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THE FUSION OF TWO PEPTIDE CHAINS IN HEMOGLOBIN
LEPORE AND ITS INTERPRETATION AS A GENETIC DELETION
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Communicated by S. E. Luria, August 22, 1962

Gerald and Diamond' have described an abnormal hemoglobin, called hemoglobin
Lepore (Hb-LeporeB.8t~n). The present communication reports the results of a
chemical investigation of Hb-LeporeBo8ton and an interpretation of the genetic
events leading to the formation of a single peptide chain from the fusion of two
different chains.
Abnormal hemoglobins electrophoretically identical to Hb-LeporeB.8t~n have

have been reported among Greeks,2 Italians,3 and Papuans4 and designated Hb-
Pylos, Hb-G, and Hb-LeporeHollandia respectively. These hemoglobins are always
found in concentrations of about 10-15 per cent of the total hemoglobin in the
heterozygotes. One individual homozygous for the Hb-Pylos gene and two
homozygous for the Hb-LeporeHollandia gene have been reported.2 4 They were
characterized by the absence of normal adult hemoglobin (Hb-A) and of the minor
component hemoglobin A2(Hb-A2).2 4 Neeb et al.4 have reported, however, the
presence of traces of a hemoglobin component migrating like Hb-A2 in Hb-
LeporeHollan(lia homozygotes; the identification of this trace component remains to
be established.
The three normal human hemoglobins Hb-A, Hb-F (fetal hemoglobin), and

Hb-A2 consist of two a peptide chains which are under the control of a single
structural gene and of two other peptide chains which differ in different hemo-
globins: 1 chains in Hb-A, -y chains in Hb-F, and 5 chains in Hb-A2.5 These are
under the control of different structural genes.5 The 13 gene is linked to the 6 gene.5
The 1 and 8 chains have extremely similar amino acid compositions and se-
quences.6-8 This similarity has suggested that the 8 gene may have originated
through a duplication of the 13 gene followed by independent evolution.9
The Hb-Pylos and Rb-LeporeHollandia mutations seem to affect both the two

linked genes 13 and 8, suppressing the synthesis of both Hb-A and Hb-A2 in homo-
zygotes.2 4 The a and4y peptide chains are synthesized normally.2' 6

Gerald et al.'0 have suggested that the Lepore abnormality is a "mutation possibly
involving two cistrons." These authors fingerprinted Hb-LeporeBo8ton and Hb-
Pylos and analyzed some of their tryptic peptides. The fingerprints were found to
be indistinguishable from those of Hb-A2. The composition of the tryptic peptides



VOL. 48, 1962 GENETICS: C. BAGLIONI 1881

analyzed was the same as that of homologous peptides of Hb-A2.10 Hb-LeporeBo8ton
and Hb-Pylos appear to be identical.2 10 Barnabas and Muller6 reported that Hb-
LeporeHollandia shows some differences from Hb-A2. One peptide, called A2a,7 is
absent in Hb-LeporeHollandia. A peptide which in Hb-LeporeBosto0 has the com-
position of a a chain peptide (85)11 has in Hb-LeporeHollandia the composition of a f3
chain peptide (j35).6 This suggested that the non-a chain of Hb-LeporeHollandia
may have characteristics of both the 3 and 8 peptide chains.

Materials and Methods.-Hemoglobins: Hb-A and Hb-A2 were purified by
column chromatography according to Schnek and Schroeder.12 The hemoglobin
solutions were concentrated as previously described"3 and were heat-denatured and
digested with trypsin according to Ingram.14 The tryptic digest of 20 mg of puri-
fied Hb-LeporeBo8ton was kindly donated by Park S. Gerald of the Children's
Hospital (Boston, Mass.).

Fingerprinting: The original procedure of Ingram was followed for the ionopho-
resis,14 while different chromatographic solvents were used: #1, pyridine/isoamyl/
alcohol water (35/ 35/ 30) ; 15 #2, butanol/acetic acid/pyridine/water (75/15/
50/60);16 #3, butanol/acetic acid/pyridine/water (75/15/ 50/50). When elution
of the peptides from the fingerprints was desired, the ionophoresis was prolonged
for 4 hr, allowing the most basic peptides to run off the paper. The fingerprints
were then developed in solvent #3.

Analysis of tryptic peptides: The fingerprints were stained with 0.017 ninhydrin
and then washed with acetone. The peptides were eluted with 1 N acetic acid.
The eluates were hydrolyzed and the amino acid composition was determined as
previously indicated.'3

Results.-Fingerprints of Hb-LeporeBn8ton were compared to fingerprints of
Hb-A and of Hb-A2. The fingerprints of Hb-LeporeBoston and Hb-A developed
in solvent #3 are shown in Figure 1. The peptides of Hb-LeporeBoston indicated
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FIG. 1.-Photographs of fingerprints of Hb-LepOreBo8ton (a) and Hb-A (b) developed in solvent
#3 (see Methods). The solid arrows in a and b indicate corresponding peptides that show dif-
ferent Rf. The arrows in a indicate the peptides of Hb-LeporeB.8t~n which have been eluted from
fingerprints and analyzed. The numbers in a refer to the peptides reported in Table 1: 1 = XB1i
2 = xB2; 3 = xB4; 4 = XB5 + XBS oxidized; 5 = XB9. 2' in b indicate peptide ,82 and 4' peptides
j35 + ji5 oxidized."5
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by solid arrows in Figure la were found to have Rf's different from those of the
corresponding peptides of Hb-A, indicated by solid arrows in Figure lb. The
fingerprints of Hb-LeporeBoston developed in solvent #1 or #3 were found to be
indistinguishable from fingerprints of Hb-A2, confirming the observation of Gerald
et al. "I

When, however, the fingerprints of Hb-A2 and Hb-LeporeBoston were developed
in solvent #2 (see Fig. 2) and stained for sulfur-containing amino acids and for

a b

FIG. 2.-Photographs of fingerprints of Hb-Leporeb0mto. (a) and Hb-A2 (b) developed in
solvent #2 (see Methods). The arrow in b indicates peptide 614; the arrow in a indicates
the corresponding peptide of Hb-Lepore5oston (XB13) that gives the same staining reaction
as /313.

tyrosine, a difference between them became apparent. A Hb-A, peptide indicated
by the arrow in Figure 2b gave a positive reaction for sulfur and tyrosine. A
peptide which occupies an identical position in the fingerprints of Hb-LeporeBoston
(arrow in Fig. 2a) showed a positive reaction for tyrosine but not for sulfur. This
peptide has been identified as fl13 in Rb-A.'5 In Rb-A,, there is a peptide, 514
(see later),1' which occupies the same position in fingerprints as j313 in Rb-A but
which gives a positive reaction for sulfur and tyrosine.7 Analysis of peptide 614
has shown the presence of a methionine residue.8 No methionine is present in
0l13."1 This difference between Rb-A and Rb-A, does not show in fingerprints
developed in solvent #1 or ff3 since the Rb-A, peptide 614 overlaps peptide a9, which
also contains methionine.7' 15 The difference is noticed only in fingerprints run at

:~~ ~ ~ ~ ~ 1 6
difeetpH...:7i~..

This peptide was not present in Hb-LeporeBoston aand in Hb-LeporeHollandpa.i
A few peptides, which were separated in a sufficiently pure form by fingerprinting

(indicated by arrows in Fig. la), were eluted and analyzed. The results of the
amino acid analysis are shown in Table 1. The peptides analyzed have amino acid
composition identical to homologous peptides of hb-A,.7 18

Discussion.-In the following discussion, the position of the tryptic peptides
along the amino acid sequence of thei chain ofRb-A, and the non-a chain of Rb-
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TABLE 1
AMINO ACID ANALYSIS OF Hb-LEPOREBO.tOn PEPTIDES

Peptide*
Amino Acidt XB1 RB2 XB4 ZB65 XB9
Lysine 1.02 1.01 1.13 1.11
Arginine 1.10
Histidine 0.98 1.22
Glycine 0.87 1.97 2.07
Alanine 1.81 1.24 2.07
Valine 0.95 1.13 1.94 1.30 1.10
Serine §3.57 §4.38
Leucine 1.25 1.25 2.33
Threonine 0.82 0.74 0.91
Methionine 0.76
Glutamic acid 1.98 1.03 1.28
Phenylalanine 2.02 1.12
Aspartic acid 1.19 2.64 2.93
Tyrosine 0.69
Prolinet ++ ++ ++

* The identification of the peptides is based on their positions in fingerprints, identical with those
of , or a chain peptides.7 15 The peptides are designated as indicated." The xB peptide chain
is the non-a chain of Hb-Leporeaoeton.

t The molar ratio of the amino acids is given.
t Proline cannot be estimated quantitatively by this method of analysis; the presence of this

amino acid, judged by the visual examination of the ionograms, is indicated by + +.
§ Serine and leucine, when present in high relative amounts, are incompletely resolved. The

values reported represent the sum of the leucine plus serine molar ratios.

Leporelloston (here called XB chain) is arbitrarily assigned according to the principle
of homology.20 This principle postulates that peptides having identical or very
similar amino acid sequence or composition occupy corresponding positions along
homologous peptide chains, which have differentiated from a common ancestor
chain either in the course of evolution in different species or following gene duplica-
tions and independent evolution within the same species.9' 20

Following this principle of homology it has been possible to predict the amino
acid sequence of animal hemoglobins from the composition of their tryptic pep-
tides21 22 and the sequence of the human hemoglobin chains.23 24

Thus, it may be justified to assume, until the complete amino acid sequence of
the 8 and XB chains is established, that the order of the tryptic peptides in these
chains corresponds to the order in the /3 chain. The similarities in the amino
acid composition of the tryptic peptides are striking.6 7. 10, 18 Moreover, the amino
acid sequences so far determined within 8 chain peptides are identical to those of
,B chain peptides, except for a few amino acid substitutions.8' 18
The ,Bchain differs from the 8 chain in four positions: 9, /3 serine -. 8 threonine;

12, /3 threonine -> 8 asparagine; 22, /3 glutamic acid -> 8 alanine; and 50, /3 threo-
nine 8 serine.7 18 Preliminary evidence has been obtained by Stretton for four
more differences.8 One of these has been localized in residue 126, / valine -p' 8
methionine.8 Additional differences are revealed by the presence of peptide A2a
in the tryptic digest of the 8 chain.18 This peptide has the sequence25 Asp(NH2).
Phe. Gly. Lys.8' 18 The only sequence homologous to this one in the /3 chain is the
C-terminal ... His. His. Phe . Gly . Lys sequence of peptide /12 (from residue 116
to 120).23 This has suggested8 two further amino acid differences between the j3
and the 8 chains: 117, ,8 histidine -- 8 asparagine and 116, Bhistidine -- 8 arginine
or lysine, to account for the splitting of peptide A2a (provisionally designated 813)
by trypsin. Stretton8 has obtained an indication that residue 116 of the 8 chain is
arginine. The 8 chain has, therefore, one more tryptic peptide than the /3 chain.
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No difference in composition between other (3 and 8 chain peptides has been ob-
served.8' 18 It so happens that (31 is identical in composition to 81, (34 to 64, (6 to
66, (37 to 67, (8 to 68, (39 to 89, (14 to 615, and (15 to 616 (because of the presence of
the extra peptide 613 in the 8 chain).
The fingerprints of Hb-LeporeB.8.t. and the amino acid analyses of the peptides

isolated indicate that the XB chain of this hemoglobin is made up of peptides charac-
teristic of both the (3 and the 8 chains. The N-terminal portion of the XB chain is
made up of -like peptides. XB2, XB3, and XB5 are identical in amino acid composi-
tion to the corresponding 8 chain peptides'0 and XB1 and XB4 could not be distin-
guished from 81 and 84 (= (1 and (34 respectively). The C-terminal portion of
the XB chain is made up of (-like peptides (see Fig. 3). XB13 is identical in the fin-
gerprinting analysis and in the specific staining reaction to 313; XB14 and XB15
could not be distinguished fromp14 and (315 (= 615 and 616 respectively). More-
over, the absence in Hb-LeporeBO8ton of peptide 813 (A2a), suggests that the XB
chain peptide corresponding to (12 is similar if not identical to this (3 chain peptide.

Similarly, the non-a chain of Hb-LeporeHollandia (here indicated as XH) seems to
have a 8-like N-terminal portion and a (-like C-terminal portion. The N-terminal
8-like portion of the XH chain, however, seems to be shorter than the 8-like portion
of the XB chain. XH5 has indeed the composition of (5.6 Thus, the XH chain may
be 8-like from residue 1 to 40 approximately and (-like in the remaining portion of
the chain (see Fig. 3).

Lepore B

gene 7 1 1

pept-de cha_=

82 8 4 888 o r ,3i 6I46to 11 /B12 3 14 5

Le pore ,.11ond,0
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FIG. 3.-Schematic representation of the Lepore5o8son gene (top), of the Lepore Hollandia
gene (bottom), and of the corresponding peptide chains. The shaded areas indicate that
part of the Lepore genes which appears to be derived from the a gene and that part of
the corresponding peptide chains which is 6-like. The area in solid color indicates that
part of the Lepore genes which appears to be derived from the ,3 gene and that part of
the corresponding peptide chains which is ,8-like. The empty areas between shaded and
solid color areas indicate those portions of the genes and of the peptide chains that may be
derived either from ,8 or from S. The postulated joining of part of the ,3 gene to part of
the a gene has occurred presumably in this area. The dotted lines along the peptide chains
indicate schematically the peptide bonds which may be split by trypsin. The resulting pep-
tides are indicated below and are numbered consecutively starting from the N-terminus.
The symbols f3 or 6 which precede the peptide numbers indicate whether the corresponding
peptides are ,8-like or 6-like.

Conclusions.-There is now a large body of evidence which suggests that the
structural gene for a protein determines its primary amino acid sequence.26 The
structural genes seem to be separated by regions, which establish boundaries be-
tween them and allow their function to be expressed individually.27
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In the well-studied region rII of phage T4 there are two adjacent cistrons, called
A and B.28 In the mutant r1589 of T4, there is a deletion of the region separating
the A from the B cistron and the two cistrons appear to be joined, with loss of the
A function but with preservation of the B function.28 The insertion of certain
deletions in the A cistron of r1589 prevents the B cistron from functioning.27 This
suggests that in r1589 a protein may be produced "which consists of part of the
protein from the A cistron and part of the B cistron, joined together in the same
polypeptide chain." 27
The XB peptide chain of Hb-LeporeB.8t0n seems to consist of part of the /3 chain

and part of the 6 chain joined together. That part of the 6 gene corresponding to
the N-terminal portion of the 6 chain is presumably joined to that part of the A
gene which determines the C-terminal portion of the : chain. The fact that the
A and 6 genes are linked5 suggests that the joining may be due to a deletion of parts
of the A and a genes and of the region separating them.

If this postulated joining of part of the /3 gene with part of the a gene were due
to a random deletion, it would be difficult to understand why the peptide 'chain
made by the hybrid Al-6 gene would have the same length as the A or 6 chain. The
evidence so far suggests that there is no amino acid sequence in the XB chain that
is not also present either in the ,/ or in the 6 chain. One would not expect to find such
a situation if the corresponding genes were randomly joined by a deletion. A
specific mechanism that accounts for the joining of the /3 to the 6 gene in such
an exactly complementary way is a nonhomologous crossing-over between cor-
responding points of the / and the 6 genes, resulting in the formation of unequal prod-
ucts (see Fig. 4).

S 2

S 3

Lepore

FIG. 4.-Schematic representation of the postulated nonhomologous crossing-over lead-
ing to the formation of the Lepore genes. The shaded area indicates the nucleotide se-
quence corresponding to the a gene. The nonhomologous crossing-over is supposed to have
occurred in the areas shown as empty in Figure 3.

Unequal crossing-over is known to involve frequently chromosomal duplications,
such as the bar duplication of Drosophila melanogaster,30 leading to recombinants
with deletion of the duplication (wild type) or insertion of one extra bar duplication
(double-bar). It has been suggested that the 6 gene originated from a duplication
of the /3 gene, because the primary sequence of the 6 chain is extremely similar to
the primary sequence of the / chain. The similarity of the /3 and 6 genes may in-
crease the probability of nonhomologous crossing-overs. It is suggestive that Hb-
LeporeBn8oto and Hb-LeporeHollandia have been observed in different populations.'-2
The corresponding genes may have been formed by different nonhomologous cross-
ing-overs, which have involved different points of the /3 and 6 genes (see Figs. 3
and 4).

Note added in proof: Unequal crossing-over has recently been invoked as the
interpretation of variations in the length of the a chain of human haptoglobin.3'
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