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The characterization by de novo peptide sequencing of the different protein nucleoside diphosphate
kinase B (NDK B) from all the commercial hakes and grenadiers belonging to the family Merlucciidae
is reported. A classical proteomics approach, consisting of two-dimmensional gel electrophoresis, tryptic
in-gel digestion of the excised spots, MALDI-TOF MS, LC-MS/MS, and nanoESI-MS/MS analyses,
was followed for the purification and characterization of the different isoforms of the NDK B.
Fragmentation spectra were used for de novo peptide sequence. A high degree of homology was found
between the sequences of all the species studied and the NDK B sequence from Gillichthys mirabilis,
which is accessible in the protein databases. Particular attention was paid to the differential
characterization of species-specific peptides that could be used for fish authentication purposes. These
findings allowed us to propose a rapid and effective classification method, based in the detection of
these biomarker peptides using the selective ion reaction monitoring (SIRM) scan mode in mass
spectrometry.
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Introduction

The family of nucleoside diphosphate kinases (NDK) (EC
2.7.4.6) comprises a specific group of ubiquitous housekeeping
phosphotransferases. They are implicated in maintaining the
pool of intracellular nucleoside triphosphates (NTPs) required
for biosynthesis, catalyzing the non-substrate-specific conver-
sion of nucleosides diphospate (NDP) to nucleoside triphos-
phate (NTP).1 Particularly, NDK catalyzes the reversible transfer
of a terminal γ-phosphoryl group (P) from NTP to NDP
involving a conserved histidine residue (His) as intermediate,
by means of a ping-pong mechanism:

Such enzymes have been highly conserved throughout evolu-
tion (>40% identity between prokaryotes and eukaryotes),

having been isolated from a variety of organisms and cell types,
including prokaryotes, lower and higher eukaryotes, mouse, rat,
and human.2-4 They are ubiquitously distributed, particularly
in the nucleus, in the cytoplasm associated to the microtubules,
on the cell surface, in the mitochondria, and in the extracellular
fluid.5

NDKs have been implicated in the biological regulation of
growth, development, apoptosis, and differentiation. However,
other relevant functions have also been reported, as the
suppression of metastasis in tumors,6 the activity of histidine-
dependent protein kinase,7 and the 3′-5′ exonuclease activity.8

Moreover, there is also evidence about that NDK proteins
promote tumor formation and play various roles in normal
development and cellular proliferation.4,9

In higher animals, NDKs are encoded by several genes, called
nm23 (nonmetastatic 23) genes, on the basis of their reported
action as tissue specific metastasis inhibitors.6 Eight nm23
genes have been identified in the human genome;6 two of them,
known as nm23-H1 and nm23-H2, are the most studied. These
genes code for polypeptide chains, called NDK A and NDK B,
which present a high degree of similarity (88%). They have
about 150 residues and a molecular weight between 16 and 20
kDa. However, their isoelectric points are different, because of
the substitution of several acidic amino acids in NDK A by basic
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amino acids in NDK B. The first NDK amino acid sequences
were obtained from genes cloned in Dictyostelium discoideum3

and Myxococcus xanthus2. In general, the eukaryotic enzymes
are homohexameres, whereas several of the prokaryotic en-
zymes are homotetramers.10 Whether a tetramer or an hexamer,
NDKs active sites are structurally identical, and almost all the
residues involved in them are fully invariant from bacteria to
humans.11

Up to now, only 33 NDK sequences for Teleostei are included
in the protein databases (UniProt, April 2007), including only
two entries that correspond to the isoform B: one belonging
to zebra fish (Danio rerio) (accession number: Q9IAD3, Uni-
prot)12 and the other to a long-jawed mud sucker (Gillichthys
mirabilis) (Q9DFL9, Uniprot).13 The rest of the entries are
uncharacterized or uncommon isoforms. Although in fish
species NDK activity still is poorly studied, it has been reported
as a good marker for: (i) tissue biosynthesis in specimens
maintained in metal contaminated environments;14-16 (ii)
variation of the biochemical composition of tissues with growth
in juvenile Atlantic cod;17 and (iii) digestive capacity, growth,
and swimming endurance in Atlantic cod.18,19

In a previous work, due to the differences found in MALDI-
TOF MS spectra from tryptic peptides, sarcoplasmic NDK
proteins proved to be, in five closely related hake species, a
potential molecular marker for fish identification.20 Now, using
a combination of high-resolution 2-DE analysis, MALDI-TOF
MS, and de novo sequencing by ESI-IT MS, we have charac-
terizated the NDK B proteins from eleven different closely
related species, commercially avalaible, belonging to the Mer-
lucciidae family. Efforts were made in peptide de novo se-
quencing, as genomes from members belonging to Merlucci-
idae family still await sequencing. In fact, only two Teleostei
species genomes have been completely sequenced: Tetraodon
nigroviridis21 and Takifugu rubripes22 and works for the com-
plete sequencing of the zebrafish (Danio rerio) genome were
started in 2001.

In addition, particular attention was focused on the char-
acterization and identification of several species-specific pep-
tides for each of the species included in the Merlucciidae
family. These specific peptide sequences can be used, by
fisheries as a good tool for seafood product authentication,
providing a rapid and effective identification and guaranteeing
the quality of the foodstuffs to consumers.23

Materials and Methods

Fish Material. Ten different hake species, including two
different subspecies from M. australis and two grenadier

subspecies belonging to the Macruronus novaezelandiae spe-
cies, were employed in this study (Table 1). The specimens were
frozen on board at -30 °C, except for European hake, with
special care in keeping their morphological characters in good
shape, and shipped by plane to the laboratory for the analyses.
The weight of every specimen studied was in the range of 3-6
kg. At least 10 fish specimens belonging to each different
species were subjected to taxonomical study according to their
anatomical and morphological features by an expert marine
biologist and by genetic identification in the Food Biochemistry
laboratory from Marine Research Institute (Vigo, Pontevedra,
Spain) and with the fishID Kit based on the amplification of
specific mitochondrial DNA sequences (Bionostra SL., Madrid,
Spain). Among them, five correctly identified individuals from
each of species were considered and selected as the represen-
tative species for all the study.

Extraction of Sarcoplasmic Proteins. Sarcoplasmic proteins
extraction was carried out by homogenizing 5 g of white muscle
from each of the species in 10 mL of 10 mM Tris-HCl buffer,
pH 7.2, supplemented with 5 mM PMSF, during 30 s in an
Ultra-Turrax device (IKA-Werke, Staufen, Germany). The fish
muscle extracts were then centrifuged at 40 000 g for 20 min
at 4 °C (J221-M centrifuge; Beckman, Palo Alto, CA). The
supernatants were then recovered, filtered using Ultrafree CL
(0.22 µm) filters (Millipore, Bedford, MA), and stored at
-80 °C until gel electrophoresis was performed. Protein
concentration in the extracts was determined by the bicincho-
ninic acid method (Sigma Chemical Co., U.S.A.).

2-DE Analysis. Isoelectric focusing (IEF) was performed at
10 °C in a Multiphor II electrophoresis unit (Amersham
Biosciences, Sweden) according to previous works.24 Protein
extracts (40 mg/mL) were loaded in duplicate on IEF strips with
a narrow range of pH 4-6.5 (Amersham Biosciences), using a
sample application paper. A mixture of proteins standard in
the 2.5-6.5 pH range (low pI standard from Amersham) was
included. Isoelectro-focusing conditions were as follows: 1500
V, 50 mA, 30 W until at least 4000 Vh were reached. IEF strips
corresponding to individual lanes were cut immediately after
the run was completed and kept frozen at -80 °C for the second
dimension by SDS-PAGE. A duplicate IEF strip was stained with
0.1% Coomassie brilliant blue (Sigma Chemical) according to
the Amersham Biosciences staining protocol.

Equilibration of pH 4-6.5 IEF gel strips was carried out at
room temperature as described previously,25 and the second
dimension was run using gradient (12-14%) SDS-PAGE precast
polyacrylamide 245 × 180 × 0.5 mm gradient gels (ExcelGel
XL SDS 12-14%, Amersham Biosciences) at 15 °C using the

Table 1. List of Species and Subspecies Included in the Study

species or subspecies common name origin

M. merluccius European hake Spanish coasts
M. capensis Cape hake South Africa
M. senegalensis Senegalense hake Northwest Africa
M. polli Benguela hake Northwest Africa
M. paradoxus Deep-water Cape hake South Africa
M. hubbsi Patagonian hake South America
M. gayi Peruvian or Chilean hake South America
M. australis polylepsis Austral hake South America
M. australis australis Austral hake New Zealand coasts
M. productus Pacific hake North America
M. bilinearis Silver hake North America
Ma. novaezelandiae novaezelandiae Blue grenadier New Zealand coasts
Ma. novaezelandiae magellanicus Patagonian grenadier South America

M. (Merluccius genus); Ma. (Macruronus genus).
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Multiphor II system (Amersham Biosciences) in a Tris-glycine
buffer.20 The running conditions were: 1000 V, 40 mA, 40 W
during 165 min. A low molecular weight protein standard (14-
97 kDa) (LMW Calibration Kit, Amersham Biosciences) was
employed as reference. Gels were silver stained using a protocol
from Amersham Biosciences and the image analysis was carried
out by the PDQuest software (Bio-Rad Laboratories, Ltd, UK).

Preparative 2-DE Gels for Mass Spectrometry Analysis.
Once equilibrated, the IEF strips (pH 4-6.5) were subjected to
an electrophoretic separation compatible with a further mass
spectrometry analysis, using a preparative vertical SDS-PAGE
(10% T and 3% C) gels with Tris-Tricine buffer. The running
conditions were: 100 V, 40 mA per gel, and 150 W during 16-
18 h. Protein spots were visualized by the Coomassie brilliant
blue staining (Amersham Bioscience) according to manufac-
turer instructions and the PDQuest software (Bio-Rad) was used
for the image analysis.

Peptide Sample Preparation for MS and MS/MS Analysis.
NDK spots were localized based on the data (pI and Mr)
obtained by previous work,20 and excised from the gel taking
care in maximizing the protein-to-gel ratio. Only the most
intensely stained region at center of the spot was excised to
avoid extracting an excess of gel matrix. Excised pieces were
subjected to in-gel digestion with trypsin (Promega, Madison,
WI) as described.26 Prior to nESI-IT MS analysis, the tryptic
peptide samples were individually desalted and concentrated
using in-tip reverse-phase resins (ZipTip C18, Millipore, Bed-
ford, MA), according to the manufacturer’s recommendations.

Peptide Mapping by MALDI-TOF MS. MALDI-TOF MS was
performed using an Autoflex instrument from Bruker Daltonics
(Bremen, Germany) equipped with delayed extraction and
operating in the reflector mode according to previous work.27

The peptides obtained by the digestion were acidified by the
addition of trifluoroacetic acid (TFA) and dried down. Anchor-
Chip plates (Bruker Daltonics) were used as MALDI targets.
Matrix, 0.5 µL of saturated DHB (Bruker Daltonics) in 30%
acetonitrile containing 0.1% TFA, was first applied to the target
and allowed to dry. Aliquots (0.5 µL) of the extracted peptides
were applied to the MALDI target and allowed to dry. External
calibration was carried out using a set of synthetic peptides
(Bruker Daltonics) added to the target in positions close to the
samples. Spectra were taken between 400 and 4000 Da and
subsequently, all those masses from trypsin autodigestion,
matrix clusters (from m/z 150 to 1000) and other well-known
contaminants peaks, as those of common keratins, were
automatically rejected.

Peptide Fragmentation and de novo Sequencing by ESI-
IT MS. Peptide digests were analyzed online by LC-ESI-IT-
MS/MS using a LC system model SpectraSystem P4000 (Thermo-
Finnigan, San Jose, CA) coupled to an IT mass spectrometer
model LCQ Deca XP Plus (Thermo-Finnigan). The separation
was performed on a 0.18 mm × 150 mm BioBasic-18 RP
column (ThermoHypersil-Keystone), using 0.5% acetic acid in
water and in 80% acetonitrile as mobile phases A and B,
respectively. A 90 min linear gradient from 5 to 60% B, at a
flow rate of 1.5-1.7 µL/min, was used. Peptides were detected
using survey scans from 400 to 1600 amu (3 µscans), followed
by a data-dependent ZoomScan (5 µscans) and MS/MS scan
(5 µscans), using an isolation width of 3 amu and a normalized
collision energy of 35%. Fragmented masses were set in
dynamic exclusion for 3 min after the second fragmentation
event and singly charged ions were excluded from MS/MS
analysis.

Analysis by nESI-IT MS were performed off-line using an ion
trap mass spectrometer, model LCQ Deca XP Plus from
Thermo-Finnigan, equipped with a nanospray interface. Pep-
tides were previously desalted by the use of micro-columns Zip-
Tip C18 and eluted with 5-10 µL of 70% MeOH/ 0.5%
CH3COOH. PicoTips borosilicate glass needles with 1 µm orifice
(New Objective, Woburn, MA), used as emitters, were filled with
3-5 µL of sample.

Selected Ion Reaction Monitoring (SIRM). Proteins in 20
µg of sarcoplasmic extract were denaturated with 8 M urea and
reducted with 10 mM DTT in 25 mM ammonium bicarbonate
pH 8.25 at 37 °C for 1 h. Iodoacetamide was then added to a
final concentration of 50 mM. The resulting mixture was
incubated at room temperature in the darkness for 45 min. The
mixture was then diluted 4-fold to reduce urea concentration
and subjected to in-solution digestion with trypsin (Promega,
Madison, WI) at 1:50 protease-to-protein ratio during at least
12 h at 37 °C. Digests were individually desalted and concen-
trated using in-tip reverse-phase resins (ZipTip C18, Millipore).
Peptide mixtures (0.05 µg) were analyzed by capillary RP-HPLC
coupled to ESI-IT-MS using the column separation conditions
as previously described. Selected ion reaction monitoring
(SIRM) was used all along the chromatographic separation as
the mass spectrometric scan mode, focused on specific doubly
charged precursor ions from selected NDK peptides. Ion
chromatograms were represented using the instrument soft-
ware to show, for each precursor, a selected product ion, which
was previously characterized by de novo sequencing.

Mass Spectrometry Data Processing. Peak identification and
monoisotopic peptide mass assignation of MALDI-TOF MS
spectra were automatically performed using FlexAnalysis soft-
ware (Bruker Daltonics) and the MoverZ program available by
Internet (http://bioinformatics.genomicsolutions.com/). Da-
tabase searches were performed, against a NCBI non-redun-
dant protein sequence database (http://www.ncbi.nih.gov)
using MASCOT (http://www.matrixscience.co.uk/), with the
following settings: monoisotopic masses, two missed cleavages
allowed, 100 ppm mass tolerance, and three potential variable
modifications: ACET sites (acetyl N-terminal), CysCAM (car-
bamidomethylcysteine), and MSO (methionine sulfoxide).

MS/MS spectra were searched using SEQUEST (Bioworks 3.1
package, Thermo-Finnigan) against the nr.fasta database (NCBI
Resources, NIH, Bethseda MD). The following constraints were
used for the searches: tryptic cleavage after Arg and Lys, up to
two missed cleavage sites, and tolerances (1.8 Da for precursor
ions and (0.8 Da for MS/MS fragments ions. The variable

Table 2. Isoelectric Point and Molecular Weight for all NDK
Spots from All Hake and Grenadiers Studied

species or subspeciesa spot number pI Mr (kDa)

M. merluccius N1 5.42 18.60
M. capensis N2 5.43 18.59
M. senegalensis N3 5.43 18.59
M. polli N4 5.47 18.60
M. paradoxus N5 5.43 18.59
M. hubbsi N6 5.29 17.81
M. gayi N7 5.04 17.80
M. australis polylepsis N8 5.07 17.81
M. australis australis N9 5.07 17.80
M. productus N10 5.07 17.87
M. bilinearis N11 5.07 17.82
Ma. novaezelandiae novaezelandiae N12 5.43 16.81
Ma. novaezelandiae magellanicus N13 5.45 16.81

a M., Merluccius genus; Ma., Macruronus genus.
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modifications allowed were methionine oxidation, carbami-
domethylation of Cys and acetylation of the N-terminus.

De novo sequencing was performed by manual interpretation
of the ion series of the spectra with the aid of the software
package DeNovoX (Thermo-Finnigan). Homology between de
novo obtained sequences and those in the nr-NCBI database
was analyzed using BLAST.

Results and Discussion

2-DE Analyses of NDKs. Sarcoplasmic protein extracts of 5
individuals from each of the 11 species (including two subspe-
cies) studied were subjected to 2-DE and the gels silver stained.
To ensure reproducibility of the experiments, 3 gels were run
per individual (65 specimens). Thus a total of 195 2-DE gels
were processed and analyzed by the image software. In a
preliminary survey, the study was carried out using strips with
a broad pH range (3-10) (data not shown); however, due to
the overlapping of some of the proteins under study, strips with
a narrower pH range (4-6.5) were chosen. The NDK fraction
presented a molecular weight between 16.80 and 18.60 kDa and

a pI between 5.04 and 5.47 units, according to the spot
identification described previously by ref 20.

The 2-DE NDK patterns for the different hake species and
for the two grenadier subspecies are shown in Figure S-1 from
the Supporting Information. A compilation of the pI and Mr of
all NDK spots studied, designated as N1-N13, are shown in
the Table 2. Qualitative inter-species differences were notice-
able. Briefly, the results (pI and Mr) produced by the 2-DE
analysis allowed the clasification of the species studied in three
groups: (i) Euro-African hakes: M. merluccius, M. capensis, M.
senegalensis, M. polli, and M. paradoxus, showing a spot with
a pI of 5.42-5.47 and a Mr of 18.60 kDa, (ii) American hakes:
M. hubbsi, M. gayi, M. australis polylepsis, M. australis australis,
M. productus, and M. bilinearis, characterized by a spot with a
pI of 5.04-5.29 and a Mr of 17.80-17.87 kDa, and finally (iii)
the grenadier subspecies, which presented a distinctive spot
with a pI 5.43-5.45 and a Mr 16.81 kDa.

The results obtained by 2-DE demonstrated differences in
pI and Mr from this NDK spot, indicating the presence of amino
acid substitutions in their sequences. Nevertheless, 2-DE alone

Figure 1. Information rich regions of the MALDI-TOF MS peptide maps from NDK trypsin in-gel digested spots. (a) Peaks which are
common to all the species (1819.76 and 1835.58 Da), (b, c) those which are specific for either the genus Merluccius (1397.64 Da) or the
genus Macruronus (1411.64 and 1344.66 Da) and for all NDK from Euro-African hakes (1330.66 Da), (d) those which are specific for
American hakes (788.56 Da), and (e) those which are specific for M. bilinearis species (1774.97 Da).
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did not reveal whether NDKs with the same pI and Mr were
identical or not. For that reason, it was necessary to character-
ize each of the NDK spots by mass spectrometry.

MALDI-TOF MS Characterization of the NDK Spots. Pro-
teins were separated in preparative 2-DE gels, then the excised
NDK spots were digested in-situ with trypsin and the peptides
produced analyzed by MALDI-TOF MS. To increase the repro-
ducibility, peptide fingerprints were taken from each of the
samples. Thus, 15 spectra per each of the species were
produced, making a total of 195 peptide maps. No intraspecies
polymorphic variations at qualitative level were found (data
not shown).

The complete list of peaks for each of the NDK digests can
be found in Table S-1 in the Supporting Information. Several
peptide masses were coincident with those from tryptic
peptides of NDKs present in data bases. Seven peaks presented
the same masses as peptides from Gillichthys mirabilis NDK B
(Q9DFL9, Uniprot);13 two others presented the same masses
as two peptides from an NDK found in the Cyanobacteria
Prochlorococcus marinus strain MIT 9313 (Q7V425, Uniprot);28

one more was present in the NDK from the cloudy catshark
Scyliorhinus torazame (Q9YI35, Uniprot);29 and a last one was
contained in the NDK sequence from the Xenopus laevis
(P70010, Uniprot).30 Besides, a total of eight peaks were shared
by all the NDKs under study. Only the masses of two of them,
1819.76 and 1835.58 Da (Figure 1a), were coincident with
masses of tryptic peptides from the NDKs included in protein
databases.

The spectra showed several peaks that were selective for each
genus; of them, only one was present in all the species of the
genus Merluccius 1397.64 Da (Figure 1b) and four were present
in both Macruronus subspecies: 1023.66, 1411.64 (Figure 1b),
1344.76 (Figure 1c) and 1990.04 Da. Some differences were also
obtained among the Merluccius species, which may allow the
tentative division of hakes into two groups: Euro-Africans,
presenting a specific peak at 1330.66 Da (Figure 1c), and
Americans, with two other specific peaks at 788.56 (Figure 1d)
and 1760.60 Da. Finally, two peaks with an m/z of 1774.97
(Figure 1e) and 1807.03 Da were specific for M. bilinearis. The
information provided by these peaks is enought to clearly
differentiate between (i) hakes and grenadiers, (ii) Euro-African
hakes of American hakes, and (iii) M. bilinearis from the rest
of the Merlucciidae family species.

De novo Sequencing of Peptides from NDK. Tryptic digests
from all the NDK spots were analyzed using a combination of
LC-ESI-IT-MS/MS and nanoESI-IT-MS/MS. The spectra
produced were used for manual and computer aided de novo
amino acid sequence interpretation. Several novel peptide
sequences, containing 4-25 amino acids, were assembled.
Table 3 shows a compilation of the 108 amino acid sequences
obtained, including 17 which were coincident with those
previously assigned by PMF, and 76 masses previously found
by MALDI-TOF MS analysis. In Figures 2, 3, and 4, several
fragmentation spectra as examples of the specific peptides are
shown, together with the m/z of the precursor ions. The peak
with m/z of 526.1 (charge 2+) was chosen because it corre-
sponds to one of the 16 sequences common to all the species
of hakes and grenadiers (Figure 2). The peak with m/z 699.3
(2+) corresponds to one of the peptides which is present in all
the Merluccius species, being absent in both Macruronus
subspecies (Figure 3a), whereas 706.3 (2+) was chosen because
it is found exclusively found in the Macruronus genus (Figure
3b). A substitution of a Val for a Leu in the sequence NIIHGS-T
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DTLENAK is responsible for the mass difference and hence for
the different diagnostic fragmentation peaks at m/z 920.3,
1057.3 (699.3 precursor) and 934.4, 1071.4 (706.3 precursor).
The N-terminus of the NDK proporcionate, as well diagnostic
peaks, as four different sequences are possible: position 3 is a
Q for the American hakes and a K for Euro-African hakes and
both Macruronus subspecies, whereas a V is present in position

6 for the American species and for Macruronus whereas an I is
found in the Euro-African hake species and in M. billinearis.
So, the peak at m/z 665.8 (2+) (Figure 4a) corresponds to the
sequence TFVAIKPDGVQR which is present exclusively in the
Euro-African species, while the peak at 887.89 (2+) (Figure 4b),
belonging to the sequence (N-Acyl)-MEQTFIAIKPDGVQR, is
specific to M. bilinearis and differentiates it from all the other
hake and granadiers species.

Alignment of the NDK Sequences. In Figure 5, the NDK
amino acid sequences from the different hakes and grenadiers
studied were aligned with the nuclease diphosphate kinase B
from the long-jawed mudscucker Gillichthys mirabilis sequence
(Q9DFL9; Uniprot),13 which presents the highest homology with
those found in the present work. As NDK sequences had been
highly conserved throughout the evolution only small differ-
ences were observed. The degree of homology beween the
studied NDKs and that from Gillichthys mirabilis (Q9DFL9) was
somewhat variable: 72.48% (108/149 residues) for Euro-African
hakes, 71.81% (107/149 residues) for M. bilinearis, 71.14% (106/
149 residues) for the American hakes, and 69.79% (104/149
residues) for both subspecies from the genus Macruronus.
These small differences may be used to distribute the species
into different groups.

Although other modifications, including proteolysis, glyco-
sylation, and O-phosphorylation,31 can be found in NDKs from
other species, no modified amino acids were detected except
for an hydroxilation and the acetylated N-terminus. Acetylated
methionine was the N-terminal amino acid in all the American

Figure 2. Ion-trap MS/MS spectrum of the peptide GDFC*INIGR
(C* carboxymethylated cysteine) which is common to all the
isoforms the NDK B sequenced.

Figure 3. Ion-trap MS/MS spectra of the differential peptides
NIIHGSDTVENAK, NIIHGSDTLENAK, which are present in the
NDK B of Merluccius genus and Macruronus genus, respectively.

Figure 4. Ion-trap MS/MS spectra of the differential peptides
TFVAIKPDGVQR, (N-Acyl) MEQTFIAIKPDGVQR, which are present
in the NDK B of Euro-African hakes and M. bilinearis species,
respectively. N-Acyl, acetyl N-terminal.

De novo MS sequencing of NDK B from Merlucciidae family research articles

Journal of Proteome Research • Vol. 6, No. 8, 2007 3077

http://pubs.acs.org/action/showImage?doi=10.1021/pr0701963&iName=master.img-005.png&w=173&h=163
http://pubs.acs.org/action/showImage?doi=10.1021/pr0701963&iName=master.img-006.png&w=215&h=347
http://pubs.acs.org/action/showImage?doi=10.1021/pr0701963&iName=master.img-007.png&w=239&h=320


hakes matures NDKs. The Met residue in the P1 position,
according to Schecheter’s nomenclature,32 has not been cleav-
aged by methionine aminopeptidase. This is expected for the
NDKs, given that in their sequence N-terminus Met is followed
by Glu. It is known that large side-chains in the second position
prevent the activity of methionine aminopeptidase, thus main-
taining Met as the N-terminus amino acid in the mature
protein.33 The bioinformatics tool for Met cleavage prediction,
available in www.isv.cnrs-gif.fr/terminator2/index.html, leads
to the same results.

Unfortunately, not all the peaks produced by MALDI were
amenable for MS/MS analysis. Some spectra did not yield
enough diagnostic ions to allow the full sequencing of the
corresponding peptides, although in some cases, partial se-
quences were aligned. In these cases, a mass value between
brackets is shown to account for the amino acid sequence gaps.

Species Identification using Selected Ion Reaction Moni-
toring (SIRM). The coupling between the separation capabili-
ties of liquid chromatography and the molecular identification
possibilities of mass spectrometry using the SIRM scanning
mode provides a fast and reliable method for the differentiation
of the species subject of this study. As is shown in Figure 6,
unambigous hake classification was performed by LC-MS/MS,
monitoring only four doubly charged ions corresponding to
species-specific peptides. Although a complex peptide mixture
was used, samples from in-solution tryptic digestion of previ-
ously unseparated sarcoplasmic proteins, the combination of
two variables, i.e., retention time and precursor m/z, together
with the software representation of specific product ions, made
possible the classification of the Merluciidae family members.
The double-charged precursor ions fragmented were: 526.1,
699.3, 665.8 and 887.9. Chromatograms were represented using
the ion intensities for fragments at m/z: 732.4 (ion y′′6

+ from
the precursor 526.1), 1057.3 (ion y′′10

+ from the precursor 699.3),
799.3 (ion y′′7

+ from the precursor 655.8), and 1096.5 (ion y′′10
+

from the precursor 887.9).

In the sarcoplasmic extracts from the Macruronus genus,
only the transition 526.1 f 732.4 appeared with a high S/N
ratio (Figure 7a), whereas no significant signal was produced
for the other three transitions. Conversely, for all the extracts
belonging to the Merluccius genus (Figure 7b, c), the well-
defined transitions 526.1 f 732.4 and 699.3 f 1057.3 were

Figure 5. Alignment of NDK B amino acid sequences for all the hakes and grenadiers studied. The sequences, produced by de novo
MS/MS, were aligned with the NDK B sequence from Gillichthys mirabilis (accession number Q9DFL9, Uniprot), which present a high
degree of homology with them. Seq. coverage (%), percentage of sequence coverage. (-) not determined amino acid.

Figure 6. Flow diagram for a systematic discrimination of hakes
and grenadiers using only four specific peptides, 526.10, 699.30,
665.80, and 887.89 are the m/z of the doubly charged ions of these
peptides. Y denotes the presence and N the absence of a
particular peptide.
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observed, making possible the unequivocal genus differentia-
tion. Within the Merluccius genus, the presence or absence of
the transition 665.8 f 799.3 allowed the classification of hake
species in two groups: American and Euro-African (Figure 7b,
c). Finally, as can be seen in Figure 7d, extracts from M.
bilinearis presented the unique and specific transition 887.9
f 1096.5, which could be used for the unambiguous identifica-
tion of this species. As expected, the MS/MS spectra obtained
in the SIRM experiments exactly matched those represented
in Figures 2-4. These results show how the discrimination of
close-related species is possible using a SIRM configuration and
suggest that this strategy can be used as a new, simple, fast,
straightforward, sensitive, and effective means of conducting
fish species identification in a single LC-MS/MS experiment.

Conclusions

In this work, the de novo sequencing of NDK B from all the
commercial hake and grenadier species belonging to the family

Merlucciidae has been reported. No data are yet available for
the amino acid sequence of this protein for the specimens of
this family. De novo sequencing was carried out by manual and
computer aided interpretation of the spectra obtained by LC-
MS/MS and nano ESI-MS/MS for the peptides produced after
tryptic in-gel digestion of NDK B spots separated by 2-DE. A
high degree of homology was found among the NDK sequences
found for each of the species and the NDK B from Gillichthys
mirabilis. Specific NDK tryptic peptides can be useful for
differentiation among members of the family Merlucciidae,
providing: (i) a selective differentiation between the genus
Merluccius and Macruronus, (ii) a classification of the hake
species into two groups according to their geographic proce-
dence, American or Euro-African hakes, and (iii) an unequivocal
identification of M. bilinearis species from the others. Finally,
the coupling of these peptide biomarkers together with the
SIRM configuration in mass spectrometry provides a simple,

Figure 7. Discrimination of the Merlucciidae species by the monitorization of four NDK B species-specific tryptic peptides. LC-MS/MS
using the SIRM scanning mode was used. The IT detector was set to perform a continuous operation in the MS/MS mode, being
fragmented only the doubly charged ions corresponding to specific peptides at 526.10, 699.30, 665.80, and 887.89 [M + 2H]2+. Total
ion counts for each selected products ions as a function of retention time were plotted for the discrimination of (a) genus Macruronus,
(b) genus Merluccius, American hakes, (c) genus Merluccius, EuroAfrican hakes, and (d) genus Merluccius, M. bilinearis species. Note
that the relative abundance scale is the same in all the examples presented.
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fast, and straightforward method for the routine species
discrimination.
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I.; Gallardo, J. M. Two-dimensional electrophoretic study of the
water-soluble protein fraction in white muscle of Gadoid fish
species. J. Agric. Food Chem. 1998, 46(10), 3991-3997.

(26) Jensen, O. N.; Wilm, M.; Shevchenko, A.; Mann, M. Sample
preparation methods for mass spectrometric peptide mapping
directly from 2-DE gels. Methods Mol. Biol. 1999, 112 513-530.
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SUPPORTING INFORMATION 

 

RESULTS AND DISCUSSION 

 

2-DE analyses of NDK 

As shown in the Figure S-1 and Table 1 of the article, a major NDK spot, with 

an apparent pI between 5.42-5.47 and a Mr around 18.60 kDa, was detected in the Euro-

African hakes: M. merluccius (N1), M. capensis (N2), M. senegalensis (N3), M. polli 

(N4) and M. paradoxus (N5). A different spot, with a pI between 5.04-5.29 and a Mr 

around 17.80 kDa, was detected only in the American hakes: M. hubbsi (N6), M. gayi 

(N7), M. australis polylepsis (N8), M. australis australis (N9), M. productus (N10) and 

M. bilinearis (N11). Finally, both grenadier subspecies: Ma. novaezelandiae 

novaezelandie (N12) and Ma. nov. magellanicus (N13) showed a distinctive spot with a 

pI  between 5.43-5.45 and a Mr around 16.80 kDa. 

 

 

 

 

 

 

 

 

Figure S-1: Cropped regions of representative gradient (12-14 %) silver-stained 2-DE gels showing 

the separated NDK from all hakes or grenadiers studied. Each of the NDK isoforms studied is 

indicated with different Arabic numbers.  M. (Merluccius spp.); Ma. nov. (Macruronus 

novaezelandiae).  

 

 



Table S-1: Complete information of the MALDI-TOF MS analysis of NDK B. 

       Spot Number 
       Merluccius  Macrur 

O.massa  C. massb Delta Peptide Organism Pos. Modification 1 2 3 4 5 6 7 8 9 1
0 

1
1 

1
2 

1
3 

707.19       ● ● ● ● ● ● ● ● ● ● ● ● ● 
788.43 788.56 0.13 HYLDLK Gillichthys mirabilis 48-53               
866.14                    
893.39                    
899.68                    
909.60   (893.39)   MSO              
916.48 916.37 -0.11 QHYLDLK Gillichthys mirabilis 47-53               
942.56                    
955.47 955.50 0.03 PFYAGLCK Scyliorhinus torazame 56-63               
958.66   (942.56)   MSO              
960.64                    
994.43       ● ● ● ● ● ● ● ● ● ● ● ● ● 

1015.86                    
1023.66                    
1039.46   (1023.66)   MSO              
1051.42   (994.43)    ● ● ● ● ● ● ● ● ● ● ● ● ● 
1053.39   (1015.86)   K               
1065.41   (994.43)   CysAcryl               
1067.47                    
1073.66                    
1082.63 1082.19 -0.44 VAIKPDGVQR P. marinus  6-15               
1089.06                    
1105.46 1104.70 -0.76 YMSSGPVFAM Gillichthys mirabilis 64-73 MSO              
1123.30                    
1144.56                    
1146.90                    
1164.50   (1146.90)   MSO              
1174.49                    
1201.45   (1144.56)                 
1217.44   (1144.56)   MSO ● ● ● ● ● ● ● ● ● ● ● ● ● 
1233.52   (1144.56)   MSO;HYDR              
1239.40   (1144.56)   MSO;Na               
1247.45   (1231.38)   MSO ● ● ● ● ● ● ● ● ● ● ● ● ● 
1293.58 1293.50 -0.08 MMLGETNPADSK Gillichthys mirabilis 86-97               
1309.58 1308.55 -1.03 MMLGETNPADSK Gillichthys mirabilis 86-97 MSO              
1330.74 1330.66 -0.08 TFVAIKPDGVQR P. marinus  4-15               
1344.76 1344.70 -0.06 TFIAIKPDGVQR Xenopus laevis, others 4-15               
1352.74 1352.63 -0.11 TFVAIKPDGVQR P. marinus  4-15 Na               
1365.50                    
1366.76 1366.68 -0.08 TFIAIKPDGVQR X. laevis and others 4-15 Na               
1368.74 1368.63 -0.11 TFVAIKPDGVQR P. marinus  4-15 K               
1376.02                    
1397.64                    
1411.71 1411.64 -0.07 NIIHGSDTLENAK Gillichthys mirabilis 112-124               
1419.70 1419.67 -0.03 (1397.64)  112-124 Na               
1435.70 1435.27 -0.43 (1397.64)  112-124 K               
1475.65                    
1487.98                    
1511.74                    
1527.80   (1511.74)   MSO              
1760.60                    
1774.97                    
1775.96   (1760.60)   ACET;MSO              
1791.72   (1774.97)   ACET;MSO              
1792.82   (1760.60)   ACET;MSO;MSO              
1798.07   (1760.60)   ACET;MSO;Na               
1803.87 1803.79 -0.08 MMLGETNPADSKPGSIR Gillichthys mirabilis 86-102               
1807.03                    
1814.21   (1760.60)   ACET;MSO;K               
1819.87 1819.76 -0.11 MMLGETNPADSKPGSIR Gillichthys mirabilis 86-102 MSO ● ● ● ● ● ● ● ● ● ● ● ● ● 
1828.92   (1774.97)   ACET;MSO;K               
1835.87 1835.57 -0.30 MMLGETNPADSKPGSIR Gillichthys mirabilis 86-102 MSO;MSO ● ● ● ● ● ● ● ● ● ● ● ● ● 
1851.87 1851.59 -0.28 MMLGETNPADSKPGSIR Gillichthys mirabilis 86-102 MSO;MSO;MSO              
1913.05                    
1990.04                    
2070.01                    
2086.20                    
2102.51   (2086.20)   MSO              
2107.78   (2086.20)   Na               
2118.30   (2086.20)   MSO;MSO              
2134.30   (2086.20)   MSO;MSO;MSO              
2150.10   (2086.20)   MSO;MSO;MSO 

MSO 
             

2210.91       ● ● ● ● ● ● ● ● ● ● ● ● ● 
2382.60                    

a) Monoisotopic masses in Da; b) Observed mass-calculated mass. O. mass (observed mass) and C. mass (calculated mass); Pos. 
(position); (◘) peptides common to all the species, (■) denotes the presence and (□) the absence of a peak; Cysteine are carboxy-
methylated, MSO: methionine sulfoxide; Na (sodium adduct); K (potassium adduct); HYDR (hydroxylation). 
Macrur: genus Macruronus; Spot numbers corresponding to: (1) M. merluccius, (2) M. capensis, (3) M. senegalensis, (4) M. polli, 
(5) M. paradoxus, (6) M. hubbsi, (7) M. gayi, (8) M. australis polylepsis, (9) M. australis australis, (10) M. productus, (11) M. 
bilinearis, (12) Ma. nov. nov, (13) Ma. nov. magellanicus. 
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