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Summary

The discovery of hemoglobins in virtually all kingdoms
of organisms has shown (1) that the ancestral gene for
hemoglobin is ancient, and (2) that hemoglobins can serve
additional functions besides transport of oxygen between
tissues, ranging from intracellular oxygen transport to
catalysis of redox reactions. These different functions of the
hemoglobins illustrate the acquisition of new roles by a pre-
existing structural gene, which requires changes not only
in the coding regions but also in the regulatory elements of
the genes. The evolution of different regulated functions
within an ancient gene family allows an examination of the
types of biosequence data that are informative for various

in a coordinated and balanced manner. They are in very
different genomic contexts that show pronounced
differences in regulatory mechanisms. The-globin gene is
in constitutively active chromatin and is encompassed by a
CpG island, which is a dominant determinant of its
regulation, whereas the B-globin gene is in A+T-rich
genomic DNA. Non-coding sequence matches are not seen
between avian and mammalianf3-globin gene clusters,
which diverged approximately 250 million years ago,
despite the fact that regulation of both gene clusters
requires tissue-specific activation of a chromatin domain
regulated by a locus control region. Thecis-regulatory

types of issues. Alignment of amino acid sequences is sequences needed for domain opening and enhancement do

informative for the phylogenetic relationships among the
hemoglobins in bacteria, fungi, protists, plants and
animals. Although many of these diverse hemoglobins are
induced by low oxygen concentrations, to date none of the
molecular mechanisms for their hypoxic induction shows
common regulatory proteins; hence, a search for matches

show common binding sites for transcription factors. In
contrast, alignments of non-coding sequences from species
representing multiple eutherian mammalian orders, some
of which diverged as long as 135 million years ago, are
reliable predictors of novel cis-regulatory elements, both
proximal and distal to the genes. Examples include a

in non-coding DNA sequences would not be expected to be potential target for the hematopoietic transcription factor

fruitful. Indeed, alignments of non-coding DNA sequences
do not reveal significant matches even between mammalian
o- and pB-globin gene clusters, which diverged
approximately 450 million years ago and are still expressed

TALL.
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Introduction

Many heme-binding proteins with diverse functions areconcentration in normal human blood of 15g per 100 ml. But

known, including electron-transferring

cytochromes,it has become clear that hemoglobins are very widespread in

intracellular peroxidases and lignin-degrading extracellulathe biosphere, are found in all groups of organisms, including

peroxidases. Some of the most abundant hemoproteins, thekaryotes, fungi, plants and animals, and carry out many
hemoglobins, allow the reversible binding of oxygen to thdifferent functions, including catalysis.

heme. They are not commonly implicated in catalysis or The widespread and diverse hemoglobins appear to be
electron transfer; instead, the heme-bound iron stays in its Zncoded by orthologous genes, i.e. the phylogenetic analysis
(Fell) oxidation state. Hemoglobins are usually thought of asdicates that the genes are descended from an ancient, common
the major proteins in erythrocytes circulating in the blood ofincestral gene. Thus, the different functions of the hemoglobins
vertebrates, carrying the oxygen inhaled by the lungs to thidustrate the acquisition of new roles by a pre-existing structural
respiring tissues in the body. Hemoglobins were first found igene, which requires changes not only in the coding regions but
blood simply because they are so abundant, with also in the regulatory elements of the genes. This paper will
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review this broad distribution of hemoglobins and use that asjawed vertebrate (Goodmanal.1987). Botho- andp-globins
context in which to examine some aspects of the evolution afre about equally divergent from the monomeric myoglobin, an
regulation in this gene family. The evolution of different oxygen storage and delivery protein found in many tissues. It
regulated functions within an ancient gene family also allows$acks the exquisite cooperativity of the blood hemoglobins, but
an analysis of the types of biosequence comparisons that aterelationship to them is clear from both the primary sequence
informative for various kinds of biological questions and thatnd the virtually identical three-dimensional structures, each
will be a parallel theme of this paper. containing the globin fold (Dickerson and Geis, 1983). Further
studies have found hemoglobins in jawless vertebrates and in
diverse invertebrates ranging from flies (arthropods) through
earthworms (annelids) to nematodes (Riggs, 1991; Dexah
. . 1992; Shermaret al. 1992). The amino acid sequences of
Animal hemoglobins invertebrate hemoglobins can be aligned with those of
The hemoglobin that can be readily isolated from the bloogertebrate hemoglobins (examples are shown in Fig. 1). In a
of any vertebrate is a heterotetramer of twglobin and two  parsimony analysis of these aligned amino acid sequences, the
B-globin polypeptides, with a heme tightly bound to a pockevertebrate and invertebrate hemoglobins form separate, distinct,
in each globin monomer. The movements and interactionsionophyletic clades within the overall tree for hemoglobins
between thex- andp-globin subunits lead to the cooperative (Fig. 2). Thus, the primary structures of invertebrate
binding of oxygen to this hemoglobin, allowing it to pick up hemoglobins are related, but somewhat distantly, to those of
oxygen readily in the lungs and to unload it efficiently in thevertebrate globins. In some invertebrates, the large extracellular
peripheral respiring tissues (Table 1). The amino acithemoglobins are fusion proteins composed of multiple copies
sequences of tha- and -globins are approximately 50% of the familiar monomeric globins. As hemoglobins are found
identical, regardless of which vertebrate species is the sourda,more and more distantly related species, the estimated time
arguing that these two genes are descended from a commifan the last common ancestral hemoglobin gene moves further
ancestor approximately 450 million years ago, in the ancestrbbck, to at least 670 million years ago in the case of the

Hemoglobin evolution from bacteria to man illustrates
the differing roles of hemoglobin

Table 1.Selected hemoglobins illustrate the diversity of proposed functions and regulation

Class Exemplary genus Hemoglobin Regulation Function (demonstrated and proposed)

Vertebrate Homo HbA Hypoxia-induced increase in Oxygen transport between tissues
production of erythropoietin,
which stimulates proliferation
and differentiation of erythroid
precursors, the progeny of which
express Hb at a high level

Plant Glycine Lb Nodulin-specific increase in transcription May sequester oxygen away
from nitrogenase
May transport oxygen to electron
transport chain in nodule

Plant Glycine Nonsymbiotic Hb  Induced by hypoxia? Intracellular oxygen movement

Alga Chlamydomonas LI637 Hb Light-inducible expression in chloroplast Oxygen bound to L1637 Hb can be
reduced. It may serve to accept
electrons, sequester oxygen or
deliver oxygen inside the organelle

Fungi Saccharomyces YHB (a flavo- Induced by high levels of oxygen or Can transfer electrons from NADPH
hemoglobin) reactive oxygen species, or by to heme iron
blocking electron transport May serve to protect from oxidative
Repressed by hypoxia stress

Induction is mediated by the transcription
factors HAP1 and HAP2/3/4

Bacteria Alcaligenes FHP (a flavo- Induced anaerobically Proposed electron transfer
hemoglobin) Promoter contains a potential Possible role in anaerobic metabolism,
binding site for NarL and FNR perhaps gas metabolism during
denitrification
Bacteria Vitreoscilla Hb Induced by hypoxia Can serve as terminal electron
Promoter contains binding sites for FNR acceptor during respiration

May scavenge oxygen
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humhbb ------- VHLTPEEK SAVTALWGKVN--VD EVGGEALGRLLVVYP WTQRFFESFGDLSTP DAVMGNPK----VKA HGKKVLGAFSDGLAH 77
humhbg ------- GHFTEEDK ATITSLWFKVN--VE DAGGETLGRLLVVYP WTNRFFDSFGNLSSA SAIMGNPK----VLA HGKKVLTSLGDAIKH 77
humhba -------- VLSPADK TNVKAAWGKVGAHAG EYGAEALERMFLSFP TTKTYFPHF------ DLSHGSAQ----VKG HGKKVADALTNAVAH 72
humhbz -------- SLTKTER THVSMWAKISTQAD TIGTETLERLFLSHP QTKTYFPHF------ DLHPGSAQ----LRA HGSKVVAAVGDAVKS 72

soyhbn --TTTLERGFSEEQE ALVVKSWNVMKKNSG ELGLKFFLKIFEIAP SAQKLFSFL------ RDSTVPLEQNPKLKP HAVSVFVMTCDSAVQ 82
parhbn MSSSEVNKVFTEEQE ALVVKAWAVMKKNSA ELGLQFFLKIFEIAP SAKNLFSYL------ KDSPVPLEQNPKLKP HATTVFVMTCESAVQ 84
soylbc ------- GAFTEKQE ALVSSSFEAFKANIP QYSVVFYNSILEKAP AAKDLFSFL------ ANGVDPTN--PKLTG HAEKLFALVRDSAGQ 75

pealbl --------GFTDKQE ALVNSSSE-FKQNLP GYSILFYTIVLEKAP AAKGLFSFL------ KDTAGVEDS-PKLQA HAEQVFGLVRDSAAQ 74
ytfiiHb -------- MLAEKTR SIIKATVPVLEQQGT VITRTFYKNMLTEHT ELLNIFNRT------ NQKVGAQP----N-A LATTVLAAAKNIDDL 71
bacthb --------MLDNKTI EIIKSTVPVLQQHGE TITGRFYDRMFQDHP ELLNIFNQT------ NQKKKTQR----T-A LANAVIAAAANIDQL 71
vitrhp -------- MLDQQTI NIIKATVPVLKEHGV TITTTFYKNLFAKHP EVRPLFDMG------ RQESLEQP----K-A LAMTVLAAAQNIENL 71
alcthb -------- MLTQKTK DIVKATAPVLAEHGY DIIKCFYQRMFEAHP ELKNVFNMA------ HQEQGQQQ----Q-A LARAVYAYAENIEDP 71

ascehb ----- SANKTRELCM KSLEHAKVDTSNEAR QDGIDLYKHMFENYP PLRKYFKNR-----E EYTAEDVQNDPFFAK QGQKILLACHVLCAT 80
ptnohb --AIASASKTRELCM KSLEHAKVGTSKEAK QDGIDLYKHMFEHYP AMKKYFKHR-----E NYTPADVQKDPFFIK QGQNILLACHVLCAT 83

caehbl E KYTADDVKKSERFDK QGQRILLACHLLANV 80
tetrhb ---------- DMDHQT------ K QQTDFLTMLLGGPNH 63
chl637 -- DMKVQR------ S KQFAFLAYALGGASE 63
nosthb -- DMAKQR------ N HLVAFLGQIFEGPKQ 60
humcyc TGQAP------- -GYSYTAANKNKGII 59
F helix- ------ > G helix------------ > H helix ------------- >
91 105 106 120121 135 136 150 151 165166 176
H AW
humhbb LDNLKGTFA------ TLSELHCDKLHVDPE -NFRLLGNVLVCVLA HHFGKE--FTPPVQA AYQKVVAGVANALAH KYH-------- 146
humhbg LDDLKGTFA------ QLSELHCDKLHVDPE -NFKLLGNVLVTVLA IHFGKE--FTPEVQA SWQKMVTGVASALSS RYH-------- 146
humhba VDDMPNALS------ ALSDLHAHKLRVDPV -NFKLLSHCLLVTLA AHLPAE--FTPAVHA SLDKFLASVSTVLTS KYR-------- 141
humhbz IDDIGGALS------ KLSELHAYILRVDPV -NFKLLSHCLLVTLA ARFPAD--FTAEAHA AWDKFLSVVSSVLTE KYR-------- 141

soyhbn LRKAGKVTVRESNLK KLGATHFRTGVANE- -HFEVTKFALLETIK EAVPEM--WSPAMKN AWGEAYDQLVDAIKS EMKPPSS---- 160
parhbn LRKAGKVTVKESDLK RIGAIHFKTGVVNE- -HFEVTRFALLETIK EAVPEM--WSPEMKN AWGVAYDQLVAAIKF EMKPSST---- 162
soylbc LKTNGTVVA----DA ALVSIHAQKAVTDP- -QFVVVKEALLKTIK EAVGGN--WSDELSS AWEVAYDELAAAIKK A---------- 143

pealbl LRTKGEVVLG---NA TLGAIHVQKGVTNP- -HFVVVKEALLQTIK KASGNN--WSEELNT AWEVAYDGLATAIKK AMKTA------ 147
ytfiHb SVLMDHVKQ------ -IGHKHRALQIKPE- -HYPIVGEYLLKAIK EVLGDA--ATPEIIN AWGEAYQAIADIFIT VEKK------- 139

bacthb GNIIPVVKQ------ -IGHKHRSIGIKPE- -HYPIVGKYLLIAIK DVLGDA--ATPDIMQ AWEKAYGVIADAFIG IEKDM------ 140

vitrhb PAILPAVKK------ -IAVKHCQAGVAAA- -HYPIVGQELLGAIK EVLGDA--ATDDILD AWGKAYGVIADVFIQ VEADLYAQAVE 146
alcfhb NSLMAVLKN------ -IANKHASLGVKPE- -QYPIVGEHLLAAIK EVLGNA--ATDDIIS AWAQAYGNLADVLMG MESEL------ 140

ascehb YDDRETFNAYTR--- ELLDRHARDHVHMP- ---PEVWTDFWKLFE EYLGKKTTLDEPTKQ AWHEIGREFAKEINK HGRHA------ 153
ptnohb YDDRETFDAYVG--- ELMARHERDHVKIP- ---NDVWNHFWEHFI EFLGSKTTLDEPTKH AWQEIGKEFSHEISH HGRHS------ 156
caehbl YTNEEVFKGYVR--- ETINRHRIYKMDPA- ----- LWMAFFTVFT GYLESVGCLNDQQKA AWMALGKEFNAESQT HLKNS------ 151
tetrhb YKGKNMTEA------ -----HKGMNLQNL- -HFDAIIENLAATLK ELG-----VTDAVIN EAAKVIEHTRKDMLG K---------- 121

chl637 WKGKDMRTA----- ----HKDLVPHLSD VHFQAVARHLSDTLT ELGVPP---ED-ITD AMAVVASTRTEVLNM PQQ-------- 126

nosthb YGGRPMDKT------ -----HAGLNLQQP- -HFDAIAKHLGEAMA VRGVS----AEDTKA ALDRVTNMKGAILNK ----------- 118

humcyc WGEDTLMEY 105

Fig. 1. Aligned amino acid sequences of selected hemoglobins from mammals, invertebrates, plants, protists and bactétiansT tretpes
alignment are given above the columns, and the positions of amino acids in each sequence are given at the end of the reids Aratn

are invariant (or have one mismatch in the case of proline at position 45) (P, F, H and AW) are indicated above fhglbbimaequence.

The column with the distal histidine of vertebrate and plant hemoglobins is marked with an ‘H’. The alignment was genmeyaiadstaiV

1.7. humhbb, humaf-globin; humhbg, humaxgglobin; humhba, humaa-globin; humhbz, humag-globin; soyhbn, soybean nonsymbiotic
hemoglobin; parhbnParasponianonsymbiotic hemoglobin; soylbc, soybean leghemoglobin C; pealbl, pea leghemoglobin I; ytflHb, yeast
(Saccharomyces cerevis)aiavohemoglobin YHB1; bacfhiBacillus flavohemoglobin; vitrhbyitreoscilla hemoglobin; alcfhbAlcaligenes
flavohemoglobin; ascehi#scaris hemoglobin; ptnohbPseudoterranovanemoglobin; caehblCaenorhabditis elegansemoglobin; tetrhb,
Terahymendemoglobin; chl637Chlamydomonakemoglobin LI637; nosthb\ostochemoglobin; humcyc, human cytochrome C.

invertebrate/vertebrate divergence (Goodreaal. 1988) (see symbiosis between rhizobial bacteria and the plant to allow
Fig. 3). fixation (reduction) of atmospheric nitrogen into a usable form,
ammonia, which eventually appears in amino acids and other
Plant hemoglobins: symbiotic and nonsymbiotic building blocks for the cells. Reduction of nitrogen consumes
Plants not only make oxygen during photosynthesis, but thdgrge amounts of energy, and the nodules have an abundant,
also use it for respiratiomia the electron transfer chain in plant-encoded hemoglobin, called leghemoglobin, that
mitochondria. Recent studies show that hemoglobins aracilitates the diffusion of oxygen to the respiring bacteriods
widely used in plants to bind and transfer that oxygen. The firsh the root nodule (Appleby, 1984). In addition, the binding of
plant hemoglobins were discovered in the root nodules afxygen to leghemoglobin may help sequester the oxygen away
legumes (reviewed in Appleby, 1984). These nodules are faom the nitrogen-fixing machinery, which is readily poisoned
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ommm - humhbb
+----99-+
| o e humhbg
+---100--+
| | Fommmmmeee e humhba
| oo +
| B et e humhbz
|
| R soyhbn
| +---100--+
R + | Fommme e parhbn
|| +-96-+
| | | | Femeemeeeenneaen soylbc
[ 499+
| | | Fommeemneeneennes pealbl
[
| [ — + [ — ytflIHb
| | +---89--+
| | [ bacfhb
o + | oo +
| | | | Fommemmnemeeennes vitrhb
[ +---99-—+
| | Fommemmeee e alcthb
[
| | + ascehb
e +
e + | | + ptnohb
| | +-100--+
[ + caehbl
Fig. 2. Phylogenetic tree of hemoglobins. TWe I . tetrhb
results of a parsimony analysis of the alignmentjn |  +_ .+
Fig. 1, using the program PAUP, are shown. The | | + chie37
number of times a node is supported in 100 *-90-* st
bootstrap replicates is given to the left of the node.
Abbreviations are the same as in Fig. 1. + humcyc

by oxygen (Dickerson and Geis, 1983). Although the amin&®RNA from the soybean gene is also present in root nodules, it
acid sequences of leghemoglobins differ from those ois much less abundant than that for the leghemoglobins. The
vertebrate globin genes at approximately 80 % of the positionsxpression pattern indicates that this protein has a more
leghemoglobin folds into the same three-dimensional structurgeneralized function in plants, such as facilitating oxygen
as the animal globins (Vainshtegét al. 1975). Thus, initial diffusion to rapidly respiring cells (Anderssenal. 1996).
investigations clearly showed that some plants had A cladistic analysis of the amino acid sequences of plant
hemoglobins, but it was thought that they were limited tchemoglobins (Anderssoet al. 1996) generates two distinct
legumes. branches, one with the symbiotic hemoglobins (characterized
The recent discovery of hemoglobins in a large variety oby the leghemoglobins) and the other with the nonsymbiotic
plants, including many nonleguminous species, strongly arguégmoglobins (Fig. 2). Since the latter nonsymbiotic
that the leghemoglobins are a specialized product diemoglobins have been found in a wide range of plant species,
divergence from an ancient plant hemoglobin gene — a genleese observations strongly support the hypothesis that a gene
that is itself descended from a hemoglobin gene in the lashcoding the nonsymbiotic hemoglobin was present in the
common ancestor to plants and animals. Hemoglobins distinancestor to plants (Fig. 3). It is likely that the symbiotic
from leghemoglobin, called nonsymbiotic hemoglobins, havdiemoglobins arosevia duplication of an ancestral gene
been discovered in root nodules of a nonleguminous plarfibllowed by divergence to fulfil more specialized functions in
(Appleby et al. 1983), in plants that do not form nodules root nodules.
(Boguszet al.1988) and in the monocotyledon cereals (Taylor
et al. 1994). Recently, a nonsymbiotic hemoglobin gene wadA common ancestral gene for plant and animal hemoglobins
discovered in the legume soybe&iycine maxthat is distinct The hemoglobin gene inferred to be present in the ancestor
from the well-known leghemoglobin genes found in the saméo plants was probably related to the hemoglobin gene in the
plant (Anderssoret al. 1996). Thus, two different types of ancestor to mammals, i.e. there was a gene for hemoglobin in
hemoglobin have been discovered in plants, a nonsymbiottbe last common ancestor to plants and animals. The evidence
type that is widely distributed and perhaps ubiquitous amonfpr this conclusion is based on the number and positions of
species and a symbiotic type that is induced upon nodulatiomtrons in the contemporary genes. The plant hemoglobin
The nonsymbiotic hemoglobins are synthesized in a widgenes (both symbiotic and nonsymbiotic) are separated into
range of tissues, including stems and young leaves of matufeur exons by three introns (Jensetnal. 1981; Brisson and
plants, seed cotyledons and young shoots. Although messenyd&rma, 1982; Anderssogt al. 1996), as illustrated in Fig. 3.



Evolution of globin gene expressidil03

The first and third introns are in positions homologous to thosgenes. Other nematode hemoglobin genes have lost one or
of the two introns found in vertebrate andB-globin and in  more introns from the ancestral three-intron structure
myoglobin genes. The second plant intron interrupts the regiaineviewed in Goldberg, 1995).

coding for the E helix of hemoglobin. A similar intron/exon Although this model is attractive in its simplicity, the
structure is found for the hemoglobin genes in the nematodessignment of the central intron as homologous between plant
Pseudoterranovand Ascaris(Dixon et al. 1992; Shermaet  and nematode hemoglobins is not definitive. Alignment of
al. 1992), which may represent an older structure than the twglant and nematode hemoglobin sequences shows several
intron form found in the annelidumbricus(Jhianget al.1988)  matches on both sides of the E helix, but the region interrupted
or the intron-less form found in the inse€hironomus by the central intron is completely different (Fig. 1). Simply
(Antoine and Niessing, 1984). Thus, one can propose that tis¢arting from the predicted beginning of the E helix in the
ancestor to plants and animals had a hemoglobin gene wiglublished alignments (Shermanal. 1992), the central intron
three introns (Fig. 3). This arrangement has been retained im nematodes interrupts the eighth codon, whereas the central
all the plant hemoglobin genes, both symbiotic andntron in plants falls between the fourteenth and fifteenth
nonsymbiotic, and also in certain nematodes. The central intraodons encoding this helix. Thus, the introns appear to be in
was lost prior to the divergence of annelids and arthropods anslightly different places and in different phases. Whether this
hence, is absent in all vertebrate hemoglobin and myoglobis the result of extensive divergence from a common ancestor,

> Lignin peroxidases
> Cytochrome b562
Phycocyanins Other hemoproteins

Ancestra Hbgene [ECI T 0 or DINEE or EEEE ]
1800 Myr

Ancestral hemoprotein gene

Bacterial Hb genes
Alcaligenes [EIIEIFAD ]

Vitreoscilla [N T—— B5 El4 FO Algal Hb gene
FAD
Fungal flavohemoglobin gene E2
Y east Saccharomyces Y EEE Er;tozoa?ul—r:]b gene
B12 E? G6
1500 Myr
Plants | / | Animals
B12 E14 G6 B12 E8 G6
e m Nematode
Lose central intron
A 670 Myr
Arthropod Annelid
y'd (50 I | N
D N MW W é@i\ﬂyr
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Hb gene Loseall o
introns x 450 Myr

Fig. 3. Schematic overview  of
hemoglobin gene evolution from bacteria Monocot ,)@\150 Myr CEo o N
to man. Globin-coding exons and genesgr mr w1 Dicot lobi B-globin
are shown as dark-filled boxes, portions of [ .| EEEE  o-globingene e%e
genes encoding a flavin-binding domain v 4, g v
are shown as gray bo>_<es, and intron_s a1 onocot Dicot Insect Mammal o Earthworm
shown as open boxes in genes. Speciatiqthng mjotic symbiotic Chironomus  Homo Lumbricus
events are depicted as diagonally stripeqordeum Glycine Nematode Mammal 8
circles, and gene duplications are showmgrjey Hp ~ Dicot soybeanLb  psaydoterranova Homo
as gray diamonds. Myr, millions of years nonsymbiotic
ago; Monocot, monocotyledon; Dicot, Glycine

dicotyledon. soybean Hb
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resulting in intron ‘sliding,” or independent insertions of flavin cofactor. The flavohemoglobins from yeast and bacteria
introns (Dixon and Pohajdak, 1992) requires further studyorm a distinct clade (Fig. 2). The three-dimensional structure
(discussed in Goldberg, 1995). Irrespective of whether thbas been determined for thdcaligenesflavohemoglobin
central intron was present early or was inserted later, thg&rmleret al.1995). The structure corresponds to the classical
sequence relationships and overall gene structures arggbin fold, demonstrating the homology between the
strongly for an ancestral hemoglobin gene being present mobacterial and eukaryotic hemoglobins. Thcaligenes
than 1500 million years ago, prior to the divergence of plantfavohemoglobin has been implicated in catalyzing a reduction
and animals. It is also clear that the first and third introns ameaction, transferring a hydride ion from NADH to FAD and
at least as old as the last common ancestor to plants atiten the two electronsyia the heme, to a still-unknown
animals. substrate (Ermleet al. 1995). The hemoglobin in the sliding
bacteriumVitreoscillais not fused with a flavoprotein domain
Hemoglobins in protists, fungi and bacteria (Wakabayashet al. 1986), but it falls within the clade with
Recent studies show that the hemoglobin gene is trulthe flavohemoglobins (Fig. 2). Its three-dimensional structure
ancient, preceding the divergence of prokaryotes andlsoconforms to that of the globin fold (Tarricatel.1997).
eukaryotes, and it now appears in a variety of exon/introhike the Bacillus flavohemoglobin and many other
arrangements (Fig. 3). The subfamily of hemoglobins foundiemoglobins, and in contrast to the regulation of the yeast
in protists forms a distinct branch on cladograms (Zhu antiemoglobin, it is induced when cells are grown in low-oxygen
Riggs, 1992), illustrated in Fig. 2. The hemoglobin gene irthypoxic or anaerobic) conditions (Dikshét al. 1990). Its
the protozoanTetrahymenahas no introns (Takaget al.  ability to complement deficiencies of terminal cytochrome
1993), the homologous gene Rarameciumhas a single oxidases irE. coli suggests that this hemoglobin can receive
intron that does not correspond to any other globin genelectrons during respiration (Dikshiet al. 1992). A
intron (Yamauchiet al. 1995), and one hemoglobin gene in hemoglobin encoded within anif operon in the
the algaChlamydomona$as three introns, at least two of cyanobacteriunNostoc commun@ottset al. 1992) is similar
which are in unique locations (Coutue¢ al. 1994). Since to the hemoglobins found in the unicellular eukaryotes
these appear to be homologous genes, one must propd3klamydomongsTetrahymenandParamecium
many introns in the ancestral gene followed by differential Thus, hemoglobins are found in virtually all kingdoms of
loss, substantial intron sliding or repeated insertions ofrganisms, including eubacteria, unicellular eukaryotes,
introns to obtain the contemporary structures. Stoltefud.  plants and animals. No hemoglobins have been reported in
(1994) have argued that this diversity in gene structure ithe archaebacteria to date, but it would be surprising if they
incompatible with the idea that exons encode discrete unitgere truly absent. Although the hemoglobin genes have been
of protein structure. diverging for an extremely long time, as much as 1800
The hemoglobins found in these unicellular organisms showillion years, relationships among them can be analyzed by
more biochemical reactivities and hence have been implicatedultiple alignment of amino acid sequences of the encoded
in a wider variety of potential functions that those traditionallyproteins followed by construction of phylogenetic trees
associated with animal and plant hemoglobins (Table 1). Th@ able 2). There is a consistent function associated with
hemoglobins inChlamydomonasare found in the chloroplast many of the hemoglobins — effective transport of oxygen.
and are light-inducible. Unlike the case with many othefThis can be achieved by making very large amounts of
oxyhemoglobins, @ bound to the Chlamydomonas hemoglobin in particular cells (e.g. erythrocytes) for
hemoglobin can be reduced (Couture and Guertin, 1996fansport through the body or in specialized locations
which raises the interesting possibility that this hemoglobirrequiring intense respiration (e.g. nitrogen-fixing root
could serve as an electron acceptor, perhaps in the electrnadules). Alternatively, smaller amounts of proteins, such as
transport system or another redox system. Alternatively, inyoglobin or the nonsymbiotic hemoglobins in plants, can
could serve to trap oxygen to protect oxygen-labile proteins dse made in virtually all cells, perhaps providing an efficient
perhaps deliver oxygen to the cytochrome oxidase of thmtracellular oxygen-delivery system to the respiring
respiratory chain (Couturet al. 1994). A flavohemoglobin mitochondria and chloroplasts (Wittenberg and Wittenberg,
from the yeasBaccharomyceis a fusion of a heme-binding 1987). This latter function appears to be very widespread in
domain and an FAD-binding domain (Zhu and Riggs, 1992)the biosphere, being found in plants, animals and algae.
In contrast to most other hemoglobins, its production i8Vhen the respiratory electron transport system is not in a
induced byhigh levels of oxygen (Zhu and Riggs, 1992; separate intracellular compartment, as in bacteria, some
Crawfordet al. 1995), and it may play a role in protecting the species still utilize hemoglobin under hypoxic conditions,
cell from oxidative stress (Zhaat al. 1996). perhaps to provide oxygen as the terminal electron acceptor.
Hemoglobins have been found in many bacteria as wellndeed, the flavohemoglobins appear to catalyze redox
Like the yeast protein, the flavohemoglobins fiégtherichia reactions, with the heme playing a direct role in electron
coli (Vasudevaret al. 1991),Bacillus subtilis(LaCelleet al.  transfers as it does with the cytochromes. Perhaps these latter
1996) andAlcaligenes eutrophuCrammet al. 1994) have proteins provide clues about the function of the ancestral
two domains, one for binding heme and one for binding &aemoglobins.
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Table 2. Different types of biosequence or biostructure analysis are informative for various questions

Relationships or phenomena studied Phyla or time span covered Biosequence/Biostructure
Hemoproteins in general Biosphere since oxygen evolution Three-dimensional structures
Hemoglobins Bacteria, fungi, protists, plants, animals Amino acid sequence, three-dimensional
structure
Hemoglobin gene structure (intron/exon) Bacteria, fungi, protists, plants, animals Genomic DNA and cDNA sequences
Regulation ofo- andB-globin genes Vertebrate animals General features of genomic DNA
Patterns of transcription factor binding sites
Regulation of3-globin genes Birds and mammals Patterns of transcription factor binding sites
Regulation of3-globin genes Mammals Non-coding sequences in genomic DNA
Regulation of symbiotic and nonsymbiotic Plants Non-coding sequences in genomic DNA
globin genes
Common origins for many hemoproteins as lignin peroxidase (Edwardg al. 1993) and cytochrome

Is there an evolutionary connection between thd562 (Mathewst al.1979), but the topology of these helices
hemoglobins, the cytochromes that pass electrons down &ffers from the globin fold. Is this divergent or convergent
energy gradient in respiration and in photosynthesis, and otheyolution? As more structures are determined, it will be highly
hemoproteins that catalyze oxidations? Keilin (1966)nstructive to see which distant relationships among
suggested some time ago that hemoglobins may have evolvB@moproteins will be confirmed and to determine how far the
from heme enzymes that utilize oxygen (discussed in Riggsuperfamily of hemoglobin genes reaches.

1991). Irrespective of the relationships among the proteins that
bind them, it is likely that metal-bound porphyrin rings or
related compounds were present at the time that photosynthesi
evolved; indeed, they may have been utilized then as now in Response to ©

capturing light energy. One can speculate on interesting Given the differing roles of the hemoglobin proteins
scenarios for the use of hemoproteins once oxygen appearaescribed above, it is not surprising that the regulation of the
via photosynthesis. Given the capacity of oxygen to damaggenes encoding them can differ dramatically. Since all these
various cellular components, oxygen-binding hemoproteingenes appear to be descended from a common ancestral gene
may have functioned initially to protect cells from this reactive(and hence arerthologou3, the variations in regulatory
species. Once the utility of oxygen as an electron acceptor wasechanisms present examples of alterations of control
realized in the evolution of respiratory chains, hemoproteinsequences during evolution that allow pre-existing protein-
could serve as electron-transfer agents (leading tooding genes to be adapted to different functions. In some
contemporary cytochromes) and oxygen-bound hemoproteirtmses, the regulatory changes and evolutionary distance may
could serve as the terminal electron acceptors. Further gebe so large that no remnant of the ancestral state is left to guide
duplications and divergence would allow the capacity tanferences from sequence alignments. For example, consider
catalyze other redox reactions to evolve. The intracellulathe regulation of various hemoglobin genes by lévels.
oxygen-transport properties may have arisen from a need Rroduction of many of the known hemoglobins is induced by
scavenge scarce oxygen to provide it for the respiratory chalow O concentrations, as may be expected for proteins used
(leading to contemporary myoglobins and nonsymbiotidor O, transport. However, the mechanism can be direct, as in
hemoglobins). In multicellular organisms, the oxygen-several bacteria, or quite indirect, as it is in mammals (Fig. 4).
scavenging hemoglobins could evolve into the abundarExpression of the bacterial hemoglobin gene fiéitreoscilla
hemoglobins now used to transport oxygen. (Dikshit et al. 1990) and the flavohemoglobin gene from

Primary sequence relationships may not be particularlBacillus subtilis(LaCelle et al. 1996) is induced at low ©
useful in testing these proposed connections, since tledncentrations, but different proteins have been implicated in
ancestral amino acid sequence may have diverged beyotitke regulation of these bacterial genes. The common anaerobic
recognition after billions of years of evolution. A more usefulregulator FNR can be used to regulate positively expression of
guide will be the determination of three-dimensional structuretheVitreoscillahemoglobin gene (Joshi and Dikshit, 1994) and
by X-ray crystallography (Table 2). In this regard, it is notablepossibly of theAlcaligenesflavohemoglobin gene (Cramet
that the light-harvesting biliprotein C-phycocyanin, from theal. 1994). FNR, theifmarate itrate reduction protein, induces
cyanobacterium Mastigocladus laminosus has a three- expression of a large number of genes wherddcentration
dimensional structure very similar to that of a globin (Schirmers low and electron transport switches to alternative electron
et al. 1985), suggesting a common ancestry (Fig. 3). Althouglacceptors such as fumarate and nitrate. Thee@sor in this
this is not a heme-binding protgier se it does bind a linear case is well understood (Rouault and Klausner, 1996); under
tetrapyrrole pigment derived from heme. Heme binds betweemormal @ conditions, FNR is an apo-protein with no
two a-helices, coordinated to histidine, in proteins as divers@on—sulfur (Fe—S) cluster but, wherp @vels are low (i.e.

Mechanisms of regulating hemoglobin gene expression
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anaerobic conditions), a 4Fe—4S cluster is formed. The FNRe hormone erythropoietinia response elements in & 3
protein with the 4Fe—4S cluster is an active transcriptionaénhancer and the promoter of the gene (reviewed in Hetang
regulator that induces expression of many genes, including tta. 1997). Erythropoietin then acts on the erythroid progenitor
Vitreoscilla hemoglobin gene. A two-component regulatorycells in the bone marrow to increase proliferation, to stimulate
system involving the ResD and ResE proteins has beduarther erythroid differentiation and to block apoptosis
implicated in the anaerobic induction of the flavohemoglobinMason-Garcia and Beckman, 1991; Witthuéhal. 1993;
genehmp from Bacillus subtilis(LaCelleet al. 1996). As is  Migliaccio et al.1996). This then leads to increased production
characteristic of two-component regulatory systems irof erythrocytes, each carrying abundant hemoglobin. Thus, the
bacteria, one protein, ResD, is the response regulator and tBe-sensing system in vertebrates does not act directly on the
other, ResE, is the histidine protein kinase that transduceshamoglobin genes, but rather acts on a hormone gene in a
signal. The ResD/ResE system was discovered recently (Sdifferent tissue, eventually leading to an increase in the number
et al.1996), and currently both the nature of the oxygen sensaf cells carrying hemoglobin. This may be viewed as an
and the mechanism of induction of the target genes amdaborate adaptation to the need for carrying oxygen to the
unknown. The FNR protein is also involved in regulation ofmany tissues in the body of a vertebrate, whereas hemoglobin
theB. subtilis hmmene, but indirectlyiaits role in increasing regulation in bacteria only needs to serve the requirements of
levels of nitrite (LaCelleet al. 1996). a single cell.

Like these bacterial genes, vertebrate hemoglobin Much information has been gathered about the proteins and
production is also increased under conditions of hypoxia, bugvents that lead to the increased production of erythropoietin
by the indirect mechanism of increased erythropoiesis (Fig. 4in the hepatoma cell line Hep3B. The protein HIEgpxia
The low @ concentration is actually sensed by cells in theinduction fctor 1) plays a key role in increasing the production
kidney and liver, where it signals an increase in production off both erythropoietin and other proteins that respond to

Oxygen sensor Response
Low oxygen Gene
— >
4Fe-49) ) [4Fe-4 i i
OO < > OO \H/'grgegnsg'”a L Induced anaerobically

FNR Apo Highoxygen FNR [4Fe-4S]
inactive active

GResE) —> - > B. subtilis hmp gene

- o heme | FAD[—  !nduced anaerobicaly
Histidine protein kinase Response regulator

+ — @
CP1 homolog
Respond to intracellular heme

S cerevisiae ) _
YHBL1 gene Induced in presence of high oxygen
A

heme | F

Mammalian kidney and liver cells

Proposed sensor:  Low oxygen: Promoter Enhancer
hemoprotein protein protein @ active > m Mammalian dalged Induced by hypoxia
Kinases syn% Epo gel)
O “ Normal oxygen \)
inactive HIF13

Erythroid progenitor cells
i EpoR
o-globin gene ~ -
B-globin gene -« agfuir;?t'at'om \\

Heme “ hemoglobin Y

Anti-apoptosis

genes

Fig. 4. Different types of oxygen sensors and their effects on regulation of hemoglobin genes in bacteria and mammals.
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hypoxic stress (Wang and Semenza, 1993). HIF1 is should be noted thakyRregulation inE. coliresponds to low
heterodimer (Wangt al. 1995), and the primary regulation is oxygen concentrations without the involvment of an Fe-S
exerted on the synthesis and stability of the KIEUbunit  cluster protein, so other types of oxygen sensor molecules are
(Huanget al. 1996). The HIFB subunit is identical to the known (Storzt al.1990). Even if Fe—S proteins are implicated
ARNT protein, the aryl hydrocarbon receptor nuclear transpornore broadly in @ sensing, the large evolutionary distance
protein; its concentration does not change in response to @etween the species examined may preclude a clear
(Wanget al.1995). However, the HIFLsubunit is synthesized determination of any ancestral relationships.
under low-Q conditions in a process that appears to be under In contrast, evolutionary approaches provide a means to
translational control. Under normakOconditions, the analyze the substantial amount of information available about
concentration of the HIFL subunit declines rapidly, leading the regulatory elements of hemoglobin genes in plants and
to a decrease in erythropoietin production. The protein HNFdnimals. These show distinctive features that illustrate how
also plays a critical positive role in the tissue-specific anddNA sequences have evolved to allow different homologous
hypoxia-inducible expression of the erythropoietin (Epo) geneoding sequences (hemoglobin genes) to be expressed in
(Galsonret al.1995). The nature of theo@ensor in kidney and different tissues, at different stages of development and at
liver cells is still not defined, although some studies havéiffering levels.
implicated a hemoprotein in this process (Goldletrg. 1988;
Huang et al. 1997). In particular, one model is that the Plant hemoglobins
oxidation state of the Fe determines the conformation of the The leghemoglobin genes are expressed only in the nitrogen-
heme and that the conformation with reduced Fe signals tHixing root nodules after the symbiotic bacteria have invaded,
pathway leading to increased erythropoietin production. and they are expressed at high levels. In constrast, the
The flavohemoglobin geneYHB1 from the yeast nonsymbiotic hemoglobin genes are expressed in all tissues
Saccharomyces cerevisigealso regulated by oxygen, but in examined but at lower levels. The currently defined promoter
the opposite way — it is induced by high levels of ©he elements for the two classes of gene are shown in Fig. 5. The
HAP1 and HAP2/3/4 proteins have been implicated in thipromoters for leghemoglobin genes have ‘nodulin boxes’ that
aerobic induction (Crawfordet al. 1995); these proteins are critical for nodule-specific expression (Randoal. 1993;
respond to intracellular heme concentrations. The yeast HARRzczyglowskiet al. 1994), but the promoters of genes for the
and HAP3 proteins are homologous to two subunits of thaonsymbiotic plant hemoglobins lack this motif, having
heteromeric CCAAT-binding protein CP1 (also known as NFinstead their own common conserved motifs (Anderssa.
Y and CBF), which are implicated in activated expression 01996). One model for the role of these nodulin boxes is that
all the mammalian globin genes (discussed below). Thuspecific activator proteins bind to these sequences in nodules,
despite the dissimilarities in the oxygen response and tHeading to high levels of expression of the leghemoglobin
greater complexity of the mammalian mechanism, homologougenes. Research into the regulation of the nonsymbiotic
transcription factors are implicated in the regulation ofhemoglobin genes is at an early stage, and it will be most
homologous genes in yeast and mammals. informative to investigate any similarities with the regulation
Little commonality is obvious from these disparatein other species. The analysis of upstream promoter sequences
regulatory systems, but in only one example has a protein wities been useful in these plant hemoglobin genes (Table 2;
a demonstrated capacity to regulate gene expression by sensikig. 5).
Oz levels, the FNR protein, been placed in the pathway.
Proteins containing Fe—S clusters can respond reversibly fdaradoxes in vertebrate globin evolutiomglobin versus-
changes in oxidative conditions, whether by increasing the globin gene regulation
stability of a 4Fe-4S cluster in the case of FNR and the An enormous amount of research has been devoted to
mammalian IRP1, or iron response protein (Rouault andnderstanding the regulation of vertebrate hemoglobin genes,
Klausner, 1996), or by changing the conformation of a stablecluding tissue- and developmental-stage-specificity and
2Fe-2S cluster in the SoxR protein. This latter protein bindbalanced production of the globin chains. Given the descent of
to cognate sites in the promoter of $wxSgene under both a- andp-globin genes from a common ancestor (Figs 3, 6),
anaerobic and aerobic conditions, but it changes itene might have thought that their coordinated and balanced
conformation (and apparently that of the promoter) undeexpression to produce the heterotypic tetramefz in
aerobic conditions to increase expression of gbeSgene erythrocytes would be the easiest aspect of regulation to
(Hidalgo et al. 1997). The resulting increase in concentrationexplain. Since the two genes would have been identical after
of the SoxS protein induces expression of many genes involvélde initial duplication, with identical regulatory elements, one
in protection from oxidative stress. It is tantalizing to speculatenight have expected selection to keep the regulatory elements
that the initial monitors of @evels (Q sensors) could be Fe—S very similar. However, much has changed betweemtliee
proteins in many of the regulatory systems discussed here. Thad 3-like globin gene clusters since their duplication. They
hemoproteins implicated in induction of erythropoeitin inare now on separate chromosomes in birds and mammals, and
mammals andYHB1in yeast could be acting downstream ofin mammals they are in radically different genomic contexts
the initial sensor. Further studies should test this possibility. IfFig. 7). The 3-globin gene clusters have an A+T content
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Fig. 5. Summary of protein-binding sites in globin gene promoters from plants and mammals. DNA sequences implicated stitreotgul
the globin gene promoters in plants are given. For the human and chicken globin genes, boxésim tBédnking regions are labeled with
the proteins that bind to these sites and are implicated in regulation. Unlabeled boxes are segments of DNA either coftseiwvecha
proteins bind, but the identity of the proteins acting at these sites is unknown.

comparable to the bulk of mammalian DNA, they have no Cp@articular, the Sflanking region and much of tleeglobin gene
islands, and the locus is in a DNAase-accessible, ‘operdre contained within a CpG island, which contains notable
chromatin conformation only in erythroid cells, where thebinding sites for Sp1, a relative of Sp1 caltd®P, and other
genes are expressed (reviewed in Collins and Weissmaless well-characterized proteins (Barnhetril. 1988; Kim et
1984). In contrast, tha-like globin gene clusters are highly al. 1988; Yostet al. 1993; Rombegt al.1995). Aside from the
G+C-rich, they have a CpG island associated with each actiieATA and CCAAT motifs, the protein-binding sites are
gene, and the locus is in a constitutively ‘open’ chromatircompletely different in the proximal regulatory region of the
conformation in all cells (Craddockt al. 1995). Tissue- humanf-globin gene. The CpG island encompassing the 5
specific gene expression is frequently correlated with aflanking region and much of the gene is a key component of
increased accessibility of the chromatin in a locus only irthecis-regulatory elements for tieeglobin gene of rabbits and
expressing cells, but this is not the case foraHi&e globin  humans, possibly through its effects on chromatin structure
genes of mammals. (Pondelet al. 1995; Shewchuk and Hardison, 1997), but no
Despite all these differences, expression obtiggobin and  CpG island is found at any of tifelike globin genes.
B-globin genes is appropriately balanced in erythroid cells, As can be seenin Figs 2 and 3, the mammali@mdf-globin
apparently by rather different mechanisms. Fig. 5 shows songenes are relatively close to each other on a phylogenetic scale
of the better-characterized protein-binding sites in the proximdhat includes many taxa (animals, plants, fungi and bacteria), but
regulatory elements (roughly the 200 base pdite he cap this time frame is in fact quite long relative to the evolution of
site of the genes). Comparing the huriaanda-globin genes  regulatory elements. Currently, the coordinated regulatian of
(Efstratiadiset al. 1980), one sees the TATA motif, to which and(3-globin genes is more paradoxical than clear. Differences
the general transcription factor TFIID binds, and the CCAATare even seen between the distal elements that regulate the
motif, to which transactivators such as CP1 can bind. globin and3-globin gene clusters, called the locus control region
However, other protein-binding sites are quite different. Infor LCR) for -globin genes (reviewed in Grosvedtial. 1993)
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and HS-40 for then-globin genes (Higgset al. 1990). As Avian and mammaliap-globin genes
illustrated in Fig. 8, one powerful enhancing region of ke Since comparisons of mammalian and 3-globin genes,
globin LCR, called DNAase hypersensitive site 2, or HS2, an#hose ancestors diverged early in the vertebrate lineage
o-globin HS-40 are each composed of binding sites fompproximately 450 million years ago, show more differences
transcription factors NFE2 (a member of the AP1 family)than similarities, one might expect comparisons over a shorter
GATAL or its relatives and a family of proteins that bind to thephylogenetic distance to reveal information about regulation,
DNA sequences that include a CACC motif, generically referreduch as alignments within a gene lineage but between families
to as CACBPs (Talbadt al. 1990; Jarmamt al. 1991). In both  of vertebrates (Fig. 6). Extensive sequences are available for
cases, these distal regulatory sites cause a large increase inlibth mammalian (e.g. human) and avian (chickgg)obin
level of expression of the target genes (Fig. 7). However, thgene clusters, and in both cases the genes are expressed only
similarities appear to end there. HS2 serves as an enhancer withirerythroid cells in a developmentally regulated manner. One
the context of a much larg@rglobin LCR, which also acts to might anticipate common aspects of regulation, and in general
open the chromatin over a discrete locus in erythroid cellghis is true. Both human and chiclkgglobin gene clusters are
whereas HS-40 is currently the only characterized erythroidn an ‘open’ chromatin domain only in erythroid cells, and
specific, distal regulator, and it enhances globin gene expressibiNAase hypersensitive sites (HSs) appear in the promoters
within a locus that is part of a large block of constitutively activeonly at the developmental stage at which the gene is expressed
chromatin, which also includes several ubiquitously expresseg@eviewed in Evanset al. 1990; Felsenfeld, 1993). Thus,
genes. Thus, domain opening does not appear to play a roleaherations in both overall and specific chromatin structure are
regulation ofa-globin genes (Craddockt al. 1995), but it is a  critical to the regulation of both gene clusters. In both species,
key initial step in the regulation @fglobin genes (Groudinet  the expression of the genes is controlled by both distal and
al. 1983; Forresteet al. 1990). proximal regulatory sequences. One may further anticipate that
Further insights into the evolution of coordinated expressiothese common features of gene organization and regulation
betweena- and 3-globin genes may be gleaned by furtherwould be reflected in sequence comparisons, but that is largely
analysis of the globin gene clusters in the amphiiamopus not the case.
(Hosbachet al.1983) or the zebrafidhanio rerio (Chanet al. A comparison of the complete sequences of the chicken
1997), in which ther-globin genes anfl-globin genes are still (Reitmanet al. 1993) and human (Collins and Weissman,
closely linked. For instance, it would be very helpful to know1984) -globin gene clusters shows a simple and somewhat
the location and composition of the LCR in these cases.  disappointing pattern (Fig. 9, lower panel). The sequence

Mammas |LCR &Y v no B Human B
B B B <
B Birds hss 1P B B e e Chicken B
pro-a/  pro-a/p
N §
a a o a
o o B B T\ ,_I
Ancestral HS4O/ ¢ ¢ Ya ya aa b Human o
jawed o a B B
vertebrate

%\
A A L L
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Fig. 6. Evolution of globin gene clusters in vertebrates. Each Greek letter represents a globin gene. Although all thenggobinage
contemporary gene cluster may be derived from a single gene in an ancestor, this does not preclude the possibilityettat thedamailtiple
globin genes that may have been differentially regulated. Thus, a cluster of genes is shown in each ancestor.
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matches are restricted to portions of the protein-coding regionglobin gene clusters, since the hundaglobin and aviarte
Eachp-related globin gene in humans is equally distant fronmglobin genes are orthologous and restricted to embryonic
each of thé3-related globin genes in chickens, e.g. the humaerythroid expression (Proudfoet al. 1982). A complete DNA
e-globin gene is no more closely related to the chigkglobin ~ sequence of the chickenglobin gene cluster including the
gene than it is to the adf*-globin gene, despite having the region comparable to HS-40 will be highly informative.

same name. This suggests that the series of gene duplicationg&ven though the pairwise alignments did not reveal
and divergences that gave rise to fRglobin gene clusters sufficiently long matching segments to be significant, a
occurred independently in the lineages to the ancestrabmparison of the protein-binding sites in known regulatory
mammal and to the ancestral bird, and that is consistent witkegions shows that some of the same proteins are used in both
the inferences drawn from phylogenetic reconstructions basegpecies. For instance, the chickigla enhancer has binding
on the amino acid sequences of the proteins (Fig. 6). sites for AP1/NFE2, a CACBP and GATA1l (Evaes al.

No statistically significant alignments are seen in thel990), strikingly similar to the array in HS2 of the hunfian
promoter regions or in the distal control elements. The chickeglobin LCR and thex-globin HS-40 (Fig. 8). Alignments of
/e enhancer shows no striking matches to any portion of thieng DNA sequences are not expected to be able to identify
human-globin gene cluster, nor does the hunflglobin  single, isolated bindings sites simply from the similarity score.
LCR resemble any of the sequences around 'ti#S5 in the A typical protein-binding site is usually 6-8 base pairs long,
chicken gene cluster. At least for this particular gene clusteand some variation in the binding sites can occur without
the comparison between birds and mammals is too distant &ffecting binding affinity (and hence could be tolerated even
discern candidates faris-regulatory sequences by pairwise in a region under strong selection). Thus, a functional binding
sequence alignments. The situation may be different faxthe site could comprise a string of as few as six nucleotides, only
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four of which match in a pairwise comparison. Strings meetinghe 3-globin gene clusters in birds and mammals, even though

that criterion occur randomly at too high a frequency to allowthe pairwise alignments do not reveal these as conserved

one to distinguish functional binding sites from randomelements. Hence, the comparison of transcription factor

matches. However, a group of conserved binding sites coulninding sites is more informative than the alignment of non-

score as a significant alignment if the order and spacing aoeding DNA sequences (Table 2).

also conserved. In the three cases discussed here, the order

NFE2/AP1-CACBP-GATAL is the same, but the spacingMammaliany and -globins: phylogenetic footprinting and

differs. The inability to detect similar regulatory regions differential phylogenetic footprints

between chicken and human using nucleotide identities as theln contrast to the previous comparisons, the detailed study

basis for a similarity score illustrates the need for theof globin gene clusters in many mammalian species has

development of software that identifies all potential proteinprovided a rich resource of information from which to glean

binding sites and searches for similar patterns within thedeirther insight not only into the evolution of the gene clusters

binding sites. This also has been espoused as a good approhahalso into their regulation. THeglobin gene clusters have

for analyzing sequences between the pufferfisiyu and  been extensively studied in human, the prosimian galago, the

humans (Aparicieet al. 1995). lagamorph rabbit, the artiodactyls goat and cow, and the rodent
The general result is that homologous proteins are playingiouse. Diagrams of these gene clusters are shown in Fig. 10,

important, and probably similar, roles in the regulation of theand aspects of their evolution and regulation have been
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Fig. 10. Proposed evolution @fglobin gene clusters in eutherian mammals. The genes are shown as boxes, with their names above and their
time of expression during development indicated below each box. Orthologous genes have the same distinctive shading irEgach box
embryonic; F, fetal; A, adult; J, juvenile.

reviewed (Collins and Weissman, 1984; Goodreaal. 1987;  The LCR has been implicated in opening the chromatin in the
Hardison, 1991; Hardison and Miller, 1993). Ehglobin gene  B-globin gene domain to allow or stimulate high-level gene
is at the 5end of all the mammalian globin gene clusters aneéxpression (Fig. 7), and thé Banking regions contain the
is expressed only in embryonic red cells. In most specieproximal promoters (to approximatelyl00) plus upstream
expression of thg-globin gene is also limited to embryonic regulators involved in induction and silencing (reviewed in
red cells, but in anthropoid mammals its expression continuedtamatoyannopoulos and Nienhuis, 1994). Thus, the overall
and predominates in fetal red cells. The appearance of this ngattern of sequence conservation outside the coding regions
pattern of fetal expression of theglobin genes coincides includes most of the currently characterized regulatory regions,
roughly with the duplication of the genes in primate evolutionalthough in many cases the sequence conservation extends
which leads to the hypothesis that the duplication allowed thibeyond them, indicating the possibility that more will be
changes that caused the fetal recruitment (Fétcal. 1991).  discovered. This general pattern of sequence conservation
TheB-globin gene is expressed after birth in all mammals, bubetween eutherian mammals (human and mouse in particular)
in galago, mouse and rabbit its expression initiates ankbcalized to known or testable regulatory regions is seen for
predominates in the fetal liver (arguing that fetal expression afeveral other mammalian loci, demonstrating the utility of this
the 3-globin gene is the ancestral state). The recruitmew of general approach (Hardiset al. 1997).
globin genes for fetal expression in anthropoid primates is Some of the protein-binding sites flanking the globin genes
accompanied by a corresponding delay in expression @the are shown in more detail in Fig. 5. The TATA box (the binding
globin gene. site for TFIID), the CCAAT box (the binding site for CP1 and
Both the invariant patterns in gene regulation in mammalsther families of proteins) and the CACC box (the binding site
as well as the changes in expression pattern of the anthropdal EKLF) were initially recognized as conserved regions
y- and 3-globin genes should be reflected in changesisn  (Efstratiadiset al. 1980; Lacy and Maniatis, 1980), as was the
acting DNA sequences regulating the expression of the gend3RE in mammaliar3-globin genes (Stuve and Myers, 1990).
The invariant patterns should be reflected in DNA sequencdmportant sequence motifs at approximatelyp0 were noted
in the control regions that change very slowly overas conserved (Hardison, 1983) prior to the discovery of the
evolutionary time, which are recognizable as conservegroteins binding to them, such as the GATAL-binding site in
sequence blocks or phylogenetic footprints. Comparisons ahe promoters fog- andy-globin genes (Tsait al. 1989; Gong
the DNA sequences of entire globin gene clusters reveat al. 1991) and the BB1-binding site in the promoter ffer
regions of high similarity extending for over 1000 base pairglobin genes (Antonioet al. 1988; Macleod and Plumb,
5' to the orthologous genes and in long regions throughout tHE991). In other cases, such as the AP1/NFE2 binding sites and
distal LCR (Li et al. 1990; Hardison and Miller, 1993; the GATAL sites in the locus control regions and enhancers of
Hardisonet al. 1997; Slightomet al. 1997), as illustrated for globin genes, specific binding and evidence of conservation
the human—mouse sequence comparison in Fig. 9 (top panelere discovered at approximately the same time (de@cr
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1988; Neyet al. 1990; Talbotet al.1990). Even in extensively Thus, non-coding DNA sequence alignments of these groups
studied regions, such as HS2 of the LCR, a conserved E box orthologous genes in different eutherian mammals reveal
sequence was the initial observation (Hardisoal. 1993) that  protein-binding sites important for regulated expression (Table
led to the recent discovery of the importance of this region i2). The differences in the arrays of proteins functioning,at
full enhancement by this elementia the action of basic y- and B-globin genes indicate that a distinctive battery of
helix—loop—helix proteins such as TAL1 and USF and/or groteins functions in the promoter for each type of gene.
novel factor called HS2NFE5 (Lam and Bresnick, 1996]indeed, this implication is consistent with the observation that
Elnitski et al. 1997). Many of the protein-binding sites in the cis-acting sequences needed for stage-specific regulation of
proximal regulatory regions of the human globin genes arexpression map close to the genes (Trudel and Costantini,
conserved in the orthologous genes in all mammals examinet987, and references therein). In the context of the
in keeping with important roles in regulation and illustrativeevolutionary tree shown in Fig. 6, these results show that, for
of the power of the phylogenetic approach. the globin gene clusters, comparisons among orthologous
Differences in the patterns of expression can be analyzed Igggnes that share a common ancestor early in the eutherian
a differential phylogenetic footprinting approach (Gumwetio lineage are useful for revealing conseregdregulatory sites
al. 1994). One striking example is a region inykgobin gene  (mostly protein-binding sites). However, comparisons between
promoter that is conserved in anthropoid primates, but iparalogous genes resulting from gene duplications as recently
different in other mammals. This is a binding site for a factoas the divergence between the ancestor to®bgtbbin ande-
called the stage-selector protein, or SSP (Fig. 5), that has beglobin genes in the mammalian lineage do not reveal common
implicated in the differential expression gfglobin and3- regulatory elements. Hence, it is not surprising that sequence
globin genes (Janet al. 1992). SSP is a heterodimer (Jate comparisons between genes whose ancestor diverged even
al. 1995) between CP2 (Liret al. 1992) and some other earlier, e.g. mammaliarversus avian -globin genes, or
protein. Interestingly, the NFE4 protein implicated in the stagemammaliana- versusp-globin genes, do not reveal matches
specific expression of the chick@nglobin gene (Foley and in regulatory elements.
Engel, 1992) also contains CP2 as part of a heterodimer (JaneThese conclusions apply equally well to distal regulatory
et al. 1995). Thus, this approach of looking for patterns ofelements such as the LCR. Comparisons of orthologous
conservation consistent with differential gene regulation irsequences among eutherian mammals show highly conserved
eutherian mammals has indeed led to the discovery of a protesequences throughout tifleglobin LCR, and these correlate
that is probably involved in that differential expression. precisely with regulatory elements (reviewed in Hardstoal.
Another level of differential analysis compares the proximall997%). Some parts of the LCR, in particular those homologous
regulatory regions of genes expressed at different times ¢ DNAase hypersensitive sites 1, 2 and 3, are conserved in the
development, i.e. mammaliag, y- and -globin genes. As marsupial and monotreme mammals (R. Hope, R. Baird,
illustrated in Fig. 5, most of the protein-binding sites arel. Kulibawa and M. Goodman, personal communication). As
different in these promoters. For instanBBRF, EKLF and the conservation of the LCR is mapped even more deeply on
BB1BP have been implicated only in the regulation offhe an evolutionary tree, the issue of its origin comes into tighter
globin gene (Evan®t al. 1990). A similar but distinctive focus. This important element has been implicated in initiating
CACC motif is found in a comparable position in thdl&k  and maintaining an open chromatin domain in the otherwise
of all three genes, but EKLF is active only at fhglobin  highly repressed nucleus of erythroid cells. Thus, is may have
CACC box (Donzeet al. 1995; Perkinset al. 1995), leaving arisen around the time that vertebrate erythrocytes evolved to
open the important possibility that other CACBPs, perhapsarry large amounts of hemoglobin. One might expect similar
active only at one developmental stage, are regulgtimgd  sequences to be detectable in many vertebrates but, in fact,
e-globin genes. A GATA-binding site is conserved athomologous sequences were not seen even in the
approximately the same position in bgthande-globin gene  avian-mammalian comparison, despite the fact that
5' flanking regions, but the comparable region fleglobin  functionally analogous DNA sequences are known. Since
does not have a conserved GATA site (Hardisbal. 1994). homologous LCRs are seen early in the mammalian lineage
Even conserved DNA sequence motifs with very similarprior to the eutherian—metatherian split), but they are not
sequences may serve as binding sites for different proteins. detected in avians, the question arises as to whether the avian
CCAAT motif located at approximately-80 in all the (or mammalian) LCRs have been rearranged to the point where
vertebrate globin gene promoters can be bound by they are no longer detectable in these comparisons or whether
heteromeric complex called CP1, NF-Y or CBF (Hooft vanthe distance is just too great. Analysis of more intermediate
Huijsduijnenet al. 1990, and references therein). However,species would help answer this question.
preparations of CP1 bind much more strongly to the CCAAT Identification of conserved and differentially conserved
box in thea-globin gene promoter than in tifeglobin gene  sequences is an important guide to identifyigregulatory
promoter (Cohenet al. 1986). Also, multiple additional sequences and is helpful in finding the many proteins involved
proteins bind to the CCAAT box, some of which have beerin regulation of the genes. This approach, plus many studies
implicated in the activation of3-globin gene expression on the function of these sequences, has revealed a highly
(deBoeret al. 1988; Delvoyeet al. 1993). complex array of regulatory sequences and proteins. However,
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sequence analysis provides little insight into the important The humanp-globin gene contains multiple regulatory regions:
issues of how these DNA sequences, with proteins bound, Identification of one promoter and two downstream enhancers.
work together to accomplish the several levels of regulation. EMBO J.7, 377-384.

Fundamental questions about the mechanism of action of tH&ARICIO, S., MORRISON A., GOULD, A., GILTHORPE, J., GHAUDHURI,

LCR in domain opening, the identification and mechanisms of C- RGBY, P.. KRUMLAUF, R.AND BRENNER S. (1995). Detecting
proteins required for developmental control and the possibility conserved regulatory elements with the model genome of the

. . Japanese puffer fiskugu rubripes Proc. natn. Acad. Sci. U.S.A.
of interaction between the promoters and the LCR (and hence92p168 4—1%88. Ho P

possible competition as a mechanism for regulation) remaiﬂPPLEBY, C. A. (1984). Leghemoglobin afhizobiunrespirationA.
unresolved (Tuaet al. 1992; Martinet al. 1996; Wijgerdeet Rev. Plant PhysioB35, 443-478.
al. 1996) and require further study. AppLEBY, C. A., TierkEmA, J. D. AND TrRinicK, M. J. (1983).
Hemoglobin in a nonleguminous plarRarasponia Possible
genetic origin and function in nitrogen fixatioScience220,
Concluding remarks 951-953.

DNA and protein sequence comparisons and alignmenfARNHART, K., Kim, C., BANERJ, S. AND SHEFFERY, M. (1988).
allow one to apply the principles of evolutionary biology to Identification and characterization of multiple erythroid cell

. . roteins that interact with the promoter of the muringlobin
learn much about genes and their regulation, but one needs t(Pene.MoIec. cell. Biol.9, 3215-3226.

compare sequences from SpeCies or genes separated byB%%usz D., ArPLEBY, C. A., LANDSMANN, J., LENNIS, E. S., RINICK,
appropriate distance to obtain useful information. In some \; 3 anp Peacock, W. J. (1988). Functioning haemoglobin genes
cases, the amino acid sequences may be so different thafy non-nodulating plants\lature331, 178-180.

comparisons of three-dimensional structures are needed BRisson N.aND VERMA, D. P. (1982). Soybean leghemoglobin gene
deduce truly ancient relationships, e.g. among different family: normal, pseudo and truncated gesc. natn. Acad. Sci.
hemoproteins such as a hemoglobin, ligninases, cytochromesU.S.A.79, 4055-4059.

etc. Comparisons of the amino acid sequences of proteins &dAN, F. Y., FOBINSON, J., BROWNLIE, A., SHIVDASANI, R. A,
highly informative within a family, with members ranging DONOVAN, A., BRUGNARA, C., Kim, J., Lau, B. C., WTKOWSKA,
from bacteria to mammals. Comparisons of gene structure are- E-AND ZON, L. 1. (1997). Characterization of adult alpha- and

clearly informative for globin genes only from the ancestor t beta-globin genes in the zebrafiftiood 89, 688700,
y 9 9 y OHEN, R. B., S$iEFFERY, M. AND KimM, C. G. (1986). Partial

plants and_ animals, although the infqrmation in Qe”e Strucw“:"Spurification of a nuclear protein that binds to the CCAAT box of
from protists needs more analysis. Deductions on gene o mouser1-globin geneMolec. cell. Biol.6, 821-832.
regulation based on sequence analysis between differepbins, F. S.anp Weissman, S. M. (1984). The molecular genetics
vertebrate families, such as birds and mammals, may need thef human hemoglobirProg. Nucleic Acids Res. molec. Bi8LL,
development of new software analyzing protein-binding sites. 315-462.
Alignments of non-coding DNA sequences in a group ofCOUTURE, M., CHAMBERLAND, H., S-PIERRE, B., LAFONTAINE, J.AND
mammals are highly informative about regulatory elements, GUERTIN, M. (1994). Nuclear genes encoding chloroplast
but similar analyses between birds and mammals have beerf€moglobins in the unicellular green algahlamydomonas
uninformative, at least for thg-globin gene cluster. Thus, _ cugametasMolec. gen. Geneg4s, 185-197. .
depending on the type of question being asked, sequence %OrUTURE, M.. AND GUERTIN, M. (1996). Purification z_and spectros_coplc
. . . . . characterization of a recombinant chloroplastic hemoglobin from
structural comparisons will be informative, but the approp_nate the green unicellular alg&hlamydomonas eugametdsur. J.
phylogenetic distance needs to be employed. The choice ofgjgchem 242 779-787.
species will probably need to be varied for different loci, givercrappbock, C. F., Was, P., $iarPE, J. A., Arvus, H., Woop, W. G.
the differences in evolutionary rates for various loci, but for anp Hices, D. R. (1995). Contrasting effects of alpha and beta
many mammalian loci, comparisons between human and globin regulatory elements on chromatin structure may be related

mouse are highly informative for studies of regulatory regions. to their different chromosomal environmentSMBO J. 14,
1718-1726.
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