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deletion of J K  (9)'  they only A-type 
light (L) chains. When combined with any A 
chain, H chains with a11 ~u~~modified V exon 
can he detected by an antibody to the idio- 

Mice homozygous for a disrupted allele of the mismatch repair gene Pms2 have a mutator type (7, 10). 
phenotype. When this allele is crossed into quasi-monoclonal (QM) mice, which have a T o  study the role of the mismatch repair 
very limited B cell repertoire, homozygotes have fewer somatic mutations at the immu- gene Pms2 in somatic hypermutation, we 
noglobulin heavy chain and A chain loci than do heterozygotes or wild-type QM mice. first crossed the targeted "knockout" allele 
That is, mismatch repair seems to contribute to somatic hypermutation ratherthan stifling Pms2"" (6)  into mice with the Q M  geno- 
it. It is suggested that at immunoglobulin loci in hypermutable B cells, mismatched base type. We will refer to these mice by their 
pairs are "corrected" according to the newly synthesized DNA strand, thereby fixing configuration at the Pms2 locus: PmsZk"/ 
incipient mutations instead of eliminating them. 

Somatic point mutations are introiluceil at a 
high rate into the exon encoiling the vari- 
able (V) region of an immunoglobulin (Ig) 
and into its flanking sequences (1 ) .  The 
process of sonlatic hypermutation at the Ig 
loci is a site-specific, differentiation stage- 
specific, and lineage-specific phenornellon 
that contributes to the generation of anti- 
body diversity and affinity maturation (2). It 
has often been sneculated that DNA renair 
has sonlething to do with hypermutation (3). 
In one sense, this speculation is tautological; 
clearly, if all introduced mutations were re- 
paired, no mutations wo~~l i l  be seen. One 
possibility is that the Ig mutator system 
might deactivate some or all of the error-free 
repair systems that norlnally function in eu- 
karyotic cells. A second possibility, however, 
is that some error-free repair systems might 
be nloilified in such a way that they actually 
introduce mutations rather than correct 
them. Here we reDort exnerirnents that idem- 

known and unknown mechanisms (7). Q M  
nlice are heterozygous at the heavy (H)  
chain locus: O n  one allele, the stretch of 
DNA containing the J, segments has been 
replaced by a targeted, rearranged VHDJH 
exon ellcoding an H-chain V region bearing 
the 17.2.25 idiotype (7); the other allele is 
nonf~~nctional because of a targeted deletion 

Fig. 1. Flow cytometric 
analysis of per~pheral 
blood lymphocytes from 
QM mice heterozygous 
(ko/+, left) or homozy- 
gous (ko/ko, right) for the 
disrupted PrnsZb allele. 
Ordinates, fluorescein iso- 
thiocyanate-conjugated 
rat monoclonal antibody 
to B220 (Pharmingen 
01 124A); abscissae, bi- 
otin-coupled antibody to 

Pms2"" (or icolico) for homozygous, DNA- 
tnistnatch repair-deficient, Q M  mice, +/+ 
for standard repair-proficient Q M  mice, 
and Pms2""/Pmst (or ko/+ ) for heterosy- 
gous Q M  mice. The configurations at all Ig 
loci are the same for all three types of mice. 

Several properties of the Q M  mouse 
must he kept in mind in order to unilerstand 
and interpret the experiments to be de- 
scribed here. ( i )  The  number of germline 
elements contributing to the primary Ig rep- 
ertoire-the Ig repertoire developed after 

kolko 
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onstrate that the latter hypothesis is true for 17.2.25 VHDJH idiotype Anti-idiotype 

at least one repair system. (monoclonal rat antibody 

usillg the worki& hypothesis that the R2.438.8), followed by phycoerythrin-coupled streptavidin (Pharmingen 13025D). Peripheral blood lympho- 

mutator system initially introduces mis- cytes were prepared from total blood by hemoysis in a standard NH,C ysis buffer, Incubations with the 
antibodies were done for 30 min at 4°C before analysis and sorting. Dead cells were excluded by propidium 

during the rep1ication of one iodide stainng. Boxes 1 and 2 indicate the windows used for sorting. 
strand, we have studied the role of mis- 
match repair in hypermutation. The mutS- 
mzitL mismatch repair pathway in Esche~ich- 
ia coli has a broad specificity, and its inac- 
tivation results in a mutator phenotype (4) .  
Human ho~nologs of mutS and mutL have 
been implicated in hereditary nol~polyposis 
colorectal cancer (5). Mice homozygous for 
a gene-targeted defective allele of Pms2, a 
mutL hornolog, develop tumors more fre- 
quently than ilo wilil-type mice, and ho- 
mosygous males exhibit abnorlnal chromo- 
some synapsis in meiosis (6).  

We developed the quasi-monoclonal 
(QM) mouse for studying Ig iliversification 
by sornatlc hypermutat~on as well as by other 

Fig. 2. Somatc mutat~ons 
In a 21 -nt sequence con- 
ta~ned In J,4 alleles de- 
r~ved from B220-posltlve, 
d~otype-negat~ve B cells 
of QM mlce (+/t, left) or 
QM mlce homozygous for 
the d~srupted Prn~2~"  al- 
lele (ko/ko, r~ght) The se- 
quence starts w~th the 
tr~plet CCT, wh~ch repre- 
sents the N reglon of the 
knocked-~n gene Se- 
quences were determned 
as descr~bed (6, 7) 
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Pro T y r  Tyr A l a  Met A s p  Tyr 
CCT TAC TAT GCT ATG GAC TAC 
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Pro Tyr Tyr A l a  Met A s p  Tyr 
CCT TAC TAT GCT ATG GAC TAC 
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standard V(D)J rearrangement-is highly mutations, because the germline sequences Thus, V-gene replacements, which would 
limited in QM mice; only one VH,  one D, are known. (ii) Because of the low iliversity ordil~arily be of little consequence, become 
one JH,  three V,, and three J, are involved. of the primary repertoire, there is an  enor- frequent. This property is a n  advantage for 
This property is an  ailvantage for i d e l ~ t i f ~ i l ~ g  mous selective pressure for Ig diversification. stuilying V-gene replacement, but it negates 

107 137 167 
G l u  T h r  V a l  Thr  Leu T h r  Cys Arg Ser Ser T h r  G l y  A l a  V a l  T h r  T h r  Ser A s n  Tyr A l a  Asn T r p  V a l  G l n  G l u  L y s  P r o  
GAA ACA GTC ACA CTC ACT TGT CGC TCA AGT ACT GGG GCT GTT ACA ACT AGT AAC TAT GCC AAC TGG GTC CAA GAA AAA CCA 

kolko 

197 227 257 
A s p  H i s  Leu Phe Thr G l y  Leu I le  G l y  G l y  T h r  A s n  A s n  Arg A l a  P r o  G l y  V a l  P r o  A l a  Arg Phe S e r  G l y  S e r  Leu I le  
GAT CAT TTA TTC ACT GGT CTA ATA GGT GGT ACC AAC AAC CGA GCT CCA GGT GTT CCT GCC AGA TTC TCA GGC TCC CTG ATT 
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Fig. 3 (above and on facing page). Comparison of the A, alleles derived 
from B220-negative, idiotype-positive 6 cells (wndow 2 in Fg. 1) of QM mice 
heterozygous (ko/+, upper set) or homozygous (ko/ko, lower set) for the 
disrupted PmsZkO allele. The 31 7-nt sequences contan most of VX,. The 
contiguous cDNA sequence is numbered starting with 1 at the first nucleotide 
of the ATG start codon. Nucieotide identity is indicated by a dash (-); a blank 
indicates not read. PCR amplification was done from cDNA w~th 5 pmol of the 
VX, 5' primer 5'-GGMTTCCTGCACTCACCACATCACCTGG and CX, 

3' primer 3'-GGATCCTACCTTCCAGTCCACTGTCACC. The reactions 
were done in a total volume of 50 p1 with 2.5 U of Taq polymerase and 
1 x PCR buffer with 1.5 mM MgCI, and 200 pM dNTPs. The program 
consisted of 40 cycles of 1 min at 94"C, 1 min at 5g°C, and 2 min at 72°C. 
The last cycle included a prolonged extenson step (1 0 min) to favor the A 
addit~on necessary for clonng the PCR fragments into the lnvitrogen 
pCR 2.1 vector. Double-stranded DNA was prepared from clones and 
sequenced. 
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part of the advantage of the limited primary 
repertoire for studying hypermutation. (iii) 
With flow cytometry, we can identify several 
B cell popi~lations in the peripheral blood of 
QM mice (7, 11). A nai've IgM-positive 
population has never been activated, and the 
Ig loci harbor few if any somatic mutations. 
Another population, which falls within will- 
dow 1 (Fig. l ) ,  consists of idiotype-negative 
cells, most of which have modified their 
VI,DJ1, exon hy VI., gene replacelnent and 
somatic hypermutation; this population con- 
tains a substantial proportion of cells ex- 
pressing IgM (7, 11 ). A third population, 
which falls within ~vindo~v 2 (Fig. l ) ,  consists 
of idiotype-positive cells, most of which 
(>95%) have switched their H-chain iso- 
types and show nurnerous sornatic mutations 
in their VHDJI., exons (1 2).  (iv) These mu- 
tations have been selected in resnonse to 
environ~nental antigens. As with the V-gene 
replacements, they result from a strong se- 
lective pressure due to the limited primary 
repertoire-a phenomenon that has been 
termed hyperselection (1 1 ). This means that 
Ig genes encoding antibodies against a whole 
panoply of antigens are studied, rather than 
those against a single antigen as in conven- 
tional immune response experiments. 

With flow cytometry, we cornpared the 
cell population profiles of four \to/lco and 
four ko/+ QM mice with fluorescence-la- 
heled antibodies specific for the following 
pairs of markers: B220 versus the idiotype, 
pa versus the idiotype, B220 versus X ,  and 
y" versus X. In addition, another four kollto 
and four \to/+ QM mice were analyzed only 
with the pa-versus-~diotype pair of reagents. 

kolko 
092358 

N o  appreciable qualitative or quantitative 
differences among the two genotypes were 
apparent. Figure 1 shows a typical pattern 
with the B220-versus-idiotype pair. 

In a pilot experiment, we compared the 
H-chain alleles from sorted idiotype-nega- 
tive B cells of lco/ko and +/+ QM mice. 
From the sorted cells we isolated mRNA and 
reverse-transcribed it to get cDNA, then 
amplified H-chain sequences by polymerase 
chain reaction (PCR) and cloned and se- 
quenced them. Because the V, segments 
from gate 1 cells all differ, and the D seg- 
ments are too near to the recolnhination 
breakpoints resulting from the VI., gene re- 
nlace~nent orocess. we analvzed a short 21- 
ilucleotide L(nt)  sketch of J1,4 sequence, 
which is shared by all alleles (Fig. 2). In the 
+/+ mice, there were 20 mutations in a 
total of 306 nt,  yielding a frequency of 6.5%; 
in the kolko mice, there were 5 mutations in 
478 nt, yielding a freq~~ency of 1.0%. That is, 
mice deficient in the mismatch repalr en- 
zvrne actuallv had a lower mutation freauen- 
c i  than did ivild-type mice. This seemingly 
paradoxical result suggested to us that mis- 
match repair is a component rather than an 
antagonist of the Ig hypermutation system. 

In a similar experiment, we analyzed the 
prefor~ned VI,DJH exon in idiotype-positive 
cells. Because this population has not under- 
gone VH replacement, we could analyze a 
longer sequence per allele-3 10 n t  covering 
part of VI.,, all of D, and part of J, (7).  
Alleles from the +/+ mice had 112 muta- 
tions in a total of 3086 nt, yielding a fre- 
quency of 3.6%; the ko/\to mice had 2 muta- 
tions in 1240 nt,  or 0.16%. 

We also investigated the X ,  L-chain lo- 
cus of ko/ko and \to/+ QM mice in the 
idiotype-positive cell popillation defined by 
window 2 (Fig. 1) .  We sorted peripheral 
blood B cells from pools of six mice of each 
genotype, isolated mRNA, reverse-tran- 
scribed it into cDNA, then amplified X I  
1,-chain seouences. which were cloned and 
seq~lenced i ~ i ~ .  3). The  sequences cover a 
stretch of 237 n t  covering most of VXI; they 
have been truncated well short of the VJ 
junction to avoid any chance of confusion 
with j~~nc t iona l  diversity (1 3). In \to/+ Q M  
mice, there were 49 mutations in 3056 nt ,  
yielding a frequency of 1.6%. In kolko Q M  
littermates, there were only 7 mutations in 
a total of 3675 nt,  yielding a freq~~ency of 
0.2%. Thus, the absence of mismatch reoair 
also leads to a decrease in hyperrnutation at 
the X L-chain locus. 

In other similar experiments we also ex- 
amined X ,  seouences obtained from idio- 

1 L 

type-negative cells. In the same 237 n t  
stretch of VX, used above, there were 21 
mutations in 4977 nt (a  frequency of 0.4%) 
in ko/+ Q M  mice and only 2 mutations in 
4392 nt (a frequency of 0.04%) in ko/ko 
Q M  mice. The  lower frequency of muta- 
tions in the idiotype-negative cells was not 
unexpected. Because the idiotype-positive 
cells have retained the gene-targeted 
VI,DJ,-, exon, antigen selection pressure 
ought to he stronger on the X gene and thus 
result In a h~gher  mutation frequency; in- 
deed, this seems to he the case. 

As stated above, it is obvious that if all 
pre-mutations introduced by the Ig mutator 
system were repaired, there would be no 

287 3 17 
G l y  A s p  L y s  A l a  A l a  Leu  T h r  I l e  T h r  G l y  A l a  G l n  T h r  G l u  A s p  G l u  A l a  Ile Tyr P h e  Cys A l a  Leu  T r p  T y r  
GGA GAC AAG GCT GCC CTC ACC ATC ACA GGG GCA CAG ACT GAG GAT GAG GCA ATA TAT TTC X T  GCT CTA TG!2 TAC 
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somatic hypermutation. Perhaps the  s i n -  
plest way for the  Ig lnutator system to avoid 
that scenario ~vould be to  over~vhelm the  
D N A  repair system with so many mutations 
that they could not all be repaired before 
becoming fixed. But if that were the  case, 
then Pms2k"/Pms2"" mice should have a 
higher frequency of mutations a t  the  Ig loci, 
as they have at other loci (6,  14);  in  fact, 
the frequency is lower at the  Ig loci. A n -  
other simple strategy for the  Ig mutator 
system would be to throw a monkey wrench 
into the  works to turn off or  otherwise 
ensure that D N A  repair was ineffective in 
hypermutable B cells. But if that were the 
case, then Pms2"0/Pms2ko mice should have 
the same frequency of mutations a t  the  Ig 
loci; in  fact, the  frequency is lower. Yet 
another strategy would be for the  Ig mutator 
system to  co-opt the  D N A  repair system to 
subvert it to create rather than urevent 
mutations. T h e  third strategy would seem to 
be the  onlv one that would exolain the  
results of the  experiments descrihed here. 
Of course, the  above argument applies only 
to a mismatch repair systern requiring Pms2. 
How the  Ig rnutator system deals with other 
D N A  repair pathways can only be discov- 
ered bv ex~er i inenta t ion.  , . 

T h e  prototypic mismatch repair system 
in  E. coli corrects the  newly synthesized 
D N A  strand, which is transiently unmeth- 
ylated (15),  using the  old methylated D N A  
strand as a template. In  eukaryotic cells, the  
basis for strand repair bias is not  well un- 
derstood, although it may involve single- 
strand breaks (1 6) .  W e  propose the  follou7- 
ing mechanism for the  action of Pms2 at the 
Ig loci: After ~nisinatches have been intro- 
duced at a n  Ig locus in  hypermutable cells 
by a n  ~ l n k n o w n  mechanism, the  mismatch 
repair systern identifies the  "u~rong," mutat- 
ed strand as a template and thus fixes the  
mutations. In  mice without mismatch re- 
pair, this model, in  its simplest version, 
predicts that a t  the  next replication the  old 
strand will give rise to a nonmutant allele, 
whereas the  new strand will eive rise to  an  " 

allele wlth one or more mutations. Thus, 
the  freauencv of mutations would be re- 
duced b; one:half. Because we found rather 
lower mutation freauencies in  the  absence 
of repair than ~vould be predicted by this 
basic model, it might require some elabora- 
tion. For example, other repair mechanisms 
might correct mismatches in  the absence of 
the repair system involving Pms2, and this 
u~ould reduce the  mutation frequency to less 
than one-half. 

It has been reported that many human 
tumors exhibit high mutation rates (17).  
W e  envisage that the  co-option of mis- 
match renair that we have described here 
for Ig hypermutation may also play a role in  
some of these tumor phenotvpes. Tha t  

~vould require, however, that the  co-opti011 8. J. C h e m t  a/, , E/iJiBO J. 12, 821 (1 9931. 
9. J. Chen eta/,  . Int. Immunol. 5, 647 (1 993). 

be '!Inited Ig genes have a 10. Ths antbodv was oroduced bv T, mansh-Karl ,  Its 
scope ot action. 
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Pleiotropy and the Preservation of Perfection 
David Waxman and Joel R. Peck* 

A mathematical model is presented in which a single mutation can affect multiple 
phenotypic characters, each of which is subject to stabilizing selection. A wide range of 
mutations is allowed, including ones that produce extremely small phenotypic changes. 
The analysis shows that, when three or more characters are affected by each mutation, 
a single optimal genetic sequence may become common. This result provides a hy- 
pothesis to explain the low levels of variation and low rates of substitution that are 
observed at some loci. 

M a n y  continuously varying phenotypic 
characters are subject to stabilizing selection, 
so that the optimal phenotypic value lies 
between the minimum and maximum possi- 
ble values (1-7). These phenotypic charac- 
ters can be anything from the circumference 
of the stem of a ulant to the distance be- 
tween two S L I ~ L I I ~ ~ ~ S  within a protein. Models 
of stabilizil1g selection often allow for a con- - 
tinuous range of mutations, so that some 
mutations have very slnall effects, whereas 
others have substantial effects (2 ,  3, 8-14). 
W e  follow this approach in  the present 
study. Analyses of stabilizing selection have 
concentrated o n  models for which anv given , - 
m ~ ~ t a t i o n  affects only one phenotypic char- 
acter. Nevertheless, mutations that affect 
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multiple characters are well known and are 
cornmonly regarded as ubiquitous (5 ,  14- 
25). Here, we show that,  when three or more 
characters are affected by each mutation, a 
single optimal genetic sequence may become 
predominant. This finding contrasts sharply 
with the  usual finding that,  in equilibrium, 
the  optimal sequence is rare and many 
slightly suboptimal sequences are present. 

Consider a simple nonpleiotropic inodel 
of viability selection in  a very large popula- 
tion of haploid and asexual organislns ( the  
results are expected to generalize to sex and 
diploidy). Parents produce offspring and 
then die, so that generations are discrete. 
After birth, offspring ~111dergo viability selec- 
tion, and the probability that an  individual 
will survive depends o n  phenotype, which is 
described by measurements 011 k different 
characters. A n  individual's measurement o n  
the  ith character is denoted by ;, (where -x 
< ;, < m) .  These characters are chosen so 
that they affect fitness independently, and 2, 
= O is the optimal value for each character. 
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