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Owing  to  recent  studies  which  showed  that  Se  supplementation  in the  diet  can  reduce  the  risk  of  sev-
eral forms  of  cancer,  efforts  have  been  directed  to identify  anticarcinogenic  activity  in  Se compounds
from  natural  sources  with  the  objective  of  using  those  as  food  supplements.  As  a  part  of  a continuing
research  project  directed  at identifying  Se-containing  species  in  food  stuffs,  the  distribution  of  selenium-
containing  proteins  in  water-soluble  protein  fraction  of  seeds  of  Bertholletia  excelsa  H.B.K.,  which  typically
have  a high  Se  content,  was  studied  under  non-denaturing  conditions  and  the  effectiveness  of  protein
fractional  precipitation  by  ammonium  sulfate  was  investigated  with  the  objectives  to  preconcentrate
the  protein(s)  of  interest  and  to  reduce  the  matrix  complexity.  By  SEC–ICPMS,  Se-containing  proteins
(selenoproteome  with  some  additional  proteins)  were  found  demonstrating  the  usefulness  of  ICPMS
as an  “on-line  assay”  in  sub-proteomics  investigations.  Fractions  with  Se-containing  proteins,  collected
from  SEC,  were  tryptically  digested  and  tryptic  digests  were  analyzed  by  MALDI-TOF-reflectron  MS and
capLC–ESI-QTOF-MS.  Isotope  patterns  which  are  different  from  the  typical  isotope  patterns  of  peptides
containing  C,  H,  O,  N  and  S were  used  to  identify  selenium-containing  peptides  in  the digests.  Observed
isotope  patterns  were  slightly  different  from  the  predicted  isotope  patterns  and  partial  deamidation  of
selenium-containing  peptides  is  suggested  to explain  the  modified  isotope  pattern.  To  our  knowledge,  this

is the  first  report  of  the  effect  of  partial  deamidation  of  selenium-containing  peptides  on  the  observed  sele-
nium  isotope  pattern,  although  the  evidence  is  indirect.  According  to the  SEC–ICPMS  study,  Se-containing
proteins  in  water-soluble  protein  fraction  of  Bertholletia  excelsa  H.B.K.  seeds  can  be  divided  into  two  main
sub-groups-high  molecular  weight  Se-containing  proteins  and  low  molecular  weight  Se-containing  pro-
teins. LC–ESI-MS  and  MS/MS  analysis  of tryptic  digest  of  low-molecular  weight  Se-containing  proteins
identified  2S albumins,  which  are  rich  in  methionines;  therefore,  with  a high  probability  of non-specific

oratio
selenomethionine  incorp

. Introduction

Se, discovered in 1817, was considered a toxic element until it
as reported in 1957 to be an essential trace element for mammals

1,2]. Now it is well established that Se is beneficial at lower con-
entrations, but toxic at higher concentrations, and the range from

eficiency, essentiality, and toxicity is narrow. Regular consump-
ion of food, which has more than 1 mg  kg−1 Se, results in toxicity
hile food with less than 0.1 mg  kg−1 Se results in deficiency [3].

ven though the effects of Se were described in terms of the total

Abbreviations: SEC, size exclusion chromatography; ICPMS, inductively-coupled
lasma mass spectrometry; MALDI-TOF-reflectron MS,  matrix-assisted laser des-
rption ionization time-of-flight reflectron mass spectrometry; CapLC–ESI-MS,
apillary liquid chromatography electrospray ionization mass spectrometry.
∗ Corresponding author. Tel.: +1 513 556 5858; fax: +1 513 556 0142.

E-mail address: joseph.caruso@uc.edu (J.A. Caruso).

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.12.005
n—as  the  proteins  present  in  that  fraction.
© 2010 Elsevier B.V. All rights reserved.

elemental concentration in earlier studies, now it has been shown
that the chemical form of Se, as well as the dose, determine its
biological activities as an essential element or a toxicant. In environ-
mental and in biological systems, Se has been detected as inorganic
species as well as in organoselenium forms, which range from small
molecules, such as methyl selenol (MeSeH) to very complex seleno-
proteins. Most of these are analogous to their sulfur counterparts.
In selenoproteins, Se is incorporated in the amino acid chain in the
form of selenocysteine (now recognized as the 21st amino acid) or
as selenomethionine.

In 1973, Se was identified as a stoichiometric, covalently bound
component of glutathione peroxidase (GPx) [4,5]. Se is present in
this enzyme as a selenocysteine residue integrated to the amino

acid chain. In the majority of mammalian selenoproteins, selenium
occurs in the form of selenocysteine.

Studies carried out in 1969 generated interest in the research
on Se for cancer chemoprevention and in 1977 Se was reported
to be a potential human cancer protective agent [6,7]. As far as

dx.doi.org/10.1016/j.ijms.2010.12.005
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:joseph.caruso@uc.edu
dx.doi.org/10.1016/j.ijms.2010.12.005
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uman nutrition is concerned, the most recognized role of Se is its
bility to serve as an antioxidant and possible cancer-preventive
gent [8,9]. Owing to the high prevalence of this disease, searching
or naturally occurring agents, which may  serve as cancer chemo-
reventives, has been an important objective of various research
fforts. Since recent studies have shown that Se supplementation
n the diet can reduce the risk of several forms of cancer [8],  efforts
ave been directed to identify anticarcinogenic activity in Se com-
ounds from natural sources, with the objective of using those
s food supplements. The Se content of food is highly dependent
n the amount of Se in the soil that varies, not only from coun-
ry to country, but also from region to region within a country.

oreover, it is also dependent on the ability of plants to take up
nd accumulate various Se forms. When considering selenopro-
eins, Se content is dependent on the developmental stage of the
lant as well, since different proteins are expressed in different

evels at different times. The majority of biological and biomedical
ffects appear to be mediated by proteins that contain selenium.
he amount of selenium in proteins from plants, yeast and yogurt
as been shown to be dependent on the extent of nonspecific incor-
oration of selenomethionine and selenocysteine [10]. It is known
hat selenomethionine can be nonspecifically inserted into pro-
eins by the usual methionine incorporation process [11,12]. This
ype of substitution is very common in biological systems, and in
umans and other animals, selenomethionine from ingested foods
an be incorporated randomly into cellular proteins. It has been
hown in studies with bacteria, that several proteins, especially
ich in methionine, were radio-labeled because of nonspecific 75Se
elenomethionine substitution throughout the polypeptide chain,
ven when a relatively low level of labeled substrate was provided
13].

The proteins which contain selenium are classified into three
roups: (A) the proteins which contain selenium in the form
f genetically encoded selenocysteine. These are named seleno-
roteins. (B) In a second category, selenium is incorporated
onspecifically into proteins in place of methionine by replac-

ng the sulfur and these are termed selenium-containing proteins;
herefore, these are mainly found in methionine-rich proteins. (C)
he third group comprises the specific proteins in which sele-
ium is only attached to the molecule. There are few examples
eported so far for this category [14–16].  Any peptide fragment
ontaining selenocysteine and/or selenomethionine are termed as
e-containing peptides.

According to previous research, Brazil nuts, the seeds of Berthol-
etia excelsa H.B.K., which is a large tropical tree of the Lecythidacea
amily, widespread in Latin American high and middle basins, are
ich in lipids (65–70%) and contain 15–17% protein by fresh weight
nd around 50% protein in its defatted flour [17]. As early as 1892,
t was discovered that Brazil nuts have unusually high content of
he sulfur-containing amino acids, cysteine and methionine, 8.3%
y weight [18,19]. The protein content of the Brazil nut has been
ractionated into three size classes of proteins, namely the 11S, 7S
nd 2S proteins [20]. While the level of methionine in all fractions
s higher than that of many other plant seed storage proteins [21],
he 2S fraction, albumin, is exceptionally rich in sulfur containing
mino acids, about 30% methionine and cysteine, and comprises
bout 30% of the total protein fraction [22,23].  It is expected that
here will be similar chemical or biochemical behaviors for S and
e because of their relationship in the periodic table.

It has been indicated that soil in some parts of Brazil is rich in
e and previous studies have shown that Brazil nuts from trees

rowing in those areas are rich in Se [24]. Previous research carried
ut by our group has shown that Se in Brazil nuts is bound to pro-
eins and according to these results, Se bound to protein exists in
wo different forms, namely firmly bound Se and weakly bound Se.
he term weakly bound has been ascribed to selenodisulfides (RS-
l of Mass Spectrometry 307 (2011) 16– 27 17

Se-SR′) or methylselenylsulfides (RS-SeCH3) [25]. In an attempt to
characterize the Se-containing species in a Proteinase-K digest of
Brazil nut proteins, a tentative structure was suggested but uncon-
firmed, based on electrospray-MS data [26]. Another study has
shown that Se in the protein fraction of Brazil nut is covalently
linked to the two  amino acids, selenomethionine and selenocys-
teine [27].

Several studies have been carried out in the last few
years to characterize Se-containing peptides by experimental
procedures used in proteomics research, namely single or multi-
dimensional chromatography and mass spectrometric techniques,
matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) and electrospray ionization mass spectrometry (ESI-
MS). In these studies, Se-containing peptides were sequenced
by high performance liquid chromatography ESI-MS/MS (LC–ESI-
MS/MS). In LC–ESI-MS/MS experiment, ions with intensities which
are below the pre-determined intensity value are not subjected to
collision-induced dissociation. In such a case, m/z value of the ion
of interest must be selected by the operator. When compared with
the intensities of other peptides, the intensity of Se-containing pep-
tides are very low (except in Se-enriched samples) and as a result
those are not selected for collision-induced dissociation. Therefore,
it is necessary to determine the m/z value of Se-containing peptide
in order to input that value in setting up the ESI-MS/MS experiment.
As Se has a unique isotope distribution, Se-containing peptides
can be identified by MALDI spectrum through the characteristic
isotope pattern (though modified to some extent) and m/z value
of Se-containing peptides can be obtained. In some of the studies
carried out to characterize Se-containing peptides, purified seleno-
proteins have been used [28–30] and in all other studies, a peptide
mixture containing selenopeptides has been examined [31–40].  For
studies in which a peptide mixture was  analyzed, the sample inves-
tigated was selenium-enriched yeast (Saccharomyces cereviseae)
except in a very recent study in which Se-containing peptides from
Brazil nuts were investigated [41]. In that study, tryptic digests
of the selenium-containing proteins were fractionated by size-
exclusion chromatography, and then concentrated fractions were
analyzed by reversed phase nanoLC–ICPMS (RP-nanoLC–ICPMS)
and RP-nanoLC-nanospray-quadrupole time of flight (QTOF) mass
spectrometry under identical elution conditions. Selection of Se-
containing peptides for an ESI-MS/MS study has been carried out by
examining the LC–ESI spectra for characteristic Se-isotope patterns
at elution times when a Se signal is observed in nano-RP-LC–ICPMS.
Their justification for this approach is that it is necessary because of
the low-level of Se-containing peptides in Brazil nuts [41]. In stud-
ies in which purified selenoproteins were used (as in Ref. [28]),
conventional or standard proteomics technologies have been used
and expected results have been obtained-that is, sequencing Se-
containing peptides by LC–ESI-MS/MS methods. Also, in such cases,
necessities such as sample enrichment and minimizing or removing
signal suppression do not arise. In studies in which a peptide mix-
ture was analyzed, the sample investigated was selenium-enriched
yeast (S. cereviseae)  (except in one study, Ref. [41]). Therefore, in
those studies too, expected results have been obtained by follow-
ing standard proteomics methodologies as Se-containing proteins
are expressed in considerable quantities in Se-enriched yeast. That
is, such a sample is also not an analytical challenge. Even though
Brazil nut is a natural sample, it has a higher content of Se (when
compared with the content of Se in normal plants or, in general,
other living specimens) owing to the elemental composition of the
soil in which Brazil nut plants grow, but less than Se-enriched

yeast. Therefore, standard or conventional proteomics method-
ologies may  not generate polypeptides mixtures (by enzymatic
digestion) with a considerable amount of Se-containing peptides
(when compared with the quantity of other peptides) and free of
signal suppression.
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In this present study, distribution of Se-containing proteins
n the water-soluble protein fraction of Brazil nuts under non-
enaturing conditions was studied and the effectiveness of
ractional precipitation of proteins by ammonium sulfate was
nvestigated with the objectives to preconcentrate the protein(s)
f interest and reduce the matrix complexity. The main objec-
ive of this research is to discover the selenium-containing
eptides in tryptic digests (with no or minimal separation)
f selenium-containing proteins by ICPMS, MALDI-MS-directed
C–ESI-MS/MS methods and, thereby, to evaluate the applicability
f this method—ICPMS-MALDI-directed LC–ESI-MS/MS—i.e., with-
ut using nano-based methods and custom-made interfaces, in the
nvestigations of Se-containing peptides in non-enriched biological
amples.

In order to investigate feasibility of using the proposed exper-
mental procedure with the facilities available to us, bovine
lutathione peroxidase was subjected to tryptic digestion and ana-
yzed by MALDI-MS and LC–ESI-MS/MS.

. Experimental

.1. Materials and reagents

Tris base, dithioerythritol (DTT), iodoacetamide (IAA), phenyl-
ethylsulfonyl fluoride (PMSF), polyvinylpyrrolidone (PVP) were

btained from Sigma Aldrich (St. Louis, MO,  USA). Trypsin was
btained from Promeaga (Madison, WI,  USA). Water was  dou-
ly deionized (18.2 M� cm), prepared by passing water through

 Nanopure treatment system (Barnstead, Boston, MA,  USA). All
eagents used were analytical grades and used without further
urification. Centrifuge filters for ultrafiltration with a cut-off of

 kDa were purchased from Millipore (Bedford, MA,  USA).

.2. Instrumentation

Chromatographic separations were performed using an Agi-
ent 1100 liquid chromatographic system (Agilent Technologies,
anta Clara, CA, USA) equipped with an LC binary pump, an auto
ampler, vacuum degasser, a thermostatic column compartment
nd a diode array detector. The chromatographic columns used
ere a SuperdexTM 200 (10 mm × 300 mm;  13 �m particle size),

uperdexTM peptide (10 mm × 300 mm;  13 �m particle size) and
iTrapTM Desalting (16 mm × 25 mm;  G-25 Superfine) columns

Amersham Pharmacia Biotech AB, Uppsala, Sweden) for protein
nd peptide SEC and, desalting, respectively. SEC column mass
anges were calibrated using protein and peptide standards accord-
ng to Amersham Pharmacia Biotech instructions.

An Agilent 7500ce ICPMS (Agilent Technologies, Santa Clara, CA,
SA) with a micromist nebulizer and a Peltier cooled spray cham-
er (2 ◦C) and a shield torch system was used for selenium specific
etection. The outlet of the UV detector was connected online to
he liquid sample inlet of the ICPMS nebulizer using a 300 mm long
i.d. 0.25 mm)  polyetheretherketone (PEEK) tubing.

MALDI-MS experiments were done on a Bruker Daltonics Reflex
V MALDI mass spectrometer (Billerica, MA,  USA), equipped with

 nitrogen laser. The instrument was calibrated externally using
wo standards [ACTH fragment (18–39) m/z  2465.1 (M+H)+and
radykinin fragment (1–5) m/z 573.3 (M+H)+] (resolution: 1000;

ass accuracy: within ±0.5 Da for peptides). The data were

cquired as positive ions in the reflectron mode.
LC–ESI-MS experiments were carried out using a Waters Cap-LC

ystem coupled to Q-Tof-2 mass spectrometer (Micromass, Manch-
ster, UK) (resolution: 4000; mass accuracy: within 10–20 ppm).
l of Mass Spectrometry 307 (2011) 16– 27

2.3. Sample preparation

Seeds of Bertholletia excelsa H.B.K. were purchased from “Nuts”
www.nuts.com. Nuts with shells were dipped in liquid nitrogen
for 15 min  and after that, shells were removed and the seeds
were ground. The ground material was  defatted with n-hexane
by stirring at room temperature (12–14 h; two  defating cycles per
sample). The defatted powder was used for the protein extraction.
Four grams of defatted Brazil nut powder were extracted in 100 ml
of 30 mM Tris–HCl pH 7.5 containing 100 mg  of polyvinylpyrroli-
done (PVP), 60 mg  of ethylene diaminetetracetic acid (EDTA), 16 mg
of dithiothreitol (DTT) and 18 mg  of phenylmethylsulfonyl fluoride
(PMSF) for 12 h under nitrogen at room temperature. The extract
was  centrifuged at 5000 rpm for 30 min  at 25 ◦C (Sorvill SS-34 rotor)
[2987 × g]. The supernatant was separated and made up to 100 ml
with 30 mM Tris–HCl pH 7.5. The supernatant was used for ammo-
nium sulfate precipitation.

Traditionally, ammonium sulfate concentration is expressed as
% of saturation. The amount of ammonium sulfate necessary to
reach a certain % is calculated by the formula

g = 533 (S2 − S1)
100 − 0.3 S2

g is the amount of ammonium sulfate (in grams) to be added to 1 l
of the solution at 20 ◦C to increase the ammonium sulfate concen-
tration from S1% saturation to S2% saturation [42].

2.3.1. Bulk precipitation of proteins by ammonium sulfate
5 ml of extract was cooled in an ice-water bath and the amount

of ammonium sulfate necessary to reach 90% of saturation was
added while stirring. After completing the addition, the solution
was  stirred for another 30 min  in the ice-water bath. After that,
the solution was  centrifuged at 5000 rpm for 30 min at 5 ◦C (Sorvill
SS-34 rotor) [2987 × g]. The supernatant was separated from the
precipitate and the precipitate was  dissolved in 2 ml of 30 mM
Tris–HCl (pH 7.5).

2.3.2. Fractional precipitation of proteins by ammonium sulfate
5 ml of extract was  cooled in an ice-water bath and the concen-

tration of ammonium sulfate was increased from 0% to 90% in 10%
increments while stirring. After completing the addition of ammo-
nium sulfate necessary to reach certain saturation, the solution was
stirred for another 30 min  in the ice-water bath. If cloudiness or for-
mation of a precipitate was not observed, the ammonium sulfate
concentration was increased in 10% saturation steps. If formation
of precipitate was observed, then the solution was  centrifuged at
5000 rpm for 30 min  at 5 ◦C (Sorvill SS-34 rotor) [2987 × g]. The
supernatant was  separated from the precipitate and the precipi-
tate was dissolved in 1 ml  of 30 mM Tris–HCl (pH 7.5). The amount
of ammonium sulfate necessary to reach the next 10% increment
was  calculated, added to the supernatant and the same procedure
was  followed.

2.3.3. Separation of Se-containing protein fraction by ammonium
sulfate precipitation and size exclusion chromatography

50 ml  of extract was cooled in an ice-water bath and the concen-
tration of ammonium sulfate was increased from 0% to 50% while
stirring. The precipitate of 50% of saturation was discarded and the
ammonium sulfate concentration of the supernatant of 50% precip-
itation was increased to 80% of saturation of ammonium sulfate.
The precipitate of this step was  separated after centrifugation and

dissolved in 5 ml  of Tris–HCl buffer pH 7.5 immediately after cen-
trifugation. 3 ml  of that solution was  subjected to desalting using
a HiTrapTM desalting column and the fraction containing selenium
was  concentrated by ultrafiltration (Spin column [Millipore, Bed-
ford, MA,  USA] 5 kDa cut-off)—final volume ∼1 ml.  500 �l of the

http://www.nuts.com/
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oncentrated fraction was fractionated by SEC [Column: Superdex
00, eluent: 30 mM Tris–HCl pH 7.5, flow rate: 0.7 ml/min: sample
olume: 100 �l]. Fractions eluted from 15 min  to 18 min  [fraction
], from 21 min  to 23.5 min  [fraction B], from 23.5 min  to 25.5 min

fraction C] and from 25.5 min  to 27.5 min  [fraction D] were col-
ected and concentrated by ultrafiltration to final volume ∼250 �l.

.3.4. Separation of tryptic digests of fraction D by size exclusion
hromatography

100 �l of the tryptic digest was fractionated by SEC [Column:
uperdexTM peptide, eluents: 30 mM Tris–HCl pH 7.5 and 30 mM
H4Ac pH 6.8, flow rate: 0.6 ml/min: sample volume: 100 �l]. Frac-

ions which eluted from 18 min  to 21 min  [fraction E], from 23 min
o 26 min  [fraction F], from 26 min  to 28 min  [fraction G], from
8 min  to 30 min  [fraction H] and from 31 min  to 33 min  [fraction I]
hen eluent was 30 mM NH4Ac, were collected and concentrated

y vacuum centrifugation at 37 ◦C.

.4. In-solution tryptic digestion

80 �l of 8 M urea, 0.4 M ammonium bicarbonate (pH 7.5–8.8)
olution was added to 60 �l of concentrated protein fraction A and
ollowed by the addition of 20 �l of 45 mM DTT solution. The reac-
ion mixture was incubated at 50 ◦C for 15 min  and then cooled
o room temperature. Then, 20 �l of 100 mM iodoacetamide (IAA)
as added to the reaction mixture and left it in dark at room tem-
erature for 15 min. After that, 140 �l of water was added to dilute
he digestion buffer to 2 M urea and 0.1 M ammonium bicarbonate.
hen, 20 �l of trypsin (0.1 �g/�l)  was added to the reaction mixture
nd incubated at 37 ◦C overnight [43].

.5. MALDI analysis

10 �l of the tryptic digest was desalted by C-18 Zip-Tip and
ixed with �-cyano-4-hydroxycinnamic acid (�-CHCA) matrix (in

0% acetonitrile [ACN]/0.1% trifluroacetic acid [TFA]) in a ratio of
:1 and analyzed by MALDI-MS.

.6. LC–ESI-MS analysis

10 �l of the tryptic digest (acidified with 1% formic acid [FA])
as loaded on a 10 cm × 75 �m C-18 capillary column (made in-
ouse) using a Waters Cap-LC system. The peptides were separated
nd eluted from the column using a Cap-LC gradient of solvent
, which was 95% water, 5% acetonitrile (ACN), 0.1% formic acid

FA) and solvent B, which was 95% ACN, 5% water and 0.1% FA. A
inear gradient was run starting at 15% solvent B, 85% solvent A
o 80% solvent B, 20% solvent A in 70 min. The flow rate was set
o 7 �l per minute, but split 50:50 before the column. The Cap-
C system was directly connected to the Waters Q-Tof-2 mass
pectrometer, in which the eluted peptides were directly detected
LC–MS), fragmented (LC–MS/MS) and data collected accordingly.
he collected data were processed using Mass Lynx 4.0 soft-
are.

. Results and discussion

.1. Importance of elemental and molecular mass spectrometries
n selenoproteome research

By appropriate selection of mobile phases and other parame-

ers, ICPMS in normal configuration can be used for the detection of
e-containing proteins in size-exclusion chromatography and ion-
xchange chromatography. Wide dynamic range, high sensitivity,
ow detection limits and simultaneous determination of multiple
lements (even different isotopes of the same elements) are some
l of Mass Spectrometry 307 (2011) 16– 27 19

of the advantages which ICPMS possesses over traditional bio-assay
based detection methods, at least for the screening stage. This use
of ICPMS in conjunction with molecular MS  methods as discussed
below encompasses what is more newly defined as a metallomics
approach to further unraveling the metalloproteome, and in this
case, the selenoproteome.

With the advent of soft ionization techniques, MALDI and ESI
mass spectrometries have been indispensable tools in proteomics
research. Since pure proteins or simple protein mixtures were not
used in this study, protein identification is via peptide sequencing
by MS/MS. The amino acid sequence of a peptide is more spe-
cific than its mass for protein identification by database searching.
When compared with MALDI-MS, ESI-MS has a special advantage
in analyzing complex mixtures, since until recently only it could be
readily coupled with chromatographic methods, thereby reducing
sample complexity at the time of ionization and minimizing signal
suppression. In routine ESI-MS/MS experiments, the ions for which
intensity exceeds a pre-determined value are subjected to collision-
induced dissociation. But, if the intensity of the ion under study is
below that level, then the ion of interest should be selected by the
operator. Frequently, this is the case in analyzing low-abundance
peptides in LC–ESI-MS/MS studies. In such ESI-MS/MS experiments,
the ion subjected to collision-induced dissociation is selected on the
basis of its m/z value and for that, the m/z value of the ion must be
known.

Selenium has a unique isotope distribution of 74Se (0.89%), 76Se
(9.3%), 77Se (7.63%), 78Se (23.77%), 80Se (49.61%) and 82Se (8.73%)
and this provides a “finger print” of the presence of Se in a pep-
tide. The importance of this characteristic pattern is that using
it, ions containing Se can be identified. In a typical LC–ESI-MS
experiment, a large number of mass spectra are generated and
therefore, examining all spectra for finding the mass spectrum
with the Se isotopic pattern is not a practical option. Moreover,
in ESI, multiply charged ions are produced and this will also con-
tribute to the complexity of the observed mass spectrum, since
signal overlap is possible. Therefore, in order to identify the peptide
signal(s) with the characteristic Se-isotope pattern and, thereby,
to obtain the m/z value of the Se-containing peptides, MALDI-MS
experiments are employed. This is the basis of the MALDI-MS-
directed LC–ESI-MS/MS analysis for selenopeptide mapping. Even
though the characteristic isotope pattern for a single Se atom
is observed for small compounds containing Se, this pattern is
modified in large molecules such as peptides. This is because
of the contributions of the isotope pattern of other atoms such
as 13C (especially as they become more numerous), the num-
ber of selenium atoms and in some cases, the post translational
modifications (S.B. Jayasinghe and J.A. Caruso Manuscript in prepa-
ration). Therefore, in selecting Se-containing peptides, appropriate
attention should be given, since selecting the selenium-containing
peptide is the key to the success of the experiment and more-
over, it reveals important information about the proteins under
study.

3.2. Importance of fractionating the crude protein mixture

An important aspect in proteomics studies is the dynamic range
of the analysis. For example, a human cell type may  express up to
20,000 proteins at any given time with a dynamic range of up to
five orders of magnitude. But, no existing analytical methodologies
are capable of resolving and detecting such protein mixtures with
such a wide dynamic range. When selenium-containing proteins

are involved, this situation is more complicated, since selenome-
thionine is randomly incorporated, thereby making such proteins
a subset of their sulfur analogs. Therefore, it is essential to pre-
fractionate the crude protein mixture and enrich the protein(s) of
interest. In general, chromatographic methods are used to fraction-
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te mixtures in separation science. But, in protein separation, crude
rotein extract cannot be directly applied to chromatographic sys-
ems owing to reasons such as low protein concentration and
ontaminants. So first, proteins are concentrated into a small
olume. If the fractionation also can be achieved while concentrat-
ng, such an experimental procedure will minimize the number
f steps in a purification procedure, and thereby, minimize the
ample loss. There are several reagents for the precipitation of
roteins such as ammonium sulfate, trichloroacetic acid (TCA), ace-
one and chloroform/methanol. But reagents such as TCA, acetone
nd chloroform/methanol cause protein denaturation. Therefore,
mmonium sulfate was selected as the precipitating agent in order
o concentrate the protein fraction, since one of the objectives of
he present study is to investigate the distribution of Se-containing
roteins in the non-denatured state, in the water-soluble protein
raction.

.3. MALDI-TOF reflectron and cap-LC–ESI-QTOF-MS and MS/MS
tudies of glutathione peroxidase

In glutathione peroxidase, Se is present in the form of seleno-
ysteine at the 45 position of the amino acid chain. The reduced
nd carboxymethylated protein was subjected to in-solution tryp-
ic digestion and the tryptic digest was analyzed by MALDI-MS. As
xpected, there was a signal at m/z 1793 with the selenium iso-
ope pattern (Supplementary information-Fig. 1) which is identical
ith the theoretically predicted Se isotope pattern (Supplementary

nformation-Fig. 2). In LC–ESI-MS, a doubly charged ion at m/z
97 was observed with the characteristic isotope pattern, since in
SI-MS, the prominent ions are doubly and multiply charged ions
Supplementary information-Fig. 3).

Peptide containing selenocysteine—VLLIENVASLCGTTVR
C = selenocysteine [reduced and alkylated with iodoacetamide]
Molecular formula of the peptide (reduced and alkylated):

71H133N21O24Se

.4. Distribution of Se-containing proteins in water-soluble
rotein extract

By size-exclusion chromatography (SEC) on-line coupled with
 UV detector and ICPMS detection, molecular weight distri-
utions of Se-containing proteins, which are soluble in 30 mM
ris–HCl (pH 7.5), were studied. Even though the SEC is theo-
etically based on the hydrodynamic volume of analytes, most
olumn materials used for SEC are slightly anionic and hydropho-
ic by nature. In size-exclusion chromatography, a salt, in most
ases 100 mM  NaCl, is used to prevent these types of interac-
ions. But, if the chromatography is coupled to ICPMS, NaCl cannot
e used since the nebulizer and cones clog because NaCl is not
olatile at sample introduction temperatures. As a result, the esti-
ated molecular weight values may  be slightly different from those

btained from ideal size-exclusion chromatographic separation
onditions.

In this study, water soluble proteins of Brazil nuts were
xtracted from defatted Brazil nut powder as mentioned in the
ethodology section and attention was directed only to the qual-

tative aspects. The approach was, first to develop a method and
hen at a later stage, to carry out a quantitative study while fine-
uning the method based on the observation at this stage. Anyway,
here is a possibility of some loss of proteins and deamidation (to
e explained in detail later) owing to carrying out defating and

xtraction at room temperature.

The extract was centrifuged and the supernatant was  used for
mmonium sulfate precipitation (90% of ammonium sulfate sat-
ration) in order to concentrate proteins and remove interfering
ompounds. The concentrated protein fraction which was in high
Time [min.]

Fig. 1. Distribution of Se-containing proteins in water-soluble protein extract
[SEC–ICPMS-82Se].

salt concentration was desalted and desalting was  monitored by UV
detection at 280 nm.  Two broad peaks (bands) were observed. Both
peaks were collected and analyzed by SEC–ICPMS. The first band
contained all Se peaks. Therefore, there is no loss of Se-containing
proteins qualitatively as a result of desalting. As the eluting sol-
vent, 30 mM Tris–HCl at pH 7.5 was selected, since at that pH most
known Brazil nut proteins are soluble. According to the SEC–ICPMS
profile, selenium-containing proteins in water-soluble extract are
present in the high molecular weight region (between 440 kDa and
150 kDa) as well as in the low molecular weight region (∼16.5 kDa)
(Fig. 1).

Fractional precipitation results (Fig. 2) show that no Se-
containing proteins are precipitated up to 60% of saturation
ammonium sulfate and high-molecular weight Se-containing pro-
teins can be precipitated at 60% saturation of ammonium sulfate
with a small amount of low molecular weight Se-containing
proteins co-precipitating, while most of low-molecular weight
10 12 14 16 18 20 22 24 26 28 30 32 34

Time [min.]

Fig. 2. Fractional precipitation of selenium-containing proteins by ammonium sul-
fate [SEC–ICPMS-Profiles].
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0% of saturation and removing the precipitate after centrifugation.
fter that, by increasing the concentration of ammonium sulfate in

he supernatant of 50% precipitation, up to 80% of saturation, most
f the Se-containing proteins can be precipitated. Moreover, from
hese results, it can be concluded that selenium-containing proteins
n the high molecular weight region are more hydrophobic when
ompared with selenium-containing proteins in the low molecular
eight region (Fig. 2). Based on the SEC–ICPMS profile of crude
rotein mixture, which was obtained by 50–80% precipitation
ith ammonium sulfate, four different selenium-containing pro-

ein fractions were identified—fraction A [from 15 min  to 18 min],
raction B [from 21 min  to 23.5 min], fraction C [from 23.5 min
o 25.5 min] and fraction D [from 25.5 min  to 27.5 min]. Ultrafil-
ration was selected to remove excess buffer solutions from the
ollected fractions from SEC and desalting columns and thereby
oncentrate the collected fractions as removal of excess buffer
nd concentration can be achieved in 45–60 min  by that method.
hen these fractions were collected and re-chromatographed on

he same column under identical conditions, all fractions except
raction D showed elution times identical to their corresponding
alues in the chromatogram of the raw extract, indicating sta-
ility of the selenocompounds with respect to the size-exclusion
hromatographic resolution. Fraction D showed an additional peak
shown by an arrow in Supplementary information-Fig. 4) when
e-chromatographed, which may  be due to either the decompo-
ition of fraction D or the presence of selenoproteins, which were
ot shown in the chromatogram of the raw extract owing to sample
verload.

According to the size-exclusion chromatographic calibration
rofile, fraction A may  be composed of 11S globulin proteins, which
re proteins composed of six identical monomers with a molecu-
ar weight of ∼52 kDa. Fractions B, C and D may  be composed of
S proteins with a molecular weight of ∼16.5 kDa. These results
iffer from the observed selenoprotein profiles in previous stud-

es reported. In these earlier studies [25,41],  denaturing conditions
ere used in the sample preparation and this may  have dissociated

he hexamers of 11S globulin proteins. According to Dernovics et
l. [41], the protein precipitate from acetone precipitation of crude
xtract is not completely soluble upon re-solubilization, and 7S
icilins and 11S legumins have been suggested as the insoluble
esidue. In our study, the protein precipitate obtained by ammo-
ium sulfate precipitation was dissolved in a minimum volume of
0 mM  Tris–HCl (pH 7.5) buffer immediately after the precipitation
nd complete dissolution was observed.

In the determination of Se by quadrupole ICPMS without col-
ision/reaction cell, formation of polyatomic interference ions in
rgon plasmas is one of the main difficulties. The formation of
he dimers 38Ar40Ar and 40Ar2 are the main interference ions and
verlap with the two most abundant Se isotopes 78Se (23.8% abun-
ance) and 80Se (49.6% abundance), respectively. Using 76Se (9.4%
bundance) for the determination of Se is not possible owing to
he interference from 38Ar2. In addition to the above-mentioned
nterferences caused by the carrier gas argon, the buffer used

ay  contribute to interferences in chromatography–ICPMS cou-
ling experiments. For example, chloride ion from Tris–HCl may
enerate some polyatomic interferences such as 40Ar37Cl hin-
ering the detection of 77Se. Therefore, it was  decided to use
2Se and 78Se isotopes for the detection of Se and 78Se/82Se iso-
ope ratio was determined and compared with the theoretical
alues in order to determine whether interference-free detec-
ion was achieved. These determinations showed that 78Se/82Se

sotope ratio for both Se peaks (from 15 to 17.5 min  and 21.5
o 27.5 min) are 2.54 and 2.56, respectively, and match well to
he theoretical value of 2.40 considering the quality of isotope
atios available on this instrument (Supplementary information-
ig. 5).
l of Mass Spectrometry 307 (2011) 16– 27 21

3.5. MALDI-MS and LC–ESI-MS/MS analysis of tryptic digest
(fraction A)

The high molecular-weight selenium-containing protein frac-
tion was  collected and concentrated by ultra filtration. A part of
the concentrated fraction (60 �l) was subjected to in-solution tryp-
tic digestion following the standard protocol used in proteomic
research. A part of the tryptic digest was  purified by C-18 Zip-Tip
and analyzed by MALDI-TOF-MS in the reflectron mode. Several
signals with isotopic patterns, which are different from normal
13C isotope patterns, were observed at m/z  values 1776.2, 1219.8,
2113.3 and 2130.5 (Fig. 3a–c). All these signals were from singly
charged ions as revealed by space between adjacent lines. From
these signals, the signal at m/z  1776.2 is the most intense one and
the signal at m/z 1219.8 is moderate in intensity, while signals at
m/z 2113.3 and 2130.5 are not well-resolved from base line. The
isotope pattern of the signal at m/z 1776.2 shows that it may  be
due to a peptide containing one or two  selenium atoms.

In order to examine the effect of number of selenium atoms and
the contribution of other atoms such as 13C to the isotope pattern,
theoretical isotope patterns for two hypothetical peptides with
comparable molecular weight were generated using MassLynx
(v.4.0) software. C80H135N19O20Se [VNVPILTFLQLAA(SeMet)KG]
and C77H130N18O19Se2 [VNVPILTFLQ(SeMet)AA(SeMet)K] are the
empirical formulas of peptides used to generate isotope patterns
shown in Figs. 4.1 a and b, and 4.2 a and b. When theoretical isotope
patterns were generated, they (Figs. 4.1 a and b, and 4.2 a and b)
were slightly different from the observed patterns (Fig. 3). One
possible explanation for this can be presented by assuming that
the selenium-containing peptide contains asparagines (Asn) and/or
glutamine (Gln) residues and undergoes partial deamidation. If
deamidation did not take place or complete deamidation did take
place, isotope pattern in ∼1500 Da mass range should be similar to
that of Fig. 4.1 a or b, respectively [OR Fig. 4.2 a or b, respectively].
But, the observed pattern is similar to that of Fig. 4.1 c [OR Fig. 4.2 c].

Non-enzymatic deamidation of asparagines (Asn) and glu-
tamine (Gln) in proteins and peptides may  occur under
physiological conditions. The rate of non-enzymatic deamidation is
dependent on conditions such as pH, temperature, and the amino
acid sequence and higher order structures of the protein or peptide
[44–46]. The difference between the normal form and deamidated
form is 1 Da.

Normal form
−NH2−→
+OH

Deamidated form

In such a situation, the observed isotope pattern in the MALDI-
TOF-MS reflectron spectrum is the combined effect of the two
species [normal form and deamidated form]. The exact pattern is
dependent on the ratio of the two species (Figs. 4.1 c and 4.2 c). Since
Brazil nut has been reported to be rich in these amino acids (Asn
and Gln), this suggests a possible explanation for the observed iso-
tope pattern. When the tryptic digest was analyzed by LC–ESI-MS,
a doubly charged ion at m/z 887 [Supplementary information-Fig.
6] with the same isotopic pattern was  observed, but the intensity
of that signal was very weak, which may  be indirect evidence for
the poor ionization of that peptide in the ESI process. If those two
species, normal form and deamidated form, co-elute, then again,
what is observed in the ESI-MS spectrum as well, is the combined
isotope effect of those two species. In the LC–ESI-MS experiment,
the elution conditions were ACN-H2O with formic acid as the ion
pairing agent; hence acidic conditions. It has been reported that

acidic mobile phase conditions employed in reversed-phase chro-
matography cannot separate the deamidated form from the parent
molecule (non-deamidated form) and neutral eluent systems such
as 30 mM sodium phosphate at pH 6.5 or 20 mM ammonium acetate
at pH 6.8, are necessary [47,48]. The intensity of the ion at m/z 887
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ibration. But, again the presence of 11S in this fraction is difficult
ig. 3. (a) MALDI spectrum between m/z 1750 and m/z 1810. (b) MALDI spectrum
etween m/z  1190 and m/z 1260. (c) MALDI spectrum between m/z 2090 and m/z
140 [Se-containing peptides from fraction A].

as below the pre-defined value for the ion selection with collision-
nduced dissociation. Therefore, there are no MS/MS  data for this

on.

When the tryptic digest of glutathione peroxidase is of concern,
he peptide fragment containing selenocysteine has an asparagine
N) unit. But, deamidation was not observed in tryptic digest of glu-
l of Mass Spectrometry 307 (2011) 16– 27

tathione peroxidase when analyzed by MALDI-MS and LC–ESI-MS
and the “classical” isotope pattern was  observed. In this experi-
ment, the standard sample of glutathione peroxidase, which was
received as a powdered material was dissolved in doubly distilled
water and subjected to tryptic digestion immediately after that.
Therefore, under these experimental conditions, non-enzymatic
deamidation of glutathione peroxidase does not take place, or the
rate is very slow.

3.6. cap-LC–ESI-MS studies of tryptic digest of fractions C and D

The low molecular-weight selenium-containing protein frac-
tions (fractions C and D) were collected and concentrated by ultra
filtration. A part of each concentrated fraction (60 �l) was subjected
to in-solution tryptic digestion following the standard protocol
used in proteomic research.

In order to identify the proteins which are present in fraction
C and D, tryptic digests of fraction C and D were analyzed by cap-
LC coupled with ESI-Q-TOF mass spectrometry and MS  and MS/MS
spectra were recorded. MS/MS  spectra were used to identify the
peptides present in the digest and, in turn, proteins in the starting
fraction. For LC–ESI-MS, 70 min  gradient time was  applied to have
a very shallow gradient and thereby minimize the number of pep-
tides coming out of the column in order to minimize or eliminate
signal suppression. MS/MS  spectra were searched against the NCBI
non-redundant protein data base using the Mascot program from
Matrix Science. Tables 1 and 2 show the identified proteins in frac-
tion C and D, respectively, with relevant data such as Mowse  score,
nominal mass and accession number.

According to Table 1, there are six proteins with Mowse  scores
greater than 65 in fraction C (according to Mascot search results,
proteins with scores greater than 65 are significant). Out of those
six, five are Brazil nut proteins. Four of five Brazil nut proteins
belong to 2S albumins and their nominal masses are around
16–17 kDa (for the proteins S14946, CAA00798, BAA96554) and
3–4 kDa (for A25802). According to size exclusion column calibra-
tion, proteins in fraction C should be in that molecular weight range.
The other Brazil nut protein, which is present in fraction C, accord-
ing to Mascot search, is 11S globulin. 11S globulin is a hexamer
made of identical monomers of 52 kDa. Therefore, such a protein
cannot be among the proteins in fraction C as the fraction was
collected under non-denaturing conditions. As a result, the pres-
ence of 11S in the fraction C is suspicious even though it has a
high Mowse  score. One possible explanation is the presence of a
protein or proteins in the fraction C, which have identical amino
acid sequences with part of amino acid sequence of 11S. Sequenc-
ing of just one polypeptide is enough to identify a protein if that
polypeptide is unique to that protein. But, if several proteins gen-
erate identical polypeptide or polypeptides, under such a situation
identifying those polypeptides imply only the probable presence
of one or some or all of those proteins. Since the Brazil nut pro-
teome has not been completely sequenced, it is difficult to explain
the presence of 11S globulin in this fraction.

Table 2 shows the presence of seven proteins with Mowse scores
greater than 74 in the fraction D (according to Mascot search results,
proteins with scores greater than 74 are significant). Their nominal
masses are around 16–18 kDa (for the proteins Q9LRC2, CAA00798,
S14946, S14947) and 3–4 kDa (for A25208). Out of these seven, six
are Brazil nut proteins and five of those represent the 2S albumin
family and the other is 11S globulin. Even in this case, the presence
of 2S albumin is in agreement with the size exclusion column cal-
to explain. Further fractionation and simplification of the protein
mixture and, ultimately isolating each protein in pure form and
then sequencing (i.e., classical biochemistry approach) is essential
to answer these questions.
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ig. 4. (1) (a) MALDI spectrum of C80H135N19O20Se—100% normal form; (b) MALDI s
f  50% C80H135N19O20Se [normal form] and 50% C80H134N18O21Se [deamidated form
f  C77H129N17O20Se2—100% deamidated form; (c) MALDI spectrum of the mixture o

According to Mascot search results, both fractions (fractions C
nd D) consist of similar proteins (except BAA96954 in fraction C

nd Q0LRC2 in fraction D). But, identified proteins in fraction D have
igh Mowse score and which indicates identification with high con-
dence. Therefore, fraction D was selected for MALDI-MS-directed
C–ESI-MS study.

able 1
dentified proteins in fraction C.

Accession number Nominal mass Mowse  score 

S14946 16,899 308 

CAA00798 16,269 308 

Q84NDZ BEREX 52,264 250 

BAA96954 16,898 227 

A25802 3631 71 

Q8M9S4 9ASTE 13,842 68 
m of C80H134N18O21Se—100% deamidated form; (c) MALDI spectrum of the mixture
(a) MALDI spectrum of C77H130N18O19Se2—100% normal form; (b) MALDI spectrum

 C77H130N18O19Se2 [normal form] and 50% C77H129N17O20Se2 [deamidated form].

3.7. SEC–ICPMS and MALDI-MS studies of tryptic digest of
fraction D
Tryptic digest of fraction D was desalted by C-18 Zip-TipTM

micropipette tips according to the manufacturer’s instructions
and analyzed by MALDI-MS in the reflectron mode using cyano-

Description

2S seed storage protein large chain—Brazil nut
Brazil nut 2S—albumin (fragment)
11S globulin—Bertholletia excelsa
AB044391 NID—Bertholletia excelsa
2S seed storage protein small chain—Brazil nut
ATP synthase epsilon subunit (fragment)—Desfontainia spinosa
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Table  2
Identified proteins in fraction D.

Accession number Nominal mass Mowse score Description

Q9LRC2 16,898 528 2S albumin—Bertholletia excelsa
CAA00798 16,269 434 Brazil nut 2S—albumin (fragment)—synthetic construct
S14946 16,899 433 2S seed storage protein large chain—Brazil nut
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S14947  18,242 433 

Q84NDZ 52,264 88 

A25802 3631 79 

AF2694 31,011 79 

-hydroxycinnamic acid (HCCA) as the matrix. No peaks with
elenium isotope patterns were observed, but, not seeing a signal
n MALDI-MS does not necessarily mean that the corresponding
ragment is not present in the tryptic digest. It was decided to
ractionate the tryptic digest of fraction D by chromatographic

ethods and analyze the fractions containing Se (identified by
CPMS) by MALDI-MS. After considering the factors related to dif-
erent chromatographic methods, it was decided to employ size
xclusion chromatography with 30 mM Tris–HCl (pH 7.5) as the
luent using a Superdex peptide column. 82Se isotope was  selected
s detection signal. Fig. 7, in Supplementary information shows
EC–ICPMS profile of tryptic digest D. This profile demonstrates the
resence of several Se-containing peptides in the digest and those
re distributed throughout the fractionation window of the column.
oreover, comparison of SEC–ICPMS profiles of fraction D before

nd after digestion indicates that the initial proteins have been bro-
en down to smaller peptides (Supplementary information Fig. 7).
ractions were collected and concentrated by vacuum centrifuga-
ion at 37 ◦C. The concentrated fractions were desalted using Zip-tip
ipette tip according to manufacturer’s instructions and analyzed
y MALDI-MS. But, again, no signal with a Se isotope pattern was
bserved, even though SEC–ICPMS profile indicated the presence of
e in the digest. As Tris–HCl buffer is not volatile, the concentration
f buffer increases as a result of vacuum evaporation. Therefore, the
ample may  not be completely desalted when it is purified by Zip-
ip before MALDI-MS analysis. Though MALDI-MS analysis tolerates
alt impurities to some extent, very high salt content suppresses ion
ormation.

Therefore, it was decided to use 30 mM NH4Ac (pH 6.8), which

s a volatile buffer, as the eluent in the peptide separation of tryp-
ic digests. Fig. 5 shows the SEC–ICPMS profiles of tryptic digest of
raction D when NH4Ac was used as eluent. This profile also demon-
trates the presence of several Se-containing peptides in the digest
nd those are distributed throughout the fractionation window of
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ig. 5. SEC–ICPMS profiles of tryptic digest of fraction D [eluent—30 mM NH4Ac].
2S seed storage protein large chain—Brazil nut
11S globulin—Bertholletia excelsa
2S seed storage protein small chain—Brazil nut
Hypothetical protein Atu0958

the column, but resolution with this eluent is not as good as with
30 mM Tris–HCl. Based on the SEC–ICPMS profile (Fig. 5), five frac-
tions (fractions E, F, G, H and I), were collected and concentrated by
vacuum centrifugation at 37 ◦C.

Out of these fractions, fraction F, G, H and I were analyzed by
MALDI-MS (Fig. 6a–g). Observed signals and corresponding fraction
numbers are shown in Table 3.

As the space between adjacent lines shows, all these signals are
singly charged ions. According to isotope pattern of these signals,
deamidation is a possible phenomenon in all ions except the ions
at m/z 1004.1 and 1102.2. According to previous studies, Brazil nut
2S proteins contain a high content of Asn and Gln. Therefore, these
isotope patterns can be explained by assuming the presence of a
mixture of 1:1 deamidated and normal form as discussed earlier.

Even though the tryptic digest of fraction D was  analyzed
by MALDI-MS-directed LC-EST MS  and MS/MS, identification of
Se-containing signals through the analysis of extracted ion chro-
matograms was  not successful.

When the non-fractionated tryptic digest of fraction A was ana-
lyzed by MALDI-MS, a well-resolved, high intensity signal with
Se isotope pattern (though modified to some extent owing to
the deamidation phenomenon) was observed (Fig. 3a and b). But,
when the same mixture was analyzed by LC–ESI-QTOF-MS, a good
signal was not observed even though a significant reduction of
sample complexity was  achieved by the chromatographic separa-
tion, thereby reducing or eliminating signal suppression. Ionization
mechanisms in MALDI and ESI are different and a compound which
shows a high degree of ionization in MALDI-MS may  poorly ionize
in ESI-MS and vice versa. Some molecules may  ionize well in both
ionization methods. This might be a reason for not observing the
expected, high intensity Se signal in the LC–ESI-MS analysis of tryp-
tic digestion of fraction A. When the non-separated tryptic digest of
fraction D was analyzed by MALDI-MS, no signals were observed.
When the fractionated fractions of tryptic digest of fraction D were
analyzed by MALDI-MS, several signals with characteristic Se iso-
tope pattern were observed. Therefore, signal suppression should
be the reason for not seeing the signals when the non-fractionated
tryptic digest of fraction D was analyzed my  MALDI-MS.

As mentioned above, when the corresponding extracted ion
chromatograms for MALDI-MS signals of tryptic digest of fraction
D were constructed from the LC–ESI-MS of the non-fractionated
tryptic digest of fraction D, it was  observed that all those extracted

chromatograms consisted of peaks, which are broad and spread
throughout the entire chromatogram, implying that those cannot
be used in MALDI-MS-directed ESI-MS and MS/MS studies. This can
be solved using simplified fractions of tryptic digests (by SEC or IEC)

Table 3
Fraction number and observed MALDI MS  signals in those fractions.

Fraction number m/z value of the signals

F No signal
G 1075.6, 1211.6
H 1084.1
I 868.2, 933.3, 1004.1, 1018.2, 1084.2, 1102.2
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Fig. 6. (a) MALDI spectrum of fraction I between m/z 1076 and m/z 1112—[fraction I]. (b) MALDI spectrum of fraction I between m/z 850 and m/z 886—[fraction I]. (c) MALDI
spectrum of fraction I between m/z 920 and m/z 956—[fraction I]. (d) MALDI spectrum of fraction I between m/z 996 and m/z 1030—[fraction I]. (e) MALDI spectrum of fraction
I  between m/z 1074 and m/z 1110—[fraction H]. (f) MALDI spectrum of fraction I between m/z 1200 and m/z 1236—[fraction G]. (g) MALDI spectrum of fraction I between m/z
1070  and m/z 1106—[fraction G].
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or LC–ESI-MS step. But, then identification of the proteins is less
onfident or not possible owing to reasons such as low sequence
overage as a result of the distribution of peptide fragments of a
rotein in several different fractions. Therefore, it is essential to
nalyze a non-fractionated fraction of tryptic digest by LC–ESI-MS
n order to identify the proteins present in the fraction under study.

In this study, well resolved, high intensity MALDI-MS signals of
e-containing peptides were observed in non-fractionated tryptic
igest (fraction A) as well as in fractionated tryptic digest (fraction
). Therefore, sequencing of Se-containing peptides by MALDI-TOF-
OF MS  is the most logical step, since some peptides, which have
igh ionization efficiency in MALDI-MS and produce MALDI-MS sig-
als of high intensity, may  poorly ionize in ESI-MS, as observed in
ryptic digest of fraction A.

But, only some peptides in a protein digest ionize well in MALDI-
S.  Therefore, LC–ESI-MS step is essential in order to identify the

eptides which poorly ionize or do not ionize in MALDI-MS. The
igher the sequence coverage, the higher the confidence in pro-
ein identification. Therefore, it is better to design the experimental
nd analytical procedures in order to get the maximum sequence
overage, in addition to identifying and sequencing Se-containing
eptides. Then, data from these two sources can be utilized to
btain a more detailed knowledge of the Se-containing proteins and
roteins in a sample. The disadvantage of ICP MS  and MALDI-MS
pproach is that this method is not suitable to study Se-containing
eptides (or other peptides) which poorly ionize in MALDI-MS but
how high ionization efficiency in ESI–MS. Another experimental
pproach involving chemical modifications, ion-ion chemistry and
ifferent versions of ESI-MS is in designing stage for Se-containing
eptides which poorly ionize in MALDI-MS, but exhibit a high ion-

zation efficiency in ESI-MS.

. Conclusion

Asccording to SEC-UV-ICPMS profile, selenium-containing pro-
eins in water-soluble protein fraction of Brazil nut are distributed
n high molecular weight region as well as in low molecular weight
egion. According to SEC calibration markers, 11S protein may  be

 possible candidate for the high molecular selenium-containing
rotein, while 2S proteins may  constitute low molecular weight
elenium-containing proteins. Also, this study demonstrated the
easibility of fractional precipitation by ammonium sulfate for
chieving the matrix reduction and sample concentration simul-
aneously under non-denaturing conditions in selenoprotemics
tudies.

As far as protein and peptide identification is concerned, sev-
ral Brazil nut proteins (S14946, CAA00789, A25802, BAA96554,
9LRC2, S14947 and Q84ND2 BEREX [though questionable]) were

dentified with high confidence in low molecular weight Se-
ontaining protein fractions.

The most important observation in this research is the slightly
odified isotope pattern of selenium-containing peptides, most

robably owing to the occurrence of partial deamidation of
elenium-containing peptides. Anyway, this observed isotope pat-
ern is only an indirect evidence for such a phenomenon and it
hould be confirmed by separating each species, recording mass
pectrum of individual species and sequencing those. To our knowl-
dge, this is the first report of the effect of partial deamidation of
elenium-containing peptides on the observed selenium isotope
attern, though the evidences is indirect. Moreover, this observa-

ion, that is, effect of deamidation on the observed isotope pattern
n MALDI-MS and LC–ESI-MS (under acidic elution conditions) is
ery important when investigation of metalloproteins by MALDI-
S and LC–ESI-MS is considered. In such studies, metal-containing

eptides are identified by their characteristic isotope patterns.

[

[

[

l of Mass Spectrometry 307 (2011) 16– 27

Therefore, the possibility of observing modified isotope patterns
should be taken into consideration in analyzing mass spectra of
such peptides. Therefore, this observation is considered as the
most important outcome of this study owing to its effect on the
metallomics-related research methodologies which are based on
identification of peptides through isotope patterns.
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