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ABSTRACT

We present the complete nucleotide sequences of two leghemo-
globin genes isolated from soybean DNA. Both genes contain three
intervening sequences which interrupt the two coding sequences
in identical positions. The 5' and 3' flanking sequences in both
genes contain conserved sequences similar to those found in cor-
responding positions in other eukaryotic genes. Thus, the gener-
al DNA sequence organization of these plant genes is similar to
that of other eukaryotic genes.

INTRODUCTION

Leghemoglobins (Lb) are myoglobin like proteins which have
only been found in the nitrogen-fixing root nodules of legumes
symbiotically associated with Rhizobia. Recent evidence shows
that the Lb genes are encoded in the plant genomel. Soybean nod-
ules contain four major species of Lbs called Lba, Cyr Cy andc3,
respectivelyz. The soybean nodule also contains several minor Lb
compounds, but some of these components seem to be posttransla-
tional modification products of some of the major components3.
The differences in the amino acid sequences among the various Lb
compounds are small corresponding to 6-8 amino acid substitutions
only4. By computer analysis Hunt et 21.5 have compared homologies
among the amino acid sequences of globins including several Lbs.’
The observed structural homology suggests that Lbs and globins
have a common evolutionary origin.

We have so far isolated five separate Lb genes from soybean
DNA. In this paper we report complete nucleotide sequences of a
cloned Lba gene and a cloned Lbc gene. The two genes are very
similar. Both coding regions contain three intervening sequences
which interrupt at codons 32 (IVS-1l), 68-69 (IVS-2) and
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103-104 (IVS-3) in both genes. The pasitions of IVS-1 and IVS-3
in the Lb coding sequences are the same as the positions of the
two interruptions found in all other known globin coding se-
quencese. IVS-1 and IVS-3 show a considerable size variation in
the two genes. Thus, IVS-1 is 119 bp in the Lba gene and 169 bp
in the Lbc gene, while IVS-3 is 680 bp and 285 bp, respectively.
The two IVS-1 sequences display a striking homology and some
homology is also apparent in the IVS-2 sequences. In contrast
the two IVS-3 sequences are widely divergent. The nucleotide se-
quences upstream from the structural genes contain an ATA box
located 30 nucleotides away from a putative cap addition site.
In the 3' noncoding regions the sequence GATAAA is located 20-21
bp proximal to the possible polyA addition sites. This sequence
probably corresponds to the hexanucleotide AATAAA found in a
similar position in most other eukaryotic genes7. Thus, the gen-
eral DNA sequence organization of these plant genes is similar
to that of other known eukaryotic genes.

MATERIALS AND METHODS

Restriction endonucleases were purchased from either Biolabs,
New England, or Boehringer, Mannheim, DNA polymerase (Klenow
fragment) from Boehringer, Mannheim. Polynucleotide kinase and
dideoxynucleoside triphosphates were from PL Biochemicals, T4
DNA ligase from Bethesda Research Laboratories, and the dodeca-
deoxynucleotide primer from Collaborative Research. a-32p-daTp
and Y-32P-ATP were from New England Nuclear.

Isolation of genomic Lb-genes. The genomic recombinant mol-

ecules containing Lb-sequences were isolated from two different
soybean DNA libraries. One library was constructed from a com-
plete EcoRI digest of soybean DNA, using AgtWes/\B as a vec-
tor. The other was constructed by R.Goldberg and R.Fisher from a
partial EcoRI digest of soybean DNA using Charon 4 as a vector.
About 6 x 105 recombinant Charon phages and 8 x 10s recombinant
AgtWes/AB phages were screened with a 32P-labelled Lb cDNA
clone according to the method described by Maniatis et gl.s

The procedures used to construct subclones and to prepare plas-
mid DNA were according to Lacy et gl.g
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M13 Cloning. Appropriate DNA fragments were subcloned in the
filamentous bacteriophages M13mp7 10 and propagated in the host
JM 101 in 2 NZY (10 g NaC%, 4 g MgCL,, 7 H30, 20 g NZamide-typeA,
10 g yeast extract in 1 & H,0). DNA was purified from the super-
natant by precipitating with 2.5% polyethylene glycol, 0.5M NaCf
The single-stranded DNA was finally purified by extraction with

phenol followed by ethanol precipitation.

DNA sequencing. DNA sequencing was performed by the dideoxy
chain termination method described by Sanger et gl.ll using a syn-

thetic dodeca deoxy nucleotide as primer, or in some cases by the
chemical degradation procedure described by Maxam and Gilbertlz.
Sequencing reaction products were electrophoresed on 6 or 8% 0.3

mm polyacrylamide-urea gels.

RESULTS AND DISCUSSION

Sequencing strategy and procedures. Southern blotting analy-

sis of EcoRI digests of soybean DNA revealed the presence of
seven hybridizing fragments of lengths 1.4, 4.2, 5.5, 6.0, 7.5,
12 and 13 kb, respectivelys. We have isolated six clones carry-
ing chromosomal Lb genes from a soybean DNA library which was
constructed from a complete EcoRI digest of soybean DNA using
AgtWesAB as a vector. The sizes of the cloned DNA fragments were
1.4, 4.2, 6.0, 7.5, 12 and 13 kb, respectively. The 7.5 kb EcoRI
fragment was previously characterized by restriction enzyme analy-
sis and partial sequencings. Sequence analysis of the 4.2 kb and
the 1.4 kb EcoRI fragments revealed that both contained incom-
plete Lb genes, the 4.2 kb fragment carrying a 5' end and the 1.4
kb fragment a 3' end. The combined 4.2 kb and 1.4 kb EcoRI frag-
ments were isolated from a Charon 4 library which was constructed
from a limited EcoRI digest of soybean DNA. The DNA sequences of
both genes were determined largely by the chain terminator method
after cloning appropriate fragments into the single-stranded
phage M13mp7 10. In a few instances the DNA sequences were deter-
mined using the chemical degradation procedure of Maxam and Gil-
bertlz. Figs la and 1lb outline the strategy used for the determi-
nation of the DNA sequences of both genes.

Nucleotide sequence of‘the two Lb genes. The entire nucleo-
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Figure 1. Strategy for determining the nucleotide sequence of
the Tbc gene (a) and the Lba gene (b)

A detailed restriction nuclease map for those restriction nucle-
ase sites (vertical arrows) used in deriving the sequence. The
extent and direction of each sequence reading are indicated by
horizontal arrows. Thick horizontal arrows indicate sequences de-
termined by the dideoxy sequencing techniquell. Thin horizontal
arrows indicate sequences determined by the chemical degradation
procedure+<. UT represent sequences corresponding to the non-
translated 5' and 3' regions of the Lb mRNA. 1IVS-1l, IVS-2, and
IVS-3 denote intervening sequences.

tide sequence of the gene contained in the 7.5 kb fragment is

shown in Fig.2a while the sequence of the gene contained in the
combined 4.2, 1.4 kb fragment is shown in Fig.2b. Comparison of
these genes with known amino acid sequences of soybean Lbs indi-
catesthat the sequence represented in Fig.2b corresponds to Lba.
There are a few discrepancies between the DNA sequences deter-

mined here and the published amino acid sequence4. Thus at posi-
tions 102-105 in the amino acid sequence a -Phe-Val-Val-Lys- se-
quence was determined, while the corresponding DNA sequence in-
dicates a -Phe-Val-Val-Val-Lys- sequence. In addition the car-

boxy terminal sequence was reported as -Lys-Ala-Lys— while the
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DNA sequence corresponds to -Lys-Lys-Ala. The DNA sequence shown
in Fig.2a indicates that in this case the gene corresponds to one
of the Lbc varieties. Available amino acid sequence data4 sug-
gest that in this case the determined DNA sequence corresponds
to Lbcj;. However, this assignment is not conclusive since amino
acid sequence analysis has not yet been completed on homogenous
Lbc varieties (Whittaker, R.G., personal communication).

DNA sequences in both genes corresponding to restriction en-
zyme cleavage sites were verified by cleavage with the appro-
priate restriction enzyme with one exception. In the Lbc gene a
DNA sequence corresponding to a Clal cleavage site was deter-
mined at nucleotide positions 1024-1029. This sequence has been
read on both strands from several different clones. However, de-
spite repeated attempts neither ClaI nor TaqIl cleave in this po-
sition. At present we have no explanation for this discrepancy.

Flanking and non-coding regions. In both genes the initia-

tion codon ATG immediately precedes the N-terminal codon. Thus,
there is no leader sequence coding for a signal peptide and con-
sequently there is no indication for transport of Lb through
membranes in the nodule. The sequences determined include a 174
bp (Lbc) and a 114 bp (Lba) region 5' to the ATG initiator codon.
The sequence of the 5' non-coding end of Lb cDNA has not been
determined. Thus, cap addition sites and ATA boxes can only be
inferred by homology with the 5' non-coding regions of other
eukaryotic genes. Unfortunately, this comparison does not give
an unambiguous answer. In both genes there are two potential cap
addition sites. In the Lba gene these sites correspond to nu-
cleotide positions 64 and 73 and in the Lbc gene to positions
117 and 126, respectively. Depending upon the choice of position
for the cap addition site the ATA box in both genes is located
30 or 39 nucleotides upstream corresponding to positions 34 (Lba)
and 87 (Lbc).

The Lbc sequence includes a longer 5' flanking region than
that determined for the Lba gene. It is noteworthy that 40 nu-
cleotides upstream from the ATA box the sequence -CCAAG~ oc-
curs at positions 43-47. In most eukaryotic genes a homologous

sequence occurs at or close to this position14.
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30 60
GAT CAT TGG CTC TXX GVC ATG CCG ATT GAC ACC CTC CAC AAG CCA AGA GAA ACT TAA GTT

90 120
GTA AAC TTT CTC ACT CCA GCC TTC TAT ATA ACA TGT ATV GGA TGY GAA GTT ATT GCA TAA

150 180
GLY
CTT GCA TTG AAC AAT AGA AAA TAA CAA AAA AAA GTA AAA AAG TAG AAA AGA AAT ATG\GGT

210 240
ALA PFE THR GLU LYS GLN GLU ALA LEU VAL SER SER SER PHE GLU ALA PHE LYS ALA ASN
GCT TTC ACT GAG AAG CAA GAG GCT TTG GTG AGT AGC TCA TTC GAA GCA TTC AAG GCA AAC

270 300
TLE PRO 5LN TYR SER VAL VAL PHE TYR ASN SER
ATT CCT CQA TAC AGC GTT GTG YTC TAC AAT TC/GTAA GYT TTC TCT ATA AGC ATG TGT CTT

330 360
TCA TTC TAT GTT TTT CTT CTG GAA ATY TTT TGT GTY VGA AAA AAG ATA TAT ATA TAT ATA

390 %20
TAT ATA TAT ATA TAT ATA TAT ATA TAT ATA VAT ATA TAT TTT GTT AAT GTG AGY GGT TTT

450 480
ILE LEU GLU LYS ALA PRO ALA ALA LYS ASP LEU PHE SER
CCT VTG ATT AAA AAT AAA TAG/GATT CTG GAG AAA GCA CCT GCA GCA AAG GAC TTG TTIC TCA

510 549
PHE LEU ALA ASN GLY VAL ASP PRO THR ASN PRO LYS LEU THR GLY HIS ALA GLU LYS LEU
TIT CTA 5CA AAT GGA GTA GAC CCC ACT AAT CCT AAG CTC ACG GGC CAT GCT GAA AAG CTTY

570 600
PHE ALA LEU
TIT GCA TTG\GY AAG TAT CAG CCA ACT AAA ATT AVA ACT ATT TTA TGT GAT TAA TITV TAA

630 660
CET TAA ACA TCA TGV AVY TYA ACA CTC TTA AAA TAT CAA TGA ACA TTA ATT TTV TGA ATT

690 720
GTA TTT TAT ATT TTY ACC ATA TCT TGA ACT AGG AAV AAT ATA [AA ATT TCT ATT AGT ATTY

750 780
TCT TCG TAa TTA CAT ATA TAT ATA TAT ATA TAA TCC TTG VGA TAA TVA VTV TTC GAR TTTV

810 840
VAL ARG ASP SER ALA GLY GLN LEU LYS THR ASN GLY THR VAL VAL ALA ASP ALA ALA
CTAG/CYG CGT GAC TCA GCT GGT CAA CTT AAA ACA AAT GGA ACA GTG GTG GCT GAT GCT GCA

870 900
LtU VAL SER ILE HIS ALA GLN LYS ALA VAL THR ASP PRO GLN PHE VAL
CIT GTT TCT ATC CAYT GCC CAA AAA GCA GVC ACT GAT CCT CAG TTC GVG/GT ATG AVTA AAT

930 960
AAT ACT AGY AAA ATG TTA CAA TAA ATG CAA ACT TAA GTT TTA CGT ACA TAG TGA TCA TGA

990 1020
CTT CAT GCA TGG CTA TTA TVT TTT CAT ATYT TAT TGA AGY CAA CTT AAA ATT TTG TAA ATA

10¢0 1080
CAG ATC GAT GCT AGT AAT TTG TTG AGA TCA TGA GAA AAC GTA CCA CTA CTC CAA TAG CAT
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1110 1140
TAC TCA TTT TGA AAA TTG TAT AAC TGT GAT CTA ATT ATA AGG AAA AAG TGT ATA TAA GAG

1170 1200
VAL VAL LYS GLU ALA LEU LEU LYS THR
CTA ATC CAT TAT TAA TGT TTT TTA TAT TTT GTAG/GYG GTT AAA GAA GCA CTG CTG AAA ACA

1230 1260
ILE LYS GLU ALA VAL GLY GLY ASN TRP SER ASP GLU LEU SER SER ALA TRP GLU VAL ALA
ATA AAG GAA GCT GTT GGC GGC AAT TGG AGYT GAC GAA TTG AGC AGT GCT TGG GAA GTA GCC

1290 1320
TYR ASP GLU LEU ALA ALA ALA ILE LYS LYS ALA **»
TAT GAT GAA TTG GCA GCA GCA ATT AAA AAG GCA TAA/TT AGG ATC TAC TGC ATT GCC GTA

13¢0 1380
AAG TGT AAT AAA TAA ATC TYG TTT CAA CTA AAA CTT GTT ATT AAA CAA GTT CCC TAT ATA

1610 1440
AAT GTT GTT TAA AAT AAG TAA ATT TCA TTG TAT TGG ATA AAC ACT TTT AAG TTA TAT ATY

1470 1500
TCC ATA TAT TTA CGT TTG TGA ATC ATA ATC GAT ACT TTA TAA AAA TAA ATT CCA AAT AAT

TYA TAC GTT TTA AAA ATY ATT TV

Figure 2a. The nucleotide sequence of a soybean Lbc gene.

We have recently determined the DNA sequence of the 3' non-
coding region of a Lb cDNA clone. This region consists of 142
nucleotides. However, the cDNA sequence is not identical to the
3' ends of any of the two Lb genes presented here, although a
very strong homology is apparent. By comparison of the 3' non-
coding regions in the two Lb genes with the corresponding re-
gion in the cDNA sequence the polyA addition site is located in
nucleotide positions 1725 (Lba) and 1441 (Lbc), respectively.

A sequence GATAAA is found 20 or 21 bp upstream from the
presumed polyA addition site in both genes. An identical se-
quence is present in a similar position in the cDNA sequence.
One feature common to almost all eukaryotic poly adenylated
mRNAs is the occurrence of the sequence AAUAAA 12-33 nucleo-
tides in front of the polyA addition site. This hexanucleotide
probably functions as a polyA addition signal. Because of the
location of the GATAAA sequence and its obvious homology with
AAUAAA we suggest that the hexanucleotide GAUAAA functions as
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30 60
AAG CTT TGG TTYT TCT CAC VCT CCA AGC CCT CVA TAT AAA CAA ATA TTG GAG TGA AGT TGT

90 120
VAL
TGC ATA ACT TGC ATC GAA CAA TTA ATA GAA ATA ACA GAA AAT TAA AAA AGA AAT ATG/GTT

150 180
ALA PHE THR GLU LYS GLN ASP ALA LEU VAL SER SER SER PHE GLU ALA PHE LYS ALA ASN
GCT TTC ACT GAG AAG CAA GAT GCT TTG GTG AGT AGC TCA TTC GAA GCA TTC AAG GCA AAC

210 240
ILE PRO GLN TYR SER VAL VAL PHE TYR THR SER
ATT CCT CAA TAC AGC GTT GTG TTC TAC ACT TC\G TAA GTT TTC TCT CTA AGC ATG TGT CTTY

270 300
CCA TTC TAT GTT TTT CTT TYG GAA ATV TGT TGT GTVT TGA AAA AAG ATA TAT TGT TAA TGT

330 360
ILE LEU GLU LYS ALA PRO ALA ALA LYS ASP
GAG YCG TTT TGG TTT GAT TAA AAA TGA ATAG/G ATA CTG GAG AAA GCA CCT GCA GCA AAG GAC

390 420
LEU FHE SER PHE LEU ALA ASN GLY VAL ASP PRO THR ASN PRO LYS LEU THR GLY HIS ALA
TI6G YTIC TCA TTTY CTA GCA AAT GGA GTA GAC CCC ACT AAT CCT AAG CTC ACG GGC CAT GCTY

50 480

GLU LYS LEU PHE ALA LEU
GLA AAG CTT TTV GCA TTG/GTAA GTA TCA (CC AAC TAA AAT TAT AAC TAT TTT ATG TGA

510 540
TTA ATT TTA 2GA TTA AGC ATC ATG TAT TTT AAC ACT CTT AAA ACA TCA ATG AAC ATT AAT

570 600
TGT TT6 AAT TCT ATT TTA TAY TTT T5C CAT ATC TTG AAC TAG GAA TAG TAT ATA AAT TTC

630 660
TAT TAG VAT TTG TTG ATA ATT ATT TTT CTT TCA TAA CTA TCT TGT CAC ATA TTA TAT ATY

620 720
VAL ARG ASF SER ALA (LY GLN LEU LYS ALA SER GLY THR VAL VAL ALA
TIT TGCA ATT GVAG/GTG CGT GAC VCA GCT GGT CLA CTT AAA GCA AGT GGA ACA GTG GTG GCT

750 780
ASP ALA ALA LEU GLY SER VAL HIS ALA GLN LYS ALA VAL THR ASP PRO GLN PHE VAL
GAT GCC GCA CTT GGT TCT GTT CAT GCC CAA AAA GCA GTC ACT GAY CCV CAG TTC GTG/GT

310 840
AT5 ATA AAT AAT GAA ATG TTA TAA TAA ATT ATG CAT ACT TCA ATT TTT CAT GGA GCA GTA

870 900
TAA TCGA TCA ACA CAC ACT TYCT TTT GTT TCA TGC ATT TGA TAA CTA CAA TCT TAA AAT GVT

930 960
GCA ATC TTA AAA ATA GTA TTA AAA ATA TAA CAT TTA ATT AGC TCA TCA ATA TY¥T TTC TGT

999 1020
TGC AAT TTT TTA TGA AAA AAT TAT AAT TAT GAA TTC TTT GAG CAA TGT TTA ATT AAA AAA
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100 1080
TTG ATV TAA TAA TGA AAT AAC TAA GCT ACC TCT GTC TCG TTTY TTC ATYT YAA ACV ATG ACA

1110 1140
TAA ACA ATG AAT AAA GTA AAC TAA ACC ATS ACA TGT TTA TTY TTG AAT GAG GTT ATT AAY

1170 1200
AAT TTT TTT TCA CTA TCT ATY GCA ATG TTC ATT GAT TAT CAA TTA TCT TGG TTG CAT TGa

1230 1260
TIC TCY CGA TTYT TTT TCT TGA GGT TAA GCT TCA GTT CAA TAT ATA TTC ATT TTT TGA TAA

1290 1320
AAA AAA ATA GTA CAA TAT ATY TTC ATT TAG CTG ATC ATA TTIT ATYT TAA GTV CAA CTT AAA

130 13680
ATT TTA TAG ATG TTA ATT GAT ATA ATT TGT TGA GAT GAT GAG AAG ACC AAT ACC ATT ACG

16410 1640
TAC TCT TTT GAA AGT GTT ATA TGG ATT TTA ATT ATA AGG AAA AAT GTA AGA GCT AAA CCA

1470 1500
VAL VAL LYS GLU ALA LEU LEU LYS THR ILE LYS ALA ALA VAL
TTG CTG ATG ATT TTG AAG/GTG GTT AAA GAA GCA CTG CTG AAA ACA ATA AAG GCA GCA GTT

1530 1560
GLY ASP LYS TRP SER ASP GLU LEU SER ARG ALA TRP GLU VAL ALA TYR ASP GLU LEU ALA
GGG GAC AAA TG6 AGT GAC GAG TTG AGC CGT GCT TGG GAA GTA GCC TAC GAT GAA TTG GCA

1590 1620
ALA ALA ILE LYS LYS ALA ®=&+

GCA GCT ATT AAG AAG GCA TAA TTA GTA TCT ATT GCA GTA AAG TGT AAT AAA TAA ATC TTG

160 1680
TTT CAC TAT AAA ACT TGT TAC TAT TAG ACA AGG GCC TGA TAC AAA ATG TTG GTT AAA ATA

1710 1740
ATG GAA TTA TAT AGT ATT GGA TAA AAA TCT TAA GGT TAA TAT TCT ATA TTT GCG TAG GTT

1770 1800
TAT GCT TGT GAA TCA TTA TCG GTA TTT TTT TTC CVT TCT GAT AAT TAA TCG GTA AAT TAT

1830 18€0
ACA AAT AAG TTC AAA ATG ATT TAT ATG TTVT CAA AAT TAT TTT AAC AGC AGG TAA AAT GTT

ATT TGG TAC GAA AGC TAA ¥TC GTC GA
Figure 2b. The nucleotide sequence of a soybean Lba gene.

the polyA addition signal in this particular plant system.

Intervening sequences. Inspection of the DNA sequences re-
veals that the coding sequences in both genes are interrupted at
codon 32, 68-69 and 103-104. The length of the intervening se-
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quences are for the Lba gene: IVS-1 119 bp, IVS-2 233 bp and
IVS-3 680 bp. The corresponding lengths in the Lbc gene are 169,
234 and 285 bp, respectively. Thus, a considerable size varia-
tion is noted for in particular the two IVS-3 sequences. A curi-
ous feature of the Lbc IVS-1l sequence is the presence of an AT
repeat consisting of 52 nucleotides which is almost absent from
the corresponding Lba sequence. Breathnach et 21.15 have noted
the tendency for intervening sequences to begin with the dinu-
cleotide GT and end with the dinucleotide AG. For the two Lb
genes all sequences around splicing junctions can be aligned

such that intervening sequences start with GT and terminate with
AG. Comparison of the two IVS-1l sequences reveals very little
divergence apart from the presence of the AT repeat in the Lbc se-
quence. In fact this divergence is of the same order of magni-
tude as that observed for the coding sequences. Similarly, the
two IVS-2 sequences display a considerably homology up to nucleo-
tide positions 623 (Lba) and 732 (Lbc) whereafter a considerable
divergence is noted, until shortly before the splicing junctions.
In contrast no homology is observed in the two IVS-3 sequences
except for sequences located around the splicing junctions. Thus
sequences located towards the 5' end of the gene seem to be much
more conserved than sequences located towards the 3' end. Similar
observations have also been reported for the sequence divergence
of the two intervening sequences present in g-like globin genesl?
Analysis of these genes showed that in recently diverged pairs
of genes the small intervening sequence which interrupts at
codons 30-31 displays much less sequence divergence than the
larger intervening sequence which interrupts at codons 104-105.

Evolutionary considerations. Analysis of the amino acid se-

quences of globin including several Lbs revealed sufficient
structural homology to suggest that all globins have a common
evolutionary origins. The coding sequences of all globin genes
so far analyzed are interrupted by two intervening sequences.
When the amino acid sequences of all globins and Lbs are aligned
to maximize the structural homologies the splicing points of
IVs-1 and IVS-3 in the Lbs coincide with the two splicing points
found in the globinsG. This finding supports the notion that
indeed all globins share a common ancestor.

698



Nucleic Acids Research

G616 has recently defined four regions of the globin poly-

peptide chain that are distant from one another in the globin
fold. This analysis revealed that the splicing points in the
coding sequence divide off these compact structures from one
another except for the central coding sequence which consists
of two such regions. Consequently G& suggested that the central
exon in globins might be the result of a fusion between two
exons with a division somewhere between amino acid residues 66-
71. The location of IVS-2 between codons 68-69 in the Lb gene is
in excellent agreement with G8's proposal. The correspondance of
exons in the Lb genes with compact polypeptide regions in globin
protein structure add additional support to the idea that exons
correspond to such compact structuresl7. Thus the Lb gene has
all the appearance of a primitive globin gene. Accordingly some-
where along the line of globin development the two middle exons
fused creating a single exon. It is unclear when and why this
happened, but it is not unreasonable to suppose that the fusion
occurred when structures having allosteric oxygen binding pro-
perties began to evolve. Lb and myoglobin are functional mono-
mers. Thus if this hypothesis is correct the gene structure of
myoglobin should have an intervening sequence corresponding to
IVS-2 in the Lb gene. Unfortunately the gene structure of myo-
globin is not known, so this prediction cannot yet be verified.
The central exonic region in globin binds haem tightly and
specificallyls’lg In Lb IVS-2 separates the proximal and distal
haem contacts which may suggest that the divided central exonic
region in Lb represents a primitive form of a haem binding do-
main. A structural similarity between globins and certain cyto-
chromes have been notedzo. It is interesting that in this case
the structural homology corresponds rather precisely to the
central exonic region in the globin chain. Based on such chemical

and structural considerations Blake21

has recently proposed that
globins and cytochromes may have evolved from a common haem bind-
ing domain encoded by one or more exons which by combining with
other gene elements has generated a multiplicity of haem binding
proteins of diverse functions. This proposal for the mechamism
of globin and cytochrome evolution is in agreement with Gilbert's

suggestion22 that in eukaryotes exons code for functional protein
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units which can serve in rapid protein evolution.

Lb has never been detected in plants other than legumes. The
first legumes appeared about 200 million years ag023. Assuming
that the rate of globin evolution has remained constant with
time, calculation then indicates that Lb diverged from the common
ancestor about 1500 million years a9024. The emergence of a
functional Lb in legqumes is therefore an enigma. Is is, however,
possible that the presence of Lb in legumes is the result of con-
vergent evolution, which then would suggest that the Lb gene did
evolve by recombination of two haem binding exons present in
plantswith two other plant gene elements according to the scheme
recently prooosed by BlakeZl.

Appleby25 has made the interesting suggestion that a Rhizo-
bium globin-like gene was transferred into the genome of a
primitive legume host, after which modern Lb evolved. Such a
mechanism is reminiscent of Agrobacterium tumefaciens infection
of plants during which bacterial genes are inserted into the
plant genomeza. There are indeed many similarities between rhi-
zobial and agrobacterial infections of plants. However, the
presence of intervening sequences in the Lb gene does argue
against this possibility since such sequences have never been
detected in prokaryotes. Thus we consider the possible rhizobial
origin of Lb in legumes rather unlikely.

Another explanation for the presence of a globin gene in the
genome of a plant is that it was translocated there recently in
evolution as a passenger on a virus. The presence of the Lb gene
in legumes would then be the result of a horisontal transmission
of a gene. Such a mechanism circumvents the rules of claccical
mendelian genetics with rather important implications for our
understanding of the mechanism of evolution.
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