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response within minutes) may initiate a signal cascade and
mobilize calcium, resulting in auxin-specific responses.
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Haemoglobin has previously been recorded in plants only in the
nitrogen-fixing nodules formed by symbiotic association between
Rhizobium or Frankia and legume or non-legume hosts'™. Struc-
tural similarities amongst these and animal haemoglobins at the
protein and gene level suggested a common evolutionary origin™**,
This suggests that haemoglobin genes, inherited from an ancestor
common to plants and animals. might be present in all plants. We
report here the isolation of a haemoglobin gene from Trema
tomentosa. a non-nodulating relative of Parasponia (Ulmaceae)’.
The gene has three introns located at positions identical to those
in the haemoglobin genes of nodulating plant species. strengthen-
ing the case for a common origin of all plant haemoglobin genes.
The data argue strongly against horizontal haemoglobin gene
transfer from animals to plants. The Trema gene has a tissue-
specific pattern of transcription and translation. producing
monomeric haemoglobin in Trema roots. We have also found that
the Parasponia haemoglobin gene is transcribed in roots of non-
nodulated plants. These results suggest that haemoglobin has a
role in the respiratory metabolism of root cells of all plant species.
We propose that its special role in nitrogen-fixing nodules has
required adaptation of the haemoglobin-gene regulation pathway,
to give high expression in the specialized environment of the nodule.
We have searched for haemoglobin genes in a number of
plant species. Using a sozbean haemoglobin complementary
DXNA probe, we were unable 1o detect (because of sequence
divergence) the haemogliobin gene sequence even in Parasponia.
a nodulating species known 10 produce haemoglobin®. We were
able 10 isolate the Parasponia gene using a Parasponia ¢cDNA
clone identified with an oligonucleotide probe designed on the
.~ basis-of umino-ucid sequerice data’. Becau<e of the limitation
| of sequence dir ergence we first sparcH‘ed using a Parasponia
' ¢cDNA probe, for haemoglobin gened i non-nodulating plants
\ inspecies of Ulmaceze, 1he famy 1 \\hikh Para<poria belongs”.
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We chose Trema romentosa, taxonomically close to Parasponia,
and Celiis ausiralis, located in another section of the family.
Trema species do not have nodulating roots in their native
habitats, and we have shown that T. romentosa is not capable
of forming symbiotic associations with any of 98 representative
strains of Rhizobium and Bradyrhizobium. We were unable to
detect any nodulation in another Trema species, T. orienialis,
or in Celris®.

Southern hybridization showed haemoglobin-related sequen-
ces in both Trema and Celiis. The Parasponia haemoglobin
cDNA segment hvbridized to one band of Trema DNA follow-
ing digestion with EcoRI or Bglll. This suggests that there is a
single haemoglobin-related segment in the genome of Trema, a
situation comparable 10 Parasponia where there is only one
haemoglobin gene. In Celiis the results indicate that there are
either one or two genes present. Legume species have several
haemoglobin genes and pseudogenes’®!.

In Trema, we sought to determine whether the haemoglobin-
related sequences correspond to a complete functional gene by
isolating the appropriate DNA segment from the T. 1omentosa
genome {Fig. 17. Comparison of the Trema gene with the Para-
sponia gene® identified four exons and three introns in identical
positions. The Trema and Parasponia exon sequences have 93%
nucleotide similarity and there is ~80% similarity in the introns,
non-translated leader and 3'-untranslated sequences of the
genes.

A haem-polypeptide with amino-acid sequence deduced from
the Trema gene sequence {Fig. 1} would have the properties
expected of a functional haemoglobin. It has a chain length
(161 residues) identical to Parasponia haemoglobin, and has
the 30 amino-acid residues common 1o all plant haemoglobins
whaose structures are known®*'='* These include the residues
equivalent to proximal and distal His, Pro C2 and Phe CD1,
which are invariant or highly conserved in all functional -
haemoglobins. Of the 11 amino acids not identical between the
Parasponia and Trema polypeptides {Fig. 1), seven are not
found in any other plant haemoglobin. These are Asp 6. Lys 34,
e 58. Met 71. Arg93. Asn96 and Ser 134, with only Arg93
having the potential to cause instability in Trema haemoglobin:
compare with refs 8 and 14. We conclude that the Trema gene
is likelyv 1o be functional. and that its product could participate
in oxygen transport’.

We analvsed Trema tissue for RN A transcripts and for protein
products of the gene tFig. 21, Polv{A)™ RNA extracted from
Trema roots tlane 41 hibridized 1o Parasponia haemoglobin
¢DNA but no haemoglobin messenger RNA was detected in
Trema leaf extracis tlzne 31 The single band in root RNA
indicates an mRNA of (.7 kilobazes tkb1. identical in length 10
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100
TREMA CCCCTGG‘H’H'TCATACATATATGCATGCGTCA‘X"’AGCTA"’ACACCCCC"GAAG'!'I"!"‘""TTCTT‘TGGGGCTGCTAAGACC*TCATMAG. TTACT
PARA ¢ A G AAMAG T A Teeeses TTC cc G T

00
TREMA AAAGA"‘X‘M\‘ACﬂACTMAAAGAAAACGMAMAAAM\AAAM\CCCAAGGACA"'GGCTCTCCAGTACCCTGAAGACT"ACATC"TATGC"TATCCCCRT

PARA C A TTAT tsss AT c A CACE +eoeas
J00
TREMA 1"‘11‘0’CCTATA"ATACAGACTCCCT}TACCAGATT‘]‘K‘CCAAACACACTCCAACA"AA"CCCAT"GCCCAAATCAAA"HCTCAG ."K TTTAGTCLSLCT
PARA CTA "=+ A
KINCIT 100
Fi . SerSerSerGluValAsplysValPheThrGluGluGlnCluAlaleuValvVallysSerTrpAlaValMetLyslynAsnsS
ig. 1 Alignment of the T. tomen- TREMA CAACCCACAGAACCGATGAGCAGCTCAGAAGTTGACAAAGTTTTCACAGAAGAGCAGGANGCTCTGETCETGAMATCATGCCCTCTAATGAAGAAGAACT
tosa (TREMA) and P. andersonii PARA ¢c A ¢ i
(PARA) haemoglobin genes. The
) X . . . Acc 500
amino-acid translation is given erAlaGluLeuGlyLeulysPhePheLeulys
above and below the coding TREMA CTGCTGAACTGGGTCTTAAATTCTTCCTCAAGTAACTCAAGATTATATATGGTACACTITTTATTTACTTTGCTTCTTTTGTACACTAAG TTTTTCAATC
. o PARA c A A A
sequence. That of Trema is given cln
in full. Only variant nucleotides 600
and amino acids are given for Para- IlePheGlulleAlaProSerAlalysAsnLeuPheSerTy
. » N TREMA AAAA T T T G TTGAmGAAACmGCAGGATA"X‘TGAGA‘X’TGCA GTCTCCCAAGAACT A
sponia. Non-coding sequences are PARA TR A T TSI TCTGAMAARATTTOS CeRTE R
aligned to give maximum base-for-
base sxmllarity. The proposed rlLeulysAspSerProlleProleuGluGlnAsnProlysleulysProHisAlaMetThrValPheValNdet 700
; ; TREMA TTTGAAGGACTCTCCGATTCCTTTGGAGCAGAACCCAAAGCTCAAGCCCCATGCTATGACTGTCTTCGTTATGGTAAAGCCAACTTTCGTTCTCCTATTC
TATA box is underlined (__). PARA . p c T
Crosses (+++) represent the val Thr
sequences deleted or inserted. 800
Methods. A genomic library in TREMA cc'r-ucc*urrrrrccucurcnncnunxuncnm’rcccur*'uucuccuuanucAcxcucnrnuuﬂrmur‘
PARA AA o+ c

AEMBL4 was made from a 4-7 kb

Bglll-fraction of Trema total TREMA CTTGCGT: TTATGATACATTGATCTATAGTGATTGATC TATAATGATTECANTTTCCCGTGTTACATATATGAGTTGTGC CAGEAACAATCOEATEACAG

DNA. About 2x10° recombinant PARA T sheseriasisran

phages were screened with 3°P- 1000

nick-translated Parasponia haemo- TREMA TCGCC.A”TCC’Z‘A‘AAGCAGAATGGACGAC‘*TGACTGGTGAGACATATCACAGCAAAGCTCTACAATCT‘P"A mAun.m.uuuuu«uu.u
X PARA rerssrs A T e

globin cDNA probe pL209 (ref. 6).

. . . 1100
Six genomic clones were isolated ThreysGluSerAlavalGlnleuArgLysAlaGlyLysValThrValArgGluSerAsnLeuLysArgLeuGlyAlal
and one of [hem was Subc]oned " TREMA TCTGGTACTG++CCTGGAAAGACGTGTGAATCTGCGGTTCAACTTCCGAAAGCCGGAAAAGTAACAGTGAGASAATCAAACTTGAAAAGACTIGGGGCTA

. . PARA TGT A G G A G A
successively in pUCI8 and Lys Asp Ile
pBGSlg (ref_'. 19) The Seque‘?ce leHiaPheLysAsnGlyValValAsnGluHisPheGlu 1300
was determmed by SubClOnlng TREHA TCCACTTCAAAAATGGCGTAGTTAATGAACATTTTCAGCTACTACCCTGGCOCACATAGTAGATATAATTCCATAAGTGTAATCCAAGCATTTGTTCTTIA

H PARA c [og A
fragments into M13 (mpi8,19) e
phages and sequencing by 1300
the dideoxy-chain termination val
me[hodZO TREMA GAGTCAAATTATTATTATTCTGTATGG TCGTTCTTGAATAATCGATCTTATTGTGCTATTTAAAAATTATATTATTCATGGGAAAAACGCTTTCTAGGTC
° PARA A G A
HINDIII BCLI 1400

ThrArgPheAlaleuleuGluThrIlebysGluAlaValProGluMetTrpSerProCluMetlysAsnAlaTrpGlyGlullaTyrAspClnLleuvela
TREMA ACAAGGTTTGCACTTTTGGAGACCATAAAGGAAGCAGTACCACAAATGTCCTCACCTGAGATGAAGAACGCATGGGGACAAGCTTATCATCACTTCGTTC
PARA T
val

SCAX 1500
laAlalleLysSerGluMetlLysProSerSerThr
TREMA CTGCTATCAAGTCCGAMTG.\AACCC"‘CCAGTAC’I'I‘GAGAATTT‘P"ATAGTTCTTGTAACATT'AGGTTTGAATAA*GTG ACAAMACTTATACTTA+ 444
PARA < T ATTA
Phe

1600
TREMA CA'H'I‘GC’TGAGAGAAAGGT‘X‘ATAACTTACATAT‘IT‘*"GCCH‘K"‘I‘ATGTATCATAGTGTCAC"‘C‘ATCTCTCMCT‘K‘GTGT‘GT"‘C&\TCTX‘G
PARA G A G A + G G GTATAA T GCA G A

TREMA AAGGAATTAGTCTTTCACTTTACATTTTCGG

We also detected haemoglobin mRNA in non-nodulated Para-
sponia roots (Fig. 2, lane 2), the level of mRNA being about

1,000-fold less than that found in Parasponia nodule tissue (lane Fig. 2 Northern blot hydridiz-
1). No signal was found in Parasponia leaves (lane 3). The ation of Parasponia haemoglobin
- Parasponia haemoglobin gene thus has two differently-regulated ¢DNA (pL209) (ref. 6) to total

RNA isolated from Parasponia
nodules (lane 1) and to poly(A)*
RNA isolated from Parasponia
roots (lane 2), Parasponia leaves

patterns of expression, a high level of transcription in nodules
and a low level of transcription in normal root tissue. We did
not detect any haemoglobin mRNA in non-nodulated soybean

roots with either sgybean or Parasponia haerr}oglobin QDNA (lane 3), Trema roots (lane 4) and

probes; compare with refs 15 and 16. If there is expression of Trema leaves (lane 3).

haemoglobin genes in non-nodule tissue of soybean, either it is Methods. Uninoculated roots of

at a level too low to be detected or it is from a non-symbiotic Parasponia  andersonii  were

gene sufficiently divergent in sequence that no cross hybridiz- obtained from plants grown aseptically on nutrient agar. Total
ation occurs with the probes we used. RNA was extracted and poly(A)™ purified according to standard

We fractionated Trema root extracts to look for haemoglobin procedures®’. About 2ug of total Parasponia nodule RNA and
protein. Western blot analysis (Fig. 3) showed that the haemo- 5 g of poly(AL- RNA was subjected to clectrophoresis on a 1%

. . . . formaldehyde agarose gel®!, blotted and hybridized. The probe
globin mRNA is translated in Trema roots and that the native was labelled with 32P bi an oligolabelling procedure®. The blots

product is 2 monomer as it is in nodules of legumes and were hybridized at 42°C as described® but with 10% dextran
Casuarina. In Paraspoma nodules the native haemoglobin is a sulphate added. The filters were washed twice in a 2xSSC, 0.1%
dimer™” and this is also true for the haemoglobin found in sodium dodecyl sulphate (SDS) at room temperature for 15 min,
normal (non-nodulated) root tissue. Analysis of the root then once in 0.1 X SSC, 0.1% SDS at room temperature for 30 min
haemoglobin of Parasponia will determine if the monomer form before autoradiography.

is root-specific for that genus.
Our data suggest that all plants have haemoglobin genes, and
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Fig. 3 Western blot identification 9
of a native monomeric haemo-

2 3 4 5

globin from T. tomentosa root P
tips, following non-denaturing ?_
molecular-exclusion chromatogra- |
phy on Sephacryl S200. Lane 1, .
pure Parasponia haemoglobin sub- P
unit, 0.1 pg; lane 2, the ‘haemo- !
globin dimer’ fractions M, ~ 39K, o
ex S200; lane 3, the ‘peroxidase’ A
M, ~33K fraction ex S200; lane 4, P
the ‘haemoglobin monomer’ frac- L
tion, M, ~ 18K, ex 5200; lane 5, the
‘cytochrome ¢’ M, ~ 13K fraction ?
ex S200. The arrow indicates sub- :
upit M, ~19K. A significant inter- i
action with the Parasponia i
haemoglobin antiserum occurred

only in the *haemoglobin monomer’ fraction (lane 4). We consider
that the faint bands seen in the other lanes result from adsorption
of Trema monomeric haemoglobin to other proteins during the
non-denaturing chromatography. ’

Methods. Frozen tissue (18 g) was extracted anaerobically and
chromatographed on a calibrated column of Sephacryl $200 {Phar-
macia, post 1980 batch) by a non-denaturing procedure®®. The
$200 effluent fractions expected to contain native dimeric haemo-
globin (M, ~ 39K)>'7, peroxidase (M, ~33K)'% native monomeric
haemoglobin (M,~18K)* and cytochrome ¢ (M,~13K)'? were
separately pooled and concentrated to 1 ml. Residual polyvinyl
pyrrolidone* was precipitated at 0.45 ammonium sulphate satur-
ation, then putative haemoglobin and other proteins precipitated
at 0.8 ammonium sulphate saturation. The redissolved protein
pellets were water-washed and reconcentrated then proteins repre-
cipitated with 80% v/v acetone at —80°C, and redissolved to
~100 pl in Western blot digestion buffer’. Samples were applied
to SDS-polyacrylamide gel lanes before Western blot analysis*
using IgG from rabbit anti-Parasponia haemoglobin serum, fol-
lowed by protein A-peroxidase staining.

imply that haemoglobin has a function, presumably associated
with oxygen transport, in cells of normal roots. In Parasponia,
the product of a single gene sequence appears to have both root
and nodule functions, but the level of gene expression is low
in roots compared with nodules. We have not been able to detect
haemoglobin mRNA in soybean roots but the possibility remains
that there is a separate haemoglobin gene for the root function
in legumes. Clearly if haemoglobin genes are present in all plants
and encode proteins which function in root oxygen transport,
then it is unnecessary to invoke horizontal gene transmission®'®
to explain the sparsely-scattered appearance of symbiotic
haemoglobins in nitrogen-fixing nodules’™. Instead, the
ubiquitous root haemoglobin gene may be the progenitor of the
nodule genes. In this case we might expect that the nodule gene
has evolved differently in each group of nodulating plants. In
some species, for example Parasponia, the nodule and root
haemoglobin functions may be provided by alternative regula-
tion of the one gene, whereas in legumes, gene duplication may
have been involved in the evolution of nodule-specific genes.
We thank Dr Don Spencer for help with Western blot analysis,
Drs Jeft Ellis and Danny Llewellyn for helpful suggestions, Paul
Hadobas for plants and Georgina Koci, Janice Norman and
Judy Flanigan for technical assistance. The sequence data in
this publication have been submitted to the EMBL/GenBank
Libraries under the accession number Y00296.
Note added in proof: Western blot analyses of Parasponia root
haemoglobin showed it also to be a dimer.
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Antibodies of the immunoglobulin E isotype sensitize mast cells
and basophils for antigen-induced mediator release by binding
through the Fc portion to a high-affinity receptor (Fc.R1, K, =
10° M) on the cell surface’ causing the clinical manifestations
of type I hypersensitivity. As the amino acid sequence of the human
epsilon chain is now known®, attempts have been made to map the
Fc_R1 binding site on IgE to a fragment smaller than Fe, using
proteolytic cleavage products, none of which proved to be active®,
Cleavage between the C,2 and C.3 domains released two inactive
fragments, suggesting that the junction between these segments
could be important in receptor binding®. This region is protected
against protease digestion in the rat IgE complex with the receptor
of rat basophilic lenkaemia cells®. Here we report the mapping of
the mast cell receptor binding site on human IgE to a sequence
of 76 amino acids at the C_2/C,3 junction. Recombinant peptides
containing this sequence inhibit passive sensitization of skin mast
cells in vive and sensitize mast cells to degranulation by anti-IgE
in virro almost as efficiently as a myeloma IgE. Fragments contain-
ing the separate domains are inactive. Additional sequences are
required for rapid assembly of fragments into disulphide-linked
dimers, suggesting that a single chain can form the active site. In
a three-dimensional model of the human Fc,, the two identical
segments are far apart. Each folds to generate a cleft between the
C.2 and C.3 domains on the surface of the Fc.. The docking of
IgE on to mast cells could take place within this cleft.

The bacterial expression product of the whole recombinant
Fc, (rFc,.) has been shown to be as active as a myeloma IgE
in binding assays in vive and in virro and in assays of biological
activity’™. Here we extended this approach to the expression
of:smaller fragments of the e-chain gene and assay their capacity
to inhibit sensitization of mast cells by IgE antibodies in vive
and to sensitize basophils to degranulation by anti-1gE in virro.
The recombinant Fc, forms a disulphide-linked dimer on oxida-
tion in virro, resembling native Fc, (refs 5, 7), so we have
examined the dimerization of the smaller peptides in relation
to their activity. This information has been applied with a model
of the three-dimensional structure of the human Fc, (ref. 10)




