
activity), which inhibit Pol P and Pol y. It 
is moderately sensitive to butylphenyl- 
guanosine triphosphate (10 pM, 72% activ- 
ity; 100 FM, 14% activity). Other proper- 
ties include a broad pH optimum for activity 
around pH 7.4 and only moderate sensitivity 
to salt (73% maximal activity at 0.15 M 
NaC1). The enzyme was relatively inactive 
in assays with activated salmon sperm DNA 
or primed homopolymers such as poly(dA): 
oligo(dT) or poly(dT):oligo(rA). The  ratio 
of activity with these polymer templates 
relative to that obtained with the oligonu- 
cleotide template-primers is only 2 to 5% of 
the ratio obtained with veast DNA Pol a. 
Pol 5 may be unusually sinsitive to inhibi- 
tion from nonproductive template binding, 
as was also suggested by its low activity on  
the MI3 DNA template (Fig. 4). T h e  exis- 
tence of a nonessential DNA polynlerase 
that is responsible for mutagenesis may 
have t ln~ l ica t~ons  for the treatment of can- 
cer and may provide opportunities for novel 
therapeutic strategies. Inhibition of a hu- 
man homoloe of REV3. if it exists. mav be 
useful in pat iLts  who have been exposed to 
mutagenic agents or have an inherited pre- 
disposition to cancer. 
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A Quasi-Monoclonal Mouse 
Marilia Cascalho, Audrey Ma, Steven Lee, Linda Masat, 

Matthias Wabl 

As a model for studying the generation of antibody diversity, a gene-targeted mouse was 
produced that is hemizygous for a rearranged V(D)J segment at the immunoglobulin (Ig) 
heavy chain locus, the other allele being nonfunctional. The mouse also has no functional 
kappa light chain allele. The heavy chain, when paired with any lambda light chain, is 
specific for the hapten (4-hydroxy-3-nitrophenyl) acetyl (NP). The primary repertoire of 
this quasi-monoclonal mouse is monospecific, but somatic hypermutation and second- 
ary rearrangements change the specificity of 20 percent of the antigen receptors on 6 
cells. The serum concentrations of the Ig isotypes are similar to those in nontransgenic 
littermates, but less than half of the serum IgM binds to NP, and none of the other isotypes 
do. Thus, neither network interactions nor random activation of a small fraction of the 
6 cell population can account for serum Ig concentrations. 

T h e  large diversity of antigen receptors on B 
cells hampers their study in intact mice. For 
several reasons discussed below, it is probably 
not possible to generate a truly monoclonal 
mouse-that is, a mouse in which every B cell 
expresses Ig molecules consisting of the same 
heavy (H) and light (L) chains-with a func- 
tional immune system. To  study the genera- 
tion of antibodv diversitv, we have therefore , . 
combined targited gene replace~llent with 
mouse breeding to generate a mouse that is 
almost monoclonal. We call this animal the 
quasi-monoclonal (QM) mouse. 

The extensively studied hapten NP induc- 
es an immune response that is restricted in the 
idiotype ( I ) .  Antibodies produced during pri- 
mary responses are almost exclusively of the h 
type. In particular, an Ig molecule consisting 
of a 17.2.25 heavy chain ( I ,  2) combined 
with a h light chain is specific for NP. In a 
conventional transgenic mouse line with a 

Department of Microbioiogy and immunology, Unlverslty 
of Caiifornia, San Francisco, CA 94143-0670, USA. 

17.2.25 transgene, ~ ~ 1 7 . 2 . 2 5  combined with 
a h l  light chain was shown to be specific for 
NP (3). In embryonic stem (ES) cells, we 
replaced the stretch of genomic DNA con- 
taining the J, gene segments (4) with the 
VHDJH 17.2.25 segment (Fig. 1A). Southern 
(DNA) blots were probed with p and V,, 
17.2.25 sequences to confirm that the intro- 
duced rearranged V(D)] segment was linked 
to C, and, hence, likely to be functional. 
Replacement mice obtained from the targeted 
ES lines were crossed to double "knockout" 
mice unable to express Ig heavy and K chains 
because the J stretch had been deleted at both 
loci ( 5 ,  6). The QM mice are those with the 
genotype V,D], 17.2.25/H-, K-/K-, h+/ht 
(Fig. 18); they mimic the situation with a 
normal B lymphocyte, in which only one 
heavy and one light chain allele are expressed. 

We used flow cytometry with the B220 
and CD43 markers to analyze B cell develop- 
ment in spleen, bone marrow, and peripheral 
blood of QM mice. No gross abnormality was 
detected in these mice, with the exception 
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that some had only one-third to one-half the 
number of precursor B and B lymphocytes 
present in their normal littermates. Because 
no such decrease was apparent in littermates 
with the VHDJH 17.2.25 transgene and two 
intact K chain alleles, and only a minor de- 
crease was observed in those with one intact K 

allele, we attribute the reduction in B cell 
numbers in the K-/K- mice to the fact that it 
is more difficult to generate a functional rear- 
ranged h gene than a K gene (7). Flow cytom- 
etry revealed that 8% of peripheral blood 
nucleated cells in QM mice are B220+ B cells 
(Fig. 2A) and that 4.9% produce both IgM 
and IgD of the a allotype (the allotype of 
mouse strain 129, from which they are de- 
rived) (Fig. 2B). Thus, 85% of all the IgM+ 
cells are also IgD+, which is in the normal 

range. The pproducing cells synthesize the A 
chain (Fig. 2C) (8). The 1.7% of cells that are 
h+w- have presumably undergone the heavy 
chain class switch. Most B cells are V, 
17.2.25 idiotype-positive (4.3 + 1.5 = 
5.8%)-that is, they express the V region 
exon introduced into the germ line. There are 
- 1.4% b-positive, idiotype-negative cells 
(Fig. 2D). 

There are two closely related V, gene seg- 
ments, V,1 and V,2; V,1 can be joined to J,1 
or can be joined to J,3, and V,2 can be joined 
to J,2 and, rarely, to J,1 or J,3 (9, 10). In 
addition, there is a V,X, which associates 
with J,2 (I I). Even if the same V, rearranges 
to the same J,, clones with independent rear- 
rangements will differ in junctional diversity. 
This h diversity is one of the reasons for 

6.4kb R 
B 8 

DQ52 JH1-4 C ,  , B  , r  
-5' probe <% s$ c j t  + + + 

8"' I=l= p z z r a  
R 4.3 kb RRV 8.6 kb kb - 5 2  >> kb ? ~ G ~ Y ~ Y ' % + x  

Recomb. -y R 

5.7 7.0 - - r= r *  
DQ52 neo V@)J c, E harn 

4 3  r H 

Fig. 1. Generation of OM mice with genotype 
VH17.2.25/H-, K-/K-,  h+X+. (A) DNAarrangement of Eto RI, 5' pmbe - t l . w p m b e  
germline and recombinant heavy chain loci. The lower 
line also represents part of plasmid t-v.1, which was used to replace the J, stretch in the ES cell line (78). 
R,  Eco RI; RV, Eco RV. Fragment sizes generated by these enzymes are given. Gene (segments) encoding 
DQ52 J,1-4, C,, neor, V(D)J, and the sequences covered by the 5' probe are indicated. (6) Southern blot 
analysis of the heay (left) and light (right) chain loci. The genotypes are given above the lanes: 129, ES line 
from strain 129; J,-/J,-, homozygous heay chain knockout mouse; targeted ES, ES cell line in which 
one allele at the J, locus was replaced by VHT (V,17.2.25); VHT/J,-, mouse with one replaced and one 
nonfunctional heavy chain allele; V,TN,T, mouse homozygous for the targeted replacement; JH-/J,-, 
K-/K-, double knockout mouse; K-/K-, K-/K+, and K+/K+, mice with genotype VHT/H- at the heay 
chain locus and the given genotypes at the K locus. Left panel, DNAdigested with Eco RI; right panel, DNA 
digested with Pst I. The 5' probe (left) was as indicated in (A), and the K probe (right) was as in (5). 

Fig. 2. Flow cytometric analysis of surface lg on peripheral blood cells from a QM mouse (Iga haplotype) 
(A through D) and a C57BU6 muse (Igb haplotype) (E through H). Cells were stained with PE-coupled 
antibodies to 8220 (anti-B220) [(A) and (E)], with PE-coupled anti-pa and FITC-coupled anti-aa [(B) and (F)], 
with PE-coupled anti-pa and FITC-coupled anti-A (which reacts with A1 and A2) [(C) and (G)], and with 
PE-coupled anti-pa and FITC-coupled anti-VH17.2.25 [ant~diotype (id)] [(D) and (H)]. Ordinates and 
abscissas: log PE and FITC fluorescence intensities, respectively. Numbers in the upper right comer of 
each panel represent the percentage of cells in each quadrant. 

naming our mouse "quasi" monoclonal. Al- 
though V,1 binds to NP when associated with 
VH17.2.25, it was not known whether this is 
also true for V,2. We precipitated Ig from 
lipopolysaccharide-stimulated QM B cells 
with antigen and separated Ig chains on the 
basis of their different mobilities on an SDS- 
polyacrylamide gel (10). All three h chains 
bound NP (1 2). The contribution of V,X to 
the A2 chain was not assessed (but it is not 
responsible for the idiotype-negative cells, as 
described below). 

What fraction of the B cells actually bound 
the hapten NP? To label NP-binding cells in 
flow cytometry, we reacted peripheral blood 
cells first with NP coupled to bovine serum 
albumin (BSA) and then with fluorescein 
isothiocyanate (F1TC)-coupled antibodies to 
human serum albumin that cross-react with 

BSA NP-BSA 

Fig. 3. Flow cytometric measurement of NP-bind- 
ing B cells in a BALB/c mouse (Iga haplotype) (A 
and B) and QM mice 1 (C and D), 2 (E and F), and 
3 (G and H). Peripheral blood cells were stained 
with BSA [(A), (C), (E), and (GI1 or NP-BSA [(B), (Dl, 
(F), and (H)], and then with FITC-coupled antibodies 
to human serum albumin (which cross-react with 
BSA), to detect antigen-binding cells; they were 
also stained with a PE-coupled monoclonal anti- 
body to @ to detect p-bearing B cells. The PE- 
coupled antibodies were reacted after [(A) through 
(D)] or before [(E) through (H)] the FITC-coupled 
antibodies. Ordinates and abscissas: log PE and 
FITC fluorescence intensities, respectively. Num- 
bers in the upper right comers of each panel rep- 
resent the percentage of cells in each quadrant. 
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BSA. We used uncoupled BSA as a control. (Fig. 3, E and F) and 3 (Fig. 3, G and H).  Cells 17.2.25 had been replaced by another VH in 
T o  label B lymphocytes, we incubated the in the lower right quadrants of the panels in which a heptamer recombination signal se- 
cells with a phycoerythrin (PE)-coupled Fig. 3 should represent B cells that have quence (RSS) was embedded near the 3' end 
monoclonal antibody to pa (anti-p.'). In a switched their heavy chain; however, because (13) (Fig. 4). That is, all 10 segments ap- 
normal BALB/c mouse, few cells bound BSA of the spillover mentioned above and because peared to have undergone secondary rear- 
(Fig. 3A) or NP-BSA (Fig. 3B). Virtually no of the high background values for p-negative rangement. Two of these clones (23 and 24) 
B cells bound unconjugated BSA in Q M  cells with uncoupled BSA, they are difficult resemble the canonical VH replacements- 
mouse 1, which had 6.4% p-staining cells to quantify. From 1.5 to 4.6% of the cells from distinct from our experimental replacement of 
(Fig. 3C)  and at least 4.8% pproducing, NP- the three Q M  mice expressed p but did not JH with a preformed VHDJH segment-that 
binding cells (Fig. 3D); PE fluorescence inten- bind NP. W e  confirmed these data by react- have been observed both in transformed cell 
sity was decreased in the NP-binding cells of ing the cells with antibodies specific for B220 lines (14) and in vivo (15). In this process, an 
QM mouse 1, and as a result, the NP-positive and for NP. The  ratio of NP-binding to non- exchange is mediated by the embedded hep- 
cell population spilled over into the lower binding cells was similar in all three mice. W e  tamer RSS. The  V, in the preformed VHDJH 
right quadrant. With cells from this mouse, as estimate that -80% of the p-positive B cells segment is replaced by a new VH, often pre- 
well as with cells of the BALB/c mouse, anti- bind N P  in our Q M  mice. serving a few base pairs of the original VH. 
pa was reacted after NP-BSA and anti-BSA, T o  characterize the Ig receptors of those B Seven of the 10 clones appear to repre- 
and we attribute the decrease in PE fluores- cells that do not bind N P  or the anti-idiotypic sent a new type of V, replacement in which 
cence intensity to steric hindrance of anti-p antibody, we sorted B220-positive, idiotype- a new, rearranged VHD segment has recom- 
binding by the NP-BSA and anti-BSA com- negative cells, from which we isolated RNA bined with the D element of the original 
plex. When  we reacted the cells first with and sequenced 10 independent V(D)J seg- VHDJH segment. In  the remaining clone 7 
anti-pa and then with the antigen, less hin- ments by reverse transcription and polymerase (Fig. 4) ,  the new VHD element appears to 
drance was apparent, as seen in Q M  mice 2 chain reaction analysis. In all 10 clones, VH have recombined with the JH rather than 

with the D of 17.2.25. Why  should VHD 
replacement, which has not been detected in 
cell lines, be more common than VH re- 
placement in Q M  mice? A t  the rearranged 
heavy chain loci of normal mice, and of cell 
lines derived from them, all unused D seg- 
ments are deleted during the rearrangement 
process; this is not the case when a pre- 
formed V,DJ, is experimentally inserted. 

VH81X is overrepresented in the embryon- 
ic repertoire and underrepresented in the 
adult. It has been suggested that VH replace- 
ment accounts for at least part of this discrep- 
ancy. Although we and Chen et al. (15) have 

Fig. 4. Secondary rearrangements in sorted B220-positive, idiotype-negative cells from the QM mouse. shown that rearrangelnents can 
The sequence fragments shown start with the embedded heptamer near the 3' end of V,. V,T, generate productive alleles, it is unclear to 
transgene 17.2.25. Mutations in D,,,, and J,4 are doubly underlined. what extent VH replacement contributes to 

antibody diversity in vivo. A normal mouse 
has a relatively diverse primary repertoire. 

Table 1. Serum concentrations of lg isotypes of six QM and five control mice. lsotype concentrations in ~h~~~ must be a far greater selection for al- 
sera of adult animals (9 to 20 weeks old) were calculated by comparing ELlSA values to standard curves most any type of diversity in the QM mouse, 
established for each isotype. NP-specific antibodies were assayed by coating plates with NP-BSA (1 
kg/ml) in borate-buffered saline. NP-binding antibodies from hybridoma 17.2.25 (IgG1) were used as a which make this a 

positive control and as a standard for the lgGl isotype. for revealing new mechanisms of diversity 
generation. However, it is not a good tool for 

Serum concentrations (mg/m) for isotype quantifying the contribution of such mecha- 
Mouse nisms in normal animals. It has also been 

IgM anti-NP igM IgG1 IgG2a IgG2b lgG3 IgA C lg* proposed that VH replacement serves to 
edit out self-reactive antigen receptors 

C57BU6 mice (16).  As the  Ig in our QM mouse is not 
1 0 0.3 0.6 0.07 4.7 2.2 0.2 8.1 self-reactive, the  observed V, replacement 
2 0 0.3 0.2 0.06 3 .8  1.8 
3 0 0.3 0.2 0.07 4.6 1 .4  0.1 6.7 

6.3 does not contribute to, nor is it triggered 
by, receptor editing. 

BA L B/c mice T h e  increased selection for diversity in 
1 0 2.1 0.7 1.2 3.8 2.3 0.3 10.4 
2 0 1 .I 0.7 1 .O 1.2 2.5 0,2 6,7 the Q M  mouse is also evident in the high 

frequency of mutations apparent in the se- 
QM mice 

1 
quences in Fig. 4. T h e  six mutations in the 

0.2 0 .5  0.6 2.5 1.5 2.7 1.1 8.9 
2 0.1 0.6 0.4 3.2 3.8 2.6 ,4  12,0 nine intact JH4 elements are separated from 

3 0.1 0 .3  1 .o 2.8 3.3 2.5 0.8 10.7 the secondary rearrangement breakpoints, 
4 0.2 0.5 1 .o 4.8 3.4 1.6 0.8 12.2 even though it remains unclear whether the 
5 0.4 0.9 1.6 8.0 7.1 1.2 1.1 19.9 mutations and the rearrangements are inde- 
6 0.5 1.9 0.9 11.1 9.9 6.3 2.7 32.8 pendent of each other. T h e  mutation fre- 

quency is thus 6 per 153 base pairs, or 496, 
nTotai amount of serum ~ g ,  with the exception of i g ~ .  which would be an  extremely high value 

Clone 

VHT 

5 

3 7  

30 

8 

18 

29 

35 

7 

23 

24 
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T T C T G T G C A A G A  C G T C C T  T A C T A T G A T  C T A  T T C T A T A G G T E C  C C T  T A C T A T G C T A T G G A C T A  - - 
T A C T G T T C A A G A  A C G  N A C T G G G A C  G G G G  A C T T T A M T A C  C C T  T A C T A T G C T A T G G A C T A  

- - 

T A C T G T G C T A G A  A  A A C T G G G A C  G T G G A C G G  A G G T A C  C C T  T A C T A T A C T A T G G A C T A  - 
T A C T G T A C A A G A  G A G G  G A T T A C G A C  T G T T A  T A C T A T A G G T A C  C C T  T A C T A T G T T A T G G A C T T  - - 
T A C T G T G C A A G A  G  A C T A T G A T T A C G A C  G  A T g G G T X C  C C T  T A C T A T G C T A T G G A N T ;  - - - 
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T A C T G T A C A A G A  C A G G G G  T A C G A C  G G G G  A C T A T A G G T A C  C C T  T A C T A T G C T A T G G A C T A  

T A C T G T G C C A G  G C T A  T C T A C T A T G A  G G T  T G G A C T A  

T A C T G T A C A A G A  T  A T  A G G G  G G T A C  C C T  T A C T A T G C T A T G G A C T A  

T A C T G T G N A A G  G G G C C  N G T A C  C C T  T A C T A T G C T C T G G A C T A  - 



even among antigen-binding cells after hy- 
~erimmunizati'on, let alone in B cells from 
uniminunized animals. Even if the unst~~died 
80% idiotype-positive cells were devoid of 
mutations, the overall frequency would still 
be close to 1%. 

With a standard enzyme-linked immu- 
nosorbent assay (ELISA), we determined the 
concentrations of various Ig isotypes in the 
sera of OM and control mice (Table 1). As - 
expected, B cells in the QM mouse can and do 
switch from IgM to other isotypes. The data in 
Table 1 also orovide clues to the origin of - 
serum Ig in unimmunized animals, one of the 
oldest unsolved problems in immunology. If 
network interactions among surface receptors 
(17) were necessary to produce serum Ig, its 
concentration should be low in OM mice. - 
However, QM mice tended to have higher 
concentrations of the various isotypes, espe- 
cially IgG2a and IgA, than did control ani- 
mals housed under the same conditions. QM 
mice 5 and 6 were mildly and highly hyper- 
gammaglobulinemic, respectively. Less than 
half the IgM and none of the other isotypes 
tested bound NP, confirming the flow cyto- 
metric data showing that monospecificity 
evolves into diversitv in these mice. Cells 
with mutant receptors appear to be preferen- 
tially expanded and switched. We can also 
exclude a siinole stochastic model in which 
serum Ig would be a consequence of random 
activation of a.stnal1 fraction of B cells. Such 
a model would predict that the fraction of 
serurn Ig that binds NP would reflect the 
fraction of B lvm~hocvtes that bind NP. Al- 

, L  , 
though the B cell content of the entire mouse 
was not surveyed, most B lymphocytes in pe- 
ripheral blood and spleen bind NP, and thus 
the stochastic model would predict that most 
of the serurn Ig would bind NP. In summary, 
we can rule out a purely network model and a 
purely random stochastic model for the origin 
of serum Ig. Although serum Ig represents a 
record of previous antigenic exposure, some 
type of homeostatic control must also play a 
role. 
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Identification of MAP Kinase Domains by 
Redirecting Stress Signals into Growth Factor 

Responses 
Anne Brunet and Jacques Pouyssegur 

Mitogen-activated protein kinase (MAPK) cascades, termed MAPK modules, channel 
extracellular signals into specific cellular responses. Chimeric molecules were con- 
structed between p38 and p44 MAPKs, which transduce stress and growth factor 
signals, respectively. A discrete region of 40 residues located in the amino-terminal 
p38MAPK lobe directed the specificity of response to extracellular signals, whereas the 
carboxyl-terminal half of the molecule specified substrate recognition. One p38- 
p44MAPK chimera, expressed in vivo, redirected stress signals into early mitogenic 
responses, demonstrating the functional independence of these domains. 

MAP kinases form a large family of serine- (1 ) .  In lnalnrnalian cells, three distinct 
threonine protein kinases activated by sep- MAPK cascades have been identified: p42- 
arate cascades conserved through evolution p44 MAPKs (2) ,  p38 MAPK (3, 4) ,  and 

p46-p54 INKS (5). Activation of p42-p44 . . 
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