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ABSTRACT

DNA sequence comparisons of a 1200-base pair (bp) region in 14 human fetal
globin genes in seven linked pairs reveal 31 nucleotide substitutions at positions
where the fetal globin genes, G, and A,, usually differ. In each case, the newly
substituted nucleotide is identical to the one found at the same position in the
linked nonallelic gene. Most of these nucleotide substitutions are clearly the
result of gene conversions, but 11 could be the result of either very short gene
conversions or of point mutations. The unexpectedly frequent occurrence of
these short gene conversions suggests that they may be the relics of some normal
interaction between homologous but nonallelic DNA sequences, and we discuss
the possibility that they result from interactions occurring between homologous
sequences during the process of meiotic chromosome pairing.

ENE conversion, the nonreciprocal transfer of DNA sequence information
from one DNA duplex to another, was first observed as the non-Men-
delian segregation of the products of a single meiosis in fungi. Since the initial
observations, genetic and molecular analyses in fungi have demonstrated con-
versions of the whole or portions of genes by allelic genes and by related but
nonallelic genes (JACKSON and FINK 1981; KLEIN and PETES 1981; PETES and
FINK 1982; KLAR and STRATHERN 1984; KLEIN 1984).

The first molecular evidence for gene conversions in higher eukaryotes was
provided in 1980 by SLIGHTOM, BLECHL and SMITHIES (1980), who analyzed
the DNA sequences of three human fetal globin genes from one individual
and showed that part of the DNA sequence in one of the fetal globin genes
had probably been replaced by the corresponding region of the linked but
nonallelic fetal globin gene. All of the features of this unusual DNA sequence
arrangement were consistent with the molecular models of gene conversion
that had already been proposed to account for the genetic observations of gene
conversion in fungi (HOLLIDAY 1964; MESELSON and RADDING 1975).

Additional molecular evidence for gene conversion in higher eukaryotes has
since been reported. These additional examples of gene conversion occur be-
tween the duplicated DNA sequences of small gene families, including mem-
bers of the a- and B-type globin gene clusters (LIEBHABER, GOOSSENS and KAN
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1981; MIcHELSON and ORKIN 1983; Hardison and MarcoTr 1984), the im-
munoglobulin gene family (BENTLEY and RaABBITTS 1983), the human hapto-
globin gene family (N. MAEDA, personal communication) and the gene family
encoding the mouse histocompatibility genes (SCHULZE et al. 1983; WEISS et al.
1983; MELLOR ¢t al. 1983). Several other gene conversions between fetal globin
genes in human (STOECKERT, COLLINS and WEISSMAN 1984), gorilla (ScoTT et
al. 1984) and chimpanzee (]J. SLIGHTOM, personal communication) have also
been observed.

The human fetal globin genes are an excellent system in which to look for
additional examples of gene conversion because of the nature of these two
genes. The two human fetal globin genes, G, and A,, are the result of a 5-
kilobase pair (kbp) tandem duplication estimated to have occurred about 35
million years ago (SHEN, SLIGHTOM and SMITHIES 1981). The genes themselves
consist of three exons interrupted by a small 5" intervening sequence (IVS1)
and a larger 3’ intervening sequence (IVS2). The coding regions of the two
genes differ by only a single nucleotide located in the third exon within the
triplet coding for a glycine residue in the 5° gene (G,) or an alanine residue
in the 3’ gene (A,). The nucleotide sequences of the two genes differ by about
3% within their large intervening sequences, whereas over most of the non-
transcribed regions, the present-day copies of the duplicated region differ by
an average of 14% (SHEN, SLIGHTOM and SMITHIES 1981). The structures of
the two genes are so similar that it appears unlikely that any strong evolution-
ary selection would exist either for or against gene conversion between them,
except, perhaps, in the 5’ flanking regions. In addition, because of the high
degree of homology between these two genes, gene conversion will be unhin-
dered by regions containing extensive sequence differences. Consequently,
gene conversions may be detected in this particular gene pair that might be
lost by unfavorable selection or be prevented by extensive sequence differences
in other genes.

In order to explore further the incidence of gene conversions between the
human fetal globin genes, we chose to compare regions including the large
intervening sequence, the third exon and some 3’ flanking DNA in the 14
paired genes of seven chromosomes. This particular region of the fetal globin
genes was chosen for detailed study because previous work has shown that the
large intervening sequences and the 3’ flanking regions of globin genes are
poorly conserved during evolution (EFSTRATIADIS et al. 1980), so that selective
forces are not likely to play a great role in determining acceptable mutations
within much of the region we have studied. Some of the chromosome pairs
were selected for study because we already had evidence indicating that they
might have been involved in gene conversions. Other pairs were from ran-
domly selected chromosomes. Our comparison has revealed several new ex-
amples of gene conversions between the human fetal globin genes. The relative
ease of detecting these gene conversions, and their lengths (most are short),
suggests to us that they may be the result of some general cellular process;
and we discuss the possibility that these short gene conversions may be by-
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products of the normal interactions occurring between homologous sequences
during the process of meiotic chromosome pairing.
pairing

MATERIALS AND METHODS

DNA preparation: Large molecular weight DNA was prepared from fibroblasts by
the method of BLATTNER et al. (1978) or from peripheral blood leukocytes by the
procedure of PoNcz et al. (1982).

Cloning the linked fetal globin genes: Cloning into bacteriophage vectors, and sub-
cloning into plasmid vectors, was performed essentially as described by POWERS et al.
(1984).

DNA sequencing and analysis: DNA sequence analysis was performed as described
by MaxaMm and GILBERT (1977), using the modifications of SLiIGHTOM, BLECHL and
SmITHIES (1980). The nucleotide sequences of all of the regions that differ between
the genes were determined at least twice. Nucleotide sequences were analyzed using
software provided by the University of Wisconsin Genetics Computer Group (DEVER-
EUX, HABERLI and SMITHIES 1984).

RESULTS

DNA sequence analysis: The nucleotide sequences of 1176 bp of DNA,
which includes the approximately 900-bp large intervening sequence (IVS2),
the third exon and some 3’ flanking DNA, were determined for both v genes
from four different chromosomes. These four chromosomes were chosen be-
cause each contained some feature already suggesting gene conversion events.
Two of the chromosomes (CG and MP) had both fetal globin genes of the G,
variety, in the arrangement G.-G,, and one (AR) had both fetal globin genes
of the A, variety, in the arrangement A,-A,. These chromosomes had been
characterized in an earlier study (POWERS et al. 1984), in which we had also
shown by DNA sequencing that the coding sequences of two of the unusual
genes, the 5 A, gene of AR and the 3’ G, gene of MP, differed from their
normal counterparts by a nucleotide substitution that could be the result of
either a gene conversion or of a single nucleotide replacement. The fourth
chromosome (HG3) in the present study was obtained as a cosmid clone pro-
vided by FRANK GROSVELD (GROSVELD et al. 1981). The fetal globin gene
region in this cosmid has the usual G,-A, arrangement of fetal globin genes,
but we selected it for study after we had determined that the polymorphic
Hindl1l1l restriction site within IVS2 was present in both of its v genes. JEFFREYS
(1979) had originally discussed the possibility that this arrangement of poly-
morphic HindlII restriction sites in the large intervening sequence of the fetal
globin genes might be the result of a gene conversion.

Previously determined sequences of the linked vy genes from three additional
human chromosomes were combined with the four chromosomes described
above to make our analysis more comprehensive. Two of these previously
described chromosomes, 563A and 563B, were the chromosomes A and B of a
single individual, 563, already studied extensively in our laboratory (SLIGHTOM,
BLECHL and SMITHIES 1980; SHEN, SLIGHTOM and SMITHIES 1981; J. L. SLIGH-
TOM, S. SHEN and O. SMITHIES, unpublished data). The third previously de-
scribed chromosome, which we refer to as HbS, was originally studied by
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FIGURE 1.—The nucleotide sequence of a normal 5" G, gene. The 1176 bp of DNA sequence
representing the 3’ end of the second exon, the large intervening sequence, the third exon and
the 3’ untranslated region is shown here for the G, gene from chromosome HG3. Gaps, repre-
sented by dots, were introduced to maximize the alignment of the nucleotide sequences of the 14
v genes considered in this study. The amino acids encoded by the exons are printed above the
sequence. Variable positions shown in Figure 2 and discussed in the text are underlined. Boxes
mark the locations of the polymorphic HirdIIl recognition sequence (present in the large inter-
vening sequence of this gene) and of the PstI recognition sequence (present in the third exon of
A, genes). The region of simple sequence DNA is overlined with a dashed line. An asterisk marks
the site of the single coding region difference between G, and A, genes. Ter is the terminator
codon. The poly(A) addition signal is underlined twice.

STOECKERT, COLLINS and WEISSMAN (1984), who determined the sequences of
the large intervening sequence of the G, and A, genes linked to a B8-globin
gene with the sickle cell mutation (8% ¢" =~ V#).

Figure 1 presents the nucleotide sequence of the relevant region of one of
the genes that we sequenced (the G, gene from chromosome HG3) for refer-
ence and as a key to our numbering system. Figure 2 presents a compilation
of all of the nucleotide differences in the sequences that we have determined,
together with those in the other available human fetal globin gene sequences.
Nucleotides at the tabulated positions in the sequences of the gorilla G, and
A, genes (SCOTT et al. 1984) also are included.

Inspection of the data shows, as expected, that at many of the variable
positions (e.g., positions 657, 658, 680 and 692) all of the 5’ v genes differ
from all of the 3’ ¥ genes. Such differences are simply interpreted as nucleo-
tide substitutions that have accumulated since the two linked fetal globin genes
last shared a common ancestor. At a number of positions (e.g., positions 363,
788 and 1057-1060) this pattern is disturbed by the single occurrence in either
the 5’ or 3’ ¥ gene of a nucleotide or group of nucleotides characteristic of
the other nonallelic gene. Such variations could either represent gene conver-
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563 TACGTGCCTIT TR CCTAGATICG A G GTITETE A6 TG CAGC AAAGGETGAGTCACEAAGGE T T TG
L) ATACGKTGCCITT TG CCTAGATICARGT TIETE M TG CAGCAMAGGTGEACTCACEARGG T T TG
HEX ATACETGCCTITTECCTAGATIC AAG TG TEYGTTICIC AG TG CAGC MM AGS TGAGTACGOAGGTTTG
<6 ACETGCCTTT TG CCTAGATTCAG C TEIGTITETE AG T 6 CAGC AR A G TTAAGTCACGPAGGTT TG
HbS ATACET GCCTIT T 6 C CTA € ATTC A & C TGAG' TEITTETE AG T6 CAGC MMAGE 66
~» CETECCTITTETCLTAGATTCAAG TETETETGTG GIGTTTETE A TE CAGC MM AGGEGAGTIACG®AGE T T TG
Sé3e ATGCATGCCTTT TS TCTAGATICAAS TG CTCGTTTETE AG T 6 C A GC M AGECEAGTCAL 62 AGET*TG

¢orilla ATACGETATCITTTETCTAGATTCAAG

CTETGTTTETE A TE CAGC MM AG GG GAGTCACTOAGGT® TG

5638 ATACGTECCTITY TR CCTAGATTC G A G TCCAGETERE GGEEEACCICTTAGATLCT LA
AR ATACGT G CCITY Y6 CCTA G ATTC 6 A G T6TG GTETETETE TC C A G 6 TE 66 6 6 6 G G A CCTCT YR G AT CT LA
HE3 CEGTYETATCIIT CAYTCAG *uéx G A G 6CeC! GTE TC CACGETE G 66 G TEACTCACTAGATC T LA
[ TETACCIGT C AT TCE T s GA G GCGCECETETETE TC C A C G GL MM 6 TG R G AGCLICTTASATCCT A
HoS CHEGTGETACCIGT CATTCE Towde GAG T GTGTE TC CACGGC AAAGG6E C

L TEC AT onen L AT TCAG #oew § A G ¢! GIBTE TC CAC G TE G G A6 66 CGCTCTYAGATCTCA
s638 CTEGTY G AT e CAT TCA G #o%n G A G 6C TETET6 TC CA L G TG GE 6 ARG 6 GACCICYTAGATCTCA
Gorilla CTATGTACCITT CAT YCA G #sen A AG TCCACGGE MEGEEGACLIICTTAGATCTCA

FIGURE 2.—Summary of the comparison of the ¥ gene sequences. The nucleotide differences
between the 14 DNA sequences studied are tabulated. Numbers in vertical orientation give the
nucleotide coordinates as shown in Figure 1. The DNA sequences of both vy genes from chro-
mosomes 563A, 563B, AR and HG3 extend from position 1 to 1176. The DNA sequences of the
5" G, gene from chromosome CG extend from position 120 to 1176. The DNA sequences of
both vy genes from chromosome MP and the 3" G, gene from chromosome CG extent from position
146 to 1176. The DNA sequences of both y genes from chromosome HbS extend from position
1 to 975. Gaps, represented by the symbol *, were introduced to maximize the alignment of each
sequence. Positions left blank represent those at which the DNA sequence was not determined.

sions of one ¥ gene by another or could be the result of mutations which
mimic gene conversions.

Evolutionary tree of the seven human chromosomes: In order to analyze
these data in more detail, we first constructed an evolutionary tree for the
seven human chromosomes under investigation, using the combined 5’ and 3’
v DNA sequences (Figure 3). We used the following system to score the
number of mutational events, and we constructed the tree in order to minimize
this score. Each nucleotide substitution was scored as a single event, except
where a reasonable case could be made for several nucleotides being changed
at once, such as at positions 1057-1060 where all the 5" v genes have the
contiguous nucleotides TCAC which differ from the nucleotides CTCT at the
same positions in most of the 3’ v genes. In the region of simple sequence,
which extends from positions 591 through 658, there are a few instances of
single nucleotide substitutions (e.g., at position 640 in the 3" vy gene of chro-
mosome HbS), but the majority of differences are changes in the numbers of
(TG). or (CG), doublets. Each change in either m or n was scored as an
independent event unless more than one change could be achieved by a single
mutation, such as a deletion. Other deletions or insertions of contiguous nu-
cleotides were scored as single events. The sequences of the gorilla G, and A,
genes (SCOTT et al. 1984) were used in determining the root of the tree and
in assigning the most likely sequence for the last common ancestor of the
human chromosomes.

Using the ANCSTR program supplied by WALTER FITCH of the University
of Wisconsin, we obtained two different trees, each with the same minimum
number of mutational events. These two trees differ only in the placement of
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B3 272,311,317
574, 592, 811

M
Gorilla 5638

FiGURE 3.—Evolutionary tree of the seven chromosomes. An evolutionary tree was constructed
using the human DNA sequence data shown in Figure 2. The nucleotide sequences from the
gorilla G, and A, genes (SCOTT et al. 1984) were used to help establish the root of the tree. The
mutational events, including gene conversions, single nucleotide changes and length differences,
were scored as discussed in the text. The length of the branches of the tree are proportional to
the number of mutational events that were placed along each branch. The approximate placement
of each mutational event was recorded on the tree. Each mutational event resulting in a nucleotide
substitution is identified by its category (see Figure 4) and by its location in the same nucleotide
coordinates, as in Figures 1 and 2. Length differences in the region of simple sequence for each
gene are identified by the symbol S, 5’ if it occurred in the 5" ¥ gene or 3’ if it occurred in the
3’ 4 gene, and the minimum number of mutational events necessary to account for each length
difference. Those mutational events that could be placed in one of two branches were recorded
in both branches as half an event. The mutational events of category Al are underlined. An arrow
marks the alternative placement (discussed in the text) of the branch leading to chromosome HG3.

chromosome HG3. Figure 3 shows the tree that placed chromosome HG3 on
the branch leading to chromosomes AR and 563A. The other tree places chro-
mosome HG3 on the branch leading to chromosomes HbS and CG. This alter-
native placement of chromosome HG3 is shown by an arrow in Figure 3; it
does not alter any of our conclusions.

The evolutionary tree presented in Figure 3 records the approximate place-
ment of each of the observed mutational events in the 14 kbp of DNA se-
quence considered in the study of these seven chromosomes. A few instances
were encountered during construction of the tree where a mutation at either
of two positions was equally compatible with the data. In such cases we scored
the event as half an event at each of the two locations. A minimum of 50
mutational events have occurred since the last common ancestor of these seven
human chromosomes. The tree shows no evidence for the occurrence of any
single crossover events in the region between the two genes in any of the
chromosomes, in that the same basic tree is obtained if the 5’ and 3’ v genes
are treated independently. '

Categories of mutational events: We divided the types of mutational events
into a total of six categories, comprised of two main divisions each containing
three subdivisions, as shown in Figure 4. The two main divisions are: (A)
mutational events at positions where the human 5" and 3’ y genes usually
have different sequences and (B) mutational events at positions where the genes
usually have the same sequence. The subdivisions are: (1) mutations that can
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FIGURE 4.—Categories of mutational events. The nucleotide replacements within the DNA
sequences of the 14 y genes are divided into two main divisions: (A) mutational events at positions
where the 5’ and 3’ vy genes usually have different sequence; (B) mutational events at positions
where the 5" and 3’ y genes usually have the same sequence. Three subdivisions were made of
the events within the two main divisions (A and B): (1) mutations that are most easily explained
as the result of gene conversions, (2) mutations that are either the result of gene conversions or
of single nucleotide changes, and (3) mutations that cannot be explained as the result of gene
conversions. The nucleotide coordinates of each mutational event are given at the top of the figure
in vertical orientation. The six categories of nucleotide replacements are shown. In each category,
the mutational events occurring in the 5’ v genes are shown above the dashed line, and those
occurring in the 3’ v genes are shown below the dashed line. For each mutational event, the
original nucleotide(s) is shown closer to the dashed line and the substituted nucleotide(s) is shown
further from the dashed lines, with the direction of the nucleotide change designated by an arrow.
Because the A2 mutational event at position 1020 and the B3 mutational event at position 1168
each occurred twice, they are marked with the number 2. The large horizontal bracket encloses
the 14 linked nucleotide substitutions associated with the long gene conversion described originally
by SLIGHTOM, BLECHL and SMITHIES (1980).

be interpreted to be the result of a transfer of nucleotides between two vy
genes by gene conversion, but cannot be accounted for by either a single
nucleotide change or by the deletion or addition of a random number of
nucleotides (i.e., by a number different from that already observed at the same
position); (2) mutations that can be accounted for either by a gene conversion
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or by a single nucleotide change; and (3) mutations that cannot be accounted
for by a gene conversion between any human y-globin genes of known se-
quence.

We observed four mutational events in the Al category, which consists of
those cases where the data are difficult to explain except by a gene conversion
that has transferred sequences from one vy gene to another. One of the four
is the long gene conversion (nucleotide positions 1 through 323), first described
in the A, gene of chromosome 5634 by SLIGHTOM, BLECHL and SMITHIES
(1980). We found a second example of this gene conversion in the 3’ A, gene
of chromosome AR.

The second Al-category event occurred in the common ancestor to chro-
mosomes HbS and CG and resulted in the apparent transfer of the nucleotide
pairs GC (positions 755-756) and AA (positions 760-761) from a G, gene to
the A, gene of this common ancestor. Other interrelated changes are present
in this region of chromosomes HbS and CG that make it impossible to give a
completely unambiguous description of the mutational history of the region.
The nucleotide at position 1020 in the 3’ v gene of chromosome CG is a G,
which is characteristic of G, genes, whereas the nucleotide at position 788 is
G, which is characteristic of A, genes. Similarly, the 3" A, gene of chromosome
HbS contains the G,-like nucleotide A at position 788 and the A,-like nucleo-
tide C at position 1020. The data can be explained by the occurrence of at
least one Al-category gene conversion, extending a minimum of seven nucleo-
tides (from positions 755 through 761) or a maximum of 344 nucleotides (from
positions 713 through 1056), plus the substitution of at least one additional
nucleotide either at position 788 in the 3’ G, gene of chromosome CG or at
position 1020 in the 3’ A, gene of chromosome HbS. The additional nucleotide
substitutions at position 788 or position 1020 are both category A2 events;
that is, they could be due either to a gene conversion or to a nucleotide
substitution that mimics a gene conversion.

The third Al-category event resulted in the apparent transfer of the nu-
cleotides TCAC at positions 1057-1060, normally characteristic of G, genes,
to the A, gene of chromosome HG3. Chromosome HG3 was selected for study
because it has the polymorphic HindlIII site in the IVS2 of both of its v genes,
an arrangement that makes it a candidate for having a gene conversion. This
HindIII (+ +) haplotype is the result of the replacement of a G by a T at
position 844 in the 3’ v gene, and it is located 210 bp away from the sequence
TCAC at positions 1057-1060. The introduction at the T at position 844 and
of the sequence TCAC at positions 1057-1060 could both be the result of a
single event. If this is true, then it was probably a “patchy” gene conversion,
because the 3" y gene in chromosome HG3 has a C at position 1020; therefore,
it is still an A, gene. Alternatively, the event leading to the T at position 844
could have occurred independently of the event leading to the sequence TCAC
at positions 1057-1060. In either case, the sequence TCAC in the A, gene of
chromosome HG3 is extremely difficult to explain, except as the result of a
gene conversion involving a minimum of four nucleotides (positions 1057-
1060) and a maximum of 282 nucleotides (positions 789 through 1070).
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The fourth Al-category event is the insertion of an A at position 1109 in
the G, gene of the common ancestor of chromosomes 5634 and AR, making
these two G, genes like A, genes at this position. This addition is readily
accounted for as the consequence of a gene conversion of up to 60 nucleotides
in length (positions 1072 through 1131). However, because the molecular
mechanisms responsible for the addition or deletion of single nucleotides are
not completely understood, we cannot exclude the possibility that local DNA
sequences may have facilitated the addition of this nucleotide in some unrec-
ognized way.

Seven examples of mutational events of category A2 were observed, i.e., the
replacement of a single nucleotide in one v gene by the nucleotide that is
present at the corresponding position in the linked y gene. Three of these
nucleotide substitutions occurred at position 1020, in the 5 A, gene of chro-
mosome AR and in the two 3’ G, genes of chromosomes CG and MP. These
three transversions were selected by us because of our choice of chromosomes.
The remaining four A2-category nucleotide substitutions at positions 134, 224,
363 and 788, all transitions, were not selected by us. We have no direct means
of determining whether these replacements are due to gene conversions or to
nucleotide changes that mimic gene conversions. However, we present below
statistical arguments indicating that the latter explanation is very unlikely to
account for all seven A2-category nucleotide substitutions.

No mutational events of category A3 were found, i.e., no instances were
found where a nucleotide at a position where the 5" and 3’ v genes differ was
replaced by a nucleotide different from the one at the same position in either
gene. There are at least two possible explanations for our finding seven nu-
cleotide substitutions in category A2 and none in category A3. It is possible
that the only viable nucleotides at the relevant positions are the two already
observed in either the G, or A, genes. The three examples of nucleotide
substitutions at position 1020 within the coding region may be, in part, expli-
cable in this way. This explanation is unconvincing, however, for the other
four positions at which we have identified A2 mutational events. All of these
positions lie well within the large intervening sequence and, thus, are unlikely
to be subject to much selection. The other possibility is that short gene con-
versions between the two fetal globin genes actually occur more frequently
than do random nucleotide substitutions. This latter explanation is favored by
the statistical arguments presented below.

We found no unequivocal examples of category Bl mutational events, i.e.,
examples of putative gene conversions at positions where the G, and A, genes
usually have the same sequence. This is not surprising because, in order to
meet the criteria that we have set, the putative gene conversions would have
to include at least two positions. Furthermore, to be scored in category Bl,
these substitutions would have to occur in a branch of the tree at such a
position that the event would be recognized, and not merely cause the tree to
be rearranged slightly.

Two examples of category B2 mutational events were observed, i.e., nucleo-
tide substitutions at positions where the G, and A, genes are usually alike that



352 P. A. POWERS AND O. SMITHIES

might be due to gene conversions or to nucleotide substitutions mimicking
gene conversions. One of the two examples was preselected by our initial
choice of chromosomes; it is a change from G to T at position 844 that results
in the presence of a polymorphic HindIII site in the A, gene of chromosome
HG3. The other B2 mutational event was not preselected, but is also a change
at position 844 that causes the T at position 844 in the 5’ v gene of the
common ancestor of chromosomes 563A, AR, HG3, HbS and CG to be replaced
by a G in chromosome HbS.

The coincidence of our finding an unselected B2 event in the G, gene of
chromosome HbS at position 844, where we had already observed several other
preselected events, requires comment. We have found three short Al-category
gene conversions, four unselected A2-category mutations and the unselected
B2-category mutation involving position 844. The probability that one of these
eight possible gene conversions would overlap a specific nucleotide is >0.1 if
the average length of the gene conversions is only 16 nucleotides. Thus, the
coincidence of finding a possible unselected gene conversion at position 844,
where we also observed preselected events, is not unexpected. The DNA se-
quence surrounding this particular B2 mutational event provides additional
support for the suggestion that this nucleotide substitution arose as the con-
sequence of a gene conversion. The closely related 5’ G, genes of chromo-
somes HbS and CG differ by three residues within a region of only 13 nucleo-
tides. A single gene conversion of either of these G, genes by an unidentified
donor v gene could account for this cluster of differences.

Category B3 is by far the largest category, i.e., nucleotide substitutions or
length changes, occurring at positions where the G, and A, genes usually have
the same sequence, that cannot be interpreted as gene conversions. There are
22 such events; ten are transversions, nine are transitions and three are length
differences. Two different nucleotide substitutions occur at one position (po-
sition 837 of the 3’ y genes) in two different branches of the evolutionary
tree. A coincidence of this type is to be expected (P = 0.16) if 19 nucleotide
substitutions are distributed randomly among the not more than 962 positions
(see discussion below) at which replacements are likely to occur without neg-
ative or positive selection [1/962 + 2/962 + --- + 18/962 = 0.16]. Also
included in category B3 are two instances of a length difference of a single
nucleotide at position 1168. The 5’ v genes of chromosome 563B, of gorilla
(ScoTT et al. 1984) and of chimpanzee (J. SLIGHTOM, personal communica-
tion), all lack the T at position 1168. It appears that there is no T at position
1168 in the ancestral 5 v gene. Hence a T must have been independently
inserted in the 5" v gene of chromosome MP and in the 5 y gene of the
common ancestor of chromosomes 5634, AR, HG3, CG and HbS. This partic-
ular length difference results in a run of either seven or eight T residues;
therefore, it is not surprising to find it occurring more than once.

Statistical considerations of the category A2 events: We investigated statis-
tical arguments to help decide whether the observed events of category A2
are due to nucleotide substitutions that mimic gene conversions or to bona fide
gene conversions, First, we estimated the number of positions not likely to be
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subject to appreciable selection. Of the 1176 nucleotides considered, 19 nu-
cleotides from the second exon and 129 nucleotides from the third exon are
coding sequences and are likely to be under some selection. The donor and
acceptor RNA splicing sites of the human globin genes probably contain a
maximum of ten and 30 selected nucleotides, respectively (R. SPRITZ, personal
communication). The 3’ untranslated region probably contains only six se-
lected nucleotides, the sequence AATAAA (EFSTRATIADIS et al. 1980; Firz-
GERALD and SHENK 1981; WovYCHIK et al. 1984). The average length of the
simple sequences (from position 591 through 658) is about 20 nucleotides less
than the maximum length that we used in our numbering system. A region of
210 nucleotides (from positions 364 through 573) contains no differences in
any of the 14 human genes considered here, suggesting that it might be under
some selection (see also SLIGHTOM, BLECHL and SMIiTHIES 1980). However,
both the gorilla and chimpanzee vy genes have several differences within this
region (SCOTT et al. 1984; J. SLIGHTOM, personal communication), which sug-
gests the contrary. Because of this uncertainty, the following calculations were
made in two ways: (1) assuming that these 210 nucleotides are subject to
selection and (2) assuming that they are not. The total number of positions
not likely to be restricted by selection is either 962 [1176—(19 + 129 + 10 +
30 + 6 + 20)] or 752 [962 — 210].

Among the 962 (or 752) positions within the region under examination that
can reasonably be considered as not under any appreciable selection, there are
20 positions at which most of the G, and A, genes usually differ by a single
nucleotide; thus, there are 20 positions at which category A2 and A3 mutations
can occur. Category A2 mutations were observed at four of these 20 positions.
There are 942 (or 732) neutral positions at which the G, and A, genes do not
usually differ and at which, therefore, category B2 and B3 mutations can
occur. We observed 21 B3-category mutations and two B2-category mutations.
If the observed nucleotide substitutions occur randomly among all of the 962
(or 752) neutral positions, we would expect about 47 = (942/20) [or 37=(732/
20)] times as many B2 and B3 events as A2 and A3 events. The fact that, in
regions not under selection, we observed two B2 events, 21 B3 events, four
A2 events and no A3 events, suggests that the A2 events are about nine times
more frequent than would be expected by chance. Furthermore, the A2 mu-
tational events not only must occur at positions where the 5" and 3’ vy genes
differ, but they must also substitute the nucleotide that is already present in
the linked v gene. If it is equally likely that any one of the three nucleotides
could be substituted at each of these positions, then only one-third of the
nucleotide substitutions at positions where the G, and A, genes usually have
different sequences would lead to an A2 event. Consequently, the A2 muta-
tional events may actually be up to 27 times more frequent than would be
expected by chance. The high frequency of A2 mutational events led us to
examine more closely each event, in an attempt to determine whether there
might be selection in favor of specific nucleotide replacements at the positions
at which the 5’ and 3’ v gene already differ.

A careful examination of the local DNA sequence surrounding each position
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where A2- and B2-category mutational events have occurred did not reveal
the presence of any identifiable DNA sequence feature, such as a palindrome
(RIpLEY and GLICKMAN 1982) or direct repeat (EFSTRATIADIS ¢t al. 1980; AL-
BERTINI ¢t al. 1982), that might promote specific nucleotide substitutions. Nor
can any of these recurring mutational events be explained as the consequence
of deamination of the 5-methylcytosine residue found in some CpG dinucleo-
tides (BIRD 1980; McCLELLAND and IvariE 1982). Nor does an examination
of the nucleotides at the corresponding positions in the fetal globin genes of
gorilla (ScoTT et al. 1984) and chimpanzee ( J. SLIGHTOM, personal commu-
nication) suggest a predisposition in favor of these particular mutational events.
Since we could find no features of the DNA sequence that suggest a predis-
position to these particular nucleotide substitutions, we conclude that at least
some of the category A2 replacements are more likely to be the result of gene
conversion than the result of random nucleotide substitutions that mimic gene
conversions,

It must be emphasized that the proportion of gene conversions that we can
detect is considerably less than the proportion of nucleotide substitutions that
we can detect, because we cannot observe gene conversions in regions where
the two genes do not differ. Despite this inate inability to score all gene
conversion events, our data provide evidence for at least four and up to 13
short gene conversions and one long gene conversion within about a 1-kbp
region in the 14 fetal globin genes that have been examined. Our statistical
analysis suggests that the lower estimate of the number of gene conversions is
very unlikely.

A complication in making an accurate estimate of the number of gene con-
versions stems from one of the assumptions made in drawing the evolutionary
tree depicted in Figure 3. The tree is one of two that minimize the total
number of mutational events. Different trees can be drawn that, in exchange
for having a greater number of mutational events, can avoid one or other of
the gene conversions. For example, the Al gene conversion event at positions
755-761 can be eliminated at the price of requiring four B3-category muta-
tions at positions 78, 301, 844 and 1168 to have occurred twice: once in the
branch leading to chromosomes HbS and CG and once in the branch leading
to chromosomes AR, 563A and HG3. We found that each such elimination of
a gene conversion required either a different tree or the further escalation of
the number of additional repeated mutations. We conclude, therefore, that
our estimate is reasonable, although it could be modified if more repeated
mutations were accepted.

Simple sequence length differences are generated by intrachromosomal
events: Although we could find no evidence for interchromosomal crossing-
over events within the seven fetal globin gene regions, as judged by a failure
to find sequences juxtaposed from two different branches of our evolutionary
tree, it is apparent that crossing over between closely related fetal globin
regions could easily result in recombinants that we would be unable to detect.
Some of our data are relevant to this possibility. In particular, we observed a
minimum of 15 length differences in the number of (T'G) or (CG) doublets in
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the regions of simple sequence. Since SLIGHTOM, BLECHL and SMITHIES (1980)
suggested that this region was a “hotspot” for recombination, we first thought
that these length differences might have been generated by unequal crossing
over between homologous chromosomes. However, in each case where closely
related chromosomes differ within the region of simple sequence (e.g., the 5’
G, genes of chromosomes 563B and MP and the 3’ A, genes of chromosomes
563A and AR), the two chromosomes still share characteristic nucleotide sub-
stitutions on both the 5’ and 3’ sides of the region of simple sequence. Thus,
if these length differences are due to unequal crossing over, the participants
most likely were sister chromatids, rather than homologous chromosomes. An
alternative possibility is that the length differences are due to some type of
intramolecular slipping during replication (¢f. EFSTRATIADIS et al. 1980) and
not to crossing over.

Gene conversion between 5’ and 3’ v genes or between alleles?: All four
of the category A2 gene conversions and most of the category A2 and B2
events that we have detected involve the exchange of DNA sequences between
the 5 and 3’ (nonallelic) v genes. However, two of the category A2 and one
of the category B2 mutational events could alternatively be interpreted as
being the result of gene conversions between allelic genes. For example, the
nucleotide difference at position 363 in the 5’ vy genes of chromosomes AR:
and 563A is either the result of an A2 mutational event in the 5 G, gene of
chromosome 563A involving a nonallelic 3" y gene as a donor or it is the
result of an A2 mutational event in the 5° A, gene of chromosome AR involv-
ing an allelic 5" v gene as a donor. Although the number of cases is small
where gene conversions between alleles can explain our findings, it is still
possible that gene conversions between allelic genes could occur equally or
even more frequently than gene conversions between nonallelic genes. The
much greater level of sequence identity between alleles, compared to the level
between nonalleles, may have prevented us from identifying these interallelic
gene conversions in an unequivocal way.

DISCUSSION

In summary, we have identified between four and 13 new examples of gene
conversion between the human y-globin genes. With one exception, all of the
gene conversions identified in this study are short, less than 300 bp in length.
Most of the detected gene conversions are likely to be due to the exchange of
DNA sequence between nonallelic genes. Only three of these potential gene
conversion, each involving a single nucleotide substitution, are possibly the
result of gene conversions between allelic genes.

The observation of between four and 13 gene conversions within the region
under examination and the absence of any detectable crossing over within any
of the seven chromosomes studied suggests that the gene conversions may have
arisen as the consequence of some general process other than that of crossing
over. Yet, any mechanism that leads to gene conversions must involve the
physical interaction between homologous sequences. It is likely that such phys-
ical interactions occur with regularity in the germ line of higher eukaryotes
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only during meiosis. Biochemical studies of the zygotene and pachytene stages
of meiosis suggest that single-stranded DNA is produced from some regions
along each chromosome during zygotene (HoTTA, CHANDLEY and STERN 1977;
STERN and HoTra 1977; HOTTA, TABATA and STERN 1984). These regions
of single-stranded DNA could, in principle, invade homologous double-
stranded DNA molecules. It may be that such interactions between single-
stranded DNA molecules and intact duplexes occasionally lead to short gene
conversions. We have proposed elsewhere (SMITHIES and POwERs 1985) that
local DNA strand invasions form the molecular basis for the recognition of
homologous chromosomes during meiosis. Specifically, we suggested that sin-
gle-stranded regions of DNA extruded from sites along chromosomes invade
nearly intact DNA duplexes and, perhaps under the influence of a RecA-type
protein, scan the invaded duplex for homologous sequences. Stable heterodu-
plexes could thus be formed between homologous sequences. If a stable het-
eroduplex is formed in a region of homology between homologous chromo-
somes, then other nearby invasions will have formed stable heteroduplexes.
Cooperation between such nearby heteroduplexes will lead consequently to
pairing between homologous chromosomes. On the other hand, if a stable
heteroduplex is formed as the consequence of a homologous sequence being
found at a nonhomologous chromosomal location, then nearby invasions will
not have led to stable heteroduplexes; thus, pairing between nonhomologous
chromosomes will not be achieved. The relics of some of the nonhomologous
invasions, which normally lead only to abortive pairing, may be what is being
observed as short gene conversions. Since the proximity of sequences will most
likely influence the probability that they will meet, nonallelic gene conversions
between closely linked genes may be seen more often than conversions between
genes at widely separated loci.

In conclusion, we propose that the short gene conversions observed between
the human fetal globin genes may be the relics of abortive pairing between
the closely related but nonallelic fetal globin genes and that short gene con-
versions of this type will prove to be very common within duplicated regions
in the genomes of higher eukaryotes.
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