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ABSTRACT 
Active  gene transcription is known to  promote  genetic  change in neighboring DNA. We reasoned 

that  the  change would  be  readily  heritable if transcription was occurring in  germ  cells or early 
embryonic  cells  before the germ cells are set aside. The H-2K region of the major histocompatibility 
complex  (MHC)  provides a good  vehicle for testing  this  hypothesis  because  it is replete with  such 
genes. We have  compared the amount of polymorphism  in  240  kb of DNA contiguous with H-2K 
and 150 kb of DNA flanking a homologous  duplicated  region  in  t-haplotypes  and  inbred  strains. 
Using 90  probes  and three restriction  enzymes, we find a staggering  difference in the  amount of 
polymorphism  in the H-2K region 11s. the duplicated  region (26% vs. 0%) of  t-haplotypes. The disparity 
in the rate of divergence  between the two regions  indicates  that the spatial  distribution of  genes  and 
their  expression pattern might  be important  factors in  sequence  evolution.  Since  t-haplotypes  normally 
show extremely  limited  variability  among  themselves  due to their  recent  divergence  from a single 
ancestor,  these  results imply that  the  mutation rate in the H-2K region is unusually  high. This is in 
apparent contradiction to the current view that the MHC  loci  have  evolved at the same rate as other 
loci. The implications  for the evolution of the H-2K gene are discussed. 

T HE t-complex occupies a 15-cM region at  the 
proximal end of  chromosome 17 of the mouse, 

covering the loci of T (Brachyury), qk, tf, and  the major 
histocompatibility complex  (MHC)  (reviewed in BEN- 
NETT 1975; SILVER 1985; KLEIN 1986; SHIN 1989). 
In  about  20% of feral  mice, the t-complex exists in a 
variant form called t-haplotypes. Various  features are 
shared by  all t-haplotypes and distinguish them as a 
whole from wild-type chromosomes.  In  particular, 
males heterozygous for a  complete t-haplotype and a 
wild-type chromosome typically show distorted  trans- 
mission of the t-bearing  chromosome which is prefer- 
entially transmitted  to  up  to  99% of the offspring. 
This  phenomenon, called transmission ratio  distortion 
(TRD), has been  the  major driving  force in maintain- 
ing  the t-haplotypes in wild populations. 

Despite their relatively high frequency in feral pop- 
ulations, t-haplotypes are quite  secluded  from  genetic 
recombination. Classical and molecular  genetic  exper- 
iments  have shown that  the  length of the t-complex is 
defined by four non-overlapping inversions relative 
to the wild type (ARTZT, MCCORMICK and BENNETT 
1982; SHIN et al. 1983; HERRMANN et al. 1986; HAM- 
MER, SCHIMENTI and SILVER 1989). It is generally 
believed that these inversions are responsible for sup- 
pressing  recombination in t-haplotype heterozygotes 
to a level as low as 0.1% of normal.  In  contrast, 
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recombination  between two t-haplotypes can occur at 
normal  frequency throughout  the t-complex since all 
t-haplotypes share  the same inversions (SILVER and 
ARTZT 1981).  However, in natural  populations, the 
latter  type  of  recombination is severely limited for 
several reasons. First, most t-haplotypes carry one  or 
more recessive embryonic lethal mutations  precluding 
the survival of homozygotes. Although there  are  at 
least 16  different complementing recessive lethals 
(KLEIN, SIPOS and FICUEROA 1984), these are rarely 
found in the same population.  Second,  even if differ- 
ent lethals existed in the same population, male com- 
pound  heterozygotes ( t " / t Y )  are sterile, and  the  number 
of all compound males and females would be  reduced 
further because different t-lethals do  not complement 
each other fully. Thus,  the  opportunity  to observe 
recombination in t chromatin is severely restricted. t 
Chromosomes show very limited variability which is 
generally believed to  be  due  to  their common  descent 
from  a single ancestor 1-2 Myr ago (SILVER et al. 
1987).  Thus,  the  entire t-complex has evolved vir- 
tually as a single genetic  unit in the t-haplotypes, 
relatively isolated from  the pool of chromosome 17 
genes in the mouse, and also partially isolated from 
one  another. Because of this genetic isolation, the t- 
complex provides  fruitful  material  for  studying the 
evolution of the mammalian genome. 

It has been  demonstrated  that active transcription 
of a  gene can increase the  mutation  rate in the nearby 
sequence  of  eukaryotic DNA (BOHR, PHILLIPS and 
HANAWALT 1987; a review). This is presumably be- 
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FIGURE 1 .-The map position of clusters I and 11 on chromosome 17. The map was drawn in the wild-type orientation. Markers such  as 
T (Brachpry), qzcak (qk),  tufted (tf), a-crystallin (Crya-I) and  the MHC are indicated. Brackets enclose the t-complex inversions. Cluster I is 
physically linked to  the H-2K region, whereas cluster I1 maps  within the distal inversion. Cluster I1 was mapped using a series of partial t- 
haplotypes and a probe polymorphic between t and wild type (YEOM et al. 1992). 

cause transcriptional activity renders  the  structure of 
local chromatin  more susceptible to insertion  of mo- 
bile genetic  elements or accessible to DNA modifying 
enzymes and mutagens. We would expand this idea 
to emphasize the  importance of the tissue specificity 
of  transcription with respect to  the heritibility of 
coincident  genetic changes. It is proposed that muta- 
tions that  occur within active  genes or in their flanking 
regions are especially likely to  be  inherited if the genes 
are expressed in germ cells or in the early  embryo 
before the germ cell progenitors are set aside. This 
notion would predict  that  regions of chromosome 
which are rich in genes  transcribed in germ cells or 
very early embryos  could appear as "hot spots" of 
genetic  change. 

We studied the  patterns of DNA sequence variation 
in the H-2K region and in a partially homologous, 
duplicated  region in a  panel of t-haplotypes and  inbred 
strains. The approach was to analyze restriction  frag- 
ment  length polymorphisms (RFLPs) with a  battery 
of genomic DNA probes  cloned  from  a  chromosomal 
walk. These  experiments  enabled us to test the above 
hypothesis because the H-2K region is densely popu- 
lated with genes  transcribed  in  germ cells and/or in 
the early embryo,  whereas the homologous  duplicated 
region is relatively inactive in transcription (ABE et al. 
1988; YEOM et al. 1992). We show that in both t- 
haplotypes and wild-type homologs the 240 kb of 
DNA flanking  the H-2K region is highly polymorphic, 
whereas the duplicated  region has a low variability. 

MATERIALS AND METHODS 

Mice: Mice bearing  t-haplotypes are congenic  on the 
C3H/DiSn  (C3H)  background,  and are bred in our mouse 
colony. t", t", F5 and F f 2  are reviewed  in BENNETT (1975). 
tW5g is a viable revertant  isolated as a normal-tailed  offspring 
from a tailless  C3H.T/tW5 X C3H.Tlt"'  mating; it appears  to 
be  identical to t"' on  all criteria  except  that it no longer 
carries the embryonic  lethality.  Since  homozygotes  for tW5g 

are fully viable, it is a convenient  source of  t-homozy  ous 
DNA (K. ARTZT and D. BENNETT, unpublished). t"' '' is 
described by ARTZT et al. (1985). t""" is a member  of  the 
F5 complementation  group; it was found in Peru  and was 
generously  provided by MARGARET WALLACE. Inbred 
strains  were  purchased  from The Jackson  Laboratory  (Bar 
Harbor, Maine)  except  for AKR which  was a gift  of PAUL 
D. GOTTLIEB. 

Probes: Cosmid fragments used  as probes in this study 
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are described in UEHARA et al. (1987)  (for  probes  1-38)  and 
YEOM et al. (1992)  (for  probes  39-90). 

Restriction  mapping of cosmids: Cosmid  clones obtained 
from the chromosomal  walk  were  restriction  mapped by the 
terminase  method (RACKWITZ et al. 1984,  1985);  the  de- 
tailed  maps will be  described  elsewhere (YEOM et al. 1992). 

Southern  analysis: Restriction-digested DNA was  size- 
fractionated on a 0.7%  agarose gel  in Tris-phosphate  buffer 
and  Southern-transferred  to a nylon  membrane  (Hybond 
N, Amersham).  Blots  were  hybridized  at  42" in a mixture 
containing 50% formamide/50 mM sodium  phosphate  (pH 
6.5)/5 X SSC/5 X Denhardt's solution/O. 1 % sodium  dodecyl 
sulfate  (SDS)/l mM EDTA/7.5% dextran  sulfate  and  heat- 
denatured salmon  sperm DNA (100 rg/ml). Probes  were 
32P-labeled by either nick translation (RICBY et al. 1977) or 
random  hexamer  priming  (FEINBERG  and VOCEISTEIN 
1983)  to a specific activity of  1-10 X 10' cpm/Pg DNA. 
Genomic  probes  were pretreated  prior  to  hybridization, 
with 1.5 X lo4 times  excess (w/w) amount of  unlabeled 
mouse DNA at 42" in order to  block  highly  repetitive 
sequences.  Blots  were  washed in 2 X SSC/O. 1 % SDS for  50 
min at room  temperature  and  then, in 0.1 X SSC/O. 1 % SDS 
for 40 min at  65 ", 

RESULTS 

Characterization of the two clusters  studied: Two 
separate  clusters  of DNA were  cloned  from the t- 
complex by chromosome walking in the tW5 haplotype. 
These two DNA regions are designated clusters I and 
11, respectively, and each is defined by a distinctive 
set of overlapping cosmid clones. Details of the cloning 
are  reported elsewhere (YEOM et al. 1992). Briefly, 
cluster I consists of 240 kb  mapping to  the H-2K 
region,  whereas  cluster I1 comprises 150 kb located 
elsewhere in the distal inversion of the t-complex. 
Their map position relative to known genetic  markers 
is shown in Figure 1. 

The relationship of clusters I and 11 can be charac- 
terized in three ways. First, both of them  map within 
the distal inversion of the t-complex. Second, about 
35 kb of DNA in each  cluster is a  homologous  dupli- 
cated copy of the  other  one (see stippled areas in 
Figure 2). And third,  the two clusters have a  different 
coding  content in that cluster I contains at least 12 
transcribed sequences, while cluster I1 has only three 
to  four genes. These characteristics, in conjunction 
with the genetic isolation of t chromosomes,  provide 
a  unique  opportunity  to study the evolution of a 
segment of mammalian genome. 

The H-2K region  is  highly  polymorphic,  in  con- 
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FIGURE 2.-Summary of the RFLP pattern of clusters I and I1 in four t-haplotypes and C3H. Cluster I is shown  in the t-haplotype 
orientation; the orientation of cluster I1 is not  determined. A BamHI restriction map of the tW5 haplotype is shown  with fragment sizes 
indicated under  the  probe numbers. Stippled regions indicate a pair of duplicated homologous sequences. Probes 20,40 and 46 each detects 
two fragments in some haplotypes, whereas each of the  probe pairs 9/10, 14/15,  54/55, 56/57 and  74/75 hybridizes with a single band in 
some chromosomes. Probes 17,  18,  21, 22 and  23  are a  part of  class 1 genes, and probes 80  and 81 contain a retroviral sequence; therefore, 
their restriction fragment sizes were not  determined in  most  of the haplotypes whose genomic DNA was not directly cloned. nd, not 
determined +, polymorphic; -, no RFLP. 

trast to cluster 11: The cosmid DNAs were restriction- 
digested to derive  a collection of cloned genomic DNA 
fragments  for use  as probes in Southern analyses of a 
panel of wild-type and t-haplotypes. Figure  3 shows a 
typical example of the analysis for  a wild type (C3H), 
and five t-haplotypes using adjacent 2.3- and 2.7-kb 
BamHI fragments  derived  from cluster I of the tw' 
haplotype (probes 56 and 57 in Figure 2). These two 
probes  detected two BamHI fragments of the same 
size (2.3  kb  and 2.7 kb) in C3H  and tw5, but  a new 5.2- 
kb  fragment was evident in t6, t" and tWlz. Since the 
sum of 2.3  and 2.7 kb approximates 5.2 kb, it can be 
inferred  that  a BamHI site between the 2.3-kb and 
2.7-kb fragments in one set of haplotypes might have 
been lost to give rise to  the 5.2-kb  fragment in the 
other set. By combining this type of analysis using 
several enzymes, we could infer  the genomic organi- 
zation of these other haplotypes without directly clon- 

ing and restriction-mapping  their genomic DNA. 
Figure  2 summarizes the results of Southern analysis 

in t6, t", tw5, tWlz and  C3H with the  restriction enzyme 
BamHI. T w o  points are clearly evident  from  these 
data. First, throughout  the analyzed area RFLPs occur 
frequently between C3H  and  the  four t-haplotypes. 
Nevertheless, the five haplotypes appear  to have a 
similar genomic organization in these regions of the 
chromosome, without major DNA rearrangements. 
Second, the occurrence of RFLPs is not  random be- 
tween the two regions analyzed. They occur  fre- 
quently in the  entire  240  kb of cluster I both  among 
t-haplotypes, and between t-haplotypes and  C3H. 
However, in cluster I1 the  frequency of RFLPs is 
markedly lower and they are preferentially localized 
to  the left side of the  cluster.  Furthermore,  the limited 
polymorphism in cluster I1 is seen only between C3H 
and t-haplotypes, and is not  detected  among  different 
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FIGURE 3.-A typical Southern hybridization showing a RFLP 
in different f-haplotypes. The  2.3-  and  2.7-kb  genomic EarnHI 
fragments derived from the t”” haplotype (probes  56  and  57 in 
Figure 2) were pooled and hybridized to a blot of EarnHI-digested 
genomic  DNA. Repetitive sequences in the probes were blocked by 
prehybridization with excess unlabeled mouse  DNA;  however,  the 
background signal is  usually higher than with unique-copy probes. 

t-haplotypes. These  trends were further  corroborated 
by two other enzymes: EcoRI and KpnI (data  not 
shown). 

The RFLP  pattern of clusters I and I1 in t-hap 
lotypes and inbred strains: Table 1 summarizes the 
results of the  RFLP analysis for clusters I and I 1  in 
the same four t-haplotypes using three restriction  en- 
zymes: BamHI, EcoRI and KpnI .  As noted  above, the 
frequency of RFLPs is dramatically different in the 
two clusters; cluster I shows an  average of 26.1% 
while cluster I1 has none. The high frequency of 
polymorphism seen in cluster I of t-chromosomes is 
quite unusual considering  that all t-haplotypes have 
descended  from  a  common  ancestor, and as a conse- 
quence, they rarely show much genetic variation (SHIN 
et al.  1982;  SILVER et al.  1983; NIZETIC, FICUEROA 
and KLEIN 1984; ROEHME et al.  1984;  SHIN  1989,  a 
review). In this respect, the  RFLP  pattern in cluster 
I 1  is more typical  of t-haplotypes. 

Among the  four t-haplotypes, the chromosome 
appears to have the most significantly divergent DNA 
sequences in cluster I (Table 1); this is consistent with 
the fact that  the H-2 haplotype of tw5 is rather unique 
compared to those of many other t-haplotypes (ARTZT 
et al.  1985). In contrast, t6 and tw l2  chromosomes are 
identical to each other, showing no RFLPs  among  200 
DNA fragments  tested;  the  identity of the t6 and tu”’ 
chromosomes in cluster I acts as an internal  control 
because they are known to  share  the same H-2 hap- 
lotype. 

We were interested in whether this RFLP  distribu- 

tion pattern is unique  to t-haplotypes or is a general 
phenomenon also seen in wild-type chromosomes. T o  
address this question a  comparable analysis was per- 
formed  on seven inbred  strains with  five different H- 
2 haplotypes (Table 2). (Two  strains with redundant 
H-2 haplotypes were included as controls.) The analy- 
sis  of these  inbred  strains reveals essentially the same 
phenomenon as observed for t-haplotypes. Cluster I 
sequences show a high degree of polymorphism, 
whereas cluster I1 sequences are much less polymor- 
phic (32.1 % us. 2.2%  on  average). These data suggest 
that  the high frequency of RFLP observed in cluster 
I is not due to the unique  evolutionary history of t 
chromosomes,  but might be caused by characteristics 
intrinsically associated with the H-2K region. 

Comparison of the RFLP  pattern  between  wild 
types and t-haplotypes: t-Haplotypes and  their wild- 
type homologs have taken quite distinctive evolution- 
ary pathways ever since they diverged some 2 million 
years (myr)  ago.  Quantitative evidence for this can be 
found in the data in Table 3  where  the  RFLP  fre- 
quencies for  the  four t-haplotypes and seven inbred 
strains were compared  among themselves and to each 
other. In  general,  different t-haplotypes look more 
related to  one  another as a group than to  the wild- 
type strains, since the  percent of RFLP between t- 
haplotypes and wild types is always greater than  that 
between different t-haplotypes or between different 
wild-type strains. This  trend is especially evident in 
the  RFLP  distribution  pattern of cluster 11, but might 
be  obscured considerably in cluster I due to its highly 
polymorphic nature. Despite the  apparent dissimilar- 
ities between the DNA sequences of the t-haplotypes 
and wild types, the overall chromosomal organization 
as defined by the  probe  order appears  the same in 
both  groups of  mice. 

It is worth  noting  that  for  a specific region,  the 
percentage of RFLP between t-haplotypes is signifi- 
cantly lower than between wild types (26.1 % us. 32.1 % 
for  cluster I ,  0.0% us. 2.2%  for  cluster 11; Table 3). 
Consistent with previous reports, this observation may 
represent  the limited genetic variability o f t  chromo- 
somes due  to  the unique  constraints inflicted on them 
during  their evolution. 

Comparison of the  RFLP  pattern in a pair of 
duplicated homologous regions: Clusters I and I1 
share  a region of 35 kb of duplicated DNA indicated 
by the stippled areas  on  the maps of the two clusters 
in Figure 2. These homologous areas are compared 
in Figure  4.  Although  their  restriction maps are com- 
pletely different,  the relative order of the  correspond- 
ing DNA fragments  appears to remain unchanged. 
However,  the two homologous segments have been 
subject to  different  evolutionary processes after  the 
initial duplication event, since the  cluster I1 copy 
suffered an insertion of a  retroviral  sequence  (denoted 
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Cluster I % RFLP" Cluster I1 % RFLP" 

P5 t ' 2  t6 e"'2 I5 t l P  t6 PI2 

H-2 tvm: w31  w28  w30  w30  w3 I w28  w30  w30 

r5 36.6  (134)  32.0  (128)  32.0  (128) r5 0.0 (72) 0.0 (72) 0.0 (74) 
t I 2  27.3  (128)  27.3  (128) t I 2  0.0 (72) 0.0 (72) 

t6 0.0 (1 28) t6 0.0 (72) 
PI2 PI2 

Frequencies were determined using BamHI, EcoRI and KpnI. 
a Percent RFLP  is calculated as the No. polymorphic restriction fragments/No. restriction fragments scored X 100. Parentheses enclose 

the number of restriction fragments scored. 

TABLE 2 

RFLP frequencies  between  seven  inbred  strains 

Cluster I % RFLP" Cluster I 1  % RFLP" 

B6 BALB/c DBA/P C3H  DBA/l SWR Sm/J B6 BALB/c DBA/P C3H DBA/l SWR Sm/J 

H-2 type: b  d  d k q q v b d  d k 9 q V 

B6 46.0  (50)  46.0  (50)  28.0  (50)  38.0 (50) 38.0  (50)  46.0 (50) B6 0.0 (26) 0.0 (26)  3.8  (26) 0.0 (26)  3.8  (26) 0.0 (26) 
BALB/c 0.0 (50)  32.0 (50) 32.0 (50) 32.0  (50)  36.0 (50) BALB/c 0.0 (26)  3.8  (26) 0.0 (26)  3.8  (26) 0.0 (26) 

DBA/2 32.0 (50) 32.0  (50)  32.0  (50)  36.0  (50) DBA/2 3.8  (26) 0.0 (26) 3.8 (26) 0.0 (26) 
C3H 26.0  (50)  26.0  (50)  44.0  (50) C3H 3.8  (26)  7.7  (26) 3.8 (26) 

DBA/l 0.0 (50)  36.0 (50) DBA/l 3.8  (26) 0.0 (26) 
SWR 36.0  (50) SWR 3.8(26) 

Sm/l Sm/J 
~ 

Frequencies were determined using BamHI only. 
Percent RFLP  is calculated as in Table 1. Numbers in the parentheses indicate the numbers of restriction fragments scored. 

TABLE 3 

Comparison of RFLP frequencies  among  t-haplotypes,  among 
inbred  strains,  and between the two groups 

5% RFLP (No. restriction fragments scored)" 

t us. t t us. + + us. + Total 

Cluster I 26.1 (774) 36.1 (1672) 32.1 (1050) 32.7 (3496) 
Cluster I1 0.0 (434)  20.4  (912)  2.2  (546)  10.5  (1892) 
Total 16.7 (1208)  30.5  (2584)  21.9  (1596) 

' Percent RFLP is calculated as in Table 1 .  

8-26 envelope mouse retrovirus (Bemv-I) in Figure 4) 
(YEOM et al. 1992). 

The disparity of evolutionary processes weathered 
by the duplicated  sequences is again reflected in their 
RFLP  frequencies; the cluster I copy of the duplicated 
sequence shows 36.7% RFLP  among t-haplotypes, 
while its homologous copy in cluster I1 shows none 
(Table 4). (Note  that we were unable to test cluster I1 
probes 80 and 81 in the  Southern analysis because 
they  contain the retroviral  insertion which exists in 
40-50 genomic copies.) The RFLP  frequency  differ- 
ence between the two homologous  regions is also seen 
among wild types, and between t-haplotypes and wild 
types, making the overall percent  RFLP value 42.9% 
for  the cluster I copy and 5.1 % for  the cluster I1 copy. 

It is interesting to  note  that a pair of homologous 
DNA sequences located relatively close together, 
namely within the distal inversion of the t-complex, 
can evolve quite distinctively from each other  depend- 
ing on  their genetic environment. Similar observa- 
tions have been  made by several researchers working 
on the  evolution of H-2 class I and I1 genes (STEIN- 
METZ et al. 1984; GELIEBTER and NATHENSON 1987). 

The RFLP pattern of members of the t'"' comple- 
mentation group: The data indicate that  cluster I is 
highly polymorphic and has a  strong propensity for 
being mutated  compared to  other regions of the ge- 
nome. T o  confirm this, the analysis was extended  to 
other members of the P5 complementation  group. 
Figure 5 shows the results of Southern analysis for 
three members of the tw5 complementation group, 
namely, tw5, PJZo and tWI3' using whole cosmids from 
cluster I or I1 as the  probe.  Although tw5 and t""' 
show an identical restriction  fragment  pattern  for all 
probes  tested  regardless if they are  from cluster I or 
11, tWI3' reveals several RFLPs relative to tw5 for cluster 
I probes  (Figure 5, A and B); t"'" has the same 
serological H-2 haplotype as tW1' (K. ARTZT, unpub- 
lished data), yet its pattern with cluster I probes is 
different  from  (data  not shown). The fact that 
cluster I1 probes do not  detect an RFLP  among  the 
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FIGURE 4.-Comparison of the  genomic  structures  for  the  duplicated  homologous region common to cluster I (a) and cluster I 1  (b). The  
numbers indicate the BamHI fragment sizes in kilobase pairs (kb).  Corresponding  homologous sequences of the two  clusters are  depicted as 
open-boxed  areas. Stippled  boxes represent a pair of cluster I-specific repeated sequences that  define  the  boundaries of the duplicated area 
i n  cluster I ;  M I  (closed box) is a middle  repetitive  sequence  that is not transcribed. 5-26 envelope mouse retrovirus (Rrmv-I) is a  40- to 50- 
copy  insertion which detects multiple messages. I t  is not known whether this  copy is actually transcribed. Tctex-7 is a four-copy gene family 
that is transcribed in male germ cells (YEOM ef a / .  1992). The  exact molecular boundaries of these sequences are unkno\vn;  otherwise the 
maps are  drawn  to scale. 

TABLE 4 

Comparison of RFLP frequencies for the  duplicated regions 
only 

Percent RFLP (No. restriction  fragments  scored)" 

I us. I 1 vs. + + us. + Total 

Cluster I 36.7 (120)  48.8 (248)  38.1 (147) 42.9 (515) 
Cluster I 1  0.0 (96) 7.7 (208) 4.8 (126) 5.1 (430) 
Total 20.4 (216) 30.0 (456) 22.7 (273) 

a Percent  RFLP is calculated as in Table 1. 

three haplotypes (Figure 5C) further confirms their 
monomorphism in t-haplotypes. 

DISCUSSION 

We have examined in detail the  degree of polymor- 
phism in 240  kb of  DNA flanking the H-2K gene 
(cluster I )  in t-haplotypes and wild-type chromosomes. 
The H-2K region was compared to  150  kb of a par- 
tially homologous duplicated region (cluster 11) also 
located in the distal inversion of the t-complex. South- 
ern analysis  of the  RFLP  pattern clearly shows that 
regardless of the  strain,  the sequences in cluster I are 
strikingly polymorphic compared to  the sequences in 
cluster 11; 26.1 % us. 0% for t-haplotypes and 32.1% 
vs. 2.2%  for wild type. 

The unique  evolutionary history of t-haplotypes 
offers a special opportunity  to  address  the issue of 
genetic  change. All t-haplotypes are presumed to have 
been derived  from  a single ancestral  event only  1-2 
myr ago  (SAGE 198 1 ; NIZETIC, FIGUEROA  and KLEIN 
1984;  FIGUEROA et al. 1985;  SILVER et al. 1987). The 
product of this event is preserved in an intact form 
because recombination with  wild type is greatly re- 
duced. As a consequence t-haplotypes show  very re- 
stricted  genetic variability (reviewed in SHIN  1989). 
Evidence for this emerges  from diverse studies includ- 
ing: (a) serological analyses of the H-2 molecules 
(STURM,  FIGUEROA  and KLEIN 1982; NIZETIC, FIGU- 
EROA and KLEIN 1984),  (b)  Southern blot analyses of 
the H-2  class I and 11 probes  (SHIN et al. 1982;  SILVER 
1982; ARTZT et al. 1985;  FIGUEROA et al. 1985)  and 
other t-complex probes  (GOLURIC et al. 1984; MANN, 
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FIGURE 5.-Southern analyses o f  members of the  Pcomplemen- 
tation group.  Southerns of  BamHI-digested genomic DNA were 
hybridized with "P-labeled whole cosmid covering probes 1-9 (A), 
probes 39-45 (B) and  probes 6 1-68 (C);  the positions of the  probes 
are shown in Figure 2. Probe  repetitive sequences  were blocked as 
described. Arrows indicate  polymorphic bands between the t-hap- 
lotypes. The  faint band located at  the first arrow in the f"''p lane of 
A is believed to  be  an  artifact. DNA size markers  are shown in 
kilobase pairs (kb). 

SILVER  and ELLIOTT 1986; HA et a[. 1991; YEOM et 
al. 1992), (c) random DNA probes  from the t-complex 
(ROEHME et al. 1984),  and  (d) two-dimensional gel 
analysis on  the testicular cell proteins  (SILVER et al. 
1983).  Thus, polymorphic differences between t-hap- 
lotypes can be ascribed to mutational change in the 
last 2 myr. What follows is a discussion  of resurrecting 
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FIGURE 6.-Distribution of transcribed sequences in clusters I and 11. The maps are drawn in the same orientation as Figure 2. The 

approximate position of each gene is indicated by a hatched bar under the BamHI restriction map of the tW5 haplotype. The positions of the 
H-2K and K 2  genes are shown as closed bars on the scale indicator. The expression of each gene in embryonic cells and testis is indicated. 

the idea that  the mutation rate in the H-2K region is 
very high,  and  the speculative but intriguing possibil- 
ity that  the high  mutation rate is detectable in present- 
day chromosomes because the H-2K region has a  high 
content of genes  transcribed in germ cells and  the 
early embryo. 

Sequence  change  appears  intimately  associated 
with  genetic  activity: Our results suggest the exist- 
ence of some factors peculiar to  the H-2K region 
which cause high  genetic variability. One of the most 
important  factors  could  be  the  content of expressed 
genes in cluster I. It was previously reported  that  170 
kb  out of the 240 kb of cluster  I DNA contains four 
genes  expressed during early embryogenesis and  one 
expressed in lymphoid tissues (named K E  genes) (ABE 
et al. 1988). At least five more  genes were found in 
the newly walked 70  kb of cluster I (YEOM et al. 1992). 
Thus, taken  together with the H-2K and K 2  genes, 
the  number of transcribed sequences in cluster I totals 
at least 12  (Figure 6) which averages one every 20 kb. 
In  contrast,  the  150 kb of DNA cloned  from  cluster 
I1 encodes only three  to  four genes transcribed at a 
level detectable in Northern analysis. (Genomic 
probes  from Bemv-I detect  a message  in Northern 
analyses, but it is difficult to  determine if it comes 
from this copy of the retrovirus.) There  are portions 
of cluster I1 which are locally almost as gene  dense as 

cluster I; however, the overall gene density may not 
be high enough  to  trigger high sequence variation. 

Ample evidence indicates that transcription is inti- 
mately associated with sequence changeability of a 
gene. For  example, studies with chemical carcinogens 
or UV irradiation showed that transcriptionally active 
regions are much  more readily accessible to mutagens 
or DNA repair enzymes (BOHR, PHILLIPS and  HANA- 
WALT 1987,  a review). Transcription also facilitates 
the  regional  recombination  frequency (VOELKEL-MEI- 
MAN, KEIL and ROEDER 1987;  BLACKWELL and ALT 
1989; NICOLAS et al. 1989; THOMAS and ROTHSTEIN 
199  1,  a review) by changing  the DNA conformation 
(GOTTLIEB and ESPOSITO 1989) or by increasing ac- 
cessibility to recombination machinery (KUNZ and 
HAYNES 198 1). 

Also relevant in this context is the fact that the H- 
2 complex contains several recombinational hot spots 
(STEINMETZ, UEMATSU and FISCHER-LINDAHL 1987) 
including one  at  the H-21-K boundary  region in t- 
haplotypes (-45 to -95 on the same scale as in Figure 
6) (ARTZT et al .  1988).  Thus, since cluster I is densely 
populated with transcribed sequences, and adjacent 
to  the recombinationally active region, it may well be 
that  the  chromatin  structure in cluster  I is exposed to 
a  higher level of transcription,  recombination, and 
mutation  than in cluster 11. In support of this UEHARA 
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et al .  (1987) have shown that  the leftmost 140 kb of 
cluster I contains  numerous RFLPs between two t- 
haplotypes due  to insertions/deletions of murine Ah-  
like mobile elements. 

A chromosomal region with a  comparable,  high 
transcriptional activity is found in the human MHC 
class I11 region (mouse H-2S region); at least 19 genes 
have been reported to reside in 600 kb of the class 111 
region (SARGENT, DUNHAM  and CAMPBELL 1989; 
SPIES, BRESNAHAN and STROMINGER 1989). Some of 
these genes such as tumor necrosis factor  (TNF) a and 
/3, heat shock protein 70 (HSP70) ,  steroid 21-hydroxylase 
(CYP21) and complement  components C2,   C4  and 
factor  B have been well characterized.  Interestingly, 
CYP21,  C2,  C4 and factor  B show extensive polymor- 
phisms in humans (SCHNEIDER et al.  1986; CAMPBELL 
1987).  In  addition, TNF,  HSP,  CYP21 and C4 are 
present as duplicated sequences within the class I11 
region. Taken  together, this might indicate that  the 
class I11 region is also very prone  to mutation. 

Expression  pattern of genes may  dictate  whether 
mutations  are  germinal or somatic: Although  a given 
region of chromosome with active transcription  might 
have an  equal  chance of suffering  a selectively neutral 
mutation,  the heritability of the mutation would be 
quite  different  depending on the genetic environment 
where it occurs. If a  mutation  happens in a  region 
dense with genes expressed in germ cells or during 
early embryogenesis before  the  germ cells are set 
aside, it may be  more likely to be  inherited.  In con- 
trast, if the change  occurs in a  region  where the 
resident  genes are scarce or expressed only in somatic 
cells, it will not  be  propagated. Most of the K E  and 
Tctex genes of cluster  I are expressed in embryos and/ 
or testis (Figure 6 ,  ABE et al .  1988; YEOM et al. 1992). 
Thus,  the high polymorphism in cluster I could  be 
the result of an increased germinal  mutation rate 
caused by a synergistic action of two factors: the high 
gene  density, and their expression in present and/or 
future germ cells. On  an evolutionary  time scale, these 
circumstances would give rise to a  detectable  muta- 
tional hot  spot. 

The implications of a high mutation  rate in cluster 
I for the evolution of the H-2K gene: The class I and 
I1 MHC molecules are cell surface glycoproteins that 
function in immune  recognition and regulation 
(KLEIN 1986).  In most species studied, these molecules 
show a  high degree of polymorphism in the popula- 
tion.  For  example, it has been  estimated that 50-100 
alleles exist for each of the human class I loci, HLA-A 
and HLA-B, and over 100 alleles for each of the 
corresponding mouse loci H-2K and H-2D (KLEIN and 
FIGUEROA 1981; KLEIN 1987). The MHC polymor- 
phism was initially explained by assuming that  the 
MHC loci undergo  a high rate of mutation (KLEIN 
1978).  However,  later studies based on molecular 
genetic data  presented compelling evidence against 

the high mutation rate hypothesis. The data indicate 
that  the MHC  genes are old, and  that in the regions 
other  than  the antigen  recognition site (ARS), the 
MHC genes do not  change  faster  than any other 
nuclear genes (HAYASHIDA and MIYATA 1983; KLEIN 
1987). Historically, many hypotheses have been pro- 
posed to explain the high degree  of  the MHC poly- 
morphism. They include trans-species hypothesis 
(KLEIN 1987),  overdominant selection (DOHERTY and 
ZINKERNAGEL 1975;  HUGHES and NEI 1988) or posi- 
tive heterozygosity selection (FLAHERTY 1988),  gene 
conversion by recombination (LOPEZ DE CASTRO et al .  
1982; OHTA 1982; HAYASHIDA and MIYATA 1983; 
GELIEBTER and NATHENSON 1987), molecular drive 
(DOVER 1986),  and  frequency-dependent selection 
(SNELL 1968; BODMER 1972). 

The majority of the MHC polymorphism comes 
from  the variability in the ARS  of the molecule. One 
can  explain the high MHC polymorphism as the result 
of one or more of the following mechanisms: (1) 
positive (overdominant) selection for heterozygosity 
in  ARS, (2)  relaxed negative selection in  ARS, and (3) 
intrinsically high  mutation rate in the MHC loci. First, 
theoretical  considerations  predict  that if positive  se- 
lection plays an active role, the mutation rate does  not 
have to be particularly high to produce  a high poly- 
morphism. Indeed,  the  contribution of overdominant 
selection to  the MHC polymorphism has been clearly 
documented by several authors  (FLAHERTY  1988; 
HUGHES and NEI 1988, 1989).  According  to HUGHES 
and NEI (1988,  1989),  the  rate of nonsynonymous 
(amino acid-altering) changes of the ARS sequences 
far exceeds the  rate of synonymous changes for  the 
same area of the classical  class I and I1 molecules in 
both  human and mouse. However,  the  pattern is 
reversed in the non-ARS of the molecules. 

Second, if the selection pressure is  less intense  than 
normal in the ARS, the  net result may mimic the 
effects of the positive selection. One expectation is 
that with the relaxed negative selection pressure act- 
ing on  the ARS, the  rate of synonymous changes 
would be more or less similar to the  rate  of nonsynon- 
ymous changes. However, this is clearly not  the case, 
and  thus this mechanism may not play an  important 
role. 

Third,  an intrinsically elevated mutation rate will 
obviously increase the variability by enlarging the pool 
of variation for selection. There  are two factors influ- 
encing the level of DNA variation: the mutation rate 
and  natural selection. We are assuming little or no 
consequence to  the fitness effects for  the  mutations 
described in this study, and  therefore, differences in 
RFLP  frequencies reflect differences in the mutation 
rate.  Considering  the  random  distribution of RFLPs 
and  the location of the H-2K gene in cluster I, it is 
clear that  the H-2K gene lies at the  center of a highly 
mutable  region. Our results suggest that, whatever 
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phenomena may be involved in the maintenance of 
MHC polymorphism at  the population level, the fun- 
damental mechanism responsible for the high poly- 
morphism of the  region  surrounding H-2K is probably 
the intrinsically increased rate of germ-line mutations. 
This view  is in apparent contradiction to  the fact that, 
except  for the ARS region,  the H-2K gene has evolved 
at a rate much like most other genes. It is  likely that 
the H-2K gene  undergoes  a  high incidence of muta- 
tion at  the level  of the individual; however,  these 
mutations  might be efficiently removed  from the pop- 
ulation through mechanisms such as selective pres- 
sure.  Therefore,  the non-ARS  regions of the molecule 
are expected to undergo intense selection against mu- 
tation because any significant changes in them  could 
hamper  the  formation of proper three-dimensional 
conformation and binding with accessory molecules. 
However, as evidenced by the  overdominant selection, 
the ARS seems to be under a  different kind of selec- 
tion  pressure  than other regions of the molecule due 
to  the necessity to interact with a diversity of antigens. 
In fact, as emphasized by FLAHERTY (1988), it must 
be under a positive selective advantage  for heterozy- 
gosity, a  situation which would favor the survival of 
mutations  leading to  the  generation of  new alleles. 
The slow evolution rate of the non-ARS of the MHC 
molecules may be explained by purifying mechanisms. 

A caveat that  might be  added is that  the high  germ- 
line mutation rate in cluster I could  be  unique to 
rodents, since in these animals a  short DNA stretch 
encompassing the H-2K or equivalent  (about 60 kb in 
the mouse) was translocated  (HANSON and TROWS- 
DALE 1991)  from  the primordial class I  gene cluster 
to a  region  where testis-/embryo-expressed genes are 
densely populated (YEOM et al. 1992). 

There is no information about  the polymorphic 
status of the DNA region  flanking the H-2D genes. 
However, given the highly polymorphic nature of the 
H-2K region, it is interesting to speculate that  the H- 
2K gene may be  the ultimate  generator of the class I 
molecule diversity which in turn is propagated  to 
other class I loci through genetic mechanisms such as 
microrecombination (GELIEBTER and NATHENSON 
1987).  This idea is supported by previous study on 
the H-2 haplotype variation in 33 t-chromosomes col- 
lected  from around  the world (NIZETIC, FICUEROA 
and KLEIN 1984). The study indicates that  the H-2K 
molecule is more diversified than  the  H-2D molecule 
in t-haplotypes. Moreover, the K locus has more minor 
alleles (alleles with only a slight variation from  a  major 
allele) than  the D locus does (1 1 us. 3). A similar study 
on  inbred  strains also reveals more  minor alleles for 
H-2K than  for H-2D (22 us. 5 )  (KLEIN and FICUEROA 
198 1). 

Based on  the  data  presented  here, we suggest that 
the high polymorphism of H-2K probably has its root 
in a  high  germ-line  mutation rate aided by other 

mechanisms. That genetic  environment could be im- 
portant in the evolution of  DNA sequences does  not 
detract  from  the trans-species hypothesis, but  rather 
adds back the element of a high mutation  rate. 

We thank LORI FLAHERTY for helpful discussions and JIM BULL 
for critical comments on the manuscript. This work was supported 
by grants  from  the National Institutes of Health (CA21651 and 
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