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Surface-induced dissociation (SID) and collision-induced dissociation (CID) are ion activation
techniques based on energetic collisions with a surface or gas molecule, respectively. One
noticeable difference between CID and SID is that SID does not require a collision gas for ion
activation and is, therefore, directly compatible with the high vacuum requirement of Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometers. Eliminating the introduction
of collision gas into the ICR cell for collisional activation dramatically shortens the acquisition
time for MS/MS experiments, suggesting that SID could be utilized for high-throughput
MS/MS studies in FT-ICR MS. We demonstrate for the first time the utility of SID combined
with FT-ICR MS for protein identification. Tryptic digests of standard proteins were analyzed
using a hybrid 6-tesla FT-ICR mass spectrometer with SID and CID capabilities. SID spectra of
mass-selected singly and doubly charged peptides were obtained using a diamond-coated
target mounted at the rear trapping plate of the ICR cell. The broad internal energy distribution
deposited into the precursor ion following collision with the diamond surface allowed a
variety of fragmentation channels to be accessed by SID. Composition and sequence qualifiers
produced by SID of tryptic peptides were used to improve the statistical significance of
database searches. Protein identification MASCOT scores obtained using SID were comparable
or better than scores obtained using sustained off-resonance irradiation collision-induced
dissociation (SORI-CID), the conventional ion activation technique in FT-ICR MS. (J Am Soc
Mass Spectrom 2006, 17, 700–709) © 2006 American Society for Mass Spectrometry
After the success of the genomics projects, pro-
teomics has become a major research enterprise
with the objective to study the functionality and

dynamics of protein expression, the correlation between
complementary genomes and proteomes, and post-
translational modifications of proteins that cannot be
studied by genomics alone [1]. A major focus in pro-
teomics is protein identification, a task that has been
significantly accelerated by the advent of modern mass
spectrometric technologies [2].

Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) provides the highest mass resolu-
tion and mass accuracy of present MS technologies and,
despite its large size and relatively high purchase and
maintenance cost, is now considered one of the most
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powerful techniques in proteomics research [3]. In the
majority of FT-ICR MS proteomic applications, peptide
ion activation is achieved by sustained off-resonance irra-
diation collision-induced dissociation (SORI-CID) [4].
SORI-CID results in sequential activation of the precursor
ions by multiple low kinetic energy collisions with a
collision gas that is pulsed into the ICR cell. The fast rise in
pressure produced by the injection of this collision gas is
followed by a long pump down delay (typically 2 to 5 s) to
enable fragment ion mass analysis, significantly slowing
down the acquisition of MS/MS spectra.

In proteomic applications requiring the separation of
complex peptide mixtures, FT-ICR MS is commonly
coupled to capillary liquid chromatography [5]. In this
scenario, the need to pump down the ICR cell after
SORI-CID reduces the MS/MS spectral acquisition rate
to an average of 6 spectra per min [6]. Low acquisition
rate limits the number of precursor ions within a single
chromatographic peak that can be analyzed using

SORI-CID via data-dependent acquisition [7] and the
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number of collision energies that can be assayed per
precursor ion, thus potentially limiting protein identifi-
cation power. To increase the number of peptides that
can be mass selected and fragmented via SORI-CID
within a single chromatographic peak, several ap-
proaches have been proposed, including chromato-
graphic peak parking [8, 9], the use of hybrid ion
trap/FT-ICR mass analyzers [10], and multiplexed ion
selection and dissociation [11, 12]. However, ap-
proaches such as peak parking decrease the overall
sample throughput, whereas the addition of an ion trap
mass analysis stage further complicates the FT-ICR
setup. For these reasons, it seems logical to investigate
the usefulness of alternative collisional ion activation
methods for protein identification using FT-ICR MS.

Several gas-free ion activation methods alternative to
SORI-CID used in FT-ICR MS have been recently re-
viewed [13–16]. Examples include electron capture dis-
sociation [17, 18] and infrared multiphoton dissociation
with a CO2 laser [19] or blackbody radiation [20].
Another collision-gas-free ion activation method is
surface-induced dissociation (SID) [14 –21, 22]. SID oc-
curs by means of the collision of an ion with a surface at
hyperthermal energies and has been implemented in
many types of mass spectrometers [23], including
single-stage and hybrid TOF instrument [24 –26], or-
thogonal quadrupole configurations (Q SID Q) [27], and
FT-ICR MS [28, 29]. In recent years, Laskin et al.
implemented SID in a hybrid tandem-in-space FT-ICR
MS that enables MS/MS of ions generated in an exter-
nal source at high spectral acquisition rates (up to 180
spectra min�1), with high trapping efficiency of frag-
ment ions, well controlled kinetic energy of the precur-
sor ions, and high fragmentation efficiency [30]. When
combined with the appropriate protein database search
strategy, this improved SID platform is an attractive
starting point for the evaluation of FT-ICR SID MS for
proteomics applications.

Proteomic database strategies tailored to take advan-
tage of the unique characteristics of SID MS/MS data
have not been investigated in depth. Recently, Schlosser
and Lehmann [31] introduced a successful peptide
sequencing method compatible with the MASCOT [32]
database query frame. In their “patchwork peptide
sequencing” approach, high mass resolution measure-
ments (RFWHM � 10,000) are used to unequivocally
identify low-mass fragments such as immonium, y1, y2,
a2, and b2 ions. These fragments are later used as unique
sequence and compositional qualifiers that are added as
additional constraints to the MASCOT database query.
Later, Fernandez et al. [33] reported a modified version
of this patchwork approach for the identification of
tryptic peptides using SID. However, the moderate
mass resolution of the hybrid sector-TOF and orthogo-
nal quadrupole spectrometers used in that work limited
the overall power of the analytical approach. In addi-
tion, both quadrupole and time-of-flight implementa-
tions of SID involve a short time frame [26] (ca. tens of

microseconds) between ion activation and fragment
analysis, and thus mainly low mass peaks resulting
from fast fragmentation pathways were observed. In
contrast, long observation time of the FT-ICR MS allows
us to observe both slow and fast fragmentation path-
ways following ion collision with a surface, which
greatly improves the sequence coverage [15].

In this work, we report the successful use of SID in
an FT-ICR MS combined with a patchwork-type data-
base query scheme for protein identification. A recent
study demonstrated that SID on a diamond surface
results in a significantly better sequence coverage for
singly protonated peptides than SORI-CID [34]. Broad
energy distribution deposited into ions by collisions
with a diamond surface results in efficient mixing of
slow and fast fragmentation channels [35] not readily
accessible by SORI-CID [36]. Fast fragmentation path-
ways commonly produce abundant immonium ions
and other low-mass backbone fragments. These low-
mass sequence-specific ions produced by SID can be
identified by accurate mass measurements and used as
unique sequence qualifiers for improved peptide and
protein identification. The systematic use of the infor-
mation offered by these fast fragment ions for pro-
teomic database searches using FT-ICR SID spectra has
not been reported. In this work, we examine for the first
time the performance of SID for identification of stan-
dard proteins at different collision energies using an
FT-ICR SID mass spectrometer and compare it to SORI-
CID. Because SID does not require introduction of
collision gas, we demonstrate that several collision
energies can be rapidly assayed, allowing to select one
that results in improved protein identification scores.

Experimental and Methods

Reagents and Samples

Horse-heart cytochrome c, yeast alcohol dehydroge-
nase, rabbit-muscle actin, iodoacetamide, and dithio-
threitol (DTT) were purchased form Sigma-Aldrich (St.
Louis, MO). RapiGest was purchased from Waters, Inc.
(Milford, MA). Trypsin sequencing grade was pur-
chased from Roche Applied Science (Indianapolis, IN).
All digestion experiments were carried out in 50 mM
sodium bicarbonate buffer (pH 8.0). Protein samples
were treated with 0.1% RapiGest before DTT reduction
and iodoacetamide alkylation. Trypsin digestion was
initiated by addition of trypsin in an enzyme:substrate
ratio of 5:100 (wt/wt). After a 15-h incubation at 37 °C
in a water bath, the samples were treated with HCl to
lower the pH to 2. Following centrifugation, the clear
digest solutions were transferred to new tubes and
frozen until analyzed.

SORI-CID and SID in an FT-ICR
Mass Spectrometer

SORI-CID and SID experiments were conducted on a

specially-fabricated 6 T FT-ICR mass spectrometer de-
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scribed in detail elsewhere [30]. To mimic a data depen-
dent acquisition experiment, the 4 to 6 most abundant
precursor peptide ions were selected for SID and CID
MS/MS analysis. Mass calibration was performed using
the m/z of the y1 ion and the [M � nH]n�precursor ion
of standard peptides.

During these experiments, proteolytic peptide mix-
tures are continuously infused into the electrospray
emitter at a flow rate of 500 nL min�1. Ions are electro-
sprayed at atmospheric pressure into the end of a
heated stainless steel capillary tube maintained at
150 °C. Ions travel through the capillary into the vac-
uum system and enter an ion funnel. The ion funnel
provides highly efficient ion transfer into the high
vacuum region of the mass spectrometer [37]. The first
quadrupole immediately following the ion funnel is
used for collisional cooling of ions and their transport
into the resolving quadrupole. The parent ion is mass-
selected in a second quadrupole and accumulated in a
third quadrupole held at an intermediate pressure (2 �
10�3 torr) to enhance the ion signal. The accumulation
time is varied in the range 0.1–0.5 s depending on the
abundance of the ion of interest.

Ions from the electrospray interface are extracted
into an electrostatic ion guide and transferred into the
ICR cell. For SORI-CID experiments, ions are trapped in
the ICR cell using gated trapping in a 6 V potential well.
Argon collision gas is pulsed into the ICR cell using a
pulsed valve. Ions are radially excited slightly off-
resonance (�f � �1000 or �2000 Hz) for 400 ms at
nearly fixed Ar pressure. The kinetic energy of the ions
is incremented by changing the peak-to-peak voltage
applied to the excitation plates. After a 25 s pumpdown

Figure 1. Work flow of the “mod
delay ions are excited using a broadband chirp and
detected. The long pumpdown delay used in this study
was necessary because the pumping system was not
optimized for SORI-CID experiments.

For SID experiments, ions are transferred through
the ICR cell and collided into a surface positioned at its
rear trapping plate. The collision target consists of a 2
�m thick film of carbon vapor deposited diamond on
titanium disk prepared by P1 Diamond Inc. (Santa
Clara, CA). The collision energy is varied by changing
the DC offset applied to the ICR cell and the surface. In
this work, collision energies were in the range from 25
to 140 eV. Scattered ions are captured by raising the
potentials on the front and rear trapping plates of the
ICR cell by 10 to 15 V. Following 0.1 s delay, ions were
excited by a broadband frequency chirp and detected.
Ion trapping (both in the accumulation quadrupole and
the ICR cell), ion excitation, and detection are controlled
by a MIDAS data station [38].

Modified Patchwork Peptide Sequencing

In our modified patchwork approach, based on original
work by Schlosser and Lehmann [31], accurately-
determined sequence and compositional qualifiers are
used as filters to limit the scope of the peptide sequence
search and increase the confidence of peptide identifi-
cation [39]. Figure 1 describes the information flow
during our “patchwork-type” searches. As a first step,
the ASCII fragment ion peak lists obtained at different
collision energies were imported into an Excel spread-
sheet along with the experimental mass-to-charge ratio
of the precursor ion. Next, conditional functions within
this spreadsheet were used to match the experimental

patchwork sequencing” approach.
peak list to the exact masses of all possible immonium,



703J Am Soc Mass Spectrom 2006, 17, 700–709 PROTEIN IDENTIFICATION BY FT-ICR SID MS
y1, internal dipeptide ions, and their corresponding
H2O, NH3, and CO losses. The largest ion in our list of
possible low-mass peptide fragments for which exact
masses are provided is the WW dipeptide internal ion
(373.16 u). Identification of heavier ions or ions of
relative abundance below 3% was not pursued. No
variable modifications (such as phorphorylation, etc.)
were introduced in this fragment ion list. Immonium,
internal fragments, and y1 ions were identified by
comparison with the list of possible low-mass frag-
ments using a �0.005 u window. Immonium ion signals
unambiguously indicate the presence of the corre-
sponding amino acids in the peptide and were utilized
as compositional qualifiers. In general, L/I, V, F, Y, H,
P, and W residues gave rise to abundant immonium
ions. The C-terminal residue of a given tryptic peptide
sequence was assigned based on the identification of R
or K terminal y1 ions. Following identification of the y1

ion, the y2 ion is identified from the appropriate set of
dipeptide combinations that contain the y1 residue.

Because amino acid sequence or composition infor-
mation, if present, is treated by MASCOT as a rigorous
filter on the candidate sequences, we chose a fairly
conservative and redundant set of rules to decide if an
ion should or should not be used as a sequence quali-
fier. Choosing the wrong qualifier prevents, in all cases,
the correct identification of a peptide. Following this
approach, internal b ions (b2,i) were included in the list
of qualifiers only if they fell within �0.005 u of their
expected masses, and if both the b2,i and the a2,i frag-
ment ion peaks were simultaneously present in the
spectrum. In some cases, when a b2,i ion was identified
but the corresponding a2,i ion was absent, this b2,i ion
was included as a sequence qualifier only if either of the
two corresponding immonium ions was present.

For singly charged peptides, abundant internal
dipeptide ions corresponding to selective cleavages [40]
C-terminal to D or E were added to the qualifiers list if
their experimental masses fell within a �0.010 u toler-
ance interval, even in the absence of any of the corre-
sponding immonium ions. In a few cases, the first two
N-terminal residues in a given peptide sequence (b2

ion) could be identified by comparing the experimental
fragment ion with the value obtained by subtracting the
b2 ion m/z value from the singly protonated precursor
ion mass value and adding the exact mass of an ionizing
proton (1.007,825,035 u). The directionality of the b2

fragment was then derived by the difference in masses
between the yn�2 and yn�1 ions (n being the number of
amino acid residues in the peptide). If a b2/yn�2 ion
pair was successfully identified, this information was
added as an additional N-terminal sequence qualifier.
The experimental molecular weight of the precursor
ion, the list of identified sequence qualifiers (when
applicable), and the complete fragment ion peak list
(without intensities) obtained at a given collision en-
ergy were used as input for MASCOT’s sequence query

(www.matrixscience.com, Figure 2).
The search parameter settings for the MASCOT
sequence query routine were as follows: 1 maximum
missed cleavage, 0.01 u tolerance for singly charged
precursor ions, 0.015 u tolerance for doubly charged
precursor ions, and 0.01 u for the fragment ions mass.
The N-acetyl variable modification was included in the
searches, which were performed using SwissProt as the
reference database (all taxonomies). Trypsin was set as
the proteolytic enzyme. The database-search instrument
settings chosen were MALDI TOF/TOF in the case
where only singly-charged ions were detected, and
ESI-4SECTOR for multiply-charged ions. These two
instrumental settings were chosen because they include
immonium ions and provide an adequate coverage of
the ion types observed in SID of protonated peptides.
Isoleucine/leucine amino acid residues were identified
with an “X” symbol, as required by the MASCOT
syntax. C-terminal and N-terminal sequence qualifiers
were described with the “(c-zz)” and “(n-zz)” MASCOT
commands, where “zz” stands for any amino acid
combination found. Compositional qualifiers were
specified with the “[z]” MASCOT command. Internal
dipeptide fragments were added to the MASCOT
search with the “(*�zz)” command where no direction-
ality information could be derived from the MS/MS
data, and with the “(b�zz)” when N ¡ C directionality
could be inferred.

Results and Discussion

Although SID has been extensively used in studies of
peptide dissociation mechanisms [14], its relative per-
formance compared to CID in practical proteomic ap-
plications has never been studied. Pioneering work by
Russell and coworkers [41, 42] with a reduced-pressure
ion mobility-SID-TOF mass spectrometer has demon-
strated that even under moderate mass resolution con-
ditions (RFWHM � 200) SID is a viable ion activation tool
for protein identification.

The most probable internal energy and the width of
the internal energy deposition function (EDF) for SID
differ from CID, resulting in mass spectral data with
unique characteristics [43]. In SID, the shape of the EDF

599.8552 comp(*[P]*[IL]) seq(c-PR) seq(*-VG) ions(m/z1, m/z2, etc.)
586.2904 comp(*[H]) ions(m/z1, m/z2, etc.)
758.3718 comp(*[H]) seq(c-XR) seq(*-HH) ions(m/z1, m/z2, etc.)

C-terminal 
ResiduesCompositional 

Qualifiers Sequence 
Qualifiers

Mw of MH+ or 
(M+2H)+2

Fragment
Ion list

599.8552 comp(*[P]*[IL]) seq(c-PR) seq(*-VG) ions(m/z1, m/z2, etc.)
586.2904 comp(*[H]) ions(m/z1, m/z2, etc.)
758.3718 comp(*[H]) seq(c-XR) seq(*-HH) ions(m/z1, m/z2, etc.)

C-terminal 
ResiduesCompositional 

Qualifiers Sequence 
Qualifiers

Mw of MH+ or 
(M+2H)+2

Fragment
Ion list

Figure 2. Example of MASCOT sequence query for actin using
the modified Patchwork approach.(30, 40, and 40 eV collision
energy for precursor ions at m/z � 599.8552, m/z � 586.2904, and
m/z � 758.3718, respectively).
also depends on the material used as a collision target.
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Laskin and Futrell have investigated the EDF width
produced by collisions of singly-charged des-Arg1 bra-
dykinin with alkyl and semi-fluorinated self assembled
monolayers (SAMs), LiF, and diamond films on metal
substrates [35]. This study demonstrated that the width
of the EDF obtained using SAM surfaces was about 2.3
times narrower than the width of the distribution
resulting from collisions with a diamond surface, at
identical most-probable internal energies. Thus, colli-
sion with a diamond surface results in a better mixing
of dissociation channels with different energy thresh-
olds, allowing both slow and fast fragments to be
observed in a single mass spectrum. This finding was
recently used to demonstrate that SID on diamond
results in a significantly improved sequence coverage
for singly protonated peptides produced by MALDI
[34].

Typical FT-ICR SID mass spectra of the EALDFFAR
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Figure 3. Typical FT-ICR surface-induced dissociation centroi-
ded spectra of the EALDFFAR (�1) ADH tryptic peptide at (a) 40
eV, (b) 60 eV, and (c) 70 eV collision energy. Only immonium and
internal dipeptide fragment ions identified by accurate mass
measurements following the patchwork sequencing set of rules
have been labeled.
(�1) and AVFPSIVGRPR (�2) peptides are shown in
Figures 3 and 4, respectively. The large number of
internal and immonium fragment ions identified dur-
ing FT-ICR SID accurate mass spectrometric analysis is
evident from these figures. The EALDFFAR spectrum
(Figure 3) shows enhanced appearance of the y4 frag-
ment ion due to selective cleavage C-terminal to aspar-
tic acid [44]. Table 1 summarizes the peptides identified
in the ADH tryptic digest by FT-ICR SID MS in combi-
nation with the patchwork sequencing rules. The se-
quence and compositional qualifiers obtained at differ-
ent SID collision energies are also shown in this table.
The identified SIPETQK peptide was assigned to the
N-terminal MSIPETQK ADH peptide with a stripped
methionine amino acid residue. The TLPEIYEK peptide
is most likely produced by in-source CID of the larger
VVGLSTLPEIYEK tryptic peptide (ADH residues 319 to
332). Peptide ion scores and the total number of y and b
ions identified are also shown in Table 1, and are
discussed in the following section.
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and internal dipeptide fragment ions identified by accurate mass
measurements following the patchwork sequencing set of rules
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All the expected K- or R-based y1 ions were success-
fully identified for the peptides listed in Table 1. For
most collision energies, the only immonium ions that
were observed were R, I/L, V, Y, P, F, a trend observed
also for CID data [31]. The I/L immonium ion was
particularly abundant (100% R.I. at 60 eV) for the
IGDYAGIK peptide due to the presence of two isoleu-
cine residues in its sequence, and the fact that one of
them is N-terminal, allowing for the formation of an
immonium ion by a mechanism involving a proton-
bound complex of an aziridinone [45]. For DIVGAVLK
the y2 LK fragment ion was observed and assigned to
the C-terminus, due to the additional presence of the y1

K ion. Although for this peptide the DX fragment ion
was present the SID spectrum, the corresponding y6 ion
was not observed. Consequently, the DX qualifier could
not be assigned to the N-terminal b2 ion.

The absence of collision gas in FT-ICR SID MS offers
the opportunity to survey different collision energies in
rapid succession and then use the individual energy
spectra or composite spectra produced by summing
over spectra obtained at different collision energies.
Assaying several collision energies is also helpful for
obtaining additional sequence qualifiers that might not
be observed if only one collision energy were used to
record the MS/MS spectrum. For example, for the
TLPEIYEK and EALDFFAR peptides, the I/L immo-
nium ion was detected only for collision energies above
40 eV. In the case of EALDFFAR, AF and DF sequence
qualifiers were produced by increasing the collision
energy from 60 to 70 eV, and the additional E immo-
nium ion was observed only when the collision energy
was 70 eV or higher. For singly protonated IGDYAGIK
peptide an increase in collision energy from 50 to 60 eV
resulted in detection of the additional DY sequence

Table 1. Sequence and compositional qualifiers obtained at diff
ADH tryptic digest

Protein
digested

Peptide sequence
(z, experimental [M�zH]z�)

Collision energy
(eV)

ADH DIVGAVLK (�1,814.50) 40
50
60

IGDYAGIK (�1,836.45) 40
50
60

SIPETQK (N-Ac) (�1,844.44) 40
50
60

EALDFFAR (�1,968.48) 40
60
70

TLPEIYEK (�1,992.53) 40
50
60

aX: isoleucine or leucine (I/L).
bSum of all identified b and y ions.
qualifier.
For singly-charged TLPEIYEK and SIPETQK pep-
tides, selective fragmentation N-terminal to the proline
residue was observed. This cleavage is anticipated only
when a partially-mobile proton is present, as in lysine
terminated peptides [46]. Subsequent C-terminal frag-
mentation at the glutamic acid residue of the y6 ion (for
TLPEIYEK) and y5 ion (for SIPETQK) produced an
abundant PE internal fragment ion (experimental m/z �
227.1029 u, error � 0.3 mmu). According to its accurate
mass, this dipeptide internal fragment ion could be
either matched to a PE or EP fragment, but its high
abundance suggests that its formation is facilitated by
the enhanced N-terminal cleavage to proline combined
with enhanced C-terminal cleavage to glutamic acid.
This fact identifies the ion as the PE, not the EP,
fragment. The directionality information was included
in the MASCOT search using the “b�” prefix. In
addition, The y2 ions of SIPETQK and TLPEIYEK were
correctly identified at higher collision energies, adding
greater selectivity to the database searches.

Table 2 shows the sequence and compositional qual-
ifiers found for tryptic peptides obtained from actin at
different collision energies. As with ADH, all the cor-
responding K or R y1 ions were successfully identified.
In addition, the corresponding PR and LR y2 fragment
ions were identified for AVFPSIVGRPR and IWHHT-
FYNELR at all collision energies. In the case of the
HQGVMVGMGQK peptide fragmented at 40 and 50
eV, the dipeptide immonium ion containing Q and H
residues was found, together with the corresponding y9

ion, which indicates the presence of a terminal b2 ion
with a QH or HQ sequence. The presence of this
dipeptide is confirmed by the identification of the H2O
and NH3 losses. However, the directionality of this
sequence tag could not be determined due to the

collision energies by SID for selected peptides identified in an

positional
alifiers Sequence qualifiersa

Peptide
ion

score �(yi�bi)
b

(c-XK) 24 6
, *[V] (c-XK), (*-DX), (*-VX) 10 5
, *[V] (c-XK), (*-DX), (*-VX) 9 4

(c-K) 11 4
, *[Y] (c-K), (*-YA) 12 5
, *[Y] (c-K), (*-YA), (*-DY) 13 5

(c-K), (b-PE) 13 3
, *[P] (c-QK), (b-PE) 10 4
, *[P] (c-QK), (b-PE) 11 5

(c-R) 14 2
, *[F] (c-R), (FF) 9 3
, *[F], *[E] (c-AR), (FF), (*-AF), (*-DF) 8 4

(b-PE) 12 3
(c-K), (b-PE), (*-IY), (b-YE) 17 4
(c-EK), (b-PE), (*-IY), (b-

YE), (*-PL)
16 7
erent

Com
qu

none
*[IL]
*[IL]
none
*[IL]
*[IL]
none
*[IL]
*[IL]
none
*[IL]
*[IL]
none
*[IL]
*[IL]
absence of the corresponding y10 ion and, as such, it was
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input into MASCOT as a potential QH or HQ N-
terminal sequence qualifier. At higher collision energy
(60 eV) only the QH/HQ dipeptide was observed but
not the y9 or y10 ions, and this information was input
without any reference to its position within the peptide
chain.

For the AVFPSIVGRPR peptide, an increasing num-
ber of dipeptide fragment ions was identified as colli-
sion energy was increased. However, the number of y
ions that were identified simultaneously decreased, (y1,
y2, y4, y8, and y9 at 30 eV; y1, y2, and y4 at 60 eV; and y1

and y2 at 100 eV). A similar trend was observed for
IWHHTFYNELR. Only one compositional qualifier was
obtained at 40 eV while five qualifiers were obtained at
140 eV. However, the number of y and b fragment ions
identified decreased from 3 to 2. Interestingly, the W
immonium ion, not commonly observed in SID spectra,
was detected at very high collision energy (140 eV).

Table 3 shows the compositional and sequence
qualifiers obtained for cytochrome c tryptic peptides.
Again, a variety of internal fragments and immonium
ions could be identified by a combination of accurate
mass measurements and the patchwork sequencing
rules.

Table 2. Sequence and compositional qualifiers obtained at diff
Actin tryptic digest

Protein
digested

Peptide sequence
(z, experimental

[M�zH]z�)
Collision

energy (eV)
Composition

qualifiers

Actin HQGVMVGMGQK
(�2,586.29)

40 *[H]
50 *[H]
60 *[H]

AVFPSIVGRPR
(�2,599.86)

30 *[P], *[IL], *[R]
60 *[P], *[F], *[V], *

100 *[P], *[F], *[V], *
*[R]

IWHHTFYNELR
(�2,758.37)

40 *[H]
60 *[H], *[IL]

100 *[H], *[IL], *[Y],
140 *[H], *[IL], *[Y],

*[F]

Table 3. Sequence and compositional qualifiers obtained at diff
cytochrome c tryptic digest.

Protein
digested

Peptide sequence
(z, experimental

[M�zH]z�)
Collision

energy (eV)
Compo

qual

Cyt-c TGPNLHGLFGR
(�2,584.81)

50 *[P]
60 *[P], *[H]

GDVEK (N-Ac)
(�1,589.28)

25 *[V]
40 *[V], [D], *[E
60 *[V], *[D], *[

TGQAPGFTYTDANK
(�2,735.84)

50 *[Q], *[P]
60 *[Q], *[P]

100 *[Q], *[P], *[

*[F], *[Y]
Protein Identification Using FT-ICR SID
Spectral Data

In MASCOT sequence query database searches the
overall protein identification score is a direct sum of the
individual peptide ion scores and, thus, optimum pro-
tein identification is obtained when optimum peptide
ion scores are produced. During protein searches, MAS-
COT matches experimental mass values to fragment or
precursor ions based on a probability approach. Be-
cause probabilities encompass a large range of magni-
tudes, they are reported as �10 log (P), where P is the
absolute probability of a random match. A high score
means a highly-successful match. Individual peptide
ion scores obtained via MASCOT patchwork searches
of FT-ICR SID MS data are shown in the fifth column of
Tables 1 through 3, respectively. These peptide ion
scores were calculated using all the peaks detected in
the centroided mass spectrum, including the y and b ion
series. Changes in collision energy had different effects
on the peptide ion scores. In some cases, an increase in
collision energy increased a peptide’s ion score. For
example, IGDYAGIK showed a score that increased
with increasing collision energy because both the num-

collision energies by SID for selected peptides identified in an

Sequence qualifiers

Peptide
ion

score �(yi�bi)

(c-K), (n-[QH][QH]) 22 6
(c-K) (n-[QH][QH]) 27 6
(c-K), (*-QH) 18 4
(c-PR), (*-VG) 14 5
(c-PR), (*-VG), (*-RP), (*-PS), (*AV) 8 3
(c-PR), (*-VG), (*-RP), (*-IV), (*-SI),

(*-PS), (*-AV)
5 2

(c-XR), *[HH] 5 3
(c-XR), (*-HH), (*-HW), (*-HT) 4 3
(c-XR), (*-HH), (*-HW), (*-HT), (*-YN) 4 2

, (c-XR), (*-HH), (*-HW), (*-HT), (*-YN) 4 2

collision energies by SID for selected peptides identified in an

nal
Sequence qualifiers

Peptide
ions
score �(yi�bi)

(c-GR), (*-PN) 28 5
(c-GR), (*-PN), (*-HG) 31 6
(c-EK), (*-VE) 14 5
(c-EK), (*-VE), (*-DV) 16 6
(c-K) 25 5
(c-K), (*-QA) 12) 6
(c-NK), (*-QA) 21 8

[T], *[N], (c-NK), (*-TY), (*-TF), (*-TD), 4 8
erent

al

[R]
[IL],

[*W]
[*W]
erent

sitio
ifiers

]
E]

A], *

(*-AN), (*-PG), (*-GT)
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ber of identified b and y ions and the number of
sequence and compositional qualifiers increased with
collision energy (Table 1). In other cases, such as singly-
charged DIVGAVLK, it is observed that even though
additional sequence qualifiers are obtained (DX and VX
dipeptides) at high collision energies, the peptide ion
score [32] decreases significantly with increasing colli-
sion energy, due to decrease in the number of identified
b and y ions (Table 1).

In a few cases, it was noticed that, even though the
number of qualifiers and the number of identified b and
y ions increased with collision energy, the absolute
peptide ion score decreased. Such is the case of SI-
PETQK (Table 1). Further investigation of the sequence
query results showed that the expectation values ob-
tained during the protein search for this peptide de-
creased from 0.15 at 40 eV to 0.015 at 60 eV. Expectation
values reflect the number of times it would be expected
to obtain a similar peptide ion score purely by chance.
Low expectation values mean more significant peptide
ion scores. In this sense, not only the absolute value of
the peptide ion score can be used as a measure of
success in peptide identification but the ratio of the
peptide ion score to the expectation value can also be
investigated. The peptide ion score/expectation value
ratio for singly-charged SIPETQK increased with in-
creasing SID collision energy, thus revealing an im-
provement in identification confidence. A similar result
was obtained for EALDFFAAR (Table 1).

MASCOT protein database searches of the protein
tryptic digest FT-ICR SID mass spectral data were
performed using the optimum collision energies for
each peptide, according to the peptide ion scores ob-
served previously. Table 4 shows protein search scores,
the score cutoffs, and collision energies chosen for each
peptide. The results indicate that optimized collision
energies produce scores that are larger than the cutoff
value, demonstrating that protein identification using
FT-ICR SID MS is feasible and produces protein
matches that are statistically significant. Searches 1, 3,
and 5 used the full list of sequence and compositional
qualifiers and the fragment ion list as previously de-
picted in Figure 2. The second set of protein searches (2,

Table 4. Energy-resolved protein identification scores for datab
compositional qualifiers

Protein
tested Search no.

Information in

Coll. energy
peptide 1

Coll. energy
peptide 2

Coll. en
pepti

ADH 1 40 60 40
2 40 60 40

Actin 3 50 30 40
4 50 30 40

Cyt-c 5 60 60 60
6 60 60 60
4, and 6) shows the observed identification scores
obtained when the sequence and compositional quali-
fiers were omitted from the search. It was noted that for
every protein digest, the scores decreased or the statis-
tical significance of the results decreased (the score
cutoff increased) if the qualifiers were excluded from
the query. Sequence and compositional qualifiers are
utilized as strict search pre-filters to reduce the number
of candidate peptide sequences that can possibly match
the experimental MS/MS data.

When protein searches with compositional and se-
quence qualifiers were conducted for the mass spectral
data at a single fixed collision energy, lower protein
scores were obtained. For example, searches for ADH at
40 and 60 eV produced protein scores of 70 and 45,
whereas a search combining the 40 eV spectrum for
DIVGAVLK, the 60 eV spectrum for IGDYAGIK, the 40
eV spectrum for SIPETQK, the 40 eV spectrum for
EALDFFAR, and the 50 eV spectrum for TLPEIYEK
produced a score of 76 (Table 4). In the case of actin,
database search using a single collision energy of 60 eV
returned a dubious match with a score of 18 and a cutoff
value of 24 (mostly because the peptide HQGVMVG-
MGQK was not identified at this collision energy),
whereas the combined search using the 50, 30, and 40
eV spectra produced a significant score of 49 with an
identical score cutoff. For cytochrome c, a single colli-
sion energy (60 eV) produced optimum protein identi-
fication scores. However, the optimum collision energy
cannot be estimated a priori but can be selected only
after several energies have been assayed. Russell and
coworkers suggested that ramping the collision energy
during SID acquisition is a viable alternative to assaying
different collision energies one at a time [41].

Comparison of SID and SORI-CID for Protein
Identification Purposes

SORI-CID has been utilized with great success for
identification of doubly protonated tryptic peptide ions
[3]. For this reason, we conducted conventional SORI-
CID experiments for doubly protonated precursors as a
benchmark for the performance of SID for protein

arches performed in the presence or absence of sequence and

ed in MASCOT query

Protein
Score/Cutoff

Coll. energy
peptide 4

Coll. energy
peptide 5

Include
qualifiers

?

40 50 ✓ 76/38
40 50 64/61
––– ––– ✓ 49/24
––– ––– 49/34
––– ––– ✓ 80/21
––– ––– 80/35
ase se

clud

ergy
de 3
identification. Several collision energies were assayed
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for SORI-CID, but only spectra showing maximum
peptide ion scores were used for MASCOT searches.

Comparison of the best MASCOT peptide ion scores
produced by SID and SORI-CID (Tables 2 and 3 for SID
and Table 5 for SORI-CID) showed that for HQGVM-
VGMGQK, AVFPSIVGRPR, GDVEK, and TGQAPG-
FTYTDANK, SID was superior to SORI-CID. This effect
can be attributed to the presence of a larger number of
sequence and compositional qualifiers in SID spectra of
these peptides compared to SORI-CID (Table 5). Con-
versely, SORI-CID produced higher scores for IWHHT-
FYNELR and TGPNLHGLFGR than SID because a
larger number of y and b ions were observed in
SORI-CID spectra of these peptides.

Table 6 shows protein identification scores obtained
for actin and cytochrome c using SORI-CID. Both pro-
teins were correctly identified. Similarly to SID protein
searches, the statistical confidence of the protein iden-
tification scores decreased if sequence qualifiers were
not incorporated into the MASCOT search. The perfor-
mance of SID and SORI-CID towards protein identifi-
cation can be compared from Tables 4 and 6. Protein
identification scores for cytochrome c obtained using
SID were significantly higher than the scores obtained
using SORI-CID. The lower degree of success of SORI-
CID can be attributed to much lower peptide ion scores
obtained for GDVEK and TGQAPGFTYDANK, as
shown in Table 5. In the case of actin, almost identical
protein scores were obtained by SID and SORI-CID.
ADH could only be identified via SID, but not by
SORI-CID, probably because of the insufficient frag-
mentation efficiency of singly-charged peptides by the
SORI-CID activation method.

Table 5. Sequence and compositional qualifiers obtained by SO
for selected peptides identified in tryptic digests of model protein

Protein
digested

Peptide sequence
(z, precursor ion kinetic

energy [eV])
Compositi

qualifie

Actin HQGVMVGMGQK (�2,40) [*H]
AVFPSIVGRPR (�2,67) [*P], [*
IWHHTFYNELR (�2,61) [*H]

Cyt-c TGPNLHGLFGR (�2,40) none
GDVEK (N-Ac) (�1,15) none
TGQAPGFTYTDANK (�2, 45) [*Q]

Table 6. Protein identification scores for database searches
performed using SORI-CID spectral information

Protein
tested

Search
no.

Information included
in MASCOT query

Protein
score/cutoff

�1
Ions

�2
Ions

Sequence and
compositional

qualifiers

Actin ✓ ✓ 50/24
✓ 50/34

Cyt-c ✓ ✓ ✓ 62/31

✓ ✓ 62/35
Conclusions

This paper demonstrates that protein sequencing using
SID in an FT-ICR MS and a modified patchwork ap-
proach is a viable alternative to bottom up sequencing
using SORI-CID. SID produced a larger number of
low-mass fragments ions that were used as unique
sequence qualifiers for MASCOT database searches.
Addition of partial sequence qualifiers constrains data-
base searches, effectively filters out many potential
candidate sequences, and thereby increases the statisti-
cal confidence levels of the results. SORI-CID spectra
showed fewer immonium ions than SID and, thus, a
smaller number of compositional qualifiers could be
derived from them. SORI-CID of doubly protonated
tryptic peptides in many cases produced larger y and b
fragments not observed in SID spectra. However, for
the proteins examined in this work, identification scores
obtained using SID were similar or better than the
scores obtained using SORI-CID. A salient feature of the
FT-ICR SID approach is that the absence of a collision
gas allows sequential assay of several collision energies
for each investigated peptide, one of which can be
selected to produce optimum peptide ion scores, lead-
ing to improved protein identification. Singly charged
ions not easily activated by SORI-CID under normal
circumstances were effectively activated by SID, which
makes the FT-ICR SID MS patchwork approach attrac-
tive not only for FT-ICR mass spectrometers equipped
with an electrospray source but also for ion activation in
MALDI FT-ICR MS.
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