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Abstract

The yellow lupin leghemoglobin I gene (/bI) was cloned in the pET-3a vector. It was overexpressed in Escherichia
coli BL21(DE3)pLysS cells, under the control of T7 RNA polymerase promoter. The recombinant Lbl protein, con-
taining E. coli derived heme, was purified to homogeneity using ion exchange and gel filtration chromatography. The
recombinant Lbl protein has spectral and immunochemical properties identical to Lbl isolated from lupin root
nodules. The identity between expressed polypeptide and native Lbl protein was also supported by microsequencing
analysis of the N-terminus of the purified recombinant protein.
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1. Introduction

Leghemoglobins are heme-containing proteins

of legume plants which reversibly bind oxygen.

Abbreviations: Lbl, Lupinus luteus (L.) leghemoglobin I;
bI, gene encoding Lbl; PCR, polymerase chain reaction;
pET-3a/lbl, pET-3a expression plasmid carrying Lbl encoding
gene; met-Hb, methemoglobin.

The nucleotide sequence of the full-length cDNA clone for
Lbl was registered in EMBL GenBank under accession number
X77043.

* Corresponding author, Tel.: (+48-61) 528503; Fax: (+48-
61) 520532; e-mail: mmsik@pozman.edu.pl.

They are the most abundant nodulins and function
as oxygen carriers, facilitating its transport to ni-
trogen fixing bacteroids [1,2]. This process is
necessary for maintaining an adequate oxygen
level within the central zone of the nodule of a
legume plant, where the N,-fixation occurs.
Legume plant globins are products of different
members of gene families [3]. The apoprotein
moieties of Lbs are encoded by plant genes ex-
pressed after the infection by symbiotic bacteria of
the genus Rhizobium. They are induced at a defin-
ed stage of nodule formation thus suggesting a
developmental control of these genes. Heme, being

0168-9452/95/809.50 © 1995 Elsevier Science Ireland Ltd. All rights reserved

SSDi 0168-9452(95)04125-E



110 M.M. Sikorski et al. / Plant Science 108 (1995) 109-117

a part of physiologically active leghemoglobins has
been found to be essential for the establishment of
a fully effective symbiosis. Several defined genes
(e.g. hemA) involved in rhizobial heme biosynthe-
sis have been identified and although plant in-
volvement in heme biosynthesis has been disputed,
it is believed that heme present in leghemoglobin
is of bacterial origin [4,5].

Two major leghemoglobins (LbI and LbII) have

been identified and characterized in lupln {6,7] and

their primary structures are known [8,9]. The
c¢DNA sequence of LbI has already been determin-
ed [13] as well as that of LbII (Strézycki et al.,
manuscript in preparation) but their expression in
an E. coli system has not been reported.

Globin genes also have recently been detected in
noniegume plants [11]. Their function there re-
mains unknown. In legumes, globin genes encode
for the most abundant and functionallv essential
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group of proteins in the newly formed organ — the
root nodule.

Elucidation of the oxygen binding and exchange
mechanism requires detailed structural analysis. It
is difficuit to obtain sufficient protein materiai
from plants for structural studies. Therefore, an ef-

ciant hastarial custem for the avarmmraduction of
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the recombinant Lbl protein is very important.
In this paper we present the cloning and overex-
pression of lupin Lbl cDNA (/b)) in E. coli. This
is a first report on overexpression in a bacterial
system of globin cDNA from higher plants. We
also present here purification of the recombinant

tain A ite ch tarizatinn
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2. Materials and methods

2.1. Cell cultures and media
E. coli strains used were HMS174 (F recAr Tk,
m*gRifR) and BL21 (F-ompTr gmTp) [12].

The cININA cading fraoment of 1A wac intraduced

The cDNA coding fragment of I5] was introduced
into Ndel and BamHI cloning sites of pET-3a ex-
pression vector [12,13]. E. coli cells were grown in
LB medium at 37°C supplemented when needed
with 50 ug ampicillin/ml and/or 25 ug chlor-
amphenicol/mi.

2.2. Chemicals and enzymes

Liers Lels €

Restriction endonucleases, T4 DNA Ligase,

Taql polymerase, deoxynucleotides, calf intestine
phosphatase and antibiotics were purchased from
Boehringer Mannheim; X-Gai, IPTG, Tris-Base
and salts from Sigma; T7 Sequencing Kit from
Pharmacia LKB; Bacto Tryptone and Yeast Ex-

tract from Dxfco. Synthetlc ohgonucleotldes have
been prepared at the central EMBL DNA syn-
thesis laboratory and purified by HPLC (on Cyn-
chropak 300 C18, 6.5 um, MZ Analyzentechnik).
Staphylococcus aureus Protein A (Pharmacia
LKB) was labelled with Na['®I] (I mCi; Amer-

sham) using Chloramine T (Sigma) as an oxidant,

2.3. Plant lpohpmna_lnhm I/ frnm Lupinus luteus (L.)

Lupin nodule extract was prepared accordmg to
the procedure described by Szybiak-Strozycka et
al. [14] and Lbs were purified to homogeneity
using ammonium sulphate precipitation (40-80%
sat.), ion-exchange chromatography on DE-52
cellulose column and size exclusion column chro-
matooranhv (Sunerose 6 HR 10/30, Pharmacia

RRGIVpIGpi) PR pviUsh L9V AN YoV, Fiiglililgiligd

LKB).

2.4. In vitro gene amplification of the IbI cDNA
coding region

The coding region for the Lbl protein was
copied and amplified by PCR from a cDNA frag-
ment containing the /b! gene using two oligonu-
cleotide primers The N primer was designed to

ig (VT SISO AT AT ONOVT
create an Ndel siie [\.«Ul CUL CAL ALlU UuUl

GTT TTA ACT GAT GTG C) at the 5’-end of the
IbI gene. The C primer was designed to add the
BamHI and two stop codons at the 3’-end of the
IbI gene (GCG GGA TCC TTA TTA AGC AGC
ATC CTT CAT CTC CTT). The amplification
reaction of 50 ul contained 10 mM Tris—HCI pH
8.3, 50 mM K], 1.5 mM MgCl,, 50 ng of pias-
mid DNA carrying /bl cDNA clone (pSP25) (P.
Strézycki, manuscript in preparation), 20 pmol of
N primer, 20 pmol of C primer, 200 uM of each
dNTP and 1.0 U of Taql polymerase. The reaction
was carried out in three steps per cycle: denatura-
tion at 94°C for 1 min, annealing at 55°C for 1 min
and porymenzation at 72°C for 2 min pu uycit‘:b)
using a TwinBiock System (Ericomp Inc., USA).
A 5-pl aliquot of the 50-ul reaction mixture was

analysed on a 1.0% agarose gel in 1 X TBE buffer.
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The amplified 462-bp /bl gene was further in-
serted into the pET-3a plasmid by direct cloning at

the restriction sites BamHI and Ndel. The con-

struct was introduced into the E. coli strain
HMS174, The nET-3a nlasmid harbouring the /hJ
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gene was verified by DNA sequencing, using the
chain termination method [15]. The pET-3a/lb/
was further introduced into E. coli strain
BL21(DE3)pLysS for overexpression. Transfor-
mation was carried out by the CaCl, method [16].
The molecular biology procedures were performed
as described in Ref 171
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2.5. Overproduction and purification of Lbl recom-
binant protein

The BL21(DE3)pLysS cells carrying the pET-
3a/lbI plasmid were grown overnight in 3 ml LB
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Fig. 1. Induction of E. coli BL21(DE3)pLysS carrying the pET-
3a/lbl plasmid. Total proteins were analysed by 15% SDS-

DA, ool

PAGE: Lane 1, molecular weignt mar ncn, Lanc 2, G-
transformed E. coli cells; Lane 3, transformed cells not induced;
Lane 4, transformed cells IPTG-induced; Lane 5, purified Lbl
from lupin root nodules; Lane 6, total soluble proteins of root
nodules.

medium supplemented with ampicillin and chlor-
amphenicol. The cells were diluted 250 times and
grown for the next 3 h until the ODgy n reached
a value of 0.8. The overexpression of the /b/ gene
was induced by adding IPTG to final concentra-
tion of 0.5 mM. The E. coli cells were induced for
about 3.5 h and collected by low speed centrifuga-
tion. The total bacterial proteins were analysed by

15% SDS-PAGE [18].
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Fig. 2. Spectrophotometric analysis of total protein extract of

Fig, 2. Spectrophotometric analysis of total protein extrac
E. coli cells harbouring the pET -3a/lbI plasmld after IPTG in-
duction (A), total protein extract of E. coli cells without the
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For preparative purposes, a 1-1 culture of trans-
formed E. coli cells was grown and induced as
described above. Then cells were collected by low
speed centrifugation and resuspended in 50 mM
Tris—HCI buffer pH 8.0 containing 10 mM EDTA.
Cell lysis was achieved by repeated freezing and
thawing of the cell suspension to break cell walls
and membranes in order to release the T7 Lyso-
zyme coded by the coexisting plasmid pLysS, as
described in Ref. [12].

2.6. Purification of the overproduced LbI protein
The chromatin of bacterial lysate was separated
from the total lysate by ultracentrifugation at
100 000 x g for 60 min at 4°C and the soluble
proteins were further fractionated with ammoni-
um sulphate. The Lbl protein was quantitatively

M.M. Sikorski et al. / Plant Science 108 (1995) 109-117

precipitated between 40 and 80% saturation of am-
monium sulphate. This protein fraction was
pelleted by centrifugation and desalted on a NAP-
column (Pharmacia LKB). The enriched Lbl pro-
tein fraction was directly applied to a DE-52 cellu-
lose column (1.5 x 15 cm) equilibrated with
buffer A (20 mM Tris—HCI pH 8.0, 5% glycerol,
10 mM B-mercaptoethanol and 6 M urea) and
bound Lbl protein was eluted in one step with 0.02
M NacCl in buffer A. The Lbl fractions were ap-
plied to a Superose 6 HR 10/30 column (FPLC) in
buffer A containing 50 mM NaCl, where a
substantial amount of impurities was removed.
The final purification step was the chroma-
tography on Mono Q column HR 10/10, where
bound Lbl was eluted with 80 ml of NaCl linear
gradient (from 0.01 to 0.30 M in buffer A).

Fig. 3
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Fig. 3. (A) Flow diagram for the purification of leghemoglobin I (Lbl) protein overproduced in E. coli BL21(DE3)pLysS cells. (B)
FPLC chromatographic steps for Lbl purification. Size exclusion chromatography on Superose 6 HR 10/30 column in buffer A con-
taining 50 mM NaCl (a); ion-exchange chromatography on Mono Q HR 10/10 column of Lbl-containing fractions after size exclusion
chromatography on Superose (factions 5~8), performed with NaCl linear gradient from 0.01 to 0.30 M in buffer A (b); reversed phase
chromatography on Pro-RP HR 5/10 column of Lbl-containing fractions after size exclusion chromatography on Superose (fractions
5-8). The proteins were eluted from the column with a CH;CN linear gradient from 0 to 80% in the presence of 0.1% TFA, 0.01%
2-mercapto-ethanol, pH 2.0 (c). Inserts on a, b and ¢ show 15% SDS-PAGE of Lbl-containing peaks.

2.7. Analysis of recombinant protein

The electrophoretic analysis of protein samples
was carried out by 15% sodium dodecylsulphate/
polyacrylamide gel electrophoresis (SDS-PAGE)
according to Laemmli [18]. Gels were stained with
Coomassie brilliant blue R-250. The Pharmacia
LKB low molecular weight markers were used.

The optical absorption spectra of Lbl samples
were determined in the wavelength region of
350—650 nm, at room temperature on a Beckman
spectrophotometer, model DU-65, using a l-cm

pathiength quartz optical cuvettes. The protein
concentration was determined according to the
method of Bradford [19]. The microsequencing
was performed in the Protein Laboratory at
EMBL Heidelberg by Dr R. Kellner.

2.8. Immunochemical assay

The recombinant Lbl was also immunologically
characterized. Western blot analysis was carried
out as described in [20]. Purified Lbl from 32-day-
old root nodules was used as a positive control,
and protein extract from non-transformed E. coli
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cells as a negative control. The protein samples
were transferred onto Immobilon P membrane in
the MilliBlot-SDE transfer system and Western
blot analysis was carried out according to the

Millipore protocol. The membrane was incubated

with IgGs against lupin nodulins (50 ug/ml) in 10
mM Tris—HCI pH 7.5 containing 0.9% NaCl and
1% BSA. The antigen—antibody complexes were
detected with iodinated Protein A (350 000
cpm/mi). Rabbit antibodies against native Lbl
protein and against nodule-specific from yellow

lupin were prepared according to the procedure

=ppaad WRIL prlpalitl aWLOIRILEE i pPIOUSUM

previously described [14,21].

The IgGs against lupin nodulins were kindly
provided by Dr. C.J. Madrzak (University of Agri-
culture, Poznan).

3. Results

3.1. Clone selection and probes

A full length cDNA clone for Lupinus luteus Lbl
(846 bp) was selected from a lupin cDNA library
[22]. The 754-bp HindIII fragment consisting of

the coding region of the ibI cDNA cione was used
as a probe [10]. The Lbl cDNA clone was further

cithelanad inta tha Petl cita of the n‘(!ﬂ nlasmid
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(P. Strézycki, manuscript in preparation).

3.2. In vitro amplification, cloning and expression of
IbI coding DNA sequence

The pKi8 plasmid carrying the 846-bp b/
cDNA inserted into PstI site (pSP25) was used as

a tamnlata to cony and amnlify hy POR the anen
a WiiipiaiC L& COPY ailG allipaily Oy rwian ull Upcli

reading frame for the Lbl protein. Two oligonu-
cleotide primers (N and C) containing the two uni-
que restriction sites Ndel and BamHI were
designed to copy and amplify the DNA fragment
in order to allow direct cloning of the /b/ gene into
the pET-3a expression vector in the correct ori-

entation withaut chiftinoe the readino frame. The
enlation wilncutl smiiling ne reagmg rame. :n¢

amplified DNA fragment was extensively digested
with Ndel and BamHI restriction endonucleases
and subcloned into the pET-3a expression vector.
This plasmid was introduced into bacterial cells
(strain HMS174) for storage and preparative puri-
fication. The pET-3a/lbI construct was verified by

nucleotide sequence determination m‘r'nrdnnu to

the Sanger method [15]. A clone without any

misreading was used for transformation of BL21-
(DE3)pLysS.

The pET-3a/ibi construct aliows for the expres-
sion of the /bl gene under the control of T7 RNA

nolvmerase nromoter after IPTG is added to the
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growing cells [12]. The induction of /bI gene in
BL21(DE3)pLysS under different conditions
(described in the legend to Fig. 1) was analysed by
15% SDS-PAGE. The recombinant Lbl protein
migrates in the gel at the same position as the Lbi
protein from lupin root nodules and represents a

enhstantial amount of the total bacterial nroteing
suostantial amount of the tota: vacienal protems.

Pelleted E. coli cells after expression of Lbl had
a red-brown colour and the bacterial lysate was
also red. Such colour is characteristic for heme-
containing proteins. Total lysates were spec-
troscopically analysed. Spectrum A in Fig. 2,
which represents the bacterial lysate of induced E.

coli cells clearlv shows three characteristic neakgs at

er LTAIS LALAL LY SAUWS LAULL LARIAUILIISUL PRaks AL

412, 542 and 574 nm. The 412-nm peak is the max-
imum in the Soret region (region corresponding to
heme-containing proteins) and the two other peaks
at 542 and 574 nm are due to oxygenated Lb. In
the negative control where bacterial lysate of non-

transformed cells was used, as shown in spectrum
R of ‘:un '7 the ahcanca af thece charactarictic

L UL 1ig UMIV AUOVIIVG Ul WiboU  viiaiaviviaisuy

peaks is obvxous. These data are in agreement with

Lo —

- -

Fig. 4. Western blot analysis of expressed Lbl. The Staphyi-
ococcus aureus Protein A was 'Zl-labeled and the im-
munoreaction was visualized by autoradiography: Lane 1, Lbi
expressed in E. coli cells; Lane 2, protein extract of non-

?rnnnﬁ-\ﬂnnd E ool calla: Tanma T T hI murifiad fram lizmin eand
RSSO0 CCus; 1aNT 5, L.01 PUrNiica ITom iuipin root

nodules.
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Tabie 1

115

Purification steps of leghemoglobin 1 overproduced in E. coli BL21(DE3)pLysS cells carrying the pET-3a//bI plasmid

Purification step Volume (ml) Concentration Total amount Yield (%)
(mg/ml) (mg)
1. Crude bacterial lysate* 120.0 2.2 264.0 100.0
2. Ammonium sulphate precipitation, 1.5 16.0 184.0 70.0
40-80% sat.
3. DE-52 Cellulose chromatography 13.6 2.0 6.8 2.5
4. FPLC-Superose 6 column 45 0.7 3.2 1.2
S. FPLC-Mono Q column 2.0 0.9 1.8 0.7

*Crude bacterial lysate was prepared from a 2-1 culture of bacterial cells.

spectral characteristics of lupin Lbs [23]. Spectrum
A is also identical with that of protein extract of
lupin nodules (spectrum C in Fig. 2).

3.3. Purification of the recombinant Lbl protein

The bacterial protein extract of induced cells
was subjected to further purification. The proce-
dure is outlined in Fig. 3A and includes initial
fractionation of the total bacterial lysate by am-
monium sulphate followed by conventional chro-
matography steps.

During the initial step, a substantial enrichment
of LbI protein was achieved. The second step was
an ion exchange chromatography on DE-52 cellu-
lose. The Lbl protein was weakly bound on this
column at pH 8.0 in the presence of the strong
denaturing agent urea and it was eluted from the
column in one step, using 20 mM NaCl (data not
shown). The third step was gel filtration on a high
performance Superose 6 column in the absence of
urea and in the presence of 50 mM NaCl. A part
of the protein was eluted in the void volume of the
column, possibly due to aggregation of Lbl with
other high molecular weight impurities as shown
in Fig. 3B (insert, lane 0). This step was never-
theless essential because it separated the soluble
part of Lbl protein from the aggregated molecules.
The next and final purification step had two alter-
natives. The first was application of high perfor-
mance liquid chromatography using a ProRP HR
column. The Lbl obtained by this method was still
contaminated with the 30-kDa protein however, it
was well separated from other polypeptides. After
electroblotting of the LbI fraction into PVDF

membrane, N-terminal amino acid sequence was
performed (20 residues determined were identical
to the native Lbl from yellow lupin — results not
shown). The alternative and very effective chroma-
tography is the Mono Q high resolution column
which is able to quantitatively separate the two
major proteins as two distinct peaks. The purified
recombinant Lbl protein was immunologically
compared to the native Lbl as shown in Fig. 4 and
both were found to be crossreactive, proving once
more that the overproduced and purified polypep-
tide is the correct protein.

The yield of the purification of the Lbl protein
overproduced in BL21(DE3) pLysS cells carrying
the pET-3a plasmid is shown in Table 1.

4. Discussion

Leghemoglobin is a heme-containing protein
present in all nitrogen fixing legume plants. This
hemeprotein reversibly binds oxygen and is ex-
pressed in root nodule tissue containing bacter-
oids. Monospecific antibodies to Lb have subcel-
lularly localized this protein in the cytoplasm [24].
Leghemoglobin comprises a heme prosthetic
group (synthesized from the bacterial precursor-
protoporphyrin IX) [4,5,25] and its protein struc-
ture is similar to that of monomeric myoglobin.
Leghemoglobins represent a group of highly re-
lated proteins different in their primary structures.
There is usually more than one protein type in
every legume species. Yellow lupin has two major
leghemoglobins: Lbl and Lbll, as in pea, whereas
soybean has four leghemoglobins. Such a hetero-
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geneity may suggest different functionality and ex-
pression of Lbs at various stages of the symbiotic
relationship. Leghemoglobins are thought to be
products of symbiotically coordinated synthesis by
Rhizobium (heme) and by the host plant (apole-
ghemoglobin). They exhibit high oxygen afﬁnlty in
low pressure areas and maintain low oxygen pres-
sure in the central tissue of the nodule during vig-
orous oxygen consumption by the rhizobial
bacteroids. Leghemoglobin releases oxygen for
rhizobial respiration at low pressure, maintaining
it throughout the life of a nodule and protecting
the oxygen-sensitive nitrogenase enzyme complex
[25].

Yellow lupin leghemoglobin I (Lbl) was overex-
pressed in E. coli BL21(DE3)pLysS strain under
the controi of T7 RNA polymerase promoter. The
LbI coding sequence (462 bp) was copied and
amplified by polymerase chain reaction from a
pK18 plasmid carrying the entire cDNA clone of
836 bp. The /bl coding DNA fragment was in-
serted into the pET-3a expression vector with the
correct open reading frame. The Lbl protein pro-
duced in E. coli harbouring the pET-3a/ibi ap-
peared to be heme-containing protein (plant
leghemoglobin I). A cell pellet as well as the lysate
containing proteins from transformants were
bright-red in colour. It was shown by SDS-PAGE
analysis of bacterial lysates (Fig. 1) that a 17.2-
kDa protein appearing in IPTG-induced E. coli
cells was identical to native leghemogiobin
purified from lupin root nodules.

Spectral analysis of bacterial cell lysates of
IPTG-induced cells (Fig. 2A) was consistent with
that of ferric-hemoprotein with maximum absorp-
tion in the Soret region at 412 nm (Fig. 2C, spec-
trum of total soluble proteins of lupin root
nodules). Two peaks with maximum absorption at
542 and 574 nm correspond to the oxygenated

form of leghemoglobin {(spectra A and C, Fig. 2).

The spectrum of expressed Lbl is in agreement
with that presented earlier [23].

Physiologically active oxygen-binding leghemo-
globin is in a reduced form due to the presence of
met-Hb or met-Lb-reductase in E. coli cells [26]. It
has already been speculated that Vitreoscilla he-
moglobin is enzymatically reduced by met-Hb-

reductase which may be present in bacterlal cells

[27,28]. In our case, the absorption in the Soret
region in non-transformed cells (Fig. 2B) was due
to heme-containing proteins (e.g. cytochromies)
present in E. coli cells. However, IPTG-induced E.
coli cells revealed typical spectral properties of
myoglobins or hemoglobins from other sources,
including protozoans. The fact that Lbl is syn-
thesized in E. coli cells as a heme-containing pro-
tein is in agreement with expression of bacterial
V il‘f(’f’oscil!a [lCIIlUglUUlll lél L’j dllU llClllUglUUlIl Ul
the cyanobacterium Nostoc [30]. However, it
should be indicated at this point that this paper
presents the first report of overexpression of
globin cDNA from higher plants.

Spectral analysis confirms that bacterial pro-
toporphyrine IX (the immediate precursor of
heme) is used for synthesis of native hemogiobin-
like proteins in bacterial expression systems. The
bacterial protein lysate containing the expressed
LbI was purified according to the scheme shown in
Fig. 3A, including ammonium sulphate fractiona-
tion, ion exchange chromatography on DE-52
cellulose column and two FPLC steps — size ex-
clusion and anion exchange chromatography on
Mono Q column or reversed phase chroma-
tography on Pro-RP column. The resulting
homogeneous Lbl was then used for microsequen-
cing and Western blot analysis.

N-terminal sequence analysis of polypeptide
confirmed that the expressed protein was identical
to native Lbi. The expressed Lbl is immuno-
chemically active with either monospecific anti-
bodies agmnct native Lbl (data not shown or anti-
bodies against total lupm nodulins).

We conclude that the bacterial expression sys-
tem applied in this work can be successfully used
for synthesis of plant leghemoglobins and prepara-
tion of large quantities of those proteins for struc-
tural studies.
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