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ABSTRACT 
T o  gain  insight into mechanisms of unequal homologous recombination in  vivo, genes generated 

by homologous unequal crossovers  in the human P-globin gene cluster were examined by nucleotide 
sequencing and hybridization experiments. The naturally occurring genes studied included one 6-0 
Lepore-Baltimore fusion gene, one 6-/3 Lepore-Hollandia fusion gene, 12 6-p Lepore-Boston genes, 
one '7 -P fusion  Kenya gene,  one 'y-'y fusion (the central gene of a triplication) and  one ' ~ - ~ y  fusion. 
A comparison of  the nucleotide sequences of three Lepore-Boston genes indicates that they  were 
derived from at least  two independent homologous but unequal crossover events, although the 
crossovers occurred within the same 58-bp region. Nine additional Lepore-Boston genes from 
individuals  of various ethnic origins were shown, by hybridization to specific oligonucleotide probes, 
to have been generated by a crossover in the same region as the sequenced genes.  Evidence for gene 
conversion accompanying a homologous unequal crossover event was found in  only one case (although 
some  of the single nucleotide differences observed in other genes in  this study may be related to  the 
crossover events in ways that we do not presently understand).  Thus, as judged by this  limited sample, 
concurrent gene conversions are not commonly  associated  with homologous but unequal exchange in 
humans in  vivo. Classification  of the recombinant chromosomes by their polymorphic restriction sites 
in the P-globin gene cluster indicated that  the Lepore-Boston genes are found in at least six different 
haplotype backgrounds. Therefore  the total number of independent examples in  this study is at least 
6,  and  at most 12. We have  shown that in at least six  cases  of  genes that have arisen by homologous 
but unequal crossing over in  vivo, each event occurred in a relatively extensive region of uninterrupted 
identity between the parental genes. This  preference cannot be explained by a mechanism  whereby 
crossovers occur at random within  misaligned related but not identical genes. In general, crossovers 
occur in regions that  are among  the largest available stretches of identity for  a particular pair of 
mismatched genes. Our data  are in agreement with those of other types of studies of homologous 
recombination, and support the idea that sequence identity, rather than general homology, is a critical 
factor in homologous recombination. 

H OMOLOGOUS  but  unequal crossing  over: Un- 
equal  crossing  over is a genetic  phenomenon 

that  changes  the  number of similar  genes or sequences 
on a chromosome.  It was first  described  at  the  protein 
level in  the  haptoglobin system by SMITHIES et ai. 
(1962), and in the  globin system by BACLIONI (1962, 
1965). Studies of unequal  crossing  over at   the level 
achievable by restriction  fragment  analyses  have pre- 
viously been  conducted  in a variety of multigene 
families,  including the globin  and  haptoglobin  genes, 
color vision genes,  immunoglobulin  genes,  apolipo- 
protein B receptor  genes,  and  major histocompatibil- 
ity  genes.  Similar  studies of genes  with  repetitive 
sequence  compositions  such  as  the  zein  genes (PED- 
ERSON et al. 1982), the  proline-rich salivary protein 
genes (AZEN et al. 1984; ZIEMER et al. 1984) and 
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fibroin  genes (MANNING and GAGE 1980) have  also 
been  conducted.  However,  until  very  recently, few 
structural  studies at the nucleotide  sequence level of 
the  products  of  unequal  crossing  over  events had been 
presented. The purpose of this  study was to search 
for independent  examples of genes  resulting  from 
homologous  but  unequal  crossing  over  in  the  human 
P-globin gene  cluster,  and  to  characterize  these re- 
arrangements at the  nucleotide  sequence level, in the 
hope of deriving  rules  that  would  describe  the  molec- 
ular  details of this class of  recombinational  events. 

Hemoglobin  Lepore (6-fl fusions): Hemoglobin 
(Hb) Lepore, first  described by GERALD and DIAMOND 
in 1958, contains a @-type chain  that  results  from 
homologous  but  unequal  crossing over between the 6 
and P genes (BAGLIONI 1962,  1965), as  shown  in 
Figure 1A. Nine  potential  forms of H b  Lepore  formed 
by single  crossovers  between  the 6 and P genes  can in 
principle be distinguished by protein  sequence deter- 
mination,  but only four  would  result  in  hybrid  protein 
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FIGURE 1 .-A, Homologous unequal crossing over between 6- and @-globin genes of the type that gave rise to Lepore globin genes. The 
globin genes of one chromosome participating in the crossover are marked with open boxes, and  the genes of the other  are distinguished by 
filled  boxes. The fusion Lepore gene is indicated by a box that is partly filled. Also shown are the positions of the recognition sites for 
Hind111 and EcoRI (H and E, respectively), used for mapping and cloning the  Lepore genes. B, Zones  of crossover within  misaligned 6 and @ 
globin genes that can generate  and restriction sites for Lepore-Hollandia, Lepore-Baltimore, and Lepore-Boston genes. Black boxes represent 
exons. Restriction sites above the line represent sites  in the normal 6 sequence, and sites  below the line are in @. Potential crossover zones 
that can generate  the three Lepore types are enclosed in  oval  boxes. S, B, E and A represent sites for the enzymes SalI, BamHI, EcoRI and 
AvaI1, with a polymorphic AvaII site marked with an asterisk. C, Homologous unequal crossing over between A ~ -  and @-globin genes of the 
type that gave  rise to a Kenya globin gene. Markings as for  part A. D,  Homologous unequal crossing over between '7- and "7-globin genes 
o f  the type that gave rise to 7 and 777 rearrangements. Markings as for part A. 

molecules readily identifiable by gel electrophoresis 
(SMITHIES 1964). Three of these four have been  de- 
scribed. The first and most common is Hb Lepore- 
Boston (BAGLIONI 1962,  1965) with a crossover, 
shown by peptide  mapping, between codon 87 of the 
6 gene, 687, and codon 116 of the 0 gene,  01  16. Hb 
Lepore-Baltimore (OSTERTAG and SMITH 1969),  first 
described in an Afro-American family, is character- 
ized by a crossover between 650 and  086. Hb Lepore- 
Hollandia (BARNABAS and MULLER 1962),  first  de- 
scribed in a family  in Papua, New Guinea, has a 
crossover between 622 and  050. Although any 6-0 
fusion gene  should  be readily identifiable by modern 
genomic mapping  techniques, no new forms of the 
Lepore globin have been reported  to  date. The po- 
tential crossover regions of the  three  Lepore types 
described as a  consequence of amino acid sequence 
studies are shown in Figure 1B. 

Hemoglobin  Kenya  genes  ("7-a  fusions): Hb 
Kenya, first  described by HUISMAN et al. in 1972, 
contains  a fusion chain with a y chain amino  terminus 
and a p chain carboxy terminus (HUISMAN et al. 1972). 
The gene  for  the fusion chain was proposed to have 
arisen via an unequal crossover between an Ay gene 
and a P gene in the 0-globin cluster, as shown in 
Figure 1C. Protein studies of the Kenya globin chain 
established that  the crossover was between codons 80 
and 87 (HUISMAN et al. 1972; KENDALL et al. 1973; 
SMITH et al. 1973; NUTE et al. 1976), in Exon 2. 

Single and triple  7-containing  chromosomes 
"7 and Ar-Gr fusions): The two fetal globin genes, '7 
and Ay, are  the result of a 4.9-kbp tandem duplication 
(SHEN, SLIGHTOM and SMITHIES et al. 1981). The 'y 
and Ay gene  products  are identical at  145 of their  146 
amino acid residues. The only difference is at position 
136 where there is a glycine residue in '7 and  an 
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TABLE 1 

Plasmid probes of the &globin cluster 

145 

Probe  name Restriction  sites  Contents 

t 1.2BR  1.2 BamH1-EcoRI Part o f t  and its  3’  flanking  region 

y6 1.6BX 1.6 BamHI-XbaI $0 
y IVSP 0.46  BamHI-PvuII 5’ half  of IVSP of .4 y 

5’6 0.35 Alul-RsaI Between  bipolar Alu repeats 5’ to 6 
p IVS 2 1 .o BamHi-EcoRI p IVS 2 
3 ‘0 1.2 SalI-EcoRI Sequence 16 kbp 3’  to 0 

alanine  residue in A~ (SCHROEDER et al. 1968),  the 
result of the single nucleotide  difference in the coding 
regions (SLIGHTOM, BLECHL and SMITHIES 1980). The 
original  duplication  event  that  produced the  tandem 
arrangement of Y genes has been followed, in the 
chromosome  for which the  nucleotide  sequence has 
been  published, by a relatively recent  (one million 
years past) and extensive gene conversion event. The 
result is that,  on  chromosomes  carrying the  gene 
conversion, the two tandem  y  genes are nearly iden- 
tical for  a  stretch of over  1  kbp,  including  the 5’ two- 
thirds of the genes  (POWERS and SMITHIES 1986; 
STOECKERT, COLLINS and WEISSMAN 1983). 

The first report of a triplication in place of the usual 
arrangement of duplicated y-globin genes in humans 
came  from TRENT et al. (1  981) who observed an 
additional ‘7-like gene in a  healthy  Vanuatan new- 
born.  Their  data indicate that  the triplication is the 
consequence of unequal but homologous crossing 
over between ‘7 and A~ genes (TRENT et al. 1981; 
SHIMIZU et al. 1986), as shown in Figure  1D. 

A chromosome  containing  a single y-globin gene, 
the predicted reciprocal product of unequal but ho- 
mologous crossing over between c~ and Ay genes, was 
first reported by SUKUMARAN et al. ( I  983), in a  healthy 
newborn  from  India, who was noted to have a low 
“ Y / ~ Y  ratio in routine  neonatal  screening tests. Their 
data indicate that  the deletion was the result of un- 
equal crossover between the  tandem  normal  genes, as 
shown in Figure  1D. 

MATERIALS  AND  METHODS 

Probes and primers: Six plasmid-derived probes span- 
ning  the P-globin gene  cluster were  used,  as shown in Table 
1 .  

Twelve  oligonucleotides with sequences from  the &globin 
gene cluster  were used for polymerase  chain  reactions, 
differential  hybridization experiments,  and/or as primers 
for  double-stranded plasmid dideoxy  sequencing. The  se- 
quences of these  oligomers are shown in Table 2, along with 
a tabulation  of their locations. In  addition,  the so-called 
M 13 Universal and Reverse  oligonucleotide primers were 
used for single- and  double-stranded dideoxy sequencing 
(MESSING 1983). All oligonucleotides were synthesized by 
the Protein and DNA Synthesis Facility at the Biotechnology 
Center (University of Wisconsin-Madison). 

Genomic  DNA  samples: Samples were obtained as blood 
or as lymphoblastoid cell lines, from various sources as 
shown in Table 3. 

Polymerase chain reactions: Polymerase chain  reactions 
(PCRs) were performed  on genomic DNAs (100 ng/reac- 
tion) and cloned DNAs (25 pg/reaction)  as  described by 
KIM and SMITHIES (1988). The reaction temperature for all 
reactions was 60°, for 5-1 0 min depending  on  the length 
of DNA to be amplified. The  melting  conditions were 90” 
for  15 sec, with annealing  for  15 sec as the  temperature fell 
from  90  to 60’. 

Differential hybridizations: Differential  hybridizations 
were performed as  described by WOOD et al. (1  985) upon 
Southern blots of cloned or amplified DNAs following elec- 
trophoresis in duplicate (after GITSCHIER et al. 1985) in 2% 
agarose.  Oligomers used as probes  for differential hybridi- 
zation were first  purified by electrophoresis. 

DNA  sequencing: DNA  sequencing was performed  either 
by the  method of MAXAM  and GILBERT (1  980) with modi- 
fications as described by SLIGHTOM, BLECHL and SMITHIES 
(1 980)  or by the dideoxy DNA sequencing method of SAN- 
GER, NICKLEN and COULSON (1977), or using Sequenase 
( U S  Biochemical). 

DNA  sequence analysis: The DNA  sequences  were  ana- 
lyzed using software provided by the University of Wiscon- 
sin Genetics Computer  Group (DEVEREUX,  HAEBERLI and 
SMITHIES 1984). 

RESULTS 

Lepore  gene  structure: The normal 6 and /3 genes 
are located approximately 7.7 kbp apart  on chromo- 
some 11. Six of our examples of Lepore-Boston DNAs 
were  tested by genomic mapping  for the presence of 
the 7.7-kbp  deletion in the P-globin gene  cluster ex- 
pected  for the  Lepore  rearrangement. All had  the 
expected  deletion  (data  not shown). 

Polymorphic  restriction  site  haplotyping of Le- 
pore-Boston  genes: In order  to collect evidence for 
or against the  independent origin of 12 Lepore-Bos- 
ton genes in our collection, polymorphic restriction 
site haplotypes (ORKIN et al. 1982) were determined 
by genomic mapping. The positions of the nine in- 
formative  restriction site polymorphisms that we used 
are shown in Figure 2A. The 5’ cluster of polymor- 
phic restriction sites (region I in Figure 2A) is 34.6 
kbp in length,  and begins upstream of the t gene. The 
3’ segment  (region I1 in Figure 2A) is 19.4  kbp in 
length, and begins at the @ globin gene. The two 
clusters,  represented by sites 1 through 4 and 6 
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TABLE 2 

Globin  oligonucleotide  probes  and  primers 

Name  Strand  Location  Sequence 

A Antisense exon  2-IVS  2  border (1 1907-1  1887) AAGGGTCCCATAGACTCACCC 
B  Antisense Same,  with  one 6-like base (1 1907-1  1887) AAGGGTCCCATGGACTCACCC 
C  Antisense 6 exon  2  (1  1846-1  1826) CTCACTCAGTGTGGCAAAGGT 
E Antisense p IVS  2  (12004-11985) ATCATTCGTCTGTTTCCCAT 
F Sense 6  IVS  1  (4256-4275) CCTACCCTCAGATTACTGGT 
G  Antisense 3' to (12887-12868) TGGACAGCAAGAAAGCGAGC 
H Sense 5' to 6 (3553-3568) GAATTCGTCCATTCCAACCTCTC 
1  Sense 5' to 6 (3101-3120) TATTTGTCTGCCATTGTGGC 
J Antisense p exon 3 ( 1  2780-1  2766) GAATTCAAAGTGATGGGCCAG 
Pop2  Antisense p IVS  2  (12637-12617) GGTAGCTGGATTGTAGCTGCT 
7240 Sense 5' to  Ay[6349-63651 CAGTCATGATTTATTTC 
Y 1020R Antisense 5' to A717 130-7  1 131 CTGTGAAATGACCCATG 

The  location  of  each  sequence is shown  with  the  coordinates  on  the  sequence  of  Poncz et al.  (1983) in parentheses  (for  the 6 and f l  
sequences)  and  coordinates  on  the  sequence of Shen et al.  (1981)  (for  the y sequences). (The positions  of  Oligos  A,  B and C are also  shown 
in Figure  3.)  Non-globin  sequences are shown  in  boldface,  and  the  single  internal  base  at which Oligo B differs  from  Oligo  A is underlined. 

TABLE 3 

Sources of DNA samples 

Sample  Origin  Source 

Alg.  Algeria MORLE et al.  (1  984) 
An.A.  Italy T .  H.  J.  HUISMAN  (unpublished) 
D.R. Yugoslavia G. D. EFREMOV (unpublished) 

L.B.  Italy T .   H.   J .  HUISMAN  (unpublished) 

M.K. Greece H. KAZAZIAN  (unpublished) 
MS.  Thailand BOONTRAKOONPOONTAWEE et al. (1 987) 

R15 Yugoslavia EFREMOV et  al.  (1976) 

Span.  Spain GIMFERRER (1 976) 
Go.  (Baltimore) Spain T .  H.  J.  HUISMAN  (unpublished) 
Holl. (Hollandia) Vanuatu-Canada T .  H. J. HUISMAN  (unpublished) 

G.W.  Africa-United  States B. SHARON  and  E.  SCHWARTZ  (unpublished) 

L.P.  Italy MEARS et al.  (1978) 

P.W.  England A. FINDLAY  (unpublished) 

Spl4  Thailand S. FUCHAROEN  (unpublished) 

F.M. ( 4  India SUKUMARAN et al. (1 983) 
53 (YYY) Vanuatu TRENT et al.  (198 1) 

I I1 
f -l 

FIGURE 2.-A, Polymorphic re- 
striction  sites  in  the P-globin gene 
cluster. The  arrangement  of  genes 

is shown, with the locations  of the 
polymorphic  restriction  sites  studied 

t '  * #  I numbered, as follows: 1, HzncII;  2, 

f Zkbp 
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"Y *Y VP P 6 & - (open  boxes)  in  the  &globin  cluster A. ~ 
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( 1  2 3 4 5 6 7 8 9 )  
Italian (L.P.) + + + + +  
Italian (L.B.) + + + 1, 
Spanish 
Yugoslavian (R15) 
Afro-American (G.W.) 
English (P.W.) 
Yugoslavian (D.R.) + 
Italian (ALA.) + 
Greek (M.K.) + 
Algerian 
Thai (M.S.) + 
Thai (Sp14) 

+ 
+ 

+ 

+ + 

+ +  I .  
+ A 
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HzndIlI;  3,  HzndlII;  4,  HincII;  5, 
RsaI; 6, AvaII; 7,  HindIII;  8,  EamHI; 
9 ,  RsaI. T h e  clusters, 1 and 11, of 
polymorphic  restriction  sites, are in- 
dicated. B, Polymorphic  restriction 
haplotype  data  of  chromosomes  of 
different  ethnic  origin  carrying Le- 
pore-Boston  genes. T h e  presence  of 
a  site is marked  with  a +, an absence 
of  a  site is marked with a -, and 
noninformative  sites are  unmarked. 
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through  9, as shown in Figure  2A, are separated by 
9.1 kbp  of DNA, represented by site 5. This 9.1-kbp 
region is a hotspot for  germline  recombination, with 
a crossover frequency that is 3-30 times greater  than 
expected  for its physical length  (CHAKRAVARTI et al. 
1984). Since a  Lepore  gene is a fusion of a 6 gene 
(located within the hotspot  region) and a P gene 
(located in the 3’ cluster), haplotypes in the 3’ region 
are more likely to be in linkage disequilibrium with 
the fusion genes than those in the 5‘  region,  and  are 
therefore of special interest in  assessing  possible in- 
dependent origin  of  genes. In addition, since the 
crossover region in three Italian cases of Lepore ho- 
mozygosity had  been localized by genomic mapping 
of the &specific polymorphic AvaII site in IVS 2 
(BAIRD et al. 1981;  CHEBLOUNE and VERDIER 1983; 
and MAVILIO et al. 1983),  particular  attention was 
paid to this polymorphism in  all Lepore-Boston cases 
that were collected. 

Most  of the individuals in this study are  Lepore 
heterozygotes, and DNAs from family members were 
not available. Consequently, assignment of a polymor- 
phic site on a  Lepore  chromosome was only possible 
if the relevant individual was homozygous for  the 
presence or absence of that  particular site, or if nu- 
cleotide sequence analysis of the position was per- 
formed on cloned DNA from  the  Lepore  chromo- 
some. 

The results of haplotyping  experiments are shown 
in Figure 2B. The presence of a  particular site is 
indicated with a +, and its absence with a - sign. 
Three categories of Lepore  chromosome  were fully 
informative  for the  four 3’-most sites (sites 6, 7, 8, 
and 9 in Figure 2) in cluster 11. The first category 
(category i in Figure 2B) is represented by the Italian 
L.P. homozygote, who has a +++- haplotype.  A 
second haplotype, +-+- (category ii in Figure 2B), is 
found in the Afro-American heterozygote, G.W. A 
third  and a fourth category  (categories iii and iv in 
Figure 2B), are both ++-+ for  the  four 3’-most sites, 
but  differ in their 5’ haplotypes (+-+- vs. +---); 
they are  represented by the  the Yugoslavian D.R. 
sample and  the Italian An.A. sample, respectively. 
One  Thai  Lepore chromosome, MS. ,  had  a distinctive 
haplotype in Cluster I (+-?+). This sample is there- 
fore in a fifth category  (category v in Figure 2B). 
Finally, the  Thai sample Spl4 is unique in both  cluster 
I and cluster 11, and is therefore in a  sixth  category 
(category vi in Figure 2B). Thus, these Lepore-Boston 
genes were present on six distinguishable haplotype 
backgrounds, which provided us  with assurance that 
further study of representative samples from each 
category was warranted. 

Lepores L.P., G.W., and M.K. from  the  first, see- 
ond,  and  fourth categories, respectively, were chosen 
for  further study via molecular cloning. The Lepore 

D.R. gene  (third  category) was previously examined 
by nucleotide  sequencing because we had initially 
thought  that it was a  Lepore-Baltimore type gene. 
The sequence analysis showed that D.R. was,  in fact, 
of the Boston type, and we have subsequently used  it 
as the  reference Lepore-Boston chromosome. 

Sequencing of the reference Lepore-Boston  gene, 
D.R.: The nucleotide  sequence of the D.R. Lepore- 
Boston reference fusion gene was determined  from 
the Sal1 site just 5’ to the  gene (position 1 in Figure 
3A) to  the EcoRI site in Exon 3. Comparison of this 
sequence to those of normal 6 and ,d globin genes 
shows (Figure 3A) that  the crossover zone for  the 
D.R. Lepore-Boston gene is within a  58-bp  region of 
identity at  the  border of Exon 2 and IVS 2. 

Differential oligonucleotide hybridization: Hy- 
bridization experiments were carried  out in order  to 
compare  other Lepore-Boston genes to  the  reference 
gene, D.R. The 58-bp  region of identity between the 
6 and P genes, which is the crossover region in the 
reference  Lepore-Boston  gene, begins 4  bp  5’  to  the 
polymorphic base pair  that  constitutes  the AvaII pol- 
ymorphism. We therefore asked whether any of the 
remaining Lepore-Boston genes were different  from 
D.R. with respect to the presence of the AvaII poly- 
morphism, and  whether  there were any other indica- 
tions of a  different crossover region  from  that of the 
reference  gene. The differential hybridization 
method relies on stringent washing conditions, such 
that  a  one base mismatch between the  probe  and 
sequence of interest causes a significant reduction in 
the level of hybridization. 

In order  to  determine whether the remaining Le- 
pore-Boston genes were identical to  that of D.R. 
(which is 6-like 5’ to  the  58  bp region and P-like 37, 
two 2 l-base oligomers were synthesized, differing at 
a single internal position. Probe A has the same se- 
quence as the D.R. gene in the region  spanning  the 
3’ border of the  58  bp region of S-P identity at  the 
Exon 2-IVS 2 junction,  and  probe B has a single base 
difference at  the  point of divergence between 6 and /3 
in IVS 2 (see Table 2). Probe A was used to look for 
identity with D.R., or lack thereof.  Probe B was used 
as a  control  for  the hybridization and washing condi- 
tions, to show that each set of tests was able to detect 
a single base mismatch. An additional 21-base oligo- 
mer,  probe C, was synthesized, which has the sequence 
of a  normal P gene  at  the 5’ border of the  58-bp 
region of identity. Lepore-Boston genes do not hy- 
bridize to this probe,  and  thus hybridization of a 
particular  Lepore  gene to  probe C would indicate  that 
it was not  a Boston-type gene. 

Figure 4 shows that, as expected,  under  the  strin- 
gent conditions used, the cloned DNA from  the ref- 
erence Lepore-Boston gene (D.R.) hybridizes only to 
probe A. Three additional  cloned Lepore-Boston 
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C d o n a  

-.’! 
R 6  87 D.R. Lepore-Boston Crossover  Kegion 

A. . .  . .  : 13,50 13?0 139c  

P ACCTTTGCCACACTGAGTGAGCTGCACTGTGACMGCTGCACGTGGATCCTGAG-CTTCAGGGTGAGTCTA-ACCCTTGA ic . .. . ’ A u d P  site 
86 87 
CCd0”B N S 2  

Oligo C: ACCTTTGCCACW2TGAGTWLG Oligo A: GGGTWLCTCTATGGGACCCTT 

Oligo 8 :  GGGTWLCTCpTGGGACCCTT 

C. 1000 
Lepore-Hollandia Crossover Region 

1040 

Kenya 
Crossover Region 

D. 1 4 , l O  , 

P 
80 87 

FIGURE 3.-Sequences of the crossover  region of  three Lepore-Boston genes  and  one Kenya gene. A,  The  sequence of the  normal 6 gene 
i n  the relevant  region is shown on  the  upper  sequence line aligned with the Lepore-Boston  (D.R.) sequence,  on  the middle  line, and  the 
normal p sequence, on  the lower  line.  Vertical lines indicate matched nucleotides  between the sequences. The  numbering system begins with 
the EcoRI site 5’ to the 6 gene, The  brackets labelled “ditto  to 888” and  “ditto  to  1521” show that  the D.R. sequence is identical to  the 8 and 
@ sequences,  respectively, over  the indicated  nucleotides. Codons 86  and  87, which encode  divergent  amino acids in the 6 and 0 genes, are 
indicated. The  crossover region is marked with a horizontal  curved  bracket. The  beginning of IVS 2 is indicated with an  arrow.  The 
polymorphic AuuII site in IVS 2  of the p gene is underlined  and  marked with an  asterisk. The  sequences of 21-mer oligonucleotide probes 
used for differential  hybridization experiments, Oligos A, B and C, are indicated in bold  face under  the sequences  of the  gene regions, in 
the  appropriate positions. The single internal base mismatch  between  Oligos A and B is underlined. B, Lepore-Baltimore. As for  part A.  The 
brackets  labeled “ditto  to 1 ”  and  “ditto to 2267”  are  to show that  the  Lepore-Baltimore  sequence is identical to  the 8 and B sequences, 
respectively, over the indicated  nucleotides. The crossover  region is marked with a horizontal  curved  bracket. C, Lepore-Hollandia. As for 
part B, except  that  the  beginning of IVS 1 is indicated  with an  arrow. D, Kenya gene. The  sequence of the crossover  region for  the Kenya 
gene, 011 the  middle line, is aligned with the  sequence  of a normal  gene, on the  upper line, and  the  normal @ gene,  on  the lower line. The 
numbering system begins with the Hznfl site 5’ to  the “7 gene. The  positions  of codons  81  and  86, which encode  divergent  amino acids in 
the nornlal “y and @ genes,  are indicated by brackets. The  beginning of IVS 1 is indicated with an  arrow. 

genes (M.K.,  G.W. and L.P.) also hybridized to  probe 
A only. DNA from  a  Lepore-Hollandia  gene (Holl.) 
hybridized to  probe  C  (Figure 4). This same Lepore- 
Hollandia DNA did  not hybridize to  probe  A, al- 
though it is @-like in this region, because a single 
noncentral base mismatch (at the AvaII site) prevents 
hybridization. Cloned DNA from two normal P genes 
(with intact AvaII sites) hybridized to  both  probes A 
and C, as expected. 

Six additional genomic Lepore-Boston DNA sam- 
ples, one Algerian (Alg.), two Italian (An.A. and L.B.), 
one English (P.W.) one Spanish (Span.), and  one  Thai, 
M.S.) were amplified by PCR using oligos F and G 
(Table 2). This set of primers will amplify a 1223 bp 
fragment  that  extends  from within Exon 1 of the 6- 
derived  portion of the Lepore-Boston genes to IVS 2 
in the @-derived portion. The amplified DNAs were 
tested  for hybridization to  the  three probes  A,  B and 
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FIGURE 4.-Autoradiographs o f  
cloned  Lepore  genes  hybridized to 
Oligos A. Band C, as  indicated. Sam- 
ples  from left to right  are:  cloned 
DNA from  a  normal 6 gene, a Le- 
pore-Hollandia gene,  the  Greek 
(M.K.). Afro-American (G.W.) and 
Yugoslavian (D.R.) Lepore-Boston 
samples,  a  normal f l  gene,  the Italian 
(L.P.)  Lepore-Boston gene,  and  an- 
other normal f l  gene. 

C .  These six samples hybridized to probe A only, as 
shown in Figure  5. One additional amplified genomic 
DNA sample, Sp14  (Thai), failed to hybridize to  probe 
A,  as s'hown  in panel C. 

These differential hybridization results indicate  that 
nine of the samples tested, L.P., L.B., Span., G.W., 
P.W., An.A., M.K., Alg. and M.S. (representing cat- 
egories i, ii, iii, iv and v in Figure 2) have crossover 
regions identical to that of the  reference Lepore- 
Boston gene, D.R. No further study of these  genes 
was undertaken.  A  tenth  (Thai) sample, Sp14, failed 
to hybridize to  probe A, indicating that it was different 
from  the  others in some way, and  for  that reason was 
studied further by nucleotide  sequence analysis. In 
addition,  an  eleventh sample, R15,  for which we had 
little DNA for  other studies, was cloned and studied 
by nucleotide sequencing. 

Nucleotide  sequence analysis of Lepore-Boston 
genes Sp14 and R15: The 2.3-kbp EcoRI fragment 
containing about 1 kbp of 5' flanking  region, Exon 1, 
IVS 1, Exon 2, IVS 2 and  part of Exon 3 of the 
Lepore  genes  Sp14  and  R15 were cloned into  the X 
vector gt 10 and sequenced. 

The sequences of the  Sp  14  and R  1  5 Lepore-Boston 
genes were compared to each other,  to  the  reference 
Lepore-Boston gene, D.R., and  to published se- 
quences of normal 6- and @globin genes  (PONCZ et al. 
1983). The crossover region in the Sp14 and  R15 
Lepore-Boston genes is the same  as in  D.R., having 
occurred at  the 58-bp region  of  identity between the 
parental 6 and @ genes at  the  border of Exon 2 and 
IVS 2 (see Figure 3). Sp14, however, carries the same 
polymorphic base mismatch at  the AvaII site in IVS 2 
that prevented hybridization of the Hollandia gene to 

probe A. The crossovers were apparently clean break- 
age  and reunion events, with no evidence for inser- 
tions, deletions, or nearby  concurrent  gene conver- 
sions. There were, however, several nucleotide sub- 
stitutions in the sequences that  require  comment. 

Table 4  compares the nucleotides found at  12 po- 
sitions where  differences were observed in the Lepore- 
Boston genes Sp14  and  R15  compared  to  the pub- 
lished sequences of normal 6 and P genes and with 
our data  for  Lepores Baltimore and Hollandia, and 
for  the 3' portion of the Kenya gene. Differences 
from  the 6 sequence are present in four locations in 
the regions 5' to these genes, at positions 40,  76,  692 
and  839. However, each of these  differences is also 
found in at least one  other &derived gene  (Lepore- 
Baltimore or Lepore-Hollandia), and consequently 
they are likely to be normal and possibly polymorphic 
variations of the sequence. There  are also four nu- 
cleotide positions 3' to  the crossover zones in Sp14 
and  R15  at which differences  from the /3 gene are 
found.  These are  at positions 1409,  1467,  1682  and 
2097. Three of these  differences  (at positions 1409, 
1467  and  2097) have been previously reported in 
other individuals (ANTONARAKIS et al. 1982a). as  part 
of various B gene "frameworks." However, the com- 
bination of these  nucleotides in the Sp14  gene is 
unique. In addition,  there is an  extra nucleotide in 
the R 15  gene  not seen in other B and &derived genes, 
at nucleotide position 1682 in Table 4. 

Analysis of Lepore-Baltimore  gene  structure: The 
same 2.3-kbp EcoRI fragment  that was studied in Sp14 
and  R15 was also isolated and sequenced from a 
Spanish Lepore-Baltimore heterozygote. Comparison 
of the Lepore-Baltimore gene  sequence to  the pub- 
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FIGURE 5.-Autoradiographs of Southern blots of gels contain- 
ing electrophoresed 1223 bp amplified Lepore-Boston and Lepore- 
Baltimore fragments obtained using Oligos F and G as primers (see 
Table 2). Samples from left to right are:  control DNA(563), the 
AIgerian(Alg.), Italian (An.A.),  Yugoslavian  (D.R.), Italian (L.B. 
and L.P.), Thai (MS.) and Spanish  (Span.) Lepore-Boston samples, 
the Lepore-Baltimore (Balt.) and Lepore Hollandia (Holl.) samples, 
hybridized to Oligos A and B, respectively. The English  (P.W.) and 
Thai (Sp14) Lepore-Boston samples were hybridized to oligos A 
and B in separate  experiments (panels C and D,  respectively). 

TABLE 4 

Nucleotide differences in 6 and B genes 

5' IVS2 

4 4 4 6 8  1 1 1 1 1  
4 7 2 2 6 9 3  4 4 4 6 0  
0 6 8 9 6 2 9  0 6 7 8 9  

9 7 4 2 7  

6 * C * * * C A   C T C T T  
D.R. C G  

R15 C C * * * C A  C T C T T  
Balt. * C * * * T G  C T C * T  
Holl. C * A T A C A  G T T * C  
B * C * * * C A  C T C T T  
Kenya C T C * T  

sp14 C * * * * T G   G G C * C  

Numbers in vertical orientation give nucleotide coordinates be- 
ginning at  the EcoRl site 5' to 6. Gaps, represented by asterisks, 
were introduced to maximize alignments of the sequences (METZ- 
ENRERC 1989). Positions left blank represent those at which the 
DNA sequence was not determined. Normal d and @ sequences are 
from PONCZ et al. (1  983). 

lished sequences of normal 6 and @ genes (PONCZ et 
al. 1983)  confirmed  that this Lepore  gene is the result 
of the expected fusion between 6 and P. The crossover 
region  for this type of Lepore  gene lies within a region 
of 47  bp of identity between the parental 6 and @ 
genes, within Exon 2,  as shown in Figure 3B. This 
region is located between codons 69  and 84. This 
result  confirms and refines the conclusions of earlier 
peptide  mapping studies which placed the Lepore- 
Baltimore crossover between codons 50 and  86 (OS- 
TERTAG and SMITH 1969). 

Comparison of the nucleotide sequences 5' and 3' 
to the Lepore-Baltimore crossover region with the 
corresponding sequences from  normal 6 and @ genes 
revealed two sequence variations 5' to the crossover, 
at positions 692  (692  bp 3' to the  start of the EcoRI 
recognition site upstream of 6 )  and  839, as shown in 
Table 4. These variations were also seen in one  other 
&derived  sequence in the study, Lepore-Boston Sp14. 
The sequence  structure of the Lepore-Baltimore gene 
3' to the crossover (including position 1467) has been 
described previously as a @ gene Framework 1 (AN- 
TONARAKIS et al., 1982a). Thus  the observed nucleo- 
tide variations are likely (but  not  demonstrated)  to  be 
polymorphisms that have been maintained in normal 
6 and @ genes. 

Analysis of Lepore Hollandia gene structure: The 
nucleotide  sequence of the 2.3-kbp EcoRI fragment 
from a Lepore-Hollandia gene was determined with 
cloned DNA from a Lepore  heterozygote of Vanu- 
atuan extraction. Comparison of the Lepore-Hollan- 
dia  gene  sequence  to  the published sequences of nor- 
mal 6 and @ genes (PONCZ et al. 1983)  confirmed  that 
the  gene  resulted  from a fusion between a 6 gene  and 
a @ gene. The crossover region was a 40-bp region of 
identity between the parental 6 and @ genes, at  the 
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border of Exon 1 and IVS 1, as shown in Figure 3C. 
This region begins in codon  25, and  ends in the  intron 
before Exon 2. This result  confirms and refines the 
conclusions of previous  peptide mapping studies 
which defined the Hollandia crossover region  as the 
area between codons  22 and  50. 

Comparison of the  Lepore-Hollandia  nucleotide se- 
quences flanking the crossover region with the  cor- 
responding regions of normal 6 and @ genes revealed 
six notable  features. As shown in Table  4,  the Lepore- 
Hollandia sequence contains a  C at position 40 that is 
absent in the normal 6 gene, while at position 76,  the 
Lepore-Hollandia sequence is missing a  C. At positions 
428  and  429,  the Lepore-Hollandia sequence has an 
AT dinucleotide  not  found in the 6 or @ sequences, 
and at position 466,  the Hollandia gene has an  A  that 
is absent in the 6 sequence. 

Most  of the variations that we observed in the 
sequences 3’ to  the crossover of the Lepore-Hollandia 
gene have been previously described, however there 
is a  unique  change at position 1474 in Table  4, where 
there is a T in the Hollandia sequence rather  than  the 
C found at this position in the normal 6 and /3 genes. 

The sequence  differences  found in this gene are 
not evidence for  gene conversion accompanying the 
crossover, although it is possible that  they  represent 
errors of repair  during  the crossover. 

Analysis of the  Kenya gene  structure: The Kenya 
chromosome  from our propositus  contains  a  deletion 
of approximately 22.5  kbp of DNA that includes the 
3’ section of the A~ gene,  the  entire $6 gene,  the 6 
gene,  and  the  5‘  portion of the @ gene  (OJWANG et al. 
1983). Our restriction  mapping  data  (not shown) in- 
dicated  that the XbaI site approximately  200  bp 3’ to 
the  start of IVS 2 of Ay is absent,  and placed the 
crossover 5’  to  that  region. The crossover itself oc- 
curred between codons 80 and  87, as mentioned in 
the Introduction. 

The nucleotide sequence of a  2482-bp  stretch of 
DNA was determined using cloned DNA from  the 
Kenyan propositus, P.O. The sequence  included  1050 
bp of 5’ flanking sequence, Exon 1, IVS 1, Exon 2, 
IVS 2 and all but  the final 25 codons of Exon 3. 
Comparison of this Hb Kenya gene  sequence to the 
published sequences of normal A ~ -  and @-globin genes 
(SLIGHTOM, BLECHL and SMITHIES 1980  and PONCZ et 
al. 1983)  confirmed  that this Kenya gene  resulted 
from  a fusion between an Ay gene  and a @ gene. The 
5”flanking  region, as well as Exon 1, IVS 1 and  part 
of Exon 2, were Aylike.  The 3’ part of Exon 2, as 
well as IVS 2 and  the  portion of Exon 3 that was 
examined were all identical to  the published sequence 
of @. The crossover region  for this Kenya gene was 
an 18-bp region of identity between the parental *Y 
and P genes, as shown in Figure 3D. This is in agree- 
ment with the  region  predicted by the earlier  peptide 

mapping studies (HUISMAN et al. 1972; KENDALL et al. 
1973). 

In Figure  6  a comparison is shown  of nucleotides 
observed in the Kenya gene  5’ to the crossover with 
the nucleotides  from four normal y genes ( G ~  and ”7) 
and  from  our  (the central  gene of a triplication, 
53)  and (a single y gene, F.M.) genes (see below). As 
shown in Figure 6, most  of the  differences between 
the Kenya sequence and  the published Ay sequence 5‘ 
to  the crossover have been previously observed in 
other y genes, and  are probably common polymor- 
phisms. However,  an  A is missing at position 834 in 
the Kenya sequence  that is present in  all previously 
reported genes. In the @-derived sequences 3’ to 
the crossover, the Kenya gene has the normal @ gene 
Framework  2  (ANTONARAKIS et al. 1982a)  configura- 
tion. It is not known whether  the  unique  nucleotide 
described  represents  a conversion accompanying the 
unequal crossover event  that  produced  the  gene. 

Analysis of the  central  gene of the  Vanuatan 7 
triplication, 53: The three genes of the y triplication 
were first isolated on  a single 17.8-kbp BglII fragment 
using DNA from  the X vector Charon 35 with the 
bacterial host K802 recA-. (The recA+ version of this 
strain allowed recombination in the clones and con- 
sistently yielded rearrangements instead of the 
parental yyy molecules.) Restriction enzyme mapping 
of the cloned y genes confirmed the “y ‘7 A~ arrange- 
ment of the triplication described by TRENT et al. 
(1  98 1). 

Mapping of the cloned genes also showed that  the 
5’ y gene  carried  the polymorphic XmnI site (the  “up” 
promoter)  at position -1 58,5’  to  the  cap site (GILMAN 
et al. 1985),  but  the  central  and 3‘ genes did not. 
Therefore, this triplication was XmnI +--. 

The three genes of the triplication were subcloned 
independently, and  the sequence of a  2798-bp seg- 
ment of DNA from  the  central  gene of the tripli- 
cation was determined.  This includes 1431  bp of 5’ 
flanking  sequence, Exon 1, IVS 1, Exon 2, IVS 2 and 
part of Exon 3. 

Sequence  differences between the  central  gene 
and published sequences for Gy and genes are 
summarized in Figures 6  and 7. These results con- 
firmed  that  the  central y gene was a fusion between 
Ay-like (5’ end)  and ‘y-like sequences (3’ end). The 
crossover that  resulted in the yyy arrangement was 
within the 1 .O-kbp region of identity between G~ and 
Ay between -28 1, 5‘ to  the  promoter  and IVS 2. 

There were no nearby deletions or insertions ob- 
served; however there were several notable  sequence 
features. The first,  an  apparent  region of gene con- 
version between  ancestral ‘7 and Ay genes, begins at 
position 242,  and consisted of two “y-like base pairs, 
separated by 19  bp, four of  which were “7-like in 
character,  and  surrounded by Ay-like  sequence. The 
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second  region of apparent  gene conversion was at 
position 757 in Figure  6 (-61 1  bp,  5’ to  the cap site), 
and was identical to  the  one seen 5’ to  the  Hb Kenya 
gene. Finally, at position 1000,  there was one addi- 
tional unexpected base pair  difference,  where the 
central y gene  had  a G in the coding  strand instead 
of  the C found in this position in the published ‘y and 
A~ sequences. All of these  differences have been ob- 
served in other y genes, as shown in Figures  6 and 7, 
and  are probably polymorphisms. 

Analysis of a single 7 gene: Previous  genomic 
mapping studies of the single y gene  from individual 
F.M. from  Karnatka  State in India (SUKUMARAN et al. 
1983)  indicated that this gene  resulted  from  a fusion 
between a Gy and  an A~ gene, with the 5’  flanking 
restriction sites corresponding to published sequences 
for ‘7, and  the 3‘ sites corresponding  to 

A 2370-bp segment of cloned DNA from F.M., 
including 938  bp of 5‘ flanking  sequence, Exon 1, 
IVS 1, Exon 2, IVS 2 and most of Exon 3 was 
subjected to nucleotide  sequence analysis. 

Tables  5 and 6  summarize  sequence  differences 
between the single gene  and  the published sequences 
of ‘y and Ay genes (SLIGHTOM, BLECHL and SMITHIES 
1980). The 5”flanking  sequence is almost entirely Gy- 
like in character,  and  the  third  exon is Ay-like. These 
results  confirm  that the  gene resulted  from  a Gy-Ay 
fusion.  However, there  are many differences  from the 
published sequences in IVS 2 of this unusual gene, 
which will be discussed below. 

Differences in the ‘7-derived sequences 5’ to  the 
single y gene are shown in Figure 6 .  Several nucleo- 
tide  differences  from the published sequences that 
have been found in other genes (SLIGHTOM, BLECHL 
and SMITHIES 1980; SToLLE et al. 1990; J. L. Slightom, 
personal  communication)  were also found in the ‘y- 
derived sequences 5’ to  the single y gene,  at positions 
558,  834  and  835 in Figure 6.  There were also four 
sequence  differences in the region  5’ to IVS 2  that 
have  not been found in other genes, at positions 
952,  969,  121 1 and  1642.  This  latter difference  pro- 
duces  a silent codon  change (a CTA instead of  the 
CTG seen in codon 32 in normal ‘7 and A~ genes). 

Differences in the Ay-derived  sequences in IVS 2 of 
the single gene in comparison to  the normal Ay gene 
are shown in Figure 7, and  compared  to published 
sequences from  the ‘7 and A-y genes of humans and 
other primates. This comparison revealed a number 
of differences. Most of these  differences, at positions 

631-632, 680,  712,  722, 755-756 and 760-761, 
have been observed in other published or unpublished 

gene sequences, some in Gy genes, and  others in Ay 
genes. Two of the sequence  differences, at positions 
308  and  866, have  not  been  found previously in other 

43,  78,  134, 188-189, 301, 311,  320-323,611-612, 

genes. 

The region 5’ to  the crossover in this single gene 
is largely ‘7-like (except  for some previously unre- 
ported changes). However, the sequence 3’ to the 
crossover, in IVS 2, has features  characteristic of  both 
‘y and y genes, in an  alternating fashion. A compar- 
ison of the sequence of IVS 2 of the F.M. single 7 
gene with sequences of human  and  other  primate 7 
genes was revealing. The complex patterns in this 
gene  differed  from the “canonical” G~ and se- 
quences  derived  from  human and gorilla y gene se- 
quences, particularly in the diagnostic simple sequence 
region in IVS 2 [the published chimpanzee and  or- 
angutan sequences are  not useful for this derivation 
as they have each undergone extensive gene  conver- 
sion  in IVS 2 subsequent to  the evolutionary diver- 
gence of the  great apes (SLIGHTOM et al. 1985, 
1987)l. 

Many of the unexpected  sequence  differences re- 
semble polymorphisms found in other genes  [for 
example,  nucleotides  found in IVS 2 positions 43, 78, 
and  134  of F.M. (Figure 7) are like those found in an 
Ay gene  reported by STOECKERT, COLLINS and WEIS- 
MAN (1  984)  and  the C at IVS 2 position 177 is found 
in two other y genes]. These will be  designated type 
A features. Other differences have only been  found 
in A-y genes  (for  example, the A at IVS 2 position 188 
and  the C at position 590), and these will be  designated 
type G  differences. Other  features were found in both 
‘7 and Ay genes  (for  example, IVS 2 positions 177, 
189,  206,224,  and  269  to 272), and will be indicated 
with a dot.  Others were  unique to this gene  (at IVS 2 
positions 308  and  866),  and will be called type X 
differences. The unusual sequence  features of IVS 2 
of the F.M. single y gene can then be summarized as 
follows: 

“y-(crossover)-AAA.G ....... X .... A..GAAG.AAA...X-Ay 

The overall pattern of the F.M. gene was  ‘7-like  in 
the region  5’ to  the  l-kbp region of identity where 
the crossover occurred.  In  the  region 3’ to  the cross- 
over,  the  pattern was characterized by first Ay-like, 
then  Gr-like sequences for several cycles before  ending 
up Ay-like at  the 3‘ end  of  the  gene  and in the flanking 
region. This single y gene has quite  an unusual array 
of nucleotide  differences as compared to  other y 
genes. However,  despite  these  differences, the cross- 
over  region in this single y gene can be identified as 
having  occurred within the 1 .O-kbp stretch of identity 
between the  parental ‘y and Ay genes  beginning  281 
bp  5’  to  the cap site and  ending in IVS 2. 

DISCUSSION 

There  are relatively few situations in higher  eukar- 
yotes in which the exact crossover points of germline 
recombinational  events can be  identified and in  which 
molecular details of the relevant crossovers can still 
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be  deciphered at  the nucleotide  sequence level by 
examining  the  recombinants. In lower organisms such 
as Escherichia coli coli,  Ascobolus  immersus and Saccha- 
romyces  cerevisiae (POTEETE and VOLKERT 1988; Ros- 
SIGNOL, PAQUETTE and NICKLAS 1978; SZOSTAK et a l .  
1983), genetic studies have been extremely successful 
in sorting out multiple recombinational pathways. In 
these organisms, homologous and nonhomologous 
events are probably the result of distinct mechanisms. 

It is reasonable to suppose that multiple recombi- 
national pathways also exist in mammals, where  events 
involving very short  stretches of homology might  be 
the products of either  the homologous or nonhomol- 
ogous recombinational pathway(s), or perhaps of 
other pathways. In some examples of large  deletions 
in humans, there is evidence for very limited stretches 
(up to 5  bp) of homology in the normal DNA at  the 
sites of the  deletion  endpoints  (VANIN et al .  1983; 
RULEY  and FRIED 1983;  HENTHORN et a l .  1986; GIL- 
MAN and  ABRAHAM  1987).  It may be  that such “ille- 
gitimate’’ recombinational events are  promoted by 
homologies, or that  these very short  regions of ho- 
mology reflect the way that  randomly  broken DNA 
sequences are  repaired. 

A few examples have been  presented in the earlier 
literature in  which duplications or deletions  were 
shown to involve recombination between regions with 
more extensive homology (SHEN et al .  198 1 ; MICHAEL- 
SON and  ORKIN 1983). In those situations it is difficult 
to avoid the conclusion that  the  recombination was in 
some way facilitated by the  region of homology. 
Events involving longer  stretches of homology might 
be  the  products of a specific homology-dependent 
pathway. 

Our understanding of recombination processes in 
higher  eukaryotes would be helped, for example, if 
we knew whether homologous but unequal crossing 
over events are  the  result of clean breakage and 
reunion of  DNA strands, or  are accompanied by in- 
sertions,  deletions or nearby  gene conversion events. 
We would  also  like to know what sequence  require- 
ments, if any, must be met in order  to allow homolo- 
gous crossovers to occur. Our data  provide some 
answers to these various questions. 

Evidence for a  possible  instance of unequal  cross- 
over  with  gene  conversion: There  are two possible 
explanations  for  the  observed unusual features in IVS 
2 of the single 7 gene, with alternating ‘7-like and A7- 
like sequences. The first possibility is that  the cross- 
over which produced this fusion gene  occurred as a 
simple event between chromosomes  that  already  had 
the unexpected  features. The second possibility is that 
these deviations from  the  nucleotide  sequence ex- 
pected from  a fusion of ‘7 and *Y sequences were 
produced by a series of gene conversions (and possibly 
point  mutations as well) as part of the homologous 

but unequal crossover event  that led to  the fusion. 
The pattern is strongly suggestive of a  “patchy”  gene 
conversion that could well be the consequence of the 
crossover event between a ‘7 and A~ gene  that  created 
the single 7 gene.  However, in the absence of a survey 
of normal 7 genes in the  Indian  population, we cannot 
formally rule  out  the possibility that this gene  conver- 
sion occurred  before or after  the time of the unequal 
crossover. It is rather interesting to  note  that in yeast, 
gene conversions occur  over  an  average of 300-600 
bp  from  the site of initiation of crossover events 
(STRUHL 1987;  ORR-WEAVER, NICOLAS and SZOSTAK 
1988),  and  therefore crossover-associated conversions 
over  the  length  observed in the F.M. single 7 cross- 
over are plausible. However, we emphasize that we 
found no evidence for such conversions associated 
with the  other six types of crossover events studied, 
so they are  not common associations. 

Evidence  for  independent origin of examples of 
homologous  unequal  crossover: In  order  to address 
the question of the distribution of crossover sites, it is 
necessary to first ask  how many independent recom- 
binational events are represented in our collection. 
The minimum number is six, since we have examined 
recombinant genes with  six different  structures: these 
are  the Lepore-Boston,  Lepore-Baltimore,  Lepore- 
Hollandia, Kenya, single 7, and 7 triplication fusion 
products.  However, in weighting the  contribution of 
the  structural analysis of each of these  gene types to 
our understanding of unequal homologous crossing 
over, it is necessary to consider  whether there  are any 
additional examples of independent events among  the 
many examples of Lepore-Boston genes that we ex- 
amined. 

At the nucleotide  sequence level, comparison of 
sequence  differences between two Lepore-Boston 
genes,  Sp14 and  R15,  the normal 6 and P genes, the 
Lepore-Baltimore and  the Lepore-Hollandia genes 
(Figure  5A) is strongly suggestive of the possibility 
that  the two Lepore-Boston genes may have arisen 
independently. For example,  although  the crossover 
positions of the two genes are identical, the Sp14 and 
R15 sequences differ at  three sites  in the region  5’ to 
the crossover, while the Baltimore and  R15 Boston 
sequences, which must have arisen from  independent 
fusion events due  to  their  different crossover sites, 
differ  at only two nucleotide positions in the same 
region. Therefore,  the flanking sequences of the two 
Lepore-Boston genes are no more closely related  than 
those of clearly unrelated  Lepore genes. Further- 
more, in the 3’  regions, the Sp14  gene has a haplotype 
that has not been described previously, such that at 
least one additional  recombinational or mutational 
event must be invoked to derive the observed pattern 
from any previously described haplotype. 

Other  support  for  the plausibility of independent 
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origins  for  Sp14 and R 15 comes from  population 
surveys that indicate that  the  Thai population is rela- 
tively distant, genetically, from  the  European  popu- 
lation (TRIANTIPHYLLIDIS, KOUVATSI and KAPLAN- 
OGLOU 1983; CAVALLI-SFORZA et al. 1988).  Further- 
more, it  has been shown that  the types of (non-Lepore) 
thalassemia mutations  found  among Thai individuals 
differ  from those of Europe as well as from  those of 
the geographically closer Chinese and  Indian popula- 
tions (LYNCH et al. 1988).  In  addition, it should be 
noted  that  the  unique p framework of the Sp14  gene 
is most similar to  the 3-Asian framework, which is not 
found in Mediterranean populations. There is no 
reason to suppose that  the  Lepore  mutations in Thai- 
land  differ  from the  other thalassemia mutations with 
respect to  independence of origin. The alternative 
explanation,  that  Sp14 and  R15  are descendants of a 
single unequal crossover, requires  that  the  Lepore 
gene  found in Thailand is the result of migration of a 
Lepore-carrying individual from  the  Mediterranean 
to Thailand, followed by interbreeding. There is not 
any historical evidence for such migration. Taken 
together, these observations make it likely, but  do  not 
prove,  that the Sp14 and  R15 genes were generated 
by independent crossover events. 

Consideration of the haplotypes of restriction site 
polymorphisms along  the  entire  length of the P-globin 
cluster in chromosomes  containing Lepore-Boston 
genes  (Figure  2) shows that  the Lepore-Boston genes 
are present on  at least six types of chromosomes. This 
sort of result has previously been  taken  as  evidence of 
independent  origin of identical mutations (ANTON- 

et al., 1984; KULOZIK et al. 1986;  NAKASHIMA et al. 
1990;  OKANO et al. 1990). 

Thus, while none of our observations  constitutes 
absolute  proof  that the Lepore-Boston crossover hap- 
pened  more  than  once in human  evolution, they can 
be  interpreted as indicating  that this event may have 
occurred as many as six times in the genes  ancestral 
to those in our collection. 

Longer  regions of identity  are  preferred for cross- 
ing over: Our data  indicate that  the unequal cross- 
overs  that we have studied  occurred in relatively large 
stretches of sequence  identity.  In order  to investigate 
the significance of this observation, we tabulated the 
distribution of sizes  of regions of identity  between the 
6 and /3 genes (Figure  8A). As shown by inspection of 
the  figure, this distribution is at least bimodal and 
possibly trimodal. We therefore  defined “long 
stretches” as all stretches in the middle and last peaks 
of the  frequency  distribution, namely, those  contain- 
ing  more  than  10  target crossover sites (1 O or more 
matching bases). “Short  stretches”  contain  fewer  than 
10 target sites. The number of sites in the  long cate- 
gory is 366  internucleotide  bonds  out of a  total of 

ARAKIS et d .  1982b; KAZAZIAN et d .  1984; PACNIER 

1299. The probability that all  of the  three certainly 
independent  Lepore crossovers occurred by chance 
in long stretches of identity is therefore  (366/1299)3 
= 0.022. We therefore  propose, as a  working hypoth- 
esis, that homologous unequal crossing over occurs 
preferentially in long  stretches of identity. 

Two additional instances of unequal crossover be- 
tween the 6 and /3 genes have been studied previously 
by sequence analysis. The crossover event leading to 
the p-6 fusion P-Nilotic occurred in a  54-bp  region of 
identity in Exon 2  (LIU et al. 1987). The crossover 
that  produced  the p-6 fusion Miyada occurred in a 14- 
bp  region of identity in IVS 1 (KIMURA et al. 1984). 
These results are in agreement with our hypothesis 
that longer  stretches of identity are  preferred. 

We performed  a similar analysis for  the Ay-p Kenya 
crossover. As shown in Figure  8B,  the  distribution of 
numbers of targets in stretches of identity of particular 
lengths is again bimodal or possibly trimodal. The 
number of target  internucleotide  bonds in stretches 
of identity greater  than 10 in  size (the middle and last 
peaks) is 155  out of a  total of 1390 internucleotide 
bonds. The probability that  a crossover between 
and p would occur in a  long  region of identity on  the 
random hypothesis is therefore  (155/1390) = 0.11. 
Combining the two probabilities for the  Lepore  and 
Kenya crossovers gives an overall probability for  ran- 
dom crossover of 0.0025. If, as we have argued,  the 
Lepore-Boston Thai crossover class is also an  inde- 
pendent  event,  the overall probability that  the ob- 
served  results would have been  obtained assuming 
random crossover sites is 0.00069. We therefore con- 
clude that  longer  uninterrupted stretches of identity 
are  preferred as crossover targets in homologous un- 
equal crossing over. 

Analysis  of the Ay-Gy (single 7) and ‘ y A y  (y tripli- 
cation) crossovers does  not  contribute  much  to this 
aspect of our work. As shown in Figure  8C,  over 99% 
of the  target  internucleotide  bonds  for  recombination 
are in larger  stretches of identity.  However,  note  that 
in both cases the crossover occurred in the largest 
available region of identity. Also  in one  additional 
example of crossover between the y genes, the y 
triplication studied by LIU et al. (1988),  the crossover 
occurred in a 73-bp region of identity  400  bp 5’  to 
the cap sites of ‘7 and Ay. Since the homology between 
the two y genes is considerably reduced 5‘ to this 73- 
bp  region, our conclusions are fully consistent with 
this example as well. 

Recombination  frequencies: A possible extension, 
not directly addressed in this investigation, to  our 
conclusion that  longer  stretches of identity are pre- 
ferred is that  frequency of homologous unequal cross- 
over is likely to be positively correlated with the 
lengths of the  shared sequences. Support  for this 
possibility comes from  the increasing numbers of re- 
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FIGURE 8,"Distribution of regions of identity between nonhomologous globin genes. A, 6 us. /3. The numbers of internucleotide bonds 
within and next to regions of identity of particular lengths between the 6 and /3 genes were tabulated (see text) and  are illustrated with open 
bars. The number of internucleotide bonds i n  stretches of nomidentity of any length is shown  with a hatched bar. Sequences are from PONCL 
et a/. (1  983). Crossover regions of  the applicable lengths for the Lepore-Hollandia, Lepore-Baltimore, Lepore-Boston, P-Nilotic and Miyddd 
crossovers are indicated with arrows. B, Distribution of regions of identity between *Y and 8. Sequences are from SLIGHTOM, BLECHL and 
SMITHIES (1980)  and PONCZ et al. (1983). The crossover region for  the Kenya crossover is indicated with an arrow. C, Distribution of regions 
o f  identity between "7 and A7. The crossover region for the single 7 and 7-triplication crossovers is indicated with an arrow. Sequences are 
from SLIGHTOM,  BLECHL and SMITHIES (1980). 

ports of chromosomes resulting  from  unequal cross- single a, triple a and  quadruple a globin gene  arrange- 
overs between tandem  genes with extensive identity ments (GOOSENS et al. 1980; PHILLIPS et al. 1980; 
in various human  population. Many  of these  events HIGGS et al. 1980,  1984; LIE-INJO, HERRERA and KAN 
result in different  structures,  and are  therefore of 1981; DOVER et al. 1987; EL-HAZMI 1987; Gu,  LAND- 
independent  origin. Some examples are  the single 7, MAN and HUISMAN 1987; HENNI et al. 1987; AKER- 
triple y, quadruple y and  quintuple y configurations MANN et al. 1990; NAKASHIMA et al. 1990), the single 
(TRENT et al., 198 1, 1986; NAKATSUJI et al. 1986; <-, triple <- and  quadruple <-globin gene  arrangements 
HILL et al. 1986; SHIMASAKI AND IUCHI 1986; SHIMIZU (WINICHAGOON et al. 1982; HILL et al. 1986; TITUS, 
et al., 1986; DAENEN et al. 1987; FEI et al. 1988), the HSIA and HUNT et al. 1988), and  the multiple Hpr 
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genes (MAEDA et al. 1986).  Such examples do not 
prove  that nearly identical genes are  more subject to 
unequal crossing over, because the frequencies have 
not been directly measured,  but are an indication that 
it may be  the case. 

Homologous recombination studies in other sys- 
tems: Considerable  attention has been given to char- 
acterizing homologous recombination  events  both i n  
vi tro and in  v ivo in recent years with one  area of  special 
interest being the  amount of homology required in 
the recombining molecules. Although the E.  coli re- 
combinase Rec A has been  observed  to  promote  branch 
migration through regions of considerable  heterology 
in   v i t ro  (BIANCHI and RADDING 1983), studies on 
recombination in E .  coli (WATT et al. 1985;  SHEN  and 
HUANG  1986)  and bacteriophage T 4  (SINGER et al. 
1982) show that  a  region of identity of about 30 bp 
between the recombining molecules is required  for 
efficient homologous recombination, and  that even a 
1-bp mismatch in this region substantially reduces the 
recombination efficiency (WATT et al. 1985;  SHEN  and 
HUANG  1986; SINGER et al. 1982; KITTS and NASH 
1987).  SHEN  and  HUANG  (1986)  referred  to this re- 
quired minimum amount of homology as the mini- 
mum efficient processing segment (MEPS) for each 
system. 

Other studies have concluded  that  recombination 
systems will tolerate  considerable  heterologies  (PEAR- 
SON and FOX 1988);  however, the efficiencies are 
considerably reduced.  A  requirement  for MEPS has 
been  observed in mammalian cells  in plasmid-plasmid 
recombination  experiments  (RUBNITZ and  SUBRAMANI 
1984;  AYARES et al. 1986), as well as  for  recombina- 
tion between chromosomally inserted plasmids and 
native chromosomal genes  (LISKAY, LETSOU and 
STACHELEK 1987;  WALDMAN  and LISKAY 1988). The 
consensus of these studies indicates that  approxi- 
mately 200 bp of uninterrupted identity are required 
for efficient recombination in mammalian cells. As in 
the prokaryotic  studies, mismatches (i .e.  shorter 
stretches of identity)  appear to reduce efficiencies. 

In an interplasmid recombination  experiment, 
using monkey cos cells, GOMEZ-PEDROZO, Hu  and 
SHEN (1 988)  found  that  a majority of crossovers be- 
tween two a-globin  gene  fragments  occurred in the 
largest available regions of identity. These regions 
were 339  and  435  bp in length. One crossover ob- 
served in this study occurred in a  5-bp  region of 
identity,  bounded by more extensive regions of iden- 
tity. Events of this sort  are not  surprising, as mis- 
matches may greatly reduce  the efficiency of branch 
migration,  but  not interrupt it in every case. N o  gene 
conversions were observed in  seven recombinants 
studied by these authors, who suggest that  regions  of 
identity are  preferred in unequal crossing Over  in 
cultured  primate cells. 

A number of studies of sequences resulting  from 
homologous recombination in mammals in   v ivo  have 
been reported. Although the fluctuation tests neces- 
sary for  measurements of MEPS values are not prac- 
tical  in these systems, it is of interest to compare  the 
lengths of the identity regions in  which crossovers 
have been observed. Analysis of mouse strains with 
variant  major histocompatibility loci by KOBORI et al. 
(1986) revealed that crossovers occurred  either in a 
4 10  bp  identity  region  (one  example) or in a 1-kbp 
identity  region (three examples). 

Several examples of unequal crossing over in hu- 
mans between homologous genes other  than the glo- 
bin genes have been  presented in recent years. LYONS, 
STEIN and SMITHIES ( 1  988)  presented evidence from 
studies of human proline-rich protein  genes  for  intra- 
genic unequal crossing over  that is highly sensitive to 
reduction in lengths of sequence  identity.  These in- 
vestigators observed 20 unequal crossover variants in 
PRB loci  which contain highly homologous 36-bp 
repeat  units,  but only one unequal crossover in a  PRH 
locus, which has shorter identity regions than  the PRB 
loci. NEITZ,  NEITZ and JACOBS (1989)  examined  a 
fusion gene  that  produces  red-green color-blindess, 
and showed that it resulted  from crossing over in a 
11 3-bp region of identity between two visual pigment 
genes. ZIMRAN et al. (1990) showed that  the  mutation 
in a case  of Gaucher disease was a fusion of the 
glucocerebrosidase gene and its pseudogene, i n  a 339- 
bp  region of identity between the two genes. Crossing 
over in 26-bp regions of identity between Alu repeats 
have also been reported  (LEHRMAN et al. 1987; MAR- 
KERT et al., 1988). Our findings are consistent with  all 
of these  observations of crossing over i n  relatively 
large  regions of identity. 

An increasing body of experimental  data [see, for 
example, ABASTADO et al. (1987)  and  WALDMAN  and 
LISKAY (1987,  1988)l  support  the  inference  that ho- 
mologous recombination in   v ivo  initiates preferentially 
in regions of sequence  identity, and  that  branch mi- 
gration  proceeds, until a  region of divergence in the 
interacting molecules is reached,  at which point reso- 
lution of the crossover occurs. The recombination 
event will usually resolve at this point within the 
identity  region. Resolution may occur within the 
neighboring  region of decreased homology, with the 
probability of the  latter  occurrence in some inverse 
proportion  to  the  degree of divergence. Our sequence 
studies of the  products of homologous unequal cross- 
overs in humans are readily understandable in these 
terms. 
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