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Summary. The human hemopexin gene was iso-
lated and its structure determined. The gene spans
approximately 12 kb and is interrupted by nine in-
trons. When the intron/exon pattern was examined
with respect to the polypeptide segments they en-
code, a direct correspondence between exons and
the 10 repeating units in the protein was observed.
The introns are not randomly placed; they fall in
the middle of the region of amino acid sequence
homology in strikingly similar locations in 6 of the
10 units and in a symmetrical position in the two
halves of the coding sequence. These features
strongly support the hypothesis that the gene evolved
through intron-mediated duplications of a primor-
dial sequence to a five-exon cluster. A more recent
gene duplication led to the present-day gene orga-
nization.
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Introduction

Hemopexin is a heme-binding plasma glycoprotein
composed of a single polypeptide chain 439 amino
acids long (Altruda et al. 1985, Takahashi et al.
1985). It is produced only in the liver and it is se-
creted into the bloodstream where it plays an im-
portant role in heme disposal, facilitating the con-
servation of iron by preventing urinary excretion
(Muller-Eberhard and Liem 1974). The internalized
iron is stored in the hepatic cells and the first event
involves the interaction of the hemopexin with a
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specific receptor on the hepatic cell surface (Smith
and Morgan 1979). Hemopexin plasma levels in-
crease during acute infections suggesting that its bio-
synthesis is subject to control mechanisms respon-
sible for the acute phase reaction (Baumann et al.
1983). Moreover, there are developmental varia-
tions in the pattern of gene expression since he-
mopexin is made by the fetus and newborn, and its
concentration does not approach the adult level un-
til after the first year. For these reasons we have
begun to clone the human hemopexin gene in order
to understand the molecular mechanisms respon-
sible for the regulation of its expression. We pre-
viously characterized the human hemopexin cDNA
(Altruda et al, 1985) showing that the coding region
is composed of 10 repeating units that are structur-
ally homologous. On the basis of these data we sug-
gested that the gene might have evolved through a
series of duplications; in this paper we report the
genomic organization of the hemopexin gene and
present a model for the evolution of the present-day
sequence arrangement.

Materials and Methods

Bacterial Strains, Plasmids, and Phage Vectors. Escherichia coli
K12 (strain 71/18) was used for transformation (Messing et al.
1977). The M13 derivatives mp 8, mp 9 (Messing and Vieira
1982), and pUCI18-19 (Vieira and Messing 1982) were used as
phage and plasmid vectors for subcloning and sequencing.

Enzymes and Chemicals. Restriction endonucleases, T4 DNA
ligase, DNA polymerase I holoenzyme, and Klenow fragment
were purchased from Boehringer. 3?P-labeled compounds were
purchased from Amity-PG.

Screening of the Human Genomic Library. The human geno-
mic library was kindly provided by G. Bensi (Bensi et al. 1985)
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Fig. 1.

Structural maps of the human hemopexin gene clones. Restriction sites: S = Sall; H = HindIII; P = Pstl; R = EcoRV; B =

BamHI; E = EcoRl. Solid bars indicate exons; solid lines represent introns (I-IX) and flanking DNA; open boxes are vector sequences.

L.A. = left arm; R.A. = right arm.

and screened according to Frischauf (Frischaufet al. 1983). Nick-
translated Pstl cDNA of Hpx11 clone was used as a probe in the
SCreening.

Blot Hybridization and Nucleotide Sequence Analysis. Re-
striction maps and Southern blot analysis were performed as
previously described (Altruda et al. 1985). The strategy utilized
to locate the desired regions for sequencing (intron—exon junc-
tions and all exonic segments) was to use specific radiolabeled
Hpx11 ¢cDNA subfragments that represented the entire cDNA.
By digesting with several different enzymes, small hybridizing
fragments were identified as suitable for direct sequencing. Se-
quence analysis was carried out by the dideoxy method (Sanger
et al. 1977).

S1 Mapping. S1 mapping was performed using, as a probe, a
HindIII-EcoRV fragment 730 bp long consisting of 134 bp of
the first intron, 83 bp of the first exon, and 513 bp of the §'
flanking region of the gene. The coding strand of this fragment
was cloned in the M13 mpl9 phage vector, and the labeling was
carried out by priming with the M13 sequencing primer and
clongating the anticoding strand with the Klenow enzyme in the
presence of dGTP, dTTP, 32P-dATP, and *P-dCTP. Labeled
probe (105 cpm) was hybridized to 15 ug of human liver total
RNA. The experimental procedure for DNA-RNA hybridization
and for S! digestion with S1 endonuclease was according to Berk
and Sharp (1977).

Results

Gene Structure

We isolated a complete coding sequence cDNA clone
(Hpx11) for human hemopexin (Altruda et al. 1985).
The results of Southern blot analysis of genomic
DNA probed with Hpx11 cDNA indicate that there
is only one copy of the hemopexin gene in the hu-
man haploid genome and it is entirely included
Wwithin a single 12-kb Pstl fragment.

About 3 x 10° plaques of a human DNA library
in the EMBL3 phage vector (Bensi et al. 1985) were
screened using the Hpx11 cDNA clone as a probe;
two independent clones, AHpx3 and AHpx4, were
isolated. Restriction maps of the two recombinant
clones were determined (Fig. 1) and Southern blot

analysis was carried out using various segments de-
rived from the 5', intermediate, and 3’ regions of
the cDNA clone Hpx11 as probes. The results in-
dicate that the two clones overlap but are not iden-
tical. \AHpx3 does not contain the complete protein-
coding region because no hybridization was detected
with the 3'-specific probe (Fig. 1). On the other hand,
the AHpx4 clone hybridized to both the 5’ and 3’
probe, indicating that the entire coding region is
present and is contained in a 12-kb Pstl fragment;
this AHpx4 clone contains approximately 2 kb of
the 5' flanking DNA and 4 kb of the 3’ flanking
DNA. Furthermore, in the region hybridizing to the
c¢DNA probes, AHpx3 and AHpx4 show identical
restriction patterns, supporting the hypothesis that
there is a single gene. Coding regions were identified
by restriction mapping and DNA sequencing of
AHpx4 (Fig. 1). This analysis established the precise
locations of nine introns ranging in size from 80 to
3000 bp that interrupt the Hpx gene. The following
features were observed (Fig. 2):

1) There is a complete leader sequence 23 amino
acids long contained in the first exon.
The optimal context for recognition of the
ATG codon is contained in the sequence
CAGCATGG: an adenine in position —3
(three nucleotides upstream of the ATG co-
don) and a guanine in position +4 (immedi-
ately following the ATG codon) are conserved
- forinitiation sites in eukaryotes (Kozak 1986).
3) The nucleotide sequence of the 10 exons agrees
with that determined previously for the hemo-
pexin ¢cDNA where their lengths range from
59 bp to 418 bp.
All donor and acceptor splice junctions con-
form to the GT/AG rule (Breathnach et al.
1978; Lerner et al. 1980).

2)

4)

To determine the initiation site for transcription,
an S1 mapping experiment was carried out (Fig. 3).
The results indicate that the adenine located 28 bas-
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agctgccgggaaaaaggagtcttggatticagattictgtecagaccctgacettatttgcagtgatgtaatcagees
a__f.]attggcttagtcctgggagacigcacattcccagtagagttggaggtgggggtggtgctgctgccaactc@
dnggagticaactggtcacccagagetgtcctgtggectetgcagetcagcATGGCTAGGGTACTGGGAGCACCCGT
M ARV LG APV
TGCACTGGGGTTGTGGAGCCTATGCTGGTCTCTGGCCATTGCCACCCCTCTTCCTCCgtgagtaaagetgggactag
A QG L WS LCWSLAIATEPLEPTEP
aagcgaaggattgagttctgggctagggtaaggtagggecagtttttaggectcggteaaatttggggteagggget

atgggaaagggatcggtcccaatggatcaagatatetattttgttetccctagGACTAGTGCCCATGGGAATGTTGC
T S AHGNUYA
TGAAGGCGAGACCAAGCCAGACCCAGACGTGACTGgtgaggectgactecctaagtetgtettatetgtetggttgt
EGETEKPDPDVYVT
gtctctgcattttatcaccttctggttttttttttttttttttttttttactttgecatctecetacetecacecca

gAACGCTGCTCAGATGGCTGGAGCTTTGATGCTACCACCCTGGATGACAATGGAACCATGCTGTTTTTTAAAGgtag
ERCSDGWS ST FDATTLDDNGTMLTFTFK
tgtagggacgaggttagggtgctttaggaccagactac—--0.12kb---ggccccccagtgagtgtygggtttttte

agGGEAGTTTGTGTGGAAGAGTCACAAATGGGACCGGGAGTTAATCTCAGAGAGATGGAAGAATTTCCCCAGCCCTG
G EF VW IKSHKWDRETLTISTERUWIKNTFPSTE®P
TGGATGCTGCATTCCGTCAAGGTCACAACAGTGTCTTTCTGATCAAGgtactgetgggccaaaatcagggecagget
VDAAFRQGHNSVFLIK

ggaaagggctggaatcgacactggggacccttcccccaaatggecttggeatggageccatagcaataggtageaga

tttetttecettgtgecctectttectgtaaaagettgggctaagggagtgtgcatgegtataggectggeaggtyge
accatccagtggectgttcttcagteetagtettagttctacaccgetctgetgtacctecacactgetggecatectt
tttttctetggcaattgettecttgecttcatgacctgtataagte——1.15kb———ggcccacaggaggatateg
tataagcacagtagataaaaaatgtgtgtaaatgcagagtggcagtatctggggatgcacagtcaaaaagagagtac

ttttgaatgcagGGGGACAAAGTCTGGGTATACCCTCCTGAAAAGAAGGAGAAAGGATACCCAAAGTTGCTCCAAGA
G DKV WVYPPEZIKTIKTEZEKS GYPKTLLGQD
TGAATTTCCTGGAATCCCATCCCCACTGGATGCAGCTGTGGAATGTCACCGTGGAGAATGTCAAGCTGAAGGCGTCC
EFPGIPSPLDAAVECHRSGTETCO GQATETGUVY
TCTTCTTCCAAGgttcagtccaggetgg~—~0.61kb-——ggcecatcctggaacccagagaaagcacaaaggaggyg
L F F Q
cgaacccggtetcaccaaatgectgttgattgattggacaaagGTGACCGCGAGTGGTTCTGGGACTTGGCTACGGG
G ODREWEFWDLATG
AACCATGAAGGAGCGTTCCTGGCCAGCTGTTGGGAACTGCTCCTCTGCCCTGAGATGGCTGAGCCGCTACTACTGCT
TMEKERSWPAYVYVGNCSSALRWLGRYYC
TCCAGGGTAACCAATTCCTGCGCTTCGACCCTGTCAGGGGAGAGGTGCCTCCCAGGTACCCGCGGGATGTCCGAGAC
F QG NQTFULRFDPVRGEVTPRY®PRDVYR RTD

Fig. 2. Nucleotide sequence of the
human hemopexin gene. The entire
coding reigon (uppercase letters) was
identified, although only portions of
some introns (lowercase letters)
were sequenced. The approximate
lengths of the unsequenced intronic
regions are indicated in kb, The
proposed cap site is indicated by an
arrow. The presumptive TATAA se-
quence at position —56, and the
CCAAT sequence at position — 131
are boxed; the polyadenylation sig-
nal is underlined. The amino acid
sequence is given below the corre-
sponding codons. The leader se-
quence is underlined. The region of
introns that were not sequenced is
indicated by dotted lines.

es upstream from the methionine codon is the most
probable cap site. This conclusion is supported by
the presence of a TATA-box-like sequence located
28 bp upstream from this putative start site.

The nucleotide sequences of the flanking regions
(about 200 bp upstream and 160 bp downstream of
the coding region) were also determined and the
following consensus sequences were shown:

1) A “TATA”-like sequence (Antonorakis et al.
1984) was found 56 bp upstream from the
ATG codon and 28 bp from the proposed sites
of initiation of transcription; a CCAAT con-
sensus sequence (Benoist et al. 1980) was de-
tected at position —131.

2) The position and sequence of an 11-bp stretch
TTATTTGCAGT (— 153, —143) are similar
to the consensus sequences found in mouse
and human light-chain promoters of immu-

noglobulin genes (Falkner and Zachau 1984;
Parslow et al. 1984). In these systems the
decamer element seems to be essential for the
efficient use of immunoglobulin in B cells,
probably mediating specific binding of a nu-
clear factor present in B cells and also in HeLa
cells (Singh et al. 1986).

Correlation of Hpx Gene and Protein Structure

The primary structure of human hemopexin was
previously deduced from the cDNA sequence (Al-
truda et al. 1985). There were no internally repeti-
tive DNA sequences but, based on amino acid ho-
mology we discovered two regions of similarity
corresponding to the two halves of the protein.
Moreover, by computer-assisted analysis of the
amino acid sequence, the complete polypeptide chain



TACTTCATGCCCTGCCCTGGCAGAGgtgagaaagccctagcacttgagacctgtcagaattcatccactttccctga
Y FMPCPGR
gcttgtggatctcacgtgtectagetcteactttaactccgtgttgegacaccttggee---2.8kb—-ctgggga

daccccacacccactaaccccagecatetcttececaccttggaccteactetgacctetggectecttetgtgttcte

cteacccatttetcototecagGCCATGGACACAGGAATGGGACTGGCCATGGGAACAGTACCCACCATGGCCCTGAG
G HGHRNGTU GHGNSTHUHSGTPTE
TATATGCGCTGTAGCCCACATCTAGTCTTGTCTGCACTGACGTCTGACAACCATGGTGCCACCTATGCCTTCAGTGY
Y MRCSPHLVLSALTSDNUHGATYA ATFS
tgagagatggcccccaactttceccaatgtgetccteaca——-1.5kb-——atattggectctagatgeattetete

cctetcatgactcatttetgeattcatcactagectcttetetgectgggettetgecageggecctagageaacet

atggtattccacagGGACCCACTACTGGCGTCTGGACACCAGCCGGGATGGCTGGCATAGCTGGCCCATTGCTCATC
G THYWPRLDT SRDGWHSWPTIAH
AGTGGCCCCAGGGTCCTTCAGCAGTGGATGCTGCCTTTTCCTGGGAAGAAAAACTCTATCTGATCCAGgtgtgtatt
QW ©PQEGPSAVDAATFSWEEIKTLYLVDQ
9g99g9gagaggcttgaggtagagactgggacaagcatatccaactctgtatttattaccatectttgtcctecagGGe
G
ACCCAGGTATATGTCTTCCTGACAAAGGGAGGCTATACCCTAGTAAGCGGTTATCCGAAGCGGCTGGAGAAGGAAGT
TQVYVFLTEKGGYTILVY SGYPIKZ RLETKTE/V
CGGGACCCCTCATGGGATTATCCTGGACTCTGTGGATGCGGCCTTTATCTGCCCTAGGTCTTCTCGGCTCCATATCA
G TPHGITITULDSVDAAFTICPGSS SRLUHI
;GGCAthgaggggcttctgggggcttagagggcagcttgttctgctacctgtctgtggcatagatccccaccaggg
A

catgagaaggcc~---0. 13kb—~—-ggatccccatgacatggaagccatgetatgtttggtgecttetececagGACG
G R
GCGGCTGTGATGGCTGEACCTGAAGTCAGGAGCCCAAGCCACGTGGACAGAGCTTCCTTGGCCCCATGAGAABGTAG
R L WWLDULIEKSGAQATWMWTTETLTPMWPUHETK!YV
ACGGAGCCTTGTGTATGGAAAAGTCCCTTGGCCCTAACTCATGTTCCGCCAATGGTCCCGGCTTGTACCTCATCCAT
G ALCMETZKT SLGPNSTCSANGPGLYLTIH
GGTCCCAATTTGTACTGCTACAGTGATGTGGAGAAACTGAATGCAGCCAAGGCCCTTCCGCAACCCCAGAATGTGAC
G PNULYCYSDVEZ KLNAAKALPQPQNVT
CAGTCTCCTGGGCTGCACTCACTGAGGGGCCTTCTGACATGAGTCTGCCTGGCCCCACCTCCTAGTTCCTCATAATA
S L L G C T H¥r
AAGACAGATTGCTTCTTCGCTTCTCACTGAGGGGCCTTCTGACATGAGTCTGGCCTGGCCCCACCTCCCCAGTTTCT

CATAATAAAGACAGATTGCTTCTTCACTTGaatcaagggaccttggtegtgaaacaatcttctttctttgagttgaa
aagttagcacttctcctttgagggtgtcgagetcaaacaaggectgtgagaaacaagggaggggagcactaaggggea

dacctatctctgegcagatgaticttaggtecagate

Fig. 2.
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was shown to be composed of 10 repeats of a core
unit of 45 amino acids (Fig. 4). All 10 repeats can
be aligned according to the amino acid similarity,
although their structural relationship is different:
units 2, 3, and 4 are more related to units 7, 8, and
9, respectively. Repeats 1 and 6 show weaker sim-
ilarity to the core unit. Based on these peculiar char-
acteristics, we proposed that the hemopexin gene
probably originated from a single sequence followed
by amplification of this sequence to a region com-
posed of five repeats. A subsequent duplication
of these five repeats would explain the final genomic
Structure. This model of stepwise evolution would
also explain the different degrees of similarity be-
tween the repeats, particularly units 1 and 6, which
are more divergent and are likely candidates for the
ancestral repeat unit. Our determination of the gen-
Omic organization of the coding region supports this

hypothesis. When we correlated the primary struc-
ture of hemopexin with the intron/exon pattern of
the gene, a striking pattern emerged: the splice junc-
tions are each located in the same relative positions
in the six repeat units that are more conserved,
namely units 2, 3, 4, 7, 8, and 9. In these repeats
the introns interrupt the reading frame precisely in
the codon for the aligned glycine (Fig. 4). In addi-
tion, the introns tend to fall between predicted sec-
ondary structural elements, namely between two
contiguous regions of @-sheet units. Repeats 1 and
6 also contain introns, but these are not in corre-
sponding position with the others: repeat 1 is inter-
rupted by two introns between codons for proline
and threonine and threonine and glutamic acid, while
the intron in repeat 6 falls in a codon for a nona-
ligned glycine. Repeats 5 and 10 do not carry any
introns. Thus, except for repeats 5 and 10 the intron
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Fig.3. A S1 mapping of total human liver RNA (8% denaturing
polyacrylamide gel). 1: 15 pug tRNA; 2: 15 ug liver RNA; 3:
molecular weight marker. B The HindI1I-EcoRYV clone used as
probe. The first exon is in the solid block. The “TATA™ box is
indicated. H: HindIII; R: EcoRV. C 5’ flanking sequence. The
arrow points to the putative start site of transcription (number
1). The TATA and CAAT sequences are boxed.

location has been preserved during the evolution of
this gene; however, neither the size nor the se-
quences of the introns have been conserved within
the gene.

Discussion

The similarity of the intron/exon pattern in struc-
turally similar regions of the protein strongly sug-
gests that the genomic organization of the hemo-
pexin gene was derived from successive duplications
of an ancestral genetic domain. Furthermore, the
location of the nine introns does not apepar to be
distributed randomly, but rather, is strikingly con-
served. They fall at sites that correlate with signif-

icant features of protein structure and in the case of
repeats 2, 3, 4, 7, 8, and 9, precisely in the region
of maximum amino acid sequence similarity (Fig.
4). Except for intron I, which separates the signal
peptide exon from the rest of the gene—a feature
found in many secreted proteins, all the other in-
trons separate two 3-strands. Intron VI falls exactly
at one end of a 3-strand; in no case is a 3-strand or
an a-helix divided. These facts do not support an
insertional model for the origin of these introns but
argue instead for the intron-dependent evolution of
the human hemopexin gene. As proposed by Gilbert
(1978), amplification of genetic domains is facili-
tated by the presence of preexisting intervening se-
quences that serve to increase the probability of
useful recombination during unequal crossing-over.

The events leading from a single exon to the se-
quence organization of the gene, composed of 10
exons of quite different sizes, must have included
amplification of that sequence (of as yet undeter-
mined length) giving rise to multiple adjacent copies
separated by intervening sequences. Individual ex-
ons could have originated by unequal crossovers
during recombination followed by their divergence.
Such an intron-mediated duplication probably oc-
curred in the assembly of the three domains of ovo-
mucoid (Stein et al. 1980), the numerous 18-amino
acid domains of collagen (Ohkubo et al. 1980), and
the three domains of a-fetoprotein (Tilghman 1982).

As noted previously, pairwise comparisons be-
tween the amino acid sequences of the 10 repeats
can potentially be used to trace the order of the
successive duplications of the primordial structure.
The sequence similarities between these regions re-
flect, in part, the evolutionary time between suc-
cessive domain duplications, the most similar cor-
responding to the most recent duplications.
However, evolutionary pressures exerted at both the
nucleotide and amino acid levels and involving ex-
tensive deletions or insertions in the protein-coding
region may not have been equally distributed among
the 10 repeating units. Thus, unequal rates of di-
vergence of the domains may obscure the details of
a model of divergence based on time. However,
given these constraints, a possible evolutionary
model for the human hemopexin gene is presented
(Fig. 5): the earliest ancestor of the hemopexin gene
probably corresponds to the exon encoding the most
diverged repeat, number 6; a successive duplication
occurring by recombination within flanking regions
would lead to two repeats of this unit separated by
an intron. Exons 8, 9, and 10 may represent the
result of unequal crossover between exons 6 and 7.
Subsequent duplication of'this five-exon cluster pro-
duced a gene encoding a protein made up of 10
repeats. It is possible that the position of the introns
within codons has shifted (intron I in repeat 1 and
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Fig, 4, Alignment of the 10 repeat sequences in hemopexin and the corresponding location of the introns in the gene. The two
lerminal regions, where few insertions and deletions are indicated, could be easily aligned, though the middle portion represents the
best attempt to preserve the hydrophobic character of the amino acids. The secondary structure predictions («, helix; 8, strand; t,
lrn; ¢, coil) is shown. The sequence number of the first residue in each repeat (designated 1-10) is given in parentheses. Conservation
atl a given alignment position is indicated by an * if seven or more of the residues were identical or by a + if seven or more of the
residues displayed conservation according to the following scheme: (P, G); (T, S); (K, R); (D, E, Q, N); (A, V,, L, M, C, H, F, Y,
W). The arrows indicate the corresponding locations of the introns in the gene.
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Fig. 5,

Schematic model of the evolution of the human hemopexin gene. The boxes represent exons and the connecting wavy lines

Tepresent introns (not drawn to scale). See text for details.
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intron VI in repeat 6) and that an intron originally
present was subsequently lost as in the case of re-
peats 5 and 10. On the other hand, the location of
the introns splitting the glycine codon in repeats 2,
3, 4,7, 8, and 9 may have been conserved because
of some regulatory significance which they impart
on the gene.

The active sites in the hemopexin protein (the
heme-binding site and the hepatocyte receptor-
binding site) are poorly characterized and whether
these two functions reside in the same or in separate
domains is not known. The demonstration that the
gene is composed of genetic elements or exons en-
coding specific functional or structural domains of
the protein would explain the selective advantage
of such an evolutionary model. In addition, hemo-
pexin shows strong amino acid sequence similarity
with human vitronectin (Stanley 1986), suggesting
that the genes coding for these two proteins are de-
scended from a common ancestor, though their
functional correlation is not obvious. The position
of the Introns within the human vitronectin gene
may shed light on their common evolutionary ori-
gin.
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