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Matrix protein 1 (M1), the major structural protein of the avian influenza virus, plays a critical
role in regulation of viral RNA transcription via interaction with RNA and transportation of
RNP cores. Mutations in M1 have been frequently observed in the highly virulent avian
influenza H5N1 virus, which might be crucial to the pathogenic function. Here we report the
characterization of mutated peptides in M1 purified from highly pathogenic avian influenza
virus H5N1 by nanoelectrospray MS and MS/MS analyses on a quadrupole-time-of-flight
mass spectrometer (Q-TOFMS). The specificity of tandem mass spectrometry allowed the
identification of six amino acid (AA) substitutions in M1, including R95K, A166V, I168T,
N207S, N224S, and R230K. Two commonly observed modifications such as oxidation and
deamidation were accurately assigned in the protein. Bioinformatics analysis suggested some
relationship between the amino acid substitution and structural property of M1 protein.
Discussions on de novo sequencing of MS/MS spectra, especially in dealing with the AA
substitutions, were provided. (J Am Soc Mass Spectrom 2009, 20, 312–320) © 2009 American
Society for Mass Spectrometry

The influenza A virus causes human infection
every year and continues to be a great threat
against human health [1]. Among the various

subtypes of influenza A virus, avian H5N1, one of the
most highly pathogenic subtypes, has been found to
cross species barrier and to result in human infection in
recent years, including the 1997 and 2003 outbreaks in
Hong Kong [2]. The avian influenza virus can acquire
the ability for transmission to humans, mainly as a
result of adaptive mutation or genetic reassortment in
the strains. Matrix protein 1 (M1), the most abundant
structural protein in influenza A virus, consists of 252
amino acids and plays vital roles in the virus life cycle,
by regulating the transportation of ribonucleoprotein
(RNP) cores into or out of the nucleus [3, 4] and
controlling the termination of viral RNA synthesis
through RNA binding [5, 6]. Although being the most
conserved in the eight structural proteins, M1 has been
frequently observed to exhibit some mutations at sev-
eral sites, especially in avian H5N1 subtypes [7]. These
mutations often resulted in AA substitutions in the
primary structure of M1 and conferred some new
properties by altering the hydrophobicity as well as the

secondary structures. It has also been indicated that
some mutations in certain sites in M1 were crucial to
pathogen function [8–10].
Analysis of antigens from influenza A virus by mass

spectrometry-based approaches was reported [11–13].
MALDI-TOFMS has been applied to identify epitopes
[11, 12] and post-translational modifications in influ-
enza antigens [13]. In recent years, several studies
reported mass spectrometric analysis of the mutation at
the protein level [14–17]. The advantage of soft ioniza-
tion techniques such as ESI and MALDI has allowed the
characterization of large biomolecules such as proteins
with high sensitivity and high accuracy. Using hemoglo-
bin variants as model protein, a variety of mutations were
successfully determined from MS analyses [14, 15]. A
novel cis double mutation in transthyretin was deter-
mined by using liquid chromatography-electrospray ion-
ization Fourier-transform ion-cyclotron-resonance mass
spectrometry [16]. Structural studies of two allelic wheat
glutenin subunits revealed a possible single amino acid
substitution in subunit 1Bx20 [17].
We herein identified six AA substitutions in M1

protein by using nanoelectrospray MS and MS/MS.
Two common modifications such as the oxidation at
methionines and deamidation at asparagines were
identified, and the modification sites were determined.
The obtained results indicated that nanoelectrospray
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ionization Q-TOFMS provided the capability to charac-
terize the AA substitutions in M1 protein.

Experimental

Chemicals and Materials

HPLC grade ACN and methanol were from Fisher
(Fairlawn, NY). Sequencing grade trypsin was obtained
from Promega (Madison, WI). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO). Avian
influenza virus A/Dk/HN/303/2004(H5N1) [18] was
propagated in a biosafety level 3 (BL-3) containment
facility. The genome of this strain of duck-origin influ-
enza virus was partially sequenced, which has been
preserved in State Key Laboratory for Emerging Infec-
tious Diseases, The University of Hong Kong.

Virus Cultivation

Avian influenza virus strain A/Dk/HN/303/2004
(H5N1) was harvested from allantoic fluid of chicken
embryos inoculated as 10-day old embryos and col-
lected 48 h later. Several serial passages in chicken
embryos were carried out to promote potential muta-
tions in virus. Finally, due to the highly pathogenicity
the virus possess, the virus-containing allantoic fluid
was inactivated with 0.03% formalin at 4 °C for 72 h. All
the experiments using the active virus were carried out
in a biosafety level 3 laboratory. The resulting inacti-
vated virus-containing allantoic fluid was then sub-
jected to further experiments.

Isolation of Virus by Ultracentrifugation

The virus-containing allantoic fluid was cleared from
large debris by centrifugation at 5000 g for 30 min. The
virus was collected from the supernatant by pelleting it
through a 5-step discontinuous gradient cushion con-
sisting of 20, 30, 40, 50, and 60% (wt/vol) sucrose, in a
Beckman Rotor SW40 Ti at 155,000 g (35,000 rpm) at
4 °C for 60 min. The resulting virus band between 40%
and 50% sucrose was carefully aspired out from the
SW40 tubes, followed by dilution with four volumes of
buffer (100 mM Tris, 10 mM MgCl2, pH 7.4) to form a
suspension. The virus was then applied to a 2-step
discontinuous gradient of 30% and 60% (wt/vol) su-
crose in Ultra clear SW60 tubes. Centrifugation was run
in a Beckman Rotor SW60 Ti at 38,800 rpm at 4 C for 60
min. The virus band was carefully collected, suspended
in and then freeze at �80 °C until use. The purity of the
virus was checked by SDS-PAGE.

Purification of M1 Protein

Matrix protein 1 was purified from A/Dk/HN/303/
2004(H5N1) by extraction with acidic chloroform-
methanol, as described by Gregoriades [19]. Protein
concentration was assayed by using the DC RC

protein assay kit (Bio-Rad, Hercules, CA, USA) with
BSA as a standard protein.

SDS-PAGE

Electrophoretic analyses were made in a Mini-Cell system
(Bio-Rad, Hercules, CA), and run in 12% tris-glycine-SDS
polyacrylamide gels with a 5% stacking gel at a constant
voltage setting of 100 V. Samples were prepared by
dilution with reducing sample loading buffer and boiling
at 95 °C for 5 min. After electrophoretic separation, the
gels were stained with colloidal Coomassie G250 and
scanned with a calibrated densitometer (GS800, Bio-Rad).

In-Solution Digestion

The protein sample (approximate 1.0 ug protein) was
prepared by dilution with equal volume of 25 mM
ammonium bicarbonate. After cysteines in M1 were
reduced and then alkylated, the sample was digested by
addition of sequencing grade modified porcine trypsin
(Promega, Madison, WI) in a trypsin to protein weight
ratio of 1:20. The mixture was left for 16 h or overnight
at 37 °C. The resulting tryptic peptide mixture was
stored at �20 °C until analysis.

Nanoelectrospray Mass Spectrometric Analysis

After desalted and purified by using ZipTip C18 pipette
tips (Millipore, Bedford, MA), the tryptic peptides were
analyzed on a quadrupole orthogonal acceleration time-
of-flight mass spectrometer (QSTAR; Applied Biosystems,
CA) equipped with an external nanoelectrospray ion
source (Protana A/S, Odense, Denmark). Renin substrate
was used to calibrate the instrument in the both MS and
MS/MSmode. Approximately 2 �L of sample was loaded
into a PicoTip emitter (New Objective, Woburn, MA).
After the full mass spectra (parent ions) of tryptic peptides
were obtained in TOFMS mode, the charge states of the
peptides were assigned from the observed stable isotope
pattern. The parent ions of interest were then subject to
sequence analysis in product ion mode. In the product ion
mode acquisition, the resolution of Q1 was typically set at
a unit to insure the “purity” of the selected ions as long as
their intensity was high enough. Manual de novo se-
quencing of peptide tandem mass spectra was performed
with the aid of Pepsea (1.1) in Analyst QS 1.1 software
(MDS SCIEX, Concord, Canada).

Bioinformatics Analysis of the AA Substitutions
Identified in M1 Protein

Hydrophobicity values of the six AA substitutions were
calculated using ProtScale at ExPASy [20] with the
Kyte-Doolittle hydrophobicity scale. Secondary struc-
tures were predicted by using nnPREDICT [21]. Protein
stability changes upon mutations were predicted by
using I-Mutant 2.0 [22].
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Results and Discussion

Purification and Identification of M1 Protein

The cultivation of influenza virus in chicken embryos
was performed in several serial passages to improve the
chance of multigenic mutations [23]. The purification of
virus particles from allantoic fluid was carried out by
using ultracentrifugation in discontinuous sucrose
cushion. After pelleted in SW40 rotor, the virus particles
were subjected to a further purification in a small SW60
rotor to eliminate the possible contaminations from
allantoic fluid. Finally, M1 protein was extracted from
the purified virus by using acidic chloroform-methanol.
The purity of M1 protein was checked by SDS-PAGE
(Figure 1). The purified M1 protein was then subjected
to tryptic digestion and mass spectrometric analysis.
The tryptic digests were analyzed by using nanoelec-

trospray MS and MS/MS. After the MS spectrum of the
tryptic digests was recorded, the MS/MS analysis of
each peak was performed. With the aid of MASCOT
and Pepsea software, the peptides that had not under-
gone mutation were identified. A MASCOT score of 418
was obtained after the database searching against the
SwissProt database in the entries of other viruses on a
local Mascot server with the following parameters: one
missed cleavage, fixed cysteine carbamidomethylation,
and variable modifications such as asparagine/glu-
tamine deamidation and methionine oxidation. Careful
evaluation of the available data also allowed the iden-
tification of several mutated peptides. Accordingly, a

total of 19 tryptic sequences (T1–T19) were identified,
which allowed the assignment of 14 unique peptide
sequences (Table 1). Sequence coverage of 70% was
obtained. By performing external calibration using re-
nin substrate, the Q-TOFMS analysis of the peptides
was achieved with mass accuracy within 27 ppm for the
m/z values of monoisotopic peaks.

Identification of R95K Substitution

Through the careful inspection of the available MS/MS
spectra, some spectra with very similar fragmentation
pattern and/or ion series were found and sorted into
individual groups. Two doubly charged ion peaks at
m/z 933.40 (T5) and 925.41 (T6), as well as three triply
charged ion peaks at m/z 622.61 (T5), 629.93 (T5), and
617.28 (T6) displayed similar MS/MS spectra. A com-
prehensive analysis of their MS/MS spectra allowed
determination of the primary sequence of the peaks at
m/z 617.28 and 925.41 as FVQNALDGDGDPNNMDK
(Figure 2). The peaks at m/z 622.61 and 933.40 were
identified as the peptide similar to that from m/z 617.28
and 925.41 except with the methionine oxidized. The
ion at m/z 629.93 was the sodium adduct of the ion at
m/z 622.61. Among these five signals observed, the ion
at m/z 622.61 displayed the highest intensity and thus
was selected for the subsequent investigation.
Through comparison with the expected sequence

in M1 protein, it was easy to locate the peptide
sequence in the residues from 79 to 95 in M1 as
FVQNALNGNGDPNNMDR. In Figure 2, the obtained
y-series ions enabled the determination of two deami-
dation modifications at N85 and N87 in the correspond-
ing peptide. Similar deamidation modifications were
not observed in the remaining three asparagines in this
peptide. It was noticed that the neighboring residues
next to the deamidated asparagines (N85 and N87) were
glycines. The observed pattern of deamidation was
consistent with the findings that glycine was observed
as the most common (N � 1) neighboring residue in
proteins in which deamidation was established and
characterized [24, 25]. Accordingly, theoretical values of
the deamidated peptide FVQNALNGNGDPNNMDR
are m/z 631.93 and 947.41 for triply charged and doubly
charged species, respectively, considering that the me-
thionine is oxidized. The measured mass difference
between the expected and measured peptides was
�28.02 and �27.96 Da, which was calculated from the
data of T5 with double charge and triple charge, respec-
tively. Two possible amino acid residues, namely V80,
R95, in T5 peptide may have a nominal mass shift of�28
Da upon AA substitution: R¡K (�28.01 Da), V¡A
(�28.03 Da) and R¡Q (�28.04 Da). Since Q was not a
typical C-terminal residue of tryptic peptides, AA sub-
stitution of R¡Q (�28.04 Da) was first eliminated. So
the site upon mutation could be suggested at R95 (R¡K)
or V80 (V¡A).
The analysis of MS/MS spectrum of the ion peaks

was then performed to discriminate which one of the

Figure 1. Purification ofM1 from allantoic fluid. The virus particles
were subject to ultracentrifugation in sucrose cushion to obtain
purified virus. M1 protein was extracted by acidic chloroform-
methanol from the purified virus. Samples were examined on a 12%
SDS-PAGE, followed by colloidal Coomassie G250 staining. Lane 1:
marker, lane 2: purified M1, lane 3: purified virus, lane 4: allantoic
fluid.
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two residues was substituted. The observation of diag-
nostic y1 ion of m/z 147 for K as well as absence of y1 ion
of 175 for R in the MS/MS spectra of T5 and T6

suggested that the tryptic peptide was very likely to
have a K residue at the C-terminus. Additionally, the
detection of b2 ion at m/z 247.14 and the a2 ion at m/z

Figure 2. ESI-MS/MS spectrum of triply charged T5 peak at m/z 622.61. It was identified as the
mutated peptide (FVQNALN*GN*GDPNNM*DK) of an expected sequence (residues 79–95) from
tryptic digestion of M1 (M*: mono-oxidized methionine; N*: deamidated asparagine).

Table 1. Summary of tryptic peptides identified in M1 protein from the avian influenza virus [A/Dk/HN/303/2004(H5N1)]

Peak ID Peptide sequence
Charge
status

Calculated m/z
(monoisotopic)

Measured m/z
(monoisotopic)

Error
(ppm) Residues

T1 LEDVFAGK 2 439.73 439.74 23 28–35
T2 NTDLEVLM*EWLK 2 739.86 739.87 14 36–47
T3 TRPILSPLTK 3 375.90 375.91 27 48–57
T3 TRPILSPLTK 2 563.35 563.36 18 48–57
T4 GILGFVFTLTVPSER 3 545.98 545.98 0 58–72
T4 GILGFVFTLTVPSER 2 818.46 818.45 �12 58–72
T5 FVQNALN*GN*GDPNNM*DK 3 622.60 622.61 16 79–95
T5 FVQNALN*GN*GDPNNM*DK 2 933.40 933.40 0 79–95
T5 FVQNALN*GN*GDPNNM*DK�Na 3 629.93 629.93 0 79–95
T6 FVQNALN*GN*GDPNNMDK 3 617.27 617.28 16 79–95
T6 FVQNALN*GN*GDPNNMDK 2 925.40 925.41 11 79–95
T7 EITFHGAK 2 451.74 451.74 0 106–113
T8 M*GTVTTEVAFGLVCATCEQIADSQHR 3 928.43 928.44 11 135–160
T9 QMVTTTNPLIR 2 637.35 637.35 0 164–174
T10 QM*VTTTNPLIR 2 645.35 645.35 0 164–174
T11 MVLASTTAK 2 461.26 461.26 0 179–187
T12 M*VLASTTAK 2 469.25 469.26 21 179–187
T13 AM*EQM*AGSSEQAAEAM*EVASQAR 3 811.01 811.01 0 188–210
T14 AM*EQMAGSSEQAAEAM*EVASQAR 3 805.68 805.68 0 188–210
T15 AM*EQMAGSSEQAAEAMEVASQAR 3 800.35 800.36 12 188–210
T16 QMVQAMR 2 432.21 432.22 23 211–217
T17 TIGTHPSSSAGLK 2 628.34 628.34 0 218–230
T17 TIGTHPSSSAGLK 3 419.23 419.23 0 218–230
T18 DNLLENLQAYQK 2 724.87 724.87 0 231–242
T18 DNLLENLQAYQK 3 483.58 483.59 21 231–242
T19 M*GVQMQR 2 433.20 433.21 23 244–250

M�: mono-oxidized methionine; N*: deamidated asparagine; the identified mutated amino acid residues were highlighted.
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219.14 indicated with great certainty that the first two
residues in the peptide were FV, of which the theoret-
ical mass values were 247.14 and 219.15, respectively.
Therefore, the site upon mutation was confidently de-
termined at R95 (R¡K).

Identification of A166V and I168T Substitutions

Two doubly charged ion peaks T9 and T10 with m/z
637.35 and 645.35, respectively, were detected with a
very similar pattern of fragment ion series (Figure 3).
The produced fragment ion at m/z 175 indicated that the
corresponding peptides possibly ended with an R at the
C terminus. De novo sequencing of the spectra sug-
gested both peptides shared the same internal sequence
of VTTTN, which was deduced from the y-ion series
with m/z 1014.54, 915.48, 814.46, 713.41, 612.37, and
498.32. The inverse sequence NTTTV deduced from the
same ion series, which were considered as b-ions, was
less possible because the y-ion intensity of R-terminated
tryptic peptides would often be most prominent in the
spectra, particularly at the high end of the spectra. The
nominal mass difference between T9 and T10 was 16
Da, indicating that an oxidation, one of the most com-
monly observed modifications in peptides (usually at
methionine), might take place in T10. It should be
mentioned that the mass shift of 16 Da between T9 and
T10 might not be incurred by AA substitution due to
the empirical assumption that certain AA substitution

resulted from gene mutation often exhibited in a homo-
geneous way.
The expected sequence of the tryptic peptide ranging

from 164 to 174 in M1 protein was QMATITNPLIR. The
theoretical m/z values of the doubly charged ions were
637.35 and 629.35 for the methionine-oxidized and
native peptides, respectively. Although the theoretical
value of 637.35 was the same as the measured value of
T9 (637.35), the MS/MS spectrum of T9 exhibited totally
different fragment ion series from those theoretically
deduced from QMATITNPLIR. Therefore, T9 did not
have the sequence of QMATITNPLIR.
Finally, the doubly charged ion peak T10 with m/z

645.35 was identified as the mutated peptide from the
expected sequence QMATITNPLIR (164–174) with two
mutated sites: A166 (A¡V) and I168 (I¡T). The combi-
nation of the AA substitution: A¡V (28.03 Da) and I¡T
(�12.04 Da) resulted in a difference of nominal mass of
16 Da between the expected and the mutated peptides.
In addition to the y-ion series from y4 to y9, other
characteristic ions such as b2, b2-NH3, b3, b3-NH3, and
b4-NH3 were also readily assigned, confirming the
identification. T9 was then identified as the same se-
quence with T10, but with the notoxidized methionine.

Identification of N207S Substitution

The expected sequence of the peptide ranging from 188 to
210 in M1 protein was AMEQMAGSSEQAAEAMEVAN-

Figure 3. ESI-MS/MS spectrum of doubly charged T10 peak at m/z 645.35. It was identified as the
mutated peptide (QM*VTTTNPLIR) of an expected sequence (residues 164–174) from tryptic
digestion of M1 (M*: mono-oxidized methionine).
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QAR. The theoretical m/z values of the triply charged
ions were 809.35, 814.68, and 820.01 for the one, two,
and three oxidized methionines, respectively. The
peaks of T15, T14, and T13 with m/z 800.36, 805.68 and
811.01, respectively, were identified as the sequence of
AMEQMAGSSEQAAEAMEVANQAR with various ox-
idative states of methionines. However, a difference of
nominal mass of�27 Da was observed for T15, T14, and
T13, compared with the same sequence peptide with
one, two, and three oxidized methionines. Two differ-
ent types of AA substitutions with the nominal mass
shift of �27 Da upon AA substitution were possible,
namely N¡S (�27.01 Da), K¡T (�27.05 Da). Since one
N and no K residue was presented in the peptide se-
quence, the mutation site could be determined at the N
residue (N¡S). The clearly assigned y-ion series from y1
to y13 confirmed the mutation at the position (Figure 4).

Identification of N224S and R230 Substitutions

The isotope pattern in MS spectra and the fragmenta-
tion pattern in MS/MS spectra of the both ions at m/z
628.34 and m/z 419.23 demonstrated that they were
doubly charged and triply charged ions of a same
peptide (T17), respectively. De novo sequencing of the
MS/MS spectra of T17 suggested a partial sequence of
PSSSAG(L/I)K (Figure 5), which was very similar to the
expected sequence of PNSSAGLR (223–230) in M1 pro-
tein. The expected sequence of the tryptic peptide
containing PNSSAGLR was TIGTHPNSSAGLR (218–

230) with a theoretical m/z values at 655.84 and 437.56
for doubly charged and triply charged ions, respec-
tively. Therefore, it could readily assign the sequence of
T17 as a mutated sequence of TIGTHPNSSAGLR. The
nominal mass shift between the mutated and expected
peptide was �55 Da. The only type of AA substitution
exhibiting the nominal mass shift of �55 Da was R¡T
(�55.05 Da), which was unlikely because T was not a
typical cleavage site of trypsin. Therefore, combination
of multiple AA substitutions was investigated for this
peptide. Similar to the MS/MS spectrum of T5 and T6,
a fragment ion at m/z 147 was observed and no signal at
m/z 175 was found, suggesting that the AA substitution
of R¡K (�28.01 Da) took place at the C terminus. The
additional mass difference of 27 Da might result from
one of the two potential AA substitutions, namely N¡S
(�27.01 Da) or K¡T (�27.05 Da). Because only one N
was present in the expected peptide sequence, the AA
substitution N¡S (�27.01 Da) at N224 could be readily
deduced. The suggestion was supported by the detection
of y ion series in MS/MS spectra of the corresponding
peptide. Similar to the identification of T9 and T10, T17
was identified as a tryptic peptide TIGTHPSSSAGLKwith
two AA substitutions in M1 protein.
In summary, six AA substitutions were identified by

nanoelectrospray MS and MS/MS in four tryptic pep-
tides of M1 protein of avian influenza H5N1 virus
(Figure 6). Noticeably, none of the peaks of the corre-
sponding expected peptides of these four mutated
peptides were detected, indicating that the AA substi-

Figure 4. ESI-MS/MS spectrum of triply charged T13 peak at m/z 811.01. It was identified as the
mutated peptide (AM*EQM*AGSSEQAAEAM*EVASQAR) of an expected sequence (residues
188–210) from tryptic digestion of M1 (M*: mono-oxidized methionine).
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tutions resulted from the gene mutations in M1 might
take place in a homogenous way. This phenomenon
was different from the modification on amino residues
such as deamidation or oxidation, which showed sev-
eral variants of the same peptide with different status of
modification. The MS/MS spectra of T9 and T10 exhib-
ited similar fragmentation patterns, suggesting they
might share the same or very similar sequence.
Therefore, the mass difference of 16 Da between these
two peptides was subjectively determined as the
modification occurring at certain residue (oxidation
at methionine), rather than AA substitution. Similar
fragmentation was also found in the analysis of T13,
T14, and T15. If a group of peaks with very similar
fragmentation patterns were detected in tryptic pep-
tides, the difference in nominal mass should not be
attributed to AA substitution, but to probable modi-
fications. When the AA-substituted peptide was de-
tected, the corresponding native peptide was usually
not found in the same sample. AA substitutions could
be usually detected in variants of the same protein

originating from individual samples with different
physiological status. This observation might be useful
in de novo sequencing of MS/MS spectra, especially
in the analysis of real samples underlying possible
AA substitution.
Analysis of antigens from influenza A virus by

mass spectrometry-based approaches was reported
[11–13]. An immunoaffinity-coupled mass spectro-
metric method was developed and used to identify an
antigenic epitope to a monoclonal antibody against
hemagglutinin (HA), one of the envelope proteins in the
viral particles [11, 12]. By using MALDI-TOFMS, acyla-
tion modification in the C-terminal HA2 was investi-
gated [13]. In the present study, nanoelectrospray MS
and MS/MS were employed to analyze the primary
structure of the M1 from a highly pathogenic avian
influenza A (H5N1) strain through the de novo se-
quencing of peptides. During nanospray ESI-MS anal-
ysis of mutated peptides, mass accuracy lower than 27
ppm was achieved with external calibration. At this
level of mass accuracy, some AA substitutions could
not be confidently assigned without MS/MS analysis.
For the identification of R95K in the peptide T5 and T6,
for example, the theoretical mass shift of the two
possible AA substitutions was �28.01 and �28.03 Da
for the mutation of R¡K and V¡A, respectively. Be-
cause the measured mass shift was �28.02 Da between
the expected and mutated T5 peptide, it was impossible
to determine whether the mutation was R¡K or V¡A
in the peptide. However, if mass accuracy of 1 to 2 ppm
could be achieved, for example by FT-MS, assignment
of the different AA substitution could be possible.

Figure 5. ESI-MS/MS spectrum of triply charged T17 peak at m/z 419.23. It was identified as the
mutated peptide (TIGTHPSSSAGLK) of an expected sequence (residues 218–230) from tryptic
digestion of M1.
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GFVFTLTVPS   ERGLQRRRFV   QNALNGNGDP  NNMDRAVKLY   KKLKREITFH  GAKEVALSYS 

130 140 150 160 170         180
TGALASCMGL  IYNRMGTVTT     EVAFGLVCAT   CEQIADSQHR    SHRQMAT ITN  PLI RHENRMV 

190 200 210 220 230 240
LASTTAKAME  QMAGSSEQAA   EAMEVANQAR  QMVQAMRTIG THPNSSAGLR DNLLENLQAY

250
QKRMGVQMQR FK

K
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Figure 6. Summary of the mutation sites in M1 protein of avian
influenza virus [A/Dk/HN/303/2004(H5N1)] identified by using
nanoelectrospray MS and MS/MS.

318 LIU ET AL. J Am Soc Mass Spectrom 2009, 20, 312–320



Changes in Hydrophobicity, Secondary Structure,
and Protein Stability

Among the six mutations identified, I168T was found to
be a non-synonymous mutation, resulting in the change
from hydrophobic to hydrophilic at the mutation site.
The other five mutations, namely R95K, A166V, N207S,
N224S, and R230K, were synonymous and would not
have the change. Prediction for the secondary structure
by nnPREDICT software indicated that there was a
change from random coil to extended strand in the
secondary structure at residue of 166 upon the substi-
tution of A to V. The other five AA substitutions did not
alter the secondary structure at the respective site.
Changes of protein stability upon the individual muta-
tions were also evaluated by using I-Mutant 2.0 soft-
ware. Estimation of protein stability was performed by
calculating the free-energy change (��G) upon muta-
tion. The result showed that each of the six AA substi-
tutions exhibited a decrease in free-energy and decrease
in the stability of M1 protein (Table 2).

Conclusions

Six AA substitutions in avian influenza H5N1 virus
matrix protein 1 located in four tryptic peptides of the
protein were identified from the nanoelectrospray
Q-TOFMS and MS/MS analyses, of which some rele-
vance between the changes in protein structures and the
AA substitutions were revealed from the bioinformatics
analyses. Mass spectrometric analyses also allowed the
site assignment of some commonly observed modifica-
tions such as oxidation (M) and deamidation (N) in M1
protein. Among the four mutated peptides identified in
the tryptic digest of M1, two peptides bearing only one
AA substitution were initially identified. A great ben-
efit can be derived from significant improvement of
measurement accuracy (�1 to 2 ppm) in analyzing
peptides bearing only one AA substitution when a
high-resolution mass spectrometer such as FT-MS is
used. But for the determination of the two peptides
bearing two AA substitutions, MS analysis with high-
resolution mass measurement alone is insufficient,
whereas the interpretation of MS/MS fragmentations
will play a pivotal role. The specificity of MS/MS

enables the de novo sequencing of the mutated pep-
tides, which may be useful for investigating various
virus species with high mutability, such as the influenza
virus.

References
1. Brankston, G.; Gitterman, L.; Hirji, Z.; Lemieux, C.; Gardam, M.
Transmission of Influenza A in Human Beings. Lancet Infect. Dis. 2007,
7, 257–265.

2. Nicholson, K. G.; Wood, J. M.; Zambon, M. Influenza. Lancet. 2003, 362,
1733–1745.

3. Martin, K.; Helenius, A. Nuclear Transport of Influenza Virus Ribo-
nucleoproteins: The Viral Matrix Protein (M1) Promotes Export and
Inhibits Import. Cell. 1991, 67, 117–130.

4. Whittaker, G.; Bui, M.; Helenius, A. Nuclear Trafficking of Influenza
virus Ribonucleoproteins in Heterokaryons. J. Virol. 1996, 70, 2743–2756.

5. Elster, C.; Larsen, K.; Gagnon, J.; Ruigrok, R. W.; Baudin, F. Influenza
virus M1 protein binds to RNA through its nuclear localization signal.
J. Gen. Virol. 1997, 78, 1589–1596.

6. Garcia-Robles, I.; Akarsu, H.; Müller, C. W.; Ruigrok, R. W.; Baudin, F.
Interaction of Influenza Virus Proteins with Nucleosomes. Virology.
2005, 332, 329–336.

7. Anwar, T.; Lal, S. K.; Khan, A. U. Matrix Pprotein 1: A Comparative in
Silico Study on Different Strains of Influenza A H5N1 Virus. Bioinfor-
mation. 2006, 1, 253–256.

8. Hui, E. K.; Smee, D. F.; Wong, M. H.; Nayak, D. P. Mutations in
Influenza Virus M1 CCHH, the Putative Zinc Finger Motif, Cause
Attenuation in Mice and Protect Mice Against Lethal Influenza Virus
Infection. J. Virol. 2006, 80, 5697–5707.

9. Govorkova, E. A.; Gambaryan, A. S.; Claas, E. C.; Smirnov, Y. A. Amino
Acid Changes in the Hemagglutinin and Matrix Proteins of Influenza a
(H2) Viruses Adapted to Mice. Acta Virol. 2000, 4, 241–248.

10. Liu, T.; Ye, Z. Restriction of Viral Replication by Mutation of the
Influenza Virus Matrix Protein. J. Virol. 2002, 76, 13055–13061.

11. Kiselar, J. G.; Downard, K. M. Antigenic Surveillance of the Influenza
Virus by Mass Spectrometry. Biochemistry. 1999, 38, 14185–14191.

12. Morrissey, B.; Downard, K. M. A Proteomics Approach to Survey the
Antigenicity of the Influenza Virus by Mass Spectrometry. Proteomics.
2006, 6, 2034–2041.

13. Serebryakova, M. V.; Kordyukova, L. V.; Baratova, L. A.; Markushin,
S. G. Mass Spectrometric Sequencing and Acylation Character Analysis
of C-Terminal Anchoring Segment from Influenza A Hemagglutinin.
Eur. J. Mass Spectrom. (Chichester, Eng). 2006, 12, 51–62.

14. Tanaka, K.; Takenaka, S.; Tsuyama, S.; Wada, Y. Determination of
Unique Amino Acid Substitutions in Protein Variants by Peptide Mass
Mapping with FT-ICR MS. J. Am. Soc. Mass Spectrom. 2006, 17, 508–513.

15. Mandal, A. K.; Bisht, S.; Bhat, V. S.; Krishnaswamy, P. R.; Balaram, P.
Electrospray Mass Spectrometric Characterization of Hemoglobin Q
(Hb Q-India) and a Double Mutant Hemoglobin S/D in Clinical
Samples. Clin. Biochem. 2008, 41, 75–81.

16. Nepomuceno, A. I.; Mason, C. J.; Muddiman, D. C.; Bergen, H. R. III;
Zeldenrust, S. R. Detection of Genetic Variants of Transthyretin
by Liquid Chromatography-Dual Electrospray Ionization Fourier-
Transform Ion-Cyclotron-Resonance Mass Spectrometry. Clin. Chem.
2004, 50, 1535–1543.

17. Cunsolo, V.; Foti, S.; Saletti, R.; Gilbert, S.; Tatham, A. S.; Shewry, P. R.
Structural Studies of the Allelic Wheat Glutenin Subunits 1Bx7 and
1Bx20 by Matrix-Assisted Laser Desorption/Ionization Mass Spectrom-
etry and High-Performance Liquid Chromatography/Electrospray Ion-
ization Mass Spectrometry. J. Mass Spectrom. 2004, 39, 66–78.

18. Li, K. S.; Guan, Y.; Wang, J.; Smith, G. J.; Xu, K. M.; Duan, L.; Rahardjo,
A. P.; Puthavathana, P.; Buranathai, C.; Nguyen, T. D.; Estoepangestie,
A. T.; Chaisingh, A.; Auewarakul, P.; Long, H. T.; Hanh, N. T.; Webby,

Table 2. Summary of changes in hydrophobicity, secondary structure and protein stability upon the six AA substitutions identified
in M1 from the avian influenza virus [A/Dk/HN/303/2004(H5N1)]

Residue position
of substitution

Change of
residue

Change in hydrophobicity
(Kyte-Doolittle)

Change in secondary
structure

��
G*

Change in protein
stability, RI*

95 R¡K �0.800¡�0.733 H �1.05 Decrease, 9
166 A¡V �0.878¡�1.189 C¡E �0.22 Decrease, 1
168 I¡T 0.222¡�0.089 C �1.97 Decrease, 8
207 N¡S �0.978¡�0.678 H �0.64 Decrease, 4
224 N¡S �1.067¡�0.767 C �0.09 Decrease, 6
230 R¡K 0.056¡0.122 C �1.43 Decrease, 7

H: alpha helix; E: extended strand; C: random coil; �� G*: � G (free energy value of mutated sequence) � � G (free energy value of expected
sequence) in kcal/mol; �� G � 0: decrease stability; �� G � 0: increase stability; RI*: reliability index for the predicted sign.

319J Am Soc Mass Spectrom 2009, 20, 312–320 MAPPING AMINO ACID SUBSTITUTIONS IN MATRIX PROTEIN 1



R. J.; Poon, L. L.; Chen, H.; Shortridge, K. F.; Yuen, K. Y.; Webster, R. G.;
Peiris, J. S. Genesis of a Highly Pathogenic and Potentially Pandemic
H5N1 Influenza Virus in Eastern Asia. Nature. 2004, 430, 209–213.

19. Gregoriades, A. The Membrane Protein of Influenza Virus: Extraction
from Virus and Infected Cell with Acidic Chloroform-Methanol. Virol-
ogy. 1973, 54, 369–383.

20. http://ca.expasy.org/tools/protscale.html.
21. http://www.cmpharm.ucsf.edu/�nomi/nnpredict.html.

22. http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant2.0/I-Mutant2.0.cgi.
23. Widjaja, L.; Ilyushina, N.; Webster, R. G.; Webby, R. J. Molecular

Changes Associated with Adaptation of Human Influenza A Virus in
Embryonated Chicken Eggs. Virology. 2006, 350, 137–145.

24. Robinson, N. E.; Robinson, A. B. Deamidation of Human Proteins. Proc.
Natl. Acad. Sci. U.S.A. 2001, 98, 12409–12413.

25. Robinson, N. E. Protein Deamidation. Proc. Natl. Acad. Sci. U.S.A. 2002,
99, 5283–5288.

320 LIU ET AL. J Am Soc Mass Spectrom 2009, 20, 312–320



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


