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ABSTRACT

A very large and representative sugar cane expression sequence tag (EST) library (SUCEST) was sequenced by a Brazilian consortium, opening
the possibility to study important proteins, such as hemoglobins, which are largely present across the plant kingdom. The widespread presence
and long evolutionary history of plant hemoglobins suggest a major role for this protein family in plants; however, little is known about their
functional roles. In this study, we report the identification and characterization of a putative non-symbiotic hemoglobin cDNA clone that was
identified in SUCEST. The cDNA was cloned, and the recombinant protein was purified and folded, as shown by its circular dichroism and
emission fluorescence spectra. The expressed globin protein was able to bind hemin, as a characteristic Soret band was observed in the absorb-
ance spectrum and increases were seen in the amount of secondary structure and in the stability of the protein. A model for the structure of the
sugarcane hemoglobin was created using the crystal structure of a rice hemoglobin, and this model showed a conserved globular conformation.
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Sc: Sugar cane; Hb: Hemoglobin; EST: expression sequence tag; A: absorbance; CD: circular dichroism; PCR: polymerase chain reaction;
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1. Introduction

Globins are respiratory proteins that bind oxygen mole-
cules through the iron ion of the porphyrin ring and a histi-
dine in the polypeptide chain [1-3]. Globins are among the
best-studied proteins when structure, function, and evolution
are considered [1-3]. As a matter of fact, hemoglobin has
been found in bacteria, plants, fungi, and animals. The first
description of a plant hemoglobin was provided by Kubo [4],
and since then, a large number of plant hemoglobins have
been described [2,3,5]. Although hemoglobins were first
identified in plant species that fix nitrogen via symbiosis with
bacteria, it is likely that all plants have a hemoglobin gene,
and in addition to the symbiotic leghemoglobins found in
legumes, there may be another gene or gene family in leg-

umes that encodes hemoglobins that function in non-
symbiotic plant tissues [6]. In support of this notion, non-
symbiotic hemoglobin genes were identified in both nitrogen
- and non-nitrogen-fixing dicot species and in monocot spe-
cies [2,3,5-8].

The widespread presence and long evolutionary history of
plant hemoglobins suggest a major role for these proteins in
plants [2], and thus, it is important to search for and charac-
terize new proteins of this class to increase our general
knowledge on this subject. Due to its major role in ethanol
production, sugar cane has become of great importance in
bioenergy studies, and to learn more about this plant, a Bra-
zilian scientific consortium produced and sequenced a repre-
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sentative expression sequence tag (EST) library from sugar
cane (SUCEST) [9]. To gain information about hemoglobins
in sugar cane, SUCEST was searched for a putative hemoglo-
bin cDNA. Its cloning and protein purification and charac-
terization are reported here. The recombinant protein was
purified and folded, as shown by its circular dichroism and
emission fluorescence spectra, and was able to bind hemin, as
confirmed by the existence of a characteristic Soret band in
the absorbance spectrum. This sugar cane hemoglobin
showed an increase in secondary structure and stability when
bound to heme, as is characteristic of globin family proteins.
A structural model of the sugar cane hemoglobin was created
using the crystal structure of a rice hemoglobin and showed a
conserved globular conformation. These findings suggest
that, like many plants, sugar cane expresses a heme-binding
globin.

2. Material and Methods
2.1. Cloning, expression and purification

The cDNA library was constructed from a sugarcane culti-
var that was a hybrid of crossing Saccharum officinarum with
Saccharum spontaneum [9]. Blast searches of the database of
expressed sequence tags SUCEST (http://
sucest.lad.ic.unicamp.br/public) using the amino acid se-
quence of sperm whale myoglobin (GenBank accession num-
ber GI: 209563) as query revealed the sugar cane globin EST
clone SCMCRZ3064B09.g (SUCEST). Sugar cane globin was
amplified from the EST clone by PCR wusing primers
5'CAGTAGGTACATATGGGGTTC3 " and 5'CAGCCGGA
TCCTTAGTCACGC3’ introducing Ndel and BamHI re-
striction sites. The PCR product was digested and then insert-
ed into the pET3a expression vector (Stratagene) to generate
the pET3aScHDb vector, which was confirmed by DNA se-
quencing. For protein expression, the construct was trans-
formed into Escherichia coli BL21(DE3). The cells were
grown in Luria Bertani medium at 37°C. When the A
reached 0.8, 0.4 mM IPTG was added to induce protein ex-
pression [10] and the temperature was increased to 42°C for
the production of inclusion bodies as previously described
[11]. Four hours after expression was induced, the cells were
harvested by centrifugation at 2,600 g and 4°C for 10 min,
resuspended in 20 mL lysis buffer per L of culture, sonicated
12 times for 10 s each at 35 watts of output power with 2 min
intervals and centrifuged at 13,000 g and 4°C for 10 min. The
pellet, which contained the inclusion bodies, was washed 5
times with lysis buffer, resuspended in solubilization buffer
by gentle agitation (60 min at room temperature) and centri-
fuged at 13,000 g and 4°C for 10 min. The supernatant, which
contained the solubilized protein, was diluted twice with the
same volume of equilibration buffer A and centrifuged as
described above. The final supernatant was exhaustively dia-
lyzed with equilibration buffer A. The sample was then loaded
onto a Q Sepharose column (Pharmacia) equilibrated with 5
bed volumes of equilibration buffer A and recovered with

increasing concentrations of NaCl (0 to 1 M). The fractions
that contained the protein were pooled, exhaustively dialyzed
with equilibration buffer B, loaded onto a HiLoad Superdex
200pg 26/60 molecular exclusion column (Pharmacia Bio-
tech) equilibrated with 5 bed volumes of equilibration buffer
B and recovered with the same buffer. Protein purification
profiles were analyzed by SDS-PAGE as described by
Laemmli [12]. The purified samples were exhaustively dia-
lyzed in 20 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 100
mM NaCl (buffer conditions for the experiments described
below) and frozen for storage. The compositions of the work-
ing buffers were as follows. Lysis buffer: 100 mM Tris-HCl
(pH 8.0), 100 mM KCl, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM
lysozyme, and 0.2% B-mercaptoethanol. Solubilization buffer:
100 mM Tris-HCl (pH 8.0) and 8 M GdnCl. Equilibration
buffer A: 20 mM Tris-HCI (pH 8.0), 1 mM DTT and 1 mM
EDTA. Equilibration buffer B: 20 mM Tris-HCl (pH 7.5), 1
mM DTT, 1 mM EDTA and 100 mM NaCl. The chemicals
used were of analytical grade. All solutions were filtered, and
their pH was checked before and after filtration.

2.2. Concentration measurements and hemin binding

The concentration of Saccharum spp. hemoglobin (ScHb)
in the apo form was measured with a JASCO model 530 UV/
VIS spectrometer using either the calculated extinction coeffi-
cient for denatured proteins [13,14] or the Bradford protein
assay [15] using a commercial kit (Bio-Rad). For the prepara-
tion of the protein in the holo form, hemin was mixed with
the protein solution at a 1:2 ratio (protein:hemin) and incu-
bated at 4°C for 30 min, followed by centrifugation at 90,000
g and 4°C for 20 min to eliminate any of the remaining apo
form, as previously described for recombinant sperm whale
myoglobin [11]. The concentration of holoScHb was meas-
ured at the Soret band in 20 mM sodium phosphate (pH 7.0),
as described by Antonini and Brunori [16].

2.3. Spectroscopic experiments

A JASCO model J-810 Circular Dichroism (CD) spectro-
polarimeter equipped with a thermoelectric sample tempera-
ture controller (Peltier system) was used to record the CD
spectra. The data were collected from 260 nm to 200 nm and
accumulated at least 16 times for the spectral measurements.
The data were collected at 222 nm for the stability measure-
ments, and each plotted CD signal at 222 nm was the average
of 5-min recordings. The CD measurements were made in
cuvettes with a 1-mm path length at 20°C, and the thermal-
induced unfolding and refolding was recorded every 1°C at a
scan rate of 60°C/h. The average of at least three unfolding
experiments was used to build each curve profile. The fluores-
cence measurements were collected using an Aminco Bow-
man Series 2 luminescence spectrometer (SLM Aminco) and
a 1 x 1-cm path length cuvette with 2 uM apoScHb at 20°C.
Excitation was at 280 nm with a bandpass of 2 nm, and emis-
sion was measured from 300 to 400 nm with a bandpass of 8
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nm. The intrinsic emission fluorescence data were analyzed
by either their emission maxima wavelength or their spectral
center of mass (<A>), as described by the equation below:

<A>=>ANF,/2F [Equation 1]

where A, is each wavelength and F, is the fluorescence intensi-
ty at A;[17]. Curve fitting was accomplished with Origin
(Microcal Software). Unless stated otherwise, the experi-
mental error was less than 5%.

2.4. Structural modelling

The structure of Oryza sativa non-symbiotic hemoglobin 1
(PDB 1D8U chain A), which shares 66% sequence identity
with ScHb (Table 1), was used as a template to model the
structure  of ScHb.  First, the HHpred server
(toolkit.tuebingen.mpg.de/hhpred) [18] was used to generate
a homology model for ScHb, and then, the stereochemical
quality of the model was assessed using the PROCHECK
server  (swissmodel.expasy.org/workspace/index.php?func=
tools_structureassessmentl) [19].

3. Results and Discussion
3.1. Sugar cane hemoglobin

Proteins are important biomolecules that are involved in
the majority of the physiological functions of a cell. Thus, to
learn how a cell functions, information can be gathered about
the proteins that are expressed during the life of the cell and
how these proteins are chemically modified. This large
amount of information is called the cell proteome and re-
quires tremendous effort to complete. Proteins are produced
by the ribosomal machinery from the information encoded in

mRNAs, and thus, even the information in the mRNA alone
is important to gain information about the cell proteome. As
a consequence, expressed sequence tag (EST) projects have
been used as low-cost alternatives to complement genome
and proteome projects [20]. An EST project for sugar cane
was completed by a Brazilian scientific consortium
(SUCEST), and the resulting database is currently available
[9]. We searched this database for a putative heme-binding
globin and identified a candidate (Fig. 1) that has high identi-
ty with heme-binding globins from several organisms (Table
1). To further characterize this gene as a hemoglobin, we
cloned the cDNA, purified the recombinant protein, charac-
terized its folded state and tested whether the globin was able
to bind heme.

Fig. 1 shows the nucleotide sequence and the deduced ami-
no acid sequence of the sugar cane hemoglobin (ScHb). The
amino acid sequence of ScHb was submitted to Pfam (http://
pfam.sanger.ac.uk/), a database with a large collection of pro-
tein families, which found a significant (e-value of 8.8e-21)
globin domain match starting at residue 7 and ending at resi-
due 118. ScHb was 188 residues long and had a high identity
(approximately 83%) with a hemoglobin from Zea mays,
which is 191 residues long (Table 1). ScHb is more closely
related to Arabidopsis AHbl (GLbl) than AHb2 (GLbl).
AHb1 has a sequence and oxygen-binding characteristics that
are typical of stress-induced hemoglobins, and its overexpres-
sion protects Arabidopsis thalianafrom the effects of severe
hypoxia [21], whereas AHb2 has greater similarity to symbi-
otic hemoglobinsin both its sequence and oxygen-binding
characteristics [22]. Whether ScHb functions in the stress
response requires further investigation. However, because
most genes with high identity to ScHb were classified as non-
symbiotic hemoglobin class 1 (Table 1), we suggest that the
sugar cane gene investigated here also belongs to this class.

Table 1. Amino acid sequence homology between sugar cane hemoglobin and other globins.

Protein identification Gen bank accession number ~ Organism Number of residues  Identity (%)
hemoglobin Gl:74058375 Zea mays 191 83
unknown protein with globin domain ~ GI:50932383 Oryza sativa 145 79
non-symbiotic hemoglobin class 1 GI:17366135 Oryza sativa 166 66
non-symbiotic hemoglobin class 1 GI:15809394 Citrus unshiu 183 65
hemoglobin GI:2071976 Hordeum vulgare 162 63
hemoglobin Hb1 GI:27085255 Triticum aestivum 162 63
non-symbiotic hemoglobin 1 GLBI1 GI17432970 Arabidopsis thaliana 160 63
non-symbiotic hemoglobin 2 GLB2 Gl:17432971 Arabidopsis thaliana 158 54
myoglobin GI:209563 Physeter catodon 153 20
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ATG GGG TIC AGT GAG GCA CAG GAA GAG CTT GTC ATC CGT TCA
TGG AAA GCC ATG AAG AAC GAC TCC GAG TCA ATC GCT CTT AAG

w K A M K N D S E S | A L K
TIC TIC CTC AGG ATC TIT GAG ATC GCG CCG GAT GCC AAG CAG
F F L R | F E | A P D A K Q

ATG TIC TCC TIC CTG CGC GAC GAC GCC GGC GAC GCG ACC CTG
GAG AAC CAC CCC AAG CTC AAG GCG CAC GCC GTC ACC GTC TIC
GTC ATG GCT TGC GAG TCC GCG ACG CAG CTG AGG AGC ACC GGC
GAC GTG AAG GTG AGG GAG GCC ACC CTG AAG CGG CTG GGC GCG
ACG CAC GTC AAG GCG GGC GTC GCC GAC GCG CAT TIC GAG GTC
GTA AAG ACG GCG CTG CTG GAC ACC ATC AGG GAC GCG GTC cCG
GAC AGG TGG ACG CCG GAA ATG AAG GCG GCG TGG GAG GAG GCC
TAC GAC C\;\vG CTG GCC GCC GCC ATC AAG GAG GYAVG ATG AAG AAC
GGC GCC GTC AAG GAG GAG ATG AAG AAC GGC GCC GTC AAG GAG

GAG ACG AAG GAC GCC GCC GCG GCT CGA TGG TIC CTA TGC TCC
E T K D A A A A R w F L C S
TCC GCT AGC TCG CGT GAC TAA
S A S S R D STOP

Figure 1. DNA nucleotide sequence and deduced amino acid se-
quence of the sugar cane hemoglobin gene. Nucleotides and amino
acid residues are represented by an one-letter code. The initial ATG
codon and the STOP codon are in bold, and the Trp residues (W)
are in red.

As a matter of fact, non-symbiotic hemoglobin genes have
already been identified in several plants [5-8].

3.2. Protein production

Protein expression was induced at 42°C to induce the for-
mation of inclusion bodies, from which it is possible, after a
few steps, to purify a folded globin protein in the apo form, as
previously reported [11]. Under this expression condition,
apoScHb was the major protein present in the inclusion body
fraction and was solubilized by the addition of a chemical
denaturant. Thereafter, it was dialyzed and then loaded onto a
Q Sepharose column (Fig. 2, lane 1) and purified (Fig. 2, lane
2). The fraction from the last step, which contained apoScHb,
was dialyzed and then loaded onto a High Load Superdex
200pg 26/60 column for the final chromatographic step (Fig.
2, lane 3). The final protein product was pure, with a yield of
approximately 24 mg/mL (Table 2).

The folded state of apoScHb was first investigated by fluo-
rescence. The fluorescence of Trp is very sensitive to the po-
larity of the environment, thus allowing insight on whether
the residue is buried in the apolar interior of the protein or
exposed to the solvent. ScHb has four Trp residues (Fig. 1),
and its emission fluorescence spectroscopy spectrum is
shown in Fig. 3A. The emission fluorescence spectrum has a
maximum intensity at 337 nm with center of mass of 342 nm
(Table 2), indicating that the Trp residues were well buried in
the globin protein. This result was characteristic of a well-
folded protein in which the hydrophobic Trp residues are
buried and the hydrophilic residues are at the surface. Be-
cause the observed fluorescence spectrum is the sum of each
Trp fluorescence spectrum, only an average evaluation of the

Trp environment is possible. However, further indication of
our purified apoScHb as a well-folded protein was also pro-
vided by circular dichroism (CD) studies (Fig. 3B). Circular
dichroism is a fast and reliable tool to evaluate the secondary
structure of a protein and, thus, its folded state [23]. The far-
UV spectrum of apoScHb was characteristic of an a-helical
protein with minima at 208 and 222 nm (Fig. 3B), and the
secondary structural prediction indicated that it was approxi-
mately 68% o-helical (Table 2). These results are in good
agreement with a globin fold, in which a large a-helical con-
tent is characteristic even for the apo form of the protein [24].

3.3. Heme binding

Because the cDNA annotated as a hemoglobin encoded a
protein with a fold that is characteristic of the globin family,
we tested whether this protein is able to bind heme and if this
binding caused conformational changes in the protein. He-
min binding was evaluated as previously described for re-
combinant sperm whale myoglobin [11] using the absorb-
ance spectra of apo and holoScHb from 250 to 600 nm (Fig.
3C). ApoScHb showed absorption at approximately 280 nm
due to its aromatic residues and showed no significant ab-
sorption in the visible region (Fig. 3C, Table 2), whereas
holoScHb also showed absorption at approximately 280 nm
due to its aromatic residues and had an absorption peak at
416 nm, the Soret absorption peak of bound hemin (Fig. 3C,

97 KD m
66 KD

45 KD @ mu

31 kDam=— |

21 KD Q) m—

14kDa—».

Figure 2. SDS-PAGE showing the ScHb purification steps (see Ma-
terial and Methods). Lane 1, Sample prior to loading onto a Q Se-
pharose column. Lane 2, pool of ScHb purified from the Q Se-
pharose column. Lane 3, pool of ScHb purified from the High Load
Superdex 200pg 26/60 column. The resulting ApoScHb was pure,
with a yield of approximately 24 mg/mL (Table 2). The molecular
mass standards are shown on the right (arrows).
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Table 2. ScHb parameters.

Apo ScHb Holo ScHb
Yield (mg/L) 24 -
Emission fluorescence maximum wavelength (nm) 337 -
Emission fluorescence spectral center of mass (nm) 342 -
Aue/Asso 0.06 2.63
a-helical content (%) 68 87
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Figure 3. Spectroscopic experiments. A) Fluorescence. The emission fluorescence spectrum was measured from 300 to 400 nm and had a
maximum intensity at 337 nm with a center of mass of 342 nm. B) Circular dichroism. The circular dichroism (CD) spectra of apoScHb (open
circles) and holoScHD (filled circles) were measured from 200 to 260 nm. The CD spectra of both forms showed minima at 208 and 222 nm, a
characteristic of a-helical proteins. C) Absorbance. The absorbance of untreated (apo, open circles) and treated (holo, filled circles) ScHbs were
measured in the UV and Soret regions (250-600 nm). Peaks at 280 nm, due to aromatic residues, and at 540 and 416 nm, which are indicative
of native-like heme coordination, were present in the spectrum of holoScHb. D) Thermal-induced unfolding followed by CD. Thermal-
induced unfolding was monitored by CD at 222 nm from 10 to 90°C. ApoScHb (open circles) had an unfolding transition starting at approxi-
mately 72°C with a midpoint at approximately 75°C, while holoScHb (filled circles) showed no apparent transition even at 90°C.
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Table 2). Another absorption peak at 540 nm was present in
the holoScHb spectrum (Fig. 3C), which is also considered to
be characteristic of specific heme binding [25]. These absorp-
tion peaks are not caused by free hemin because the spectrum
of free hemin is characterized by two large maxima of the
same magnitude at approximately 340 and 400 nm and by a
small minimum at approximately 600 nm (data not shown).
Additionally, holoScHDb had typical characteristics of hologlo-
bins. HoloScHb had both a higher amount of secondary
structure than the apo form (87% and 68%, respectively) (Fig.
3B and Table 2) and a higher stability, as shown by thermal-
induced unfolding experiments (Fig. 3D). Thermal-induced
unfolding was monitored by CD at 222 nm. ApoScHb had an
unfolding transition starting at approximately 72°C, with a
midpoint at approximately 75°C, while holoScHb showed no
apparent transition even at 90°C (Fig. 3D). Increases in both
secondary structure and stability as a consequence of heme
binding have been reported for several globin proteins [26-
29].

The above results provide strong support to the hypothesis
that the gene predicted as a hemoglobin in the sugar cane
EST database does indeed code for a protein with a globin
fold. Therefore, the three-dimensional structure of ScHb is
likely to be similar to that of other hemoglobins because glo-
bins are strikingly similar to each other despite extensive var-
iations in amino acid sequence. Additionally, the array of a-
helices that constitutes the globin protein fold has been con-
served throughout the evolution of plants and animals [30].
The structure of the Oryza sativa non-symbiotic hemoglobin
GLB1a (PDB 1D8U chain A; Fig. 4, top A), which shares 66%
sequence identity with sugar cane Hb (Table 1 and Fig. 4,
bottom), was used as a template to model the structure of
ScHb (Fig. 4, top B). The final model of ScHb had good stere-
ochemical quality according to the Ramchandran plot
(Supplementary Fig. 1). The residues in most favored regions,
residues in additional allowed regions, residues in generously
allowed regions, and residues in disallowed regions were
89.4%, 7.0%, 2.8%, and 0.7%, respectively (Supplementary
Fig. 1), confirming the geometrically acceptable quality of the
model. The globular fold of the ScHb model and the relative
position of the a-helices were very similar to those of GLBla
(Fig. 4). The Sc hemoglobin length of 188 amino acids ex-
ceeds the lengths of vertebrate myo- and hemoglobins and
results from a C-terminal protein extension, whose function-
al relevance is unclear. However, the globin fold was con-
served, as shown in Fig. 4 (top B), and the proximal and distal
histidines in positions E7 and F8 as well as the phenylalanine
at the CD1 corner were present in ScHb (Fig. 4, top B). Thus,
the key residues that are important for the function of ScHb
as a typical oxygen binding protein are strictly conserved. The
class 1 and 2 Hbs [31] of plants aresimilar to vertebrate Hbs
in that all of these molecules havean E7 histidine residue,
which is necessary forbinding oxygen and other ligands in
the distal pocket of themolecule. Altogether, these results
also support the hypothesis that the protein studied here is
indeed a hemoglobin.

SCHb 1 MGFSEAQEELVIRSWKAMKNDSESIALKFFLRIFEIAPDAKQMFSFLRDDAGDATLENH 60
+ FSE QE LV++4SW +K DS +IAL+FFL+IFE+AP A QMFSFLR+ D LE +P
GLBla 12 VSFSEEQEALVLKSWAILKKDSANIALRFFLKIFEVAPSASQMFSFLRN-~SDVPLEKN 69
SCHb 61 GDVKVREATLKRLGATHVKAGVAD AHF L 120
KLK HA++VFVM CE+A QLR G V VR+ TLKRLGATH+K GV DAHFEVVK ALLDT
GLBla 70 GKVTVRDTTLKRLGATHLKYG 129
SCHb 121 VP-DRWTPEMKAAWEEAYDQLARATKEEMK 153
I++ VP D W+P MK+AW EAYD L AAIK+EMK
GLBla 130 VPADMWSPAMKSAWSEAYDHLVAAIKQEMK 163

Figure 4. The structure of ORYsa GLB1la (PDB: 1D8U, top A) was
used as a template to model the structure of ScHb (top B) by homol-
ogy. The HHpred server [18] was used to generate a homology mod-
el for the Saccharum officinarum globin protein ScHb. The images
were produced using PyMol (PyMOL Molecular Graphics System,
Version 1.3, Schrodinger, LLC). The amino acid alignment is shown
at the bottom (only amino acids 1-153 of ScHb are shown), and
colors were used to label the a-helices in both the amino acid se-
quence and the structures.

4. Concluding Remarks

We report the identification of a heme-binding globin in
sugar cane. A gene coding for hemoglobin in sugarcane was
predicted from an EST database [9] and mRNA expression
data [32]. Sugar cane hemoglobin was purified as a soluble
protein and in its apo form, i.e., without heme bound. The
apoprotein was able to bind heme, as seen by the existence of
a characteristic Soret band and an increase in secondary
structure, as is expected for its holo form. The widespread
presence and long evolutionary historyof plant hemoglobins
suggest a major role for these proteins in plants; however,
little is known about their function. The identification of this
gene in sugar cane supports the hypothesis that non-
symbiotic hemoglobin genes are present in all plants.

5. Supplementary Material

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/156/0

Supplemental Figure 1. Ramachandran plot of the ScHb 3D
model, which was based on the structure of ORYsa GLB1a (PDB:
1D8U-A). The plot shows the acceptability of the model.
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