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The overexpresston of the fully functtonal. cooperative homodtmerrc hemoglobm of the bivalve mollusc. Smphurco rttuc,yurl,Lth,r.(. has been 
accomphshed in E. ~011 from its cDNA. The latter was isolated by PCR amphfication of total RNA and sequenced. The cDNA-dertved sequence 
dtffered by a smgle ammo acid when compared to that previously obtained from purified protem. Interest in this hcmoglobm resides m the unique 
assemblage of the two tdenttcal subumts. with the heme groups facing each other in the mside of the molecule. opposite to that occurring m vertebrate 

hemoglobms The results presented here are the basis for future studies of structure/function relattonshtps by site directed mutagenests. 

Globm cDNA, Reverse transcrtptase-PCR: Expression m E culr: Recombinant hemoglobm, SctipIru~c~ rr~~/~ri,rrlr/\ 

1. INTRODUCTION 

The dimeric hemoglobin (HbI) isolated from the nu- 
cleated erythrocytes of the bivalve mollusc. Scupllurca 
in~zepiv&is, is comprised of two identical chains, each 
carrying a heme group [l]; as found for other bivalves 
of the Arcid family [3%5], a tetrameric hemoglobin 
(HbII), made of two different subunits (A,B, type) is _ _ 
also present in the same organism. 

The structural and functional properties of S. itzur- 
piwlvis HbI have been studied in detail, for the unex- 
pected ability of this homodimeric hemoglobin to bind 
heme ligands in a cooperative fashion [ 11. Studies on the 
kinetics and equilibrium of oxygen and carbon monox- 
ide binding to HbI [ 1.61, which behaves in this respect 
similarly to mammalian hemoglobins, led to the conclu- 
sion that there is more than one mechanism able to 
generate cooperativity in hemoglobins. Indeed, the X- 
ray crystal structure of HbI at low and high resolution. 
in the liganded and unliganded state [7-91, has revealed 
that the two identical subunits have the usual myog- 
lobin folding, apart from an additional pre-A helix, 
consistent with the amino-terminal extension found in 
the primary structure of HbI globin [lo]. However, the 
assembly of the subunits is opposite to that occurring 
in mammalian hemoglobins and involves contacts be- 
tween the heme-carrying E and F helices of one subunit 
with the same region of the other subunit. This provides 
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direct heme-heme communication, as the basis for co- 
operativity in ligand binding. which is accompanied by 
conformational changes at the subunit interface [9]. 

Due to such a peculiar subunit interaction in S. inae- 

quiwhis HbI, we considered it of interest to explore the 
possibility of expressing this hemoglobin in vivo. for 
future site-directed mutagenesis studies at the subunit 
interface and at the ligand binding site. In this paper we 
report on the isolation and sequence analysis of HbI 
cDNA and on the expression in E. colt’ of the fully 
functional protein. 

2. MATERIALS AND METHODS 

E wlr strams INVcxF’ and JM 105 were used m plasmid screening. 
in DNA sequencing and m the expresston experiments. The vector 

PCRII contammg the ltrc promoter and thrp-galactostdase gene was 
used either for clonmg the PCR product or for in vrvo e\preasion and 
was purchased from Invitrogen. 

Total RNA was Isolated from the erythrocytes of S )~z~eq~~r~/rrs 
by the guamdme isothiocyanate method [I l] or by the RNA ZollB 
isolatton ktt from Promega RNA quahty was controlled by electro- 
phoresis of 10 pg on 1% agarose gel contaming 2 2 M formaldehyde 
[IZ]. 

2.3 PCR prwers 

A degenerate oligonucleottde. DIM (purchased from Genset) was 
used as 5’ primer m the PCR expertments Its sequence was deduced 
from the N-termmal sequence (ammo actd residues at posttions l-6) 
of S brcreqrriwtl~~.v HbI globm [IO]. When a codon thtrd base showed 
four wobbles. we replaced it with inosme. As downstream prrmer, 
CODAT ohgonucleotidc. also obtamed from Genset. was used The 
sequences of the two primers are. 
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DIM ATG CC1 TCI GTI TA(CT) GA(CT) GC 

CODAT GCG CTT TTT TTT TTT TTT TT 

2.4. cDNA synthesrs und sequence 
1 pg of S muequwalv~s total RNA was used m each experiment. 

Single-stranded cDNA synthesis and the subsequent PCR was per- 
formed with a GeneAmp RNA PCR Kit (Perkin Elmer Cetus) The 
amount of primers used to amplify cDNA was 550 pmol for DIM and 
200 pmol for CODAT; the PCR program for amplification was as 
follows, denaturation at 95°C for 2 mm (I cycle), denaturation at 95°C 
for 1 min. annealing at 45°C for 1 min and extension at 72’C for 1 
mm (23 cycles), extension at 72°C for 2 mm (1 cycle). The PCR 
products were subjected to electrophoresis on agarose gel 1.2%. a 
-700 bp band was eluted [12]. purified and subcloned in the PCRII 
vector usmg the TA Cloning Kit (Invttrogen). The positive clones were 
isolated and their sequences were determined by the dideoxy-chain 
termination method [13] with Sequenase 2.0 (US Biochemical) 

2.5. Constrwtlon und espresslon of HbI gene 
The full-length HbI cDNA sequence was removed from the PCRII 

plasmid as EcoRIIEcoRI fragment and, after purification [12], cut 
with SfuNI (present as restriction site at nucleotide +16). After diges- 
tion. this S’uNl-EcoRI fragment was purified from a 1.8%. TBE 
agarose gel with JET sorb gel extraction kit (Polymed). 

The BtimHI-S’uNI synthetic linkers (from Genset): 

5’-GATCCATAACTAACTAAAGGAGAACAACAACAATGCCG-3’ 

GTATTGATTGATTTCCTCTTGTTGTTGTTACGGCAGCC 

were ligated to the 5’ end of the S’uNI-EcoRI HbI cDNA fragment; 
the construct was purified from a 2.2% agarose gel and subcloned in 
the BarrzHIIEcoRI-digested PCRII to generate the expression vector 
pGAP1. The linker region was a modification of the sequence used by 
Unger et al. [I41 and incorporated the Shine-Delgarno translational 
regulatory sequence. The complete sequence of this construct was 
verified by dtdeoxy-DNA sequencing [l2]. 

2.6. S. maequivalvis HbI expression 
pGAP1 was transformed into E. coli strain JM 105 and the trans- 

formed cells were grown in 1 htre batches of broth, contaming 100 
pglml amptcillm. to an absorbance of 0.3 at 550 nm. Isopropyl-/I-o- 
thiogalactopyranoside (IPTG) was added to a final concentration of 
1 mM and the cells were incubated for an additional 3324 h at 37°C. 
As control. the clonmg vector PCRII-HbI cDNA was stmilarly in- 
duced with ITPG and grown at 37°C in parallel experiments. Bacteria 
were harvested by centrifugation and the pellet resuspended m 50 mM 
phosphate buffer, 100 mM NaCl. pH 7.8. Cells were lysed for 1-2 h 
in ice by the addition of lysozyme to 1 mg/ml, followed by somcation 
for 30 s at medium intensity (three times). Supernatants were collected 
by centrifugation at 10.000 x g for 30 min; aliquots were electrophore- 
sed on a 15% SDS-PAGE and stained with Coomassie brilliant blue. 

2.7. Purljcution of recombinant S. maequivalvis HhI 
The red supernatant from the lysed cells was extensively dialysed 

against I mM Tris-HCl. pH 7.8. at 4°C and loaded on a CM 52 
column equilibrated with the same buffer. A red band was eluted with 
100 mM Tris-HCI, pH 7.8. The purity of the hemoglobm fraction was 
controlled by optical absorption and by 15% SDS-PAGE. 

2.8. Amino-termmul sequence unu1y.w 
The N-terminal sequence was determined using an Applied Biosys- 

terns model 476A gas-phase protein sequencer. Protein (20 pg) was 
applied on a proBlott membrane disk (Applied Biosystems) and the 
automated sequence analysis was performed for 16 cycles. 

2.9. Difference spectra 
Oxyldeoxy HbI difference spectra were generated by putting the 

purified hemoglobin solution in both the sample and reference cuv- 

ettes; after recording the baseline, the reference cuvette was added of 
feh crystals of sodium dithiomte. The spectra were recorded m a 
Kontron Uvikon 860 spectrophotometer. 

2.10 Llgund bmdmg of the recombmum HbI 
Oxygen bmdmg of the purified hemoglobin was measured with the 

spectrophotometric method previously described [15] in 100 mM Tris- 
HCI, pH 7.5, at 25°C. The rate of CO combmatton. followmg full or 
partial photodissociation, were measured at 25°C on the supernatant 
of the lysed cells using the flash photolysis system previously described 
[16]. in 50 mM phosphate buffer, containing 100 mM NaCI, at pH 7 8. 

3. RESULTS 

3.1. Cloning and sequencing of S. inaequivalvis Hbl 
cDNA 

Gel electrophoresis of total RNA extracted from S. 
inaequivalvis erythrocytes (Fig. 1) shows the presence of 
only 18s ribosomal RNA, in agreement with previous 
findings on other molluscs and invertebrates [17]. In 
fact, the apparent absence of 28s rRNA in S. inae- 
quivalvis can be explained as being due to a ‘break’ in 
its primary structure. which would convert the 28s into 
an 18s component, during the sample preparation. 

The RNA preparation was used for the PCR experi- 
ments. After cloning of the 700 bp band (Fig. 2, lane b), 
three positive clones were sequenced. The sequence of 
the 678 bp cDNA (pAC3) is reported in Fig. 3. with the 
deduced protein sequence of 146 residues, identical to 
that of S. inaequivalvis homodimeric HbI globin, except 
for the substitution of an Asp residue for an Asn residue 
at position 56 [lo]. The same Asp-56 residue was found 
in A. trapezia HbI and HbII A- and B-globins [18-201. 
Two other clones were 98% and 95% identical, most 
likely reflecting either individual polymorphism or alle- 
lit forms. The corresponding protein sequences show 
only a single further amino acid substitution, i.e. His for 
Asn at position 44, due to a single nucleotide substitu- 
tion at position 133. The same His-44 is present in A. 
trapezia HbI [I 81. In all cases the mRNA contained the 

+ 28s 

+ 18s 

ab 
Fig. 1. 1% Agarosel2.2 M formaldehyde gel electrophorests of 10 pg 

of total RNA from S muequwulws (lane a) and bovine lung total RNA 
as control (lane b). The positions of 28s and 18s are indicated on the 

right 
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a b 

Frg. 2. 1.2% Agarose gel electrophoresis of the PCR products from S 
z~wxyuiva/v~.s total RNA. Lane a = marker lambda DNA-&E11 dt- 

gest (2 pug) Lane b = HbI globin PCR product. 

polyadenylation consensus sequence typical of eukaryo- 
tes. 

3.2. S. inaequivalvis HbI r.~prcssion 
In vivo expression was performed using the vector 

pGAP1 as described in section 2. Upstream of the initi- 
ator methionine codon a sequence containing a Shine- 
Delgarno ribosome binding site and the spacer region 
from I? putida cytochrome P450,,, gene was added to 
maximize translational efficiency [ 141. Translational 
stop codons were introduced in all three reading frames 
upstream of the ribosome binding site to inhibit the 
formation of a LacZ fusion protein [21]. 

Expression experiments were conducted at 37°C after 
IPTG induction, usually for 16 h. HbI synthesis was 
immediately detected from the red color of the pelleted 
cells. The yield was about 10% of the total E. coli pro- 
teins. The level of HbI obtained from the supernatant 
of the lysed cells after 3 h induction is shown in Fig. 4, 
lane c. Incorporation of endogenous heme was con- 
firmed by the absorption spectrum in the Soret and 
visible region (data not shown). The absorption spec- 
trum of the purified recombinant HbI, with the Soret 
band at 416 nm and the two bands at 542 and 577 nm 

(Fig. 5). is indicative of a fully oxygenated protein. Ad- 
dition of CO gas generates the typical absorption spec- 
trum of a CO-liganded hemoglobin (not shown). In the 
inset of the Fig. 5. the oxy/deoxy difference spectrum is 
shown, with peaks at 413 and at 434 nm, in agreement 
with the spectral properties of the native hemoglobin 
[l]. Gas-phase sequence analysis of the N-terminus of 
the purified recombinant protein indicated the correct 
amino acid sequence, with only 4% retention of the 
N-terminal methionine with respect to proline in the 
first cycle. 

3.3. Functional properties of recombimnt S. inae- 
quivalvis HbI 

Oxygen binding properties of recombinant HbI are 
almost identical to those of the natural protein [1,32]: 
at pH 7.5 and 25”C, the psO value and the Hill coeffi- 
cient. II, are 10.5 torr and 1.6, respectively. In Fig. 6 the 
kinetics of CO combination following flash photolysis, 
is shown at three different extents of photodissociation. 
at pH 7.8 and 25°C. At full photodissociation, the ini- 
tial rate constant (I;) is - 1.6 x 10’ M-’ . se’, while at 5% 
photodissociation it reaches the limiting value (Ii) of 
-3 x lo5 Mm’ . s-‘. This roughly two-fold increase in the 
CO combination velocity constant as the reaction pro- 
ceeds is in full agreement with the results obtained with 
the native protein and is indicative of a cooperative CO 
binding [6]. 

4. DISCUSSION 

In this paper we report the first expression of a func- 
tional dimeric hemoglobin in E. coli from its native 
cDNA. The protein sequence derived from the HbI 
cDNA sequence is the same as that of the purified pro- 
tein [lo], except for residue 56. which is aspartic acid, 
on the basis of the codon found. This difference stresses 
once again the importance of comparing protein se- 
quences deduced from cDNA sequences with those ob- 

ATGCCGTCGGTGTACGATGCAGCAGCTCRGCTTPCCGCTGACGTAAAGAAGGATCTGAGAGACAGCTGGAAAGTCATTGGTAGTGACAAA 90 
M P S v Y DAAAQLTADVKKZZ L R D S W K V I G S D K 3C 

AAAGGAAACGGTGTTGCCTTGATGACAACTCTGTTCGCCGAT~TCAAGAAACTA~~GGATACTTCAAACGTTTGGGAGACGTCAGCCAG 180 

K GNGVALMTT L, : A DNQETIT YFKRLGRVSQ 60 

GGCATGGCAAACGACAAACTGAGAGGACA~~CCATCACTCTTATGTACGCA~TGCAGAACTTCATTGATCAGCTCGAC~CCCCGATGAC 27C 

G MA N D KLRGHSIT LMYALQNF I D Q L DNPDD 90 

TTGGTCTGTGTTGTAGAAAAATTTGCCGTCAACCACATCACCAGAAAAATCAGTGCAGCTGAATTTGGAAA~TCAATGGCCCA~TAAA 360 
L v c V v EKFAVNHITRKI SAAEFGKINGPNK 120 

AAGGTTTTGGCAAGCAAGAATTTCGGTGATAAATACGCCAAC~CATG~GCAAAACT~GTAGCTGTTGTCCAGGCTGCTTTATAAAGTGGG 450 
K V L A S K N F G C K Y ANAWAKLVAVVQAAL" 147 

ATTTCCGAAGACAACT_TCCCACTACAACCAGA~GAATATAAACl~TACATCAACTTTACCATGTAAGGAGTCTTTAACATGGAGACAAT 540 
CATCAGGGTAGCGTGAT-_TGACAT'~AG~CTA'lAATCACGGGTG~TGATTTTATGTAAATTTTTGGTTGAATTTTTATCG~TATATTTCA 630 
AATATCTT~TTCTATAAGCATAAAAFAhriPAPAAAAAAA 670 

Fig 3. Nucleotide sequence of S ~ncrer/u~r~/~~ HbI cDNA and deduced protein sequence. The three bases mdtcated by an asterrsk (*) could be 
different in fibI DNA, due to the presence of mostne resrdues at postttons 6. 9, 12 of the PCR prtmer. The underhned restdue (Asp) at posttton 
56 is at variance vvtth the btochemrcal data [IO] (see text). In other clones, the underlined nucleotide 133 IS C, and the correspondmg resrdue IS HIS 

for Asn. as mdicated The polyadenylatton sate IS underhned. 
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a b c d e 
Fig. 4. 15% SDS-PAGE analysis of recombinant S inaequrvulrrs HbI 
expression using the E co11 JM105 system. S. znueqzrwul~~rs erythro- 
cytes (lane a). IPTG induced cells transformed with PCRII HbI cDNA 
(lane b) or with pGAP1 (lane c). Molecular weight markers. Sigma 
VII-L (lane d). Recombinant purified HbI (lane e) In lane a. the 
larger, upper band corresponds to the tetrameric HbII A- and B- 

globins. while the lower band corresponds to HbI globin [1] 

tained biochemically. According to the crystal struc- 
ture, residue 56 is in the middle of the so-called CD loop 
(D helix is absent in this hemoglobin) participating with 
its carboxyl group in the formation of hydrogen bonds 
characteristic of a 3,, helix [S]; the possible role of the 
Asp-56 carboxyl group remains to be elucidated. 

Insertion of the HbI cDNA (duly modified for maxi- 
mal expression efficiency) under the control of the lac 
promoter into the same PCRII plasmid used for cDNA 
cloning, gave rise to a significant level of HbI synthesis. 
Recombinant HbI was isolated from the supernatant of 
the cell lysate in high yield, up to 10 mg per 10 g of E. 
coli cell paste. Like human hemoglobin and sperm 
whale myoglobin expressed in E. coli [21,23], HbI 
globin is capable of incorporating heme provided by the 
host cell, and generating a native-like dimer. The intrin- 
sic nature of HbI, which is made of two identical sub- 
units may have favoured the formation of the oxygen- 
ated hemoglobin, without iron oxidation or protein de- 
naturation. 

Contrary to that found previously in the E. coli ex- 
pression of other globins [21,24,25], the N-terminal 
methionine residue of S. inmquivalvis recombinant HbI 
is almost completely processed (-96%). leaving proline 
as the amino-terminus. 

Recombinant HbI is fully functional. The pSO value 
measured at 25°C compares very well with that re- 
ported previously (9.8 torr) in 0.1 M phosphate under 
similar conditions [22]. More importantly, oxygen bind- 
ing is cooperative as for the native protein [l], with an 
Hill coefficient very close to that of the native HbI 
(n = 1.5). Cooperativity in ligand binding is clearly evi- 
dent also in the CO combination reaction, with rate 
constants very similar to those of an authentic sample 
of the protein [6]. 

400 600 

i 

400 500 600 

wavelength (nm) 

Fig. 5. Spectral properties of recombinant S rnaequwulws HbI. The 
spectrum m the Soret and visible region of the purified oxygenated 
protein 1s in 100 mM Trls-HCl. pH 7.5. The oxyldeoxy difference 

spectrum 1s shown in the inset. 

These data are indicative of a properly assembled and 
functional molecule. Natural extension of the work pre- 
sented here will be the expression of HbI mutants with 
specific amino acid substitutions at the heme pocket and 
at the subunit interface. 

10 
II 

Fig 6. Kinetics of CO combination with recombinant S maequdws 

HbI following flash photolysls of HbICO in the lysed IPTG induced 
E coli JMlO5 cells transformed with pGAP1. The % of the combma- 
tlon reaction (in a logarithmic scale) is plotted as a function of time 
after different degrees of photodissociatlon: 100% (5). 20% CO), 5% 
(m). Protem concentration, 2 PM; CO concentration, 91 ,uM: buffer, 
0.1 M Tris-HCl, pH 7.8 at 25°C. Observation wavelength: 436 nm. 
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