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A de novo sequencing program for proteins is described that uses
tandem MS data from electron capture dissociation and collision-
ally activated dissociation of electrosprayed protein ions. Com-
puter automation is used to convert the fragment ion mass values
derived from these spectra into the most probable protein se-
quence, without distinguishing LeuyIle. Minimum human input is
necessary for the data reduction and interpretation. No extra
chemistry is necessary to distinguish N- and C-terminal fragments
in the mass spectra, as this is determined from the electron capture
dissociation data. With parts-per-million mass accuracy (now avail-
able by using higher field Fourier transform MS instruments), the
complete sequences of ubiquitin (8.6 kDa) and melittin (2.8 kDa)
were predicted correctly by the program. The data available also
provided 91% of the cytochrome c (12.4 kDa) sequence (essentially
complete except for the tandem MS-resistant region K13–V20 that
contains the cyclic heme). Uncorrected mass values from a 6-T
instrument still gave 86% of the sequence for ubiquitin, except for
distinguishing GlnyLys. Extensive sequencing of larger proteins
should be possible by applying the algorithm to pieces of '10-kDa
size, such as products of limited proteolysis.

Fourier transform MS u electrospray ionization u electron capture
dissociation

Mass spectrometry (MS) has proven to be a valuable
method for characterizing linear biomolecules, espe-

cially peptides and proteins (1–4). ‘‘Soft’’ ionization tech-
niques such as matrix-assisted laser desorptionyionization (5)
and electrospray ionization (6) are crucial to such character-
izations as they allow large molecules to be vaporized and
ionized with minimal dissociation. For an unknown protein
that is actually represented in a genomic database, MS se-
quence information sufficient for its identification often can be
obtained from the product masses resulting from dissociation
of the protein either by proteolysis (7–11) or by molecular ion
fragmentation [tandem MS (MSyMS)] (12). The uniqueness
of the very limited data of such a ‘‘mass fingerprint’’ (7–11) or
a ‘‘sequence tag’’ (12, 13) can often alone retrieve a single
correct protein from the database. However, modifications
after transcription (e.g., RNA splicing and posttranslational
modifications) are not detailed in the genetic code, which also
could contain errors, and the genome from which the protein
is derived also may not have been sequenced. In these cases,
protein de novo sequencing becomes necessary. An automated
MSyMS method providing the complete sequence of a 76-
residue protein is described here.

A basic limitation of MS de novo sequencing methods (14–19)
is the necessity for backbone cleavage between each pair of
adjacent amino acids; a mass value representing a terminal
fragment containing only one of the two residues is a first
requirement for ordering of a specific pair. However, as proteins
become larger, a smaller proportion of the backbone bonds are
cleaved by collisionally activated dissociation (CAD) (20–22),
infrared multiphoton dissociation (23), and other methods that
induce threshold energy dissociation (24, 25). Additional cleav-
ages that are required for sequencing can be achieved with
specific enzymes (1–3, 7–11, 13–16, 26), peptide derivatization

(27), or MS ‘‘ladder sequencing’’ using mixtures from N-terminal
Edman (15) and C-terminal carboxypeptidase (28) cleavages.
However, chemical or enzymatic treatment of the sample greatly
increases sample requirements; without this, MS sequence in-
formation has been obtained from '10217 moles of peptides (29)
and proteins (30).

A new MSyMS method, electron capture dissociation (ECD)
(31–35), induces far more general backbone cleavage through
nonergodic dissociation, deriving extensive sequence informa-
tion from proteins as large as 42 kDa (36). In contrast to
fragment ions from CAD, ECD fragments always contain either
the N or C terminus, and these can be distinguished if dissoci-
ations between the same residue pair yield both a y and a c or zz
ion (Eq. 1). For ubiquitin

(8.6 kDa), every amino acid pair has been separated to form the
combined products of its ECD and CAD spectra (3), based on
mass assignments from its known sequence. Here we examine
the opposite problem of the de novo conversion of these mass
values, despite consideration of many more unassignable values,
into an accurate sequence with a fully automated computer
program. The importance of high mass accuracy is shown by
using data of Fourier transform MS (FTMS) (3, 37–40) to
predict sequences, and their reliability, for melittin (2.8 kDa),
ubiquitin (8.6 kDa), and cytochrome c (12.4 kDa), all noncyclic
proteins (except for the heme in cytochrome c) with known
termini and no posttranslational modifications.

Materials and Methods
Materials. Electrospray ionization used 20 mM solutions of melit-
tin, bovine ubiquitin, and equine cytochrome c in 49:49:2
(volyvol) methanolywateryacetic acid solution. All samples and
solvents were obtained from Sigma.

MS. All spectra were obtained on a modified 6-T Finnigan FTMS
(41) using nanoelectrospray ionization (30, 42). Protein molec-

Abbreviations: MSyMS, tandem MS; ECD, electron capture dissociation; CAD, collisionally
activated dissociation; FTMS, Fourier transform MS; ppm, parts per million; SyN, sig-
nalynoise.
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ular ions were dissociated directly by activated ion ECD (‘‘in-
beam’’) (36) or isolated by stored waveform inverse Fourier
transform (43) and subjected to ECD (35). Melittin spectra were
scanned starting from myz 400 and those of ubiquitin and
cytochrome c from myz 500. These spectra were reduced to a set
of monoisotopic masses using THRASH (44).

Data for de Novo Sequencing. CAD and ECD are complementary
(Eq. 1); CAD cleaves the amide bond to yield b and y fragment
ions, whereas ECD cleaves the amine bonds to yield c and zz ions,
plus cleavages producing a minor amount of az and y ions
(31–36). Both spectra are necessary to maximize the number of
amino acid pairs that are separated. For example, cyclic proline
forms two amine bonds, preventing backbone separation after a
single cleavage, but CAD preferentially cleaves the amide bond
on the N-terminal side of proline. The mass values used for the
de novo sequencing of ubiquitin are from a conventional ECD
spectrum of the 121 molecular ions (20 scans), an in-beam ECD
spectrum of the 71 to 131 ions (50 scans), and a nozzle-skimmer
CAD spectrum (22) of 51 to 131 ions (33 scans). Values for
melittin were from an ECD spectrum of 51 ions (12 scans) and
a nozzle-skimmer CAD spectrum of 31 to 51 ions (1 scan).
Mass values for cytochrome c are from an in-beam ECD
spectrum of 81 to 181 ions (100 scans), a conventional ECD
spectrum of the 151 ions (70 scans), and a sustained off-
resonance irradiation CAD (21, 22) of the 141 ions (7 scans).

Mass Accuracy. Most of the spectra used here were internally
calibrated to 2–3 parts-per-million (ppm) error by using the
remaining molecular ions in the spectra. Because of lower
resolution, the nozzle-skimmer CAD spectra for ubiquitin and
melittin could be calibrated only to '15 ppm accuracy. Sub-ppm
accuracy has been demonstrated for instruments with magnetic
fields higher than the 6 T used here (39, 40, 45); the algorithm
will be demonstrated after first correcting the ubiquitin data to
1 ppm accuracy and the cytochrome c and melittin data to 15
ppm where necessary. The actual data then will be used for
ubiquitin.

De Novo Sequencing Program. This algorithm uses PV-WAVE ver-
sion 6.10 (Visual Numerics, Houston, TX), and all examples
were demonstrated on a 275-MHz Sun Ultra 5 workstation.
Three algorithm input values are required: (i) an accurate value
for the monoisotopic mass of the molecular ion (Mm) to be
sequenced, (ii) separate lists of monoisotopic mass values from
the ECD and CAD spectra, and (iii) the allowed ppm mass
accuracy (the mass tolerance is double for combination and
comparison of the mass values).

From the list of masses, the program first identifies all pairs of
complementary fragments (two fragments that sum to the mass
of the molecular ion) (26), within the ppm tolerance specified
above. ECD spectra have two types of pairs (c 1 zz 5 Mm 1 Hz

and az 1 y 5 Mm 1 Hz 2 27.99) and the CAD one (b 1 y 5 Mm)
(adventitious CAD also can give b, y ions in ECD spectra). These
pairs are stored separately and erased from the initial mass list.

In previous MSyMS studies, determining which ion of a pair
is b or y requires separate treatment such as 18O labeling of the
C terminus (17) or chemical derivatization for amplification of
only N- or C-terminal fragments (27, 46). Here this is done by
further characterization of the pairs to identify ‘‘golden’’ com-
plementary sets, a pair for which type of fragment ion has been
formed by cleavage between the same pair of amino acids. For
our original algorithm, used here for the 2.8- and 8.6-kDa
proteins, only the c,zz pairs are used for derivation of these
golden sets, but extension to derive golden sets also for az, y and
b, y pairs is recommended below. If another mass value from one
of the ECD spectra is 16.02 Da (within the designated accuracy)
larger than one of the two masses in a c,zz complementary pair,

this new mass should correspond to a y fragment cleavage of the
adjacent amide bond (Eq. 1); the mass that is 16.02 Da smaller
than the y mass is thus assigned as the zz fragment, and its
complement is the c. The az ions are not used for these golden
assignments as the c 2 az 5 44 Da difference is a common
side-chain loss (31–35). The mass values of b,y complementary
pairs (not that of either alone) from the CAD spectrum also are
used to assign golden complementary sets to the ECD c,zz pairs,
with b 2 c 5 217.03 Da and y 2 zz 5 116.02 Da (Eq. 1). All
assigned golden complementary sets are now ordered in a
template sequence. Reference mass values for the N- and
C-terminal groups also are established in this template based on
terminal substitution; with no additional substitution, these
reference masses are 0 Da from the N terminus and 18.01 Da
from the C terminus (1–4).

Next, assignment to the template of each of the remaining
complementary pairs is attempted based on mass differences
consistent with the masses of one or more amino acids. However,
each pair could belong in either of two positions in the template;
it is possible that golden complementary sets near both positions
will show acceptable mass differences, so that assignment of a
pair to one terminus is made only if the other assignment is not
possible. Thus if the difference between a mass in a remaining
complementary pair and an N-terminal fragment in a golden set
is within 200 Da and does not correspond to the mass sum of one
or more amino acid residues, then this mass of the pair is assigned
as a C-terminal fragment and this pair is placed as a new golden
set in the template sequence and removed from the pair list. The
accuracy of these golden sets is critical; if the assignment of a
golden complementary set is inconsistent with the template, it
and all of the newly incompatible golden sets are removed and
placed back in the list of complementary pairs. Thus far, all
incorrect assignments have been a consequence of 1-Da mass
errors (see below), but coincidences, such as those involving
mass values of CAD internal ions, are possible.

In the final step of the original algorithm (used for the 2.8- and
8.6-kDa proteins), the remaining complementary pairs and
individual mass values of the ECD and CAD data are used to fill,
where possible, the remaining gaps in the template between each
pair of golden complementary sets. Such attempted assignments
are made from the N-terminal end of the gap and continue until
reaching the golden set at the other end (also attempting to fill
the gap starting at the C-terminal end is recommended below).
If this final mass difference does not correspond to the mass of
one or more amino acids, the partial gap sequence is placed in
a separate file for later consideration in case no sequence is
formed that fills the gap. For each such sequence gap, more than
one assignment can be possible. For example, a gap of 128.06 Da
could be either Gln or Gly 1 Ala (57.02 1 71.04 Da). Also, the
identical mass residues Leu and Ile are not distinguished. The
best of multiple assignments for a specific subsequence is chosen
by a probability-based scoring scheme.

Subsequence Scoring. The mass data from the ECD and CAD
spectra are complementary; both data sets are required for
complete sequencing. Thus a mass difference corresponding to
a specific amino acid between a mass assigned in the template
(see above) and a mass from a previously unassignable ECD or
CAD complementary pair is given a value of 1.0. Similar fitting
of the individual fragment masses (those not in pairs) are given
values of ECD c,zz 5 0.8, ECD az,y 5 0.4, and CAD b,y 5 0.6,
based approximately on their occurrence frequency; for CAD,
'50% of the masses represent internal fragments from multiple
dissociations of the molecular ion. The occurrence probability of
a b or y mass in a CAD spectrum further depends on the identity
of the amino acids on both sides of the cleavage; their 0.6 value
is multiplied by this reported average (34) of their relative
cleavage frequencies (e.g., 3.1 for the N-terminal side of Pro and
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2.4 for the C-terminal side of Asp). These ECD spectra showed
little fragmentation adjacent to Leu or Ile, so values for these
CAD cleaved were increased by 0.5. Also added was the con-
straint that a sequence was not allowed that required ECD to
yield c and zz fragments on the N-terminal side of proline;
otherwise, ECD fragmentations were considered to be suffi-
ciently independent of sequence (31–36). The score for each
predicted subsequence is the average of the scores given to each
mass used to generate this sequence. Subsequence assignments
containing gaps of more than one amino acid (up to 300 Da) or
using mass correspondence outside the user-set error tolerance
are reported only if better sequences cannot be found. The
program then returns the full sequence made up of the highest
scored subsequences. For both the 2.8- and 8.6-kDa proteins
tested, this version of the algorithm provided the correct com-
plete sequence.

Partial Gap Filling. If the sequence gaps between golden sets are
so large that the ECDyCAD data are insufficient to fill them, the
subsequence attempted assignments from the golden set at each
end are examined for possible additional assignments of neigh-
boring amino acids. The scores for each amino acid assignment
are halved; the reliability of these scoring values is poor because
it has been tested only on the 12.4-kDa protein (see below).

Results and Discussion
Because FTMS instruments now available provide substantially
better mass accuracy (39, 40, 45) than the 6-T instrument used
here, sequence assignments were first attempted after ensuring
that the ECD and CAD mass lists contained values correct to 6
1 ppm.

Ubiquitin (8.6 kDa, 76 aa). The program initially identified 57 c, zz,
six az,y, and six b,y complementary pairs and assigned 21 c,zz pairs
as golden by finding the associated y fragments. Two of the CAD
b,y complementary pairs were identified as golden by compar-
ison with the ECD masses, and 30 more could be assigned as
golden sets from the mass differences versus the first 23 sets.
Thus of 75 interresidue bonds (Fig. 1), 53 (70%) of these are
assigned and ordered in the template. The gaps of '500 Da
between the termini and the closest golden set reflect the lack
of mass measurement below myz 500, so that no complementary
pair is possible near the termini. The largest other gap (Fig. 1)
is 678 Da (c masses of 3902.11 to 4580.44), which corresponds to
only 6 aa, with no other gap larger than 3 aa (313 Da). These gaps
are filled (consistent with both terminal golden sets) by the
remaining mass data (Fig. 2), and the sequence is predicted
correctly (except LeuyIle) by the program in less than 1 min.

Seven of 11 gaps predict only the correct sequence, whereas
scoring values for alternative subsequences of the remaining four
gaps are 50–75% of the correct values.

Melittin (2.8 kDa, 26 aa). Ten c,zz and four b,y complementary pairs
were identified, leading to the determination of eight ‘‘golden’’
complementary sets. With a 15 ppm error tolerance, the full
melittin sequence (except for IyL and QyK) is predicted cor-
rectly (Fig. 3) in 3.5 min.

Cytochrome c (12.4 kDa, 104 aa). The region surrounding the heme
could not be fragmented by ECD, possibly because of the heme’s
high Hz affinity (32, 35). The de novo algorithm found 52 c,zz, six
az,y, and nine b,y complementary pairs, with 29 c,zz pairs as
originally golden complementary sets; this was increased to 37
(bold vertical bars, Fig. 4) with a neighboring c,zz or az,y pair that
could not be assigned in the other terminal region. Although
these golden sets only bound the region of residues 24–93, the
program without the final part for partial gap filling correctly
predicts the Fig. 5 sequence for this region in 42 s. Only one gap
(between G29 and P30) in this sequence is assigned originally as
a doublet 29(G 1 P)30 and the ordering P29–G30 is unfavorable
because the c28 fragment ion would be formed by cleavage on the
N-terminal side of proline. Use of the algorithm extension for
partial gap-filling added the correct assignments for IyL94–
IyL98. However, no spectral data corresponded to cleavages in
the four-residue region L100–N103, resulting in six incorrect
assignments for L99–A101 from the unassigned N-terminal mass

Fig. 1. Mass values yielding the complete sequence for ubiquitin. Larger type
are ‘‘golden’’ complementary sets; those with a bold vertical bar were iden-
tified by a complementary y mass. Mass values in italics are in error by .2 ppm.
Values in smaller type completed gaps in the sequence.

Fig. 2. Correct (bold letters) and predicted sequences for ubiquitin without
and with error correction. Underlined and italicized letters indicate incorrect
predictions.

Fig. 3. Predicted sequences for melittin at different error tolerances.
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values. Extending the partial gap filling to start also from the gap
C terminus added the E21–G24 assignment (Fig. 5, italics).

Another algorithm extension is to use ECD az,y and CAD b,y
complementary pairs for the original assignment of golden sets;
this would add az,y L7–L8 and b,y E21–L22, L22–G23, and L64–M65

as golden sets. Partial gap filling from L7–L8 now predicts the
N-terminal sequence G1–Q12 with fair certainty, except that 10(F
1 V)11 is identified only as a doublet (Fig. 5, underlined). Partial
gap filling from the E21–G23 extends the correct center predic-
tion to E21–L99. A separate BIRD (47) spectrum of cytochrome c
give b100 and b102 peaks; using these data (Fig. 5, underlined), the
program returns the whole 104-residue sequence except the
heme region L13–V20 and the doublet A101–T102 (which might be
identified by starting the scans at myz 250 instead of 500).

Ppm and 1-Da Mass Errors. Distinguishing amino acids or their
combinations can require high mass accuracy. For example, the
masses of the Lys and Gln residues differ by 0.037 Da, as CH4
in the composition of Lys is substituted by O for Gln. Thus the 6
0.018-Da accuracy required for a 1.8-kDa fragment ion corre-
sponds to 10 ppm mass accuracy, and that for a 9-kDa ion
requires 2 ppm. Although the achievable accuracy decreases with
peak signalynoise (SyN) levels, sub-ppm accuracy has been
reported for FTMS instruments with $9.4-T magnetic fields
accuracy (39, 40, 45).

The ‘‘1-Da error’’ is a second type of error peculiar to such
high-resolution mass spectra. Ions of a specific composition yield
a 1-Da spaced cluster of isotopic peaks resulting from multiple
combinations of natural abundance isotopes. Sequencing uses
the mass of the monoisotopic peak (all 1H, 12C, 14N, 16O, 32S)
whose abundance will be '60% of that of the most abundant
isotopic peak for a 3-kDa species. However, for larger ions of low
SyN, the monoisotopic peak will not be observable (relative

abundance only 2% for 10-kDa and 0.01% for 30-kDa species).
THRASH fits the abundances of the observable isotopic peaks to
the predicted distributions to determine the most probable
monoisotopic peak; thus at low SyN a 1-Da (actually 1.0023 Da)
error is possible (44). One such erroneous mass value can lead
to more than one incorrect residue prediction, such as differ-
entiating the pair ordering Asn (114.04 Da)-Asp (115.03 Da)
versus Asp-Asn. Of promise for future studies, a significant
increase in SyN for the fragment ions can be achieved by the
addition of external ion accumulation (48).

A great advantage of ECD is its unusual amount of fragment
ion information. For a cytochrome c ECD spectrum used here,
THRASH (44) identified 386 isotopic clusters representing more
than 2,100 peaks; obviously the SyN values of many of these will
be marginal. To illustrate the effect of these errors, the actual
data from our 6-T FTMS also will be used for the algorithm
sequence prediction.

Effect of Errors on Sequencing. The two ubiquitin ECD spectra
have 645 isotopic clusters, of which 99 have been assigned
masses by THRASH that are incorrect by 6 1 Da, and four
masses are actually 6 2 Da. However, most fragment ion
species are represented by multiple charge states, and many of
the same species are represented in both spectra used here; 87
of these erroneous masses also are represented by at least one
correctly assigned mass. For these cases, any subsequence
predictions that are incorrect should be accompanied by
correct predictions.

The program found 57 c,zz, four az,y, and four b,y comple-
mentary pairs. Of the c,zz pairs, 19 were found to be golden
because ECD y ions were found that resulted from cleavage
between the same amino acids. Identification of neighboring
pairs of the three types yielded 45 total golden complementary
sets, but nine of these were removed because of incompatible
mass differences caused by 1-Da errors. The remaining sets
provide a template (Fig. 2) corresponding to 45% (36y75) of the
ubiquitin sequence (the error-free data gave 70%). Using the
data without error correction causes a much larger gap of 12 aa
(c 5 3716.05 to c 5 4962.71). Using gap filling with the remaining
sequence data, the program was able to predict correctly 65 of
76 aa of ubiquitin (Fig. 3). The error of the substitution of A 1
G for a QyK is caused by the assignment of a fragment as arising
from this AlayGly cleavage whose CAD mass is actually incor-
rect by 14 ppm (this nozzle-skimmer CAD spectrum of ubiquitin
could be calibrated only to 15 ppm accuracy). This sequence
prediction required '14 min; almost all of the additional time
was required to generate the probable sequences in the largest
gap in the middle of the protein.

The full melittin sequence is predicted correctly (Fig. 3) in 3.5
min with 15 ppm error tolerance. However, 5 aa are predicted
incorrectly with a 30 ppm tolerance and seven for 50 ppm (Fig.
3). The effect of errors on the cytochrome c predictions were
similar to the effects on the above examples.

The overall accuracy required by the algorithm in general can
be met by the few ppm error limit possible for commercial 7-T
FTMS instruments using careful calibration. The 1-Da error
problem can be reduced by two or more ECD spectra run under
different conditions, e.g., of electron current or extent of ion
activation (36), or by external ion accumulation (48).

Extension to Modified Proteins. Extending the algorithm to ac-
commodate posttranslational or other modifications should be
relatively straightforward, especially if other evidence restricts
the type of modification expected, such as oxidation (49),
phosphorylation, or glycosylation (50). Fortunately, ECD gives
little cleavage of such side chains (far less than CAD) (50), so
that the program also could incorporate ECD masses expected
for modified amino acids, e.g., phosphorylation adds 80 Da to

Fig. 4. Cytochrome c fragmentations (92y103 bonds cleaved), with golden
sets indicated by bold vertical bars.

Fig. 5. Correct (bold letters) and predicted sequences for cytochrome c.
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the Ser, Thr, and Tyr mass values. Similarly, the values of 0 and
18 for the golden N and C termini, respectively, could be
extended with 42 and 17 to check for N-acetylation and
C-amidation.

De Novo Sequencing of Larger Proteins. Although activated ion
ECD plus CAD can supply substantial sequence data directly
from proteins as large as the 42-kDa thiaminase (36), the total
data required are at least five times that used here for sequencing
the 8.6-kDa protein. The alternative ‘‘top-down’’ methodology
(26) uses proteolysis or MSyMS to generate 5- to 15-kDa
fragments that cover the whole sequence. These pieces then are
sequenced separately, hopefully as extensively as the examples
shown here. The full sequence then is reconstructed by using
sequence overlaps or the masses in the ECD and CAD spectra
of the protein molecular ion to order these large fragments. For
example, although thiaminase is a mixture of 379-, 380-, and
381-residue proteins (51), CAD produces 58 b,y fragments, such
as the complementary pair of 8.8 (including peaks for the Ala
and Ala 1 Gly heterogeneity)y33.4 kDa, with the latter repre-
sented by both a 10.9y22.5-kDa pair and a 18.8y14.5-kDa
pair (51); limited proteolysis also gives extensive sequence
coverage (52).

Conclusions
When sequence information (e.g., DNA) is available for an
unknown protein, methods using simple MS instrumentation (1,
2, 7–11) should be used first. However, for erroneous, incom-
plete, or absent information, the ECDyCAD data from FTMS
can now provide the full sequence of an 8.6-kDa protein without
the need for proteolysis. Because FTMS has provided peptide
molecular weight values from the proteolysis of ,10-19 mol
protein (53) and nine MSyMS fragment masses from 10-17 mol
of a 29-kDa protein (30), it is conceivable that sufficient mass
data for this algorithm could be obtained from even sub-fmol
amounts of protein. The speed of both the THRASH data reduc-
tion and this algorithm shows promise for high-throughput
protein sequencing applications (conversion to C, which in-
creased THRASH speed by 10 times, should be tried here).
Completion of the human genome sequence will greatly increase
both the importance of identifying its expressed proteins and the
values of sensitive, complementary, and reliable sequencing
methods.
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