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Identification of an intermolecular disulfide bond in barley hemoglobin ™
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Abstract

Barley class-1 hemoglobin (Hb) and its mutated version (Cys’® replaced by Ser) were overexpressed in Escherichia coli and purified to
near homogeneity. Nano-electrospray ionization mass spectrometry (nano-ESI MS) showed that the mutated barley Hb was more read-
ily dissociated to a monomer and was more susceptible to denaturation than the native form. The mutated Hb was oxidized to the ferric
state ~10° times faster than the non-mutated form. The increased oxidation of the mutated Hb was a result of substitution of the cysteine
with a serine and not a consequence of monomer formation, per se. Tandem mass spectrometry (MS/MS) analysis revealed that Cys’
participated in intermolecular S-S bond formation. The rates of nitric oxide scavenging by non-mutated and mutated Hb were similar.
We conclude that the cysteine residue is an important contributor to the quaternary and tertiary structure of barley hemoglobin. It how-
ever has no direct effect on nitric oxide-scavenging activity of barley Hb.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Barley hemoglobin; Cysteine; Dimer; Disulfide bond; Mass spectrometry; Nitric oxide

Class-1 plant hemoglobins are induced by hypoxia and
participate in NO metabolism [1-4]. Most investigated
class-1 hemoglobins have a single conserved cysteine resi-
due located in the E-helix of the polypeptide chain [5]. This
helix is bent toward the center of the porphyrin ring due to
a direct coordination of His(E7) with the iron atom [5].
Arabidopsis class-1 hemoglobin has two cysteine residues
per monomer [6] located adjacent one to another in the
same position where a single cysteine is found in other
class-1 hemoglobins.

Other groups of hemoglobins may vary in the abun-
dance of cysteine residues. Most plant leghemoglobins do
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not contain cysteines at all [7,8]. Human blood hemoglobin
contains two cysteine residues in the f-chain and one in the
o-chain. Cysteine-93 of the B-chain contributes to the
maintenance of cooperativity and ligand binding [9].
Human myoglobin contains a single cysteine having a role
in reduction of heme iron, a process during which the inter-
molecular disulfide bond is likely formed [10]. Human neu-
roglobin, which resembles plant class-1 hemoglobin in
hexacoordination of heme and high affinity for O, and
NO, contains three cysteine residues, which participate in
formation of intra- and intermolecular disulfide bonds
depending on the redox state of the environment [11].
Two intermolecular disulfide bonds involving Cys*® and
Cys®® support the dimeric structure of another human
hexacoordinate hemoglobin, cytoglobin [12]. Both inter-
and intramolecular disulfide bond formation has been
demonstrated in other hemoglobins [13-16].

Barley hemoglobin, the class-1 plant hemoglobin, was
found to be a homodimer [17] containing a single cysteine
(Cys’®) per monomer unit [1,17]. The existing model of the
tertiary structure of the class-1 rice Hb, which has very
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similar structure to the barley Hb, does not involve S-S
bond formation between subunits [5]. According to this
model, the monomeric units are associated via coordina-
tion bonds on the surface and do not involve the cysteine
residue. This interaction is however quite weak (Kjy
86 uM) and cannot explain the prevalence of the dimeric
form even in diluted solutions.

To investigate the contribution of the cysteine to the
physico-chemical characteristics of the barley Hb molecule,
we prepared a recombinant, mutated barley Hb in which
the unique cysteine (Cys’®) residue is replaced by serine.
Our data indicate that the mutation affects the structural
stability of the molecule and increases its susceptibility to
auto-oxidation. Mass spectrometry analysis revealed that
Cys directly participates in S-S bond formation between
subunits.

Materials and methods

Mutation of barley recombinant hemoglobin, its purification and peptide
mass mapping. Site-directed mutagenesis of Cys” (TGC) to Ser” (AGC)
in barley hemoglobin was performed using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene). A forward primer consisting of 5'-CC GTG
TCC GTC TTC GTC ATG ACC AGC GAG GCG GC-3' with the
reverse primer being 5’-GC CGC CTC GCT GGT CAT GAC GAA GAC
GGA CAC GG-3' were used. The underlined sequence indicates the triplet
coding for the altered amino acid. Preparation of extracts and purification
of recombinant hemoglobin from Escherichia coli strain DH-5u (Invitro-
gen, Canada) was conducted as described previously [4]. Purified hemo-
globin fractions had a ratio of absorbance at 412 nm to absorbance at
280 nm in the range 3.0-3.2, corresponding to 90-95% purity. Peptide
mass mapping and tandem mass spectrometry analyses of tryptic peptides
were performed as described earlier [4] using digestion with modified
trypsin [18] and purification of the tryptic peptide mixture on a reverse-
phase POROS R2 (20-30 um bead size, PerSeptive Biosystems, Fra-
mingham, CA, USA) nanocolumn [19]. MS and MS/MS analyses were
performed by MALDI Qg-TOF mass spectrometer (Manitoba/Sciex
prototype) [20,21].

Electrospray ionization mass spectrometry analysis of intact proteins
(ESI-MS). ESI-MS analysis was performed using a hybrid quadrupole
time-of-flight mass spectrometer API QSTAR Pulsar i (AB-MDS Sciex,
Toronto, Canada) equipped with a nano-electrospray source (Protana
Engineering, Odense, Denmark). The nano-ESI-MS system was mass
calibrated with a mixture of CsI and sex pheromone inhibitor iPD1 in 50%
methanol, 2% acetic acid. Samples were exchanged into 20 mM ammo-
nium bicarbonate buffer, diluted to a final concentration of 10 uM protein,
and loaded directly into pre-coated borosilicate nano-electrospray needles
(Protana Engineering, Odense, Denmark). An ion spray voltage of 1.1 kV,
ion source temperature of 20 °C, and de-clustering potential of 80 V
between the orifice and skimmer were set to preserve the heme—protein
complex and afford charge-state distributions largely for the holo-Hb form
of the protein. The de-convolution mass analysis was performed using
BioAnalyst extensions available in Analyst QS software (AB-MDS Sciex,
Toronto, Canada). For determination of the intact protein mass under
denaturing conditions, protein solutions were 1:1 diluted in acetonitrile
containing 2% acetic acid. Mass determinations were performed for at
least two independent protein preparations. Mass values refer to
means + SD from >5 analyses.

Determination of disulfide bond formation by MALDI-MS and MS/MS.
Purified rHb and mutant protein were dialyzed against 100 mM
NH4HCOj; and directly digested with trypsin. The resulting tryptic frag-
ments were analyzed by MALDI mass spectrometry and peptide mass
mapping in order to identify a candidate fragment containing a disulfide
bond. The candidate disulfide bond-containing ion fragment was further

subjected to low-energy collision-induced dissociation and tandem mass
spectrometry analysis. Proteins were also reduced with 10 mM DTT at
56 °C for 30 min and alkylated at room temperature with 55 mM iodoa-
cetamide prior to digestion and peptide mass mapping analysis. A differ-
ential alkylation experiment was carried out where protein was first
treated with 55 mM iodoacetamide, extensively dialyzed against 100 mM
NH4HCO;, completely reduced with 10 mM DTT at 56 °C, and then
alkylated with 55 mM iodoacetic acid.

Auto-oxidation of barley hemoglobin. Auto-oxidation of 20 uM rHb
and mutHb was determined by following absorbance at 576 nm in 50 mM
Tris-HCl buffer, pH 8.0. Extinction coefficients of 17.3 and
9.2mM ! cm ™! were used for the reduced, ferrous oxy form and oxidized
ferric form of Hb [17]. The data were fitted to a single-exponential decay
expression. Reduction of the disulfide bond was accomplished by treating
rHb with either | mM TCEP for 2 h at room temperature or 10 mM DTT
for 1 h at 45 °C. The excess of reducing reagent was removed via a P-2
column (0.5 x 2 cm) (Bio-Rad, Canada).

Results
Identification of rHb and mutHb

The mutation in barley Hb was identified by DNA
sequencing and MS/MS analysis. DNA sequencing
revealed the replacement of TGC to AGC, i.e., only one
nucleotide (T in position 297 replaced by A). The mass of
the protein monomer assessed from the intact protein
nano-ESI MS was determined as 18,625 &+ 2 Da. Transla-
tion of the recombinant protein sequence as presented in
[17] leads to a protein mass of 18,538, excluding the mass
of covalently bound heme. The average molecular weight
of the mutant barley Hb monomer was 18,641 + 3 Da.
The measured mass difference of 16 Da between the recom-
binant and mutant barley Hb is in agreement with the mass
difference between cysteine and serine residues. Analysis of
tryptic digests by matrix-assisted laser desorption ioniza-
tion-time-of-flight confirmed substitution of the cysteine
residue in the recombinant barley Hb to serine in the
mutant Hb (Fig. 1).

Size-exclusion chromatography, at two different rHb
concentrations, indicated a major peak with a molecular
mass of ~40 kDa, corresponding to a dimer (Fig. 2A and
D), with small amounts (<5%) of a monomeric peak
(~19 kDa). Reduction with TCEP resulted in a substantial
increase in the monomeric peak, with the dimeric peak
being a minor component at the lower rHb concentration
(Fig. 2B and E). Chromatography of the mutHb gave
prominent peaks corresponding to a monomer and dimer
(Fig. 2C and F), with the monomer comprising ~30% of
the total mutHb when the concentrated mutHb was loaded
on the column increasing to ~50% when the protein con-
centration was decreased by one half.

Mass spectrometry characterization of the recombinant and
mutant barley Hb

In Fig. 3A, the nano-electrospray ionization mass spec-
trum of rHb, sprayed at a protein concentration of 10 uM
under pseudo-physiological conditions from aqueous
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Fig. 1. The site of mutagenesis in recombinant barley Hb. (A,B) MALDI Qq-TOF MS peptide mass mapping analysis of peptide mixtures generated by
in situ digested SDS-PAGE bands of the purified rHb and mutHb, respectively. Note that cysteine residue was derivatized to S-carbamidomethyl-cysteine
during sample preparation. The arrow indicates difference in 73 Da between the rHb peptide mass (peptide ion at m/z 1990.99 in (A)) and mutHb peptide
mass (peptide ion at m/z 1917.98 in (B)). Due to partial oxidation of methionine (+16 Da), peptides of interest ion signals were accompanied by the
satellite ion signals (indicated with asterisk). Tandem MS spectra obtained using collision-induced dissociation (CID) of the corresponding precursor
peptide (C,D) and performed directly after peptide mass mapping exhibited a number of sequence-specific peptide fragment b- and y-ion signals. The mass
difference of 160 Da between y8 and y7 ions as well as between b1l and bl0 ions assigned the presence of carbamidomethyl-cysteine (CMClys) in rHb
peptide (C), which was substituted to serine in mutant peptide with mass difference 87 Da between the identical ions (D). The peaks denoted b° are the

result of water (—18 Da) losses from corresponding ion.

20 mM ammonium bicarbonate-buffered at pH 8.0
solutions, is shown. The detection of large non-covalent
assemblies (exhibiting higher m/z values) was enhanced
by optimizing electrospray conditions (as described in
Materials and methods). Ions from the dimer were the
most abundant and the ion envelope of the folded mono-
mer also started to appear in the spectrum due to subunit
dissociation. The stable form of the protein also has one
heme per subunit. De-convolution of these data gives one
major peak at an average mass of 38,717 Da corresponding
to a dimer holoprotein and a smaller peak at an average
mass of 19,359 Da corresponding to a monomer holopro-
tein (Fig. 3C).

The nano-electrospray ionization mass spectrum of the
mutant barley Hb, sprayed under exactly the same

experimental conditions and protein concentration of
10 uM, was more complex (Fig. 3B). Three distinct charge
envelopes, representing ions from an unfolded monomer, a
folded monomer, and a dimer, could be seen. However,
only very small ion signals originating from dimeric species
were observed (less than 10% of the total ion current). The
apoprotein form also started to appear with a concomitant
increase of a singly charged ion at m/z 616 corresponding
to a heme. The de-convolution shows clearly that the
monomer holoprotein was dominating in the spectrum
(Fig. 3D). The protein with a substituted cysteine residue
is more easily denatured.

It should be noted that in both the rHb and mutHb, the
M, detected corresponds to the [M +nNH;]" ion
commonly seen in the presence of NH," salt spraying
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Fig. 2. Elution profiles of recombinant non-mutated (A, B, D, and E) and mutated (C,F) barley hemoglobins from a Superose 12 column. Concentration
of Hb loaded on the column was 24 pM (A—C) and 12 pM (D-F). (B,E) Reduced with TCEP.

conditions. For the rHb protein it corresponds to a 12 NH;
mass increase of the folded monomer and 24 NH; mass
increase of the dimer. The mass increase of the mutant
monomer corresponded to 6 NH;, and of the dimer, 17
NHs.

Addition of cofactors NADH and FAD (also desalted
into ammonium bicarbonate buffer) at two different con-
centrations 3 and 30 uM did not change the protein spectra
of either rHb or mutHb under native conditions indicating
the absence of non-covalent interaction between Hb and
these cofactors.

Identification of a disulfide bridge between cysteine residues
by mass spectrometry

To check whether the intermolecular disulfide bond
formation as a posttranslational event is associated with
three-dimensional folding of the plant Hb homodimeric
structure, MALDI peptide mass mapping analysis compar-
ing non-reduced and reduced plus alkylated digests of rHb
and mutHb protein was performed. The spectrum in
Fig. 4A demonstrates a tryptic fragment ion with m/z
3864.98 which was observed in digests of non-reduced
rHb. This fragment was not present, neither in reduced
and alkylated rHb nor in mutHb protein digests. However,
a new ion with m/z 1990.99 was detected in a spectrum of
reduced and alkylated rHb digest (Fig. 4B). The peptide
with mass 3864.98 was a candidate for a disulfide bond-
containing fragment ion and it corresponded to the proton-
ated sum of two identical trypsin-derived Hb sequences

THAVSVFVMTCEAAAQLR with non-reduced cysteine
residues. The peptide with mass 1990.99 corresponded to
the mass of the same protonated single sequence fragment
but with a carbamidomethylated cysteine residue, resulting
in a mass increase of 57 Da. The position of carbamidome-
thylated cysteine was assigned by fragmentation of this
peptide in MS/MS experiment.

The differential alkylation-labeling experiment was con-
ducted where protein was treated with iodoacetamide
(+57 Da) prior to digestion in order to alkylate any cys-
teine residues with free —-SH groups present in the solution
due to the partial reduction and dissociation of Hb
homodimer. The excess iodoacetamide was removed, and
then the protein was fully reduced and alkylated with iodo-
acetic acid (+58 Da). The fragments carboxymethylated
with iodoacetic acid displayed a mass shift 1 Da greater
than those alkylated with iodoacetamide (peaks at m/z
1990.99 and 1991.99 in Fig. 4C). The relative intensities
of the peaks corresponding to iodoacetamide/iodoacetic
acid alkylated peptides provided semi-quantitative infor-
mation about the degree of Cys reduction and indicated
that the major portion of the Cys was involved in —S—-S—
bond formation.

The candidate disulfide bond-containing peptide was
further subjected to direct MALDI MS/MS analysis with
low-energy CID. The MS/MS spectrum of the isolated
parent ion at m/z 3864.98 (Fig. 4D) displayed a charac-
teristic triplet of intense dominating fragment ions at
mfz 1899.9, 1931.9-1933.9, and 1965.9. This type of
fragmentation pattern was previously described for
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Fig. 3. Mass spectrometric analysis of the native intact recombinant and mutant barley Hb. Solutions of recombinant non-mutated (A) and mutant (B)
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units.

spectra of interchain disulfide-linked peptides in both the
collisionally induced dissociation [22] and postsource
decay [23] modes. The characteristic triplet with a mass
separation of 32-34 Da generated by both symmetric
and non-symmetric cleavages of the disulfide bond [24]
corresponds to the retention of zero, one, or two sulfurs
on the charged fragments. Non-symmetric cleavage with
retention of the sulfurs was found to be enthalpically
favored over symmetric fragmentation or complete
release of sulfurs [22]. The daughter ions carrying the
intact —S—-S— bridge were also observed in the spectrum
as indicated in the right part of the Fig. 4D. In addition,
the b and y fragment ion series specific for the sequence
were present in the lower m/z range (Fig. 4D). These
results allowed for the unambiguous identification of a
disulfide bridge between two monomeric subunits of
rHb dimer protein.

Spectral properties of recombinant and mutated barley Hb

Purified rHb had an absorbance spectrum characteristic
of the ferrous oxyHb form (Fig. 5A) with prominent maxima
at 540 and 576 nm [17]. It retained the ferrous oxyHb form
after weeks of storage at —80 °C and slowly turned to ferric
metHb at +4 °C, characterized by a maximum at 534 nm
with a small shoulder at 565 nm [17]. Addition of 0.1 mM
NADH or NADPH (in the presence of 5 uM FAD) at
25 °C resulted in slow reversion of the ferric metHb form
to the oxyHb form at a rate of 6-7 nmol min~' mg~' protein
(Fig. 5). Purified mutHb showed a different spectrum, with a
smaller right shoulder (Fig. 5B), corresponding to a mixture
of the ferrous oxyHDb and ferric metHb forms.

The addition of sodium dithionite resulted in appearance
of the same deoxy form in both rHb and mutHb. Removal of
dithionite on a P-2 column resulted in appearance of the oxy
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form similar to that of rHb, which rapidly turned to the ferric
form in the case of the mutHb. The auto-oxidation rate of
mutHDb was about three orders of magnitude faster than that
of rHb, with a half-life for the ferrous oxy form of ~72 h for
rHb compared to ~0.1 h for mutHb (Fig. 6).

The reduction of the disulfide bond in rHb by TCEP did
not significantly increase the rate of rHb auto-oxidation
(Fig. 6A, line 2). There was no effect of TCEP on the rate
of auto-oxidation of the mutated Hb. The reduction of Hb
by DTT (not shown) resulted in exactly the same rate of
auto-oxidation as the reduction by TCEP.

NO-scavenging activity of recombinant and mutated Hb
The purified rHb and mutHb possessed low, sustained

NO-scavenging activities in the presence of NADH or
NADPH. The activity was not inhibited by pHMB (Table

1). The activity measured spectrophotometrically at
340 nm by oxidation of NADH or NADPH with NO sup-
plied by DEANO stoichiometrically corresponded to the
NO decline, representing one mole of NAD(P)H consumed
per two moles of NO (Table 1). The activity with NADH
was slightly higher than with NADPH; however, the preci-
sion of measurements at such low rates does not allow
definitive conclusion on the preference of NADH over
NADPH.

Discussion

Roles of cysteine in enzyme molecules include participa-
tion in catalysis and formation of intramolecular and inter-
molecular disulfide bonds. There are also some cases when
cysteines are not essential, neither for catalysis nor for
disulfide bond formation, but participate in stabilization
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Fig. 5. Absorbance spectra (A,B) recorded between 500 and 600 nm of
recombinant (A) and mutated (B) barley Hb. 1, Immediately after
purification; 2, after oxidation to ferric form; 3, after partial reduction by
NADH.

of the quaternary or tertiary structure and substrate/cofac-
tor binding [25]. In globins, cysteine residues occur at
well-defined positions, suggesting specific functions. In
neuroglobin and cytoglobin, cysteines participate in forma-
tion of intramolecular disulfide bonds in response to the
redox state of the cell [12], while intermolecular disulfide
bonds in neuroglobin [11] and cytoglobin [26] were also
demonstrated. The intramolecular disulfide bridge forma-
tion causes structural changes of the heme pocket, which
is more expressed in neuroglobin than in cytoglobin
[12,27]. Barley Hb has only one cysteine per monomer so
an intramolecular disulfide bond 1is excluded, while
adjacent cysteine residues in Arabidopsis class-1 Hb [6]
may form a link depending on the redox state of the mol-
ecule. In human myoglobin, the cysteine residue may par-
ticipate directly in reduction of heme iron, which results
in intermolecular disulfide bond formation [10]. This bond
is not permanent and appears as a part of the reduction—
oxidation cycle of myoglobin molecule.

Disulfide bond formation in barley Hb would require
interaction of the E helix of each subunit [5]. However,
the S-S bond is likely to be not the only factor for dimer for-
mation as a portion of mutHb was found to be in a dimeric
form (Figs. 2 and 4). This is consistent with the proposed
non-covalent interaction, occurring in the region of the G
helix and in the region between the B and C helices [5].
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Fig. 6. Time course of the auto-oxidation of recombinant (A) and
mutated (B) barley Hb. The percent of the ferrous form was determined
from the optical density at 576 nm. 1, Auto-oxidation of untreated Hb; 2,
Hb auto-oxidation after the reduction of the S-S bond with TCEP.

Dimers involving disulfide bond formation would require
interaction of the E helix of each subunit, which may stabi-
lize non-covalent interaction between the monomers. The
disulfide bond is hydrophobic and contributes to the fold-
ing, stability, and reactivity of the protein [10].

For neuroglobin, a hexacoordinate hemoglobin abun-
dant in mammalian neural tissue and having similar
ligand-binding properties as class-1 plant hemoglobins, it
has been already shown that it is present as a mixture of
monomer, dimer, and tetramer. The addition of DTT abol-
ished the presence of aggregates, suggesting that dimeriza-
tion is based on disulfide bridging [11]. In neuroglobin, the
disulfide bond is involved in protein stability via modifica-
tion of affinity of the iron atom for the distal histidine [28].

The amino acid substitution in mutHb resulted in easier
oxidation of the heme. Conversion of mutHb to the ferric
form occurs rapidly over time, with the rate being ~10°
times faster than the oxidation of rHb (Fig. 6). Cys’’
may, therefore, play a role in maintenance of the heme in
a reduced state. Slow reduction of the protein by NADH,
however, demonstrates that the transition between the fer-
ric and ferrous forms is reversible. Dimerization via an
intermolecular disulfide bond is possible for the f-subunit
of human Hb, when it is expressed without the a-subunit
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Table 1

Rates of NO conversion and NAD(P)H oxidation (in nmol min~! mg~! Hb protein) by barley non-mutated and mutated Hb (mean values + SD from 5 to

8 measurements)

Hb pHMB NADH-dependent NO decline NADH decline NADPH-dependent NO decline NADPH decline
Non-mutated - 13.4+£33 594038 8.1+23 41+09

+ 14.1+2.7 6.1+0.9 87+1.8 48+ 1.6
Mutated - 12.7+3.8 6.9+0.2 92+14 47405

+ 11.9+28 6.7+£0.3 9.4+0.7 49+1.0

[29]. The dimerized B-subunit has greater thermal stability
than the monomer.

It has been shown that the bis-histidyl coordination of
iron in hexacoordinated hemoglobins greatly increases
the rate of Fe>" reduction when compared to pentacoordi-
nate hemoglobins, while the auto-oxidation rate is low [30].
In myoglobin and leghemoglobin, reduction is limited by
the rate constant for electron transfer, whereas in the hexa-
coordinate hemoglobins reduction is limited only by bimo-
lecular binding of the reductant [30]. The tertiary structure
of barley Hb is resistant to auto-oxidation only when the
cysteine is present. This may indicate its role in protection
against auto-oxidation and involve tertiary structure main-
tenance linked to the direct participation in reduction of
the heme iron.

The observed NAD(P)H-dependent scavenging activity
of purified rHb and mutHb is extremely low which can
be explained by slow rate of chemical reduction of metHb
in the presence of NAD(P)H. To be an effective NO scav-
enger, metHb should be effectively reduced in a joint reac-
tion catalyzed by a specific reductase [4]. This would
explain the very high rates of NO scavenging observed in
plant root extracts [3,4]. We report in a separate paper [4]
on such a reductase operating with similar efficiency both
with rHb and mutHb and using ascorbate as electron
donor. The data presented in [4] also argue against a role
of Cys” in an NO-scavenging mechanism.

In conclusion, Cys’ is important for the dimeric organi-
zation of barley Hb, via disulfide bond formation, to stabi-
lize its quaternary structure and contribute to the
maintenance of the heme iron in the ferrous state. Since
the cysteine participates in the formation of an intermolec-
ular disulfide bond, its involvement in nitric oxide detoxifi-
cation is unlikely. This has been demonstrated by direct
measurement of nitric oxide scavenging by non-mutated
and mutated barley hemoglobins in the presence of NADH
and NADPH, which showed that cysteine-79 does not par-
ticipate directly in the reaction of NO conversion. However
to keep the Hb molecule functional and to maintain NO
metabolism effectively for a prolonged time, the stability
of the molecule and its resistance to auto-oxidation is cru-
cial, and this is provided by the conserved cysteine residue.
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