570 BODIPY 5811591 

Fig. 1. Chemical structures of four BODIPY dyes 
for automated DNA sequencing. BODIPY dyes 
(4,4-difiuoro-4-bora-31~,4a-diaza-s-indacene-3- 
propionic acid) are indicated followed by their 
approximate absorpt~on/em~ss~on maxima. 
BODIPY 503/512 (5,7-d~methyl-BODIPY), 
BODIPY 523/547 (5-phenyl-BODIPY). BODIPY 
564/570 (5-styryl-BODIPY). and BODIPY 581 /591 
[5-(4-phenyl-1 ,3-butadieny1)-BODIPY], 

SCIENCE \QL. 271 8 MARCH 1996 


