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The orbitrap mass analyzer combines high sensitivity,
high resolution, and high mass accuracy in a compact
format. In proteomics applications, it is used in a hybrid
configuration with a linear ion trap (LTQ-Orbitrap) where
the linear trap quadrupole (LTQ) accumulates, isolates,
and fragments peptide ions. Alternatively, isolated ions
can be fragmented by higher energy collisional dissocia-
tion. A recently introduced stand-alone orbitrap analyzer
(Exactive) also features a higher energy collisional disso-
ciation cell but cannot isolate ions. Here we report that
this instrument can efficiently characterize protein mix-
tures by alternating MS and “all-ion fragmentation” (AIF)
MS/MS scans in a manner similar to that previously de-
scribed for quadrupole time-of-flight instruments. We ap-
plied the peak recognition algorithms of the MaxQuant
software at both the precursor and product ion levels.
Assignment of fragment ions to co-eluting precursor ions
was facilitated by high resolution (100,000 at m/z 200) and
high mass accuracy. For efficient fragmentation of differ-
ent mass precursors, we implemented a stepped collision
energy procedure with cumulative MS readout. AIF on the
Exactive identified 45 of 48 proteins in an equimolar pro-
tein standard mixture and all of them when using a small
database. The technique also identified proteins with more
than 100-fold abundance differences in a high dynamic
range standard. When applied to protein identification in gel
slices, AIF unambiguously characterized an immunopre-
cipitated protein that was barely visible by Coomassie
staining and quantified it relative to contaminating proteins.
AIF on a benchtop orbitrap instrument is therefore an at-
tractive technology for a wide range of proteomics analy-
ses. Molecular & Cellular Proteomics 9:2252–2261, 2010.

Mass spectrometry (MS)-based proteomics is commonly
performed in a “shotgun” format where proteins are digested
to peptides, which are separated and analyzed by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) (1, 2).
Many peptides typically co-elute from the column and are
selected for fragmentation on the basis of their abundance
(“data dependent acquisition”). The precursor mass, which

can be determined with high mass accuracy in most current
instruments, together with a list of fragment ions, which are
often determined at lower mass accuracy, are together used
to identify the peptide in a sequence database. This scheme
is the basis of most of current proteomics research from the
identification of single protein bands to the comprehensive
characterization of entire proteomes. To minimize stochastic
effects from the selection of peptides for fragmentation and to
maximize coverage in complex mixtures, very high sequenc-
ing speed is desirable. Although this is achievable, it requires
complex instrumentation, and there is still no guarantee that
all peptides in a mixture are fragmented and identified. Illus-
trating this challenge, when the Association of Biomolecular
Resource Facilities (ABRF)1 and the Human Proteome Organi-
sation (HUPO) conducted studies of protein identification suc-
cess in different laboratories, results were varying (4, 5).2

Despite using state of the art proteomics workflows, often
with extensive fractionation, only a few laboratories correctly
identified all of the proteins in an equimolar 49-protein mixture
(ABRF) or a 20-protein mixture (HUPO).

As an alternative to data-dependent shotgun proteomics,
the mass spectrometer can be operated to fragment the entire
mass range of co-eluting analytes. This approach has its roots
in precursor ion scanning techniques in which all precursors
were fragmented simultaneously either in the source region or
in the collision cell, and the appearance of specific “reporter
ions” for a modification of interest was recorded (6–8). Sev-
eral groups reported the identification of peptides from MS
scans in conjunction with MS/MS scans without precursor ion
selection (9–12). Yates and co-workers (13) pursued an inter-
mediate strategy by cycling through the mass range in 10 m/z
fragmentation windows. The major challenge of data-inde-
pendent acquisition is that the direct relationship between
precursor and fragments is lost. In most of the above studies,
this problem was alleviated by making use of the fact that
precursors and fragments have to “co-elute.”

In recent years, data-independent proteomics has mainly
been pursued on the quadrupole TOF platform where it has
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been termed MSE in analogy to MS2, MS3, and MSn tech-
niques used for fragmenting one peptide at a time. Geroma-
nos and co-workers (14–16) applied MSE to absolute quanti-
fication of proteins in mixtures. Another study showed
excellent protein coverage of yeast enolase with data-inde-
pendent peptide fragmentation where enolase peptide inten-
sities varied over 2 orders of magnitude (17). In a recent
comparison of data-dependent and -independent peptide
fragmentation, the authors concluded that fragmentation in-
formation was highly comparable (18, 19).

Recently, the orbitrap mass analyzer (20–23) has been in-
troduced in a benchtop format without the linear ion trap that
normally performs ion accumulation, fragmentation, and anal-
ysis of the fragments. This instrument, termed Exactive, was
developed for small molecule applications such as metabolite
analysis. It can be obtained with a higher energy collisional
dissociation (HCD) cell (24), enabling efficient fragmentation
but no precursor ion selection. This option is called “all-ion
fragmentation” (AIF) by the manufacturer, and this is the term
that we use below. We reasoned that the high resolution
(100,000 compared with 10,000 in quadrupole TOF) and mass
accuracy of this device in both the MS and MS/MS modes
might facilitate the analysis of the complex fragmentation
spectra generated by dissociating several precursors simul-
taneously. The simplicity and compactness of this instrumen-
tation platform would then make it interesting for diverse
proteomics applications.

EXPERIMENTAL PROCEDURES

BSA Sample Preparation—Bovine serum albumin fraction V
(Sigma) was solubilized in 8 M urea solution (6 M urea � 2 M thiourea
in 10 mM HEPES, pH 8) to a concentration of 350 �g/ml. The protein
was reduced with 1 mM DTT, alkylated with 55 mM iodoacetamide,
and digested with Lys-C (ratio of enzyme to BSA, 1:70; Wako Chem-
icals) for 3 h at room temperature to initiate the digestion in denaturing
conditions followed by 1:4 dilution of the urea and overnight digestion
with trypsin (ratio of enzyme to BSA, 1:70; Promega). The peptide
mixture was then acidified with TFA and desalted on C18-Empore disc
StageTips (25) (5 pmol per StageTip). For each LC-MS run, 50 fmol of
BSA digest were used, and we analyzed the results of triplicate runs.

Universal Proteomics Standard (UPS) Sample Preparation—Univer-
sal Proteomics Standard (UPS1; Sigma) and Proteomic Dynamic
Range Standard (UPS2; Sigma) were solubilized in 8 M urea solution
(6 M urea � 2 M thiourea in 10 mM HEPES, pH 8). Proteins were
reduced with 1 mM DTT and alkylated with 50 mM iodoacetamide
followed by 3-h digestion with Lys-C (ratio of enzyme to protein, 1:50).
The protein mixture was diluted 1:4 in ammonium bicarbonate and
digested overnight with trypsin (ratio of enzyme to protein, 1:50). The
peptide mixture was acidified and loaded on C18-Empore disc
StageTips. The digest from one UPS kit was split to 12 StageTips;
each of them was then used for three LC-MS runs. This resulted in the
analysis of 166 ng of UPS1 (140 fmol of each protein) or 290 ng of
UPS2 (ranging from 14 amol to 1400 fmol of each protein) in each of
the three runs.

Immunoprecipitation and In-gel Digest—HeLa cells were lysed with
a buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

MgCl2, 5% glycerol, 1% Nonidet P-40, and protease inhibitors. 25 �l
of Protein G Dynabeads (Invitrogen) were washed with PBS and
incubated for 1 h with 5 �g of anti-vinculin antibody (Sigma catalog

number V9131) at room temperature. After PBS washes, the beads
were incubated with 1 mg of HeLa lysates for 2 h at 4 °C. Beads were
then washed with lysis buffer, and proteins were eluted from the
beads with lithium dodecyl sulfate sample buffer. The protein sample
was split, and 20% was used for Western blot, and 80% was used for
further MS analysis. In both cases, proteins were separated on a
NuPAGE Bis-Tris gel (Invitrogen). For Western blot analysis, proteins
were transferred to a PVDF membrane, and the membrane was
incubated with the anti-vinculin antibody. For MS analysis, the gel
was stained with Novex Colloidal Blue staining kit (Invitrogen). A very
faint band at the molecular weight of vinculin was detected and
excised. The gel band was subjected to in-gel digestion with trypsin
(26). The resulting peptides were extracted from the gel with 30%
acetonitrile in 3% TFA. After using a SpeedVac, peptides were con-
centrated and desalted on C18-Empore disc StageTips.

LC-MS Analysis—Peptides were analyzed by on-line nanoflow
LC-MS on an EASY-nLC system (Proxeon Biosystems) connected to
an Exactive instrument with HCD option (Thermo Fisher Scientific) via
a Proxeon nanoelectrospray ion source. Peptides were separated on
an in-house packed 15-cm column (75-�m inner diameter with 3-�m
C18 beads; Reprosil-AQ Pur, Dr. Maisch). BSA peptides were sepa-
rated using a 40-min linear gradient of 2–30% buffer B (80% aceto-
nitrile in 0.5% acetic acid). UPS peptides were separated using a
100-min linear gradient of 5–28% buffer B, and vinculin peptides were
separated using a 190-min linear gradient of 2–30% buffer B.

The Exactive mass spectrometer was operated in positive ion
mode with alternating MS scans of the precursor ions and AIF scans
in which the peptides were fragmented by HCD. Both scan types
were performed with 100,000 resolution (at m/z 200) with each scan
taking 1 s, and the maximal fill time was set to 1 s as well. The m/z
range for MS scans was 300–1600, and the m/z range for AIF scans
was 100–1600. The target value for the MS scans was 106 ions, and
the target value for the AIF scans was 3 � 106 ions. We used a higher
target value for the AIF to compensate for loss of charges and
overfragmentation of ions. HCD collision energy was 30 eV. For
stepped collision energy, a new feature was implemented where
during filling of the HCD collision cells the energy is stepped between
values that are set at specified percent values around the chosen
middle energy. We used a middle energy of 30 eV with 20% steps
above and below this value.

MaxQuant Data Analysis—All data analysis was performed in the
MaxQuant environment version 1.1.0.37 (27–29). Three-dimensional
peaks were detected as described before (27) except that this pro-
cedure was applied separately for the MS and the AIF scans. The total
number of fragment ions per 100 m/z was limited to 25 or 15 for low
and medium complexity protein mixtures, respectively. Precursor ion
masses were associated with possible fragment ion candidates on
the basis of a cosine correlation value of at least 0.7.

Database search was performed in MaxQuant against the human
International Protein Index version 3.68 (87,083 entries) to which
contaminants and reverse sequences were added. In some searches,
a small database consisting only of BSA and potential contaminants
or of the proteins of the UPS mixture and contaminating proteins was
used as indicated in the text. The search was performed with an initial
precursor mass tolerance of 7 ppm and fragment mass tolerance of
15 ppm. We included carbamidomethylcysteine as a fixed modifica-
tion and oxidized methionine and N-acetylation as variable modifica-
tions. The minimal peptide length was six amino acids, and we
allowed two miscleavages. For peptide and protein identifications, the
1% false discovery rate was determined by accumulating 1% of
reverse database hits. To avoid apparent misidentifications that are
only due to protein name discrepancies (4), we manually examined
gene names and UniProt ids and compared them to the list of proteins
given by the manufacturer.
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RESULTS

All-ion Fragmentation on Standalone Orbitrap Instru-
ment—In proteomics, orbitrap mass analyzers have been
used so far only as a part of hybrid instruments in combination
with linear ion traps (LTQ-Orbitrap and LTQ-Orbitrap Velos).
This combination enables high resolution and high mass ac-
curacy analysis of the precursor peptides in the orbitrap and
isolation of peptides in the LTQ. In these hybrid instruments,
fragmentation can be done in the LTQ with CID or in the HCD
collision cell. The Exactive benchtop instrument consists of a
single orbitrap mass analyzer and no LTQ; therefore, peptides
cannot be isolated for fragmentation (Fig. 1A). We wished to
examine the applicability of this instrument to proteomics by
basing peptide identification on HCD fragmentation without
precursor peptide selection, which is termed AIF. Peptides
are separated on a reverse-phase column on a nano-LC sys-
tem and directly electrosprayed into the mass spectrometer.

The peptides pass at low kinetic energy through a number of
ion guides into the C-trap where their energy is dampened by
collision with background gas and where they accumulate. In
MS scans, the peptides are injected from the C-trap into the
orbitrap analyzer for precursor mass measurement (Fig. 1B).
In AIF scans, peptides are injected into the HCD cell for
fragmentation, and then fragment ions are moved back into
the C-trap and into the orbitrap for analysis (Fig. 1C).

We acquired the data with alternating MS scans and AIF
scans, both performed with very high resolution (100,000 at
m/z 200). Using this resolution, there is a scan every second,
and each cycle is composed of two scan events. This guar-
antees that each eluting peptide peak will be detected and
fragmented several times. A unique feature of the Exactive, as
compared with the LTQ-Orbitrap, is its ability to fill the C-trap
in parallel to transient acquisition in the orbitrap analyzer.
Therefore, we set the maximal injection time to 1 s, to gain
maximal sensitivity, which still does not affect cycle times.
The total number of ions that can be analyzed is limited by the
capacity of the C-trap as is the case for the LTQ-Orbitrap. In
the MS scans, 106 ions accumulate in the C-trap, typically
within some tens of milliseconds, and are then analyzed in the
orbitrap. In the AIF scans, 3 � 106 ions are fragmented by
collisions with nitrogen background gas upon entry into the
HCD cell. Milliseconds before analysis the fragments are
moved to the C-trap and then into the orbitrap analyzer.

Visualization and Interpretation of AIF Results in Max-
Quant—Because of the co-fragmentation of multiple pep-
tides, AIF poses the challenges of efficient peptide fragmen-
tation, interpretation of spectra, and peptide identification. We
used the MaxQuant environment (27) to address these com-
putational and data interpretation tasks. First, MaxQuant cre-
ates two separate contour plots of all the MS and of the AIF
scans consisting of m/z values as the x axis, retention time as
the y axis, and a color code for the intensity of the signal.
Examination of the MS scans of a simple peptide mixture
created by BSA digestion shows the distribution of the pep-
tides as vertical strips along the retention time (Fig. 2A).
Zooming in on a single peptide shows its isotope cluster and
illustrates the high resolution (Fig. 2B). Three-dimensional vi-
sualization of this isotope cluster further renders the intensi-
ties of the peaks as a function of chromatographic elution
time.

In contrast to data-dependent MS/MS, in AIF, each eluting
peptide is fragmented multiple times, creating an elution profile
of each of its fragments, which have to match precisely with the
elution profiles of the precursor. Thus, AIF peaks can be visu-
alized in the same way as the precursor peaks. The two-dimen-
sional contour map shows stripes of “co-eluting” fragments
belonging to a single or multiple co-eluting precursor peptides
(Fig. 2C). Zooming in on one of these stripes shows the co-
eluting fragments and their elution profile (Fig. 2D).

In MaxQuant, the three-dimensional shape of each peak is
determined independently for the MS and for the AIF scans

FIG. 1. Schematic depiction of all-ion fragmentation on Exactive
instrument. A, the instrument consists of ion optical elements, the
C-trap, the orbitrap mass analyzer, and the HCD cell. B, in MS scan
mode for precursors, electrosprayed ions are accumulated in the
C-trap, typically to 1 million ions, and are then injected in defined
packages into the orbitrap analyzer. C, in the AIF mode, all electro-
sprayed ions are fragmented by collisions with nitrogen gas in the
HCD cell (indicated by the red explosion). Fragments are then moved
back to the C-trap from where they are injected into the orbitrap
analyzer.
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FIG. 2. Visualization and peak determination in AIF. A, contour plot of a BSA peptide mixture LC MS/MS run in which the MS scans are
shown. The elution profile of one BSA peptide is indicated by a rectangle. Vertical stripes are due to chemical noise from laboratory air. B,
visualization of the BSA peptide indicated in A in three different ways: zoom of the contour plot in A, as a three-dimensional peak, and
integration of the MS signal over the peak, shown as a part of a mass spectrum. C, contour plot of the AIF scans indicating the fragmentation
pattern of the BSA peptides. Fragments of peptides co-eluting with the one indicated in A and B are indicated by a rectangle. D, zoom of the
fragmentation pattern of the BSA peptide in C in two and in three dimensions. E, illustration of peak determination in MaxQuant. The calculated
peak outline and centroids for the fourth isotope of the BSA peptide indicated in A and for two of its fragments are shown. F, AIF MS/MS
spectrum of the BSA peptide. Identified fragment ions are marked in blue (b-ions) and red (y-ions).
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(Fig. 2E). Then the peaks forming isotope clusters are deiso-
toped as done normally in MaxQuant analysis. Residues of
unfragmented peptides in the AIF plane are found by match-
ing their mass and retention time profile to precursors, and
they are discarded in further analysis. AIF peaks whose elu-
tion times overlap with a given MS isotope pattern are
grouped together. For the fragments, isotope patterns as well
as single peaks not clustered into isotope patterns are con-
sidered because low intensity fragments have a high likeli-
hood of being only detectable in the monoisotopic form. For
each MS and AIF feature that has an overlap in retention time,
the correlation coefficient of the elution profile is determined.
Based on this correlation, AIF peaks are then assigned to their
potential precursors. Three-dimensional fragment peaks as-
signed to a precursor are collapsed to a conventional MS/MS
spectrum by summing intensities over the retention time pro-
file. Subsequently, peptide identification is performed as in
data-dependent peptide fragmentation (Fig. 2F) including a
search against a database of an in silico digest of protein
sequences.

Stepped Collision Energies Improve Fragmentation Behav-
ior—In standard MS analysis, different peptides are frag-
mented with different energies according to their masses and
charge states. This is obviously not the case in AIF where all
co-eluting peptides are fragmented simultaneously and with
the same energy. For this reason, in Q-TOFs, the collision
energy has been ramped when acquiring fragmentation data
in the full mass range (14, 17).

As expected, when we analyzed a mixture of BSA peptides,
we found that the single collision energy inefficiently frag-
mented many of the peptides. In the contour plot, we color-
coded all the peaks that belonged together and found that in
many cases only a few fragments could be associated with
their precursors (Fig. 3A). To more efficiently fragment pep-
tides with different m/z and charge, stepped collision energy

was therefore implemented into the mass spectrometer. This
feature enables a shift between three collision energies during
filling of the HCD cell. We opted against acquisition of sepa-
rate spectra at each collision energy. Although potentially
informative, this would have lengthened the cycle time or
decreased the resolution. Instead, we fragmented peptides
for a third of the fill time with the low, medium, and high
collision energies, respectively, and accumulated all frag-
ments in the HCD cell for combined orbitrap analysis.

Using this feature, we detected multiple extra peaks in the
AIF spectra, creating easily visible horizontal stripes of frag-
ments of each peptide (Fig. 3B). Without stepped energy we
identified BSA, which had been added to the human Interna-
tional Protein Index, with 22 peptides (supplemental Table 1).
Analysis of the data showed that these extra peaks translated
into an increase in the number of identified peptides (to 26
different peptides).

We suspected that information about even more peptides
might be present in the data but that these peptides might
not be statistically significant. To test this hypothesis, we
created a small database consisting of BSA and 254 se-
quences of potential contaminants, mainly keratins. When
we analyzed the BSA runs, we now found 27 and 33 BSA
peptides without and with stepped collision energy, respec-
tively. Together, these results clearly showed the advantage
of the improved fragmentation by the stepped energy;
therefore, in all subsequent experiments, we used these
fragmentation parameters.

Analysis of Equimolar Mixture of 48 Proteins with AIF—
Large efforts have been made in the past decade to evaluate
and standardize proteomics analyses by organizations such
as ABRF and HUPO. Both perform comparative studies and
create protein standards for evaluation of qualitative and
quantitative proteomics methods. One of the products of the
ABRF efforts is a commercially available protein mixture, the

FIG. 3. AIF contour plot with and without stepped collision energy. A, same as Fig. 2C except that all fragment peaks are color-coded
in accordance with the precursor ions that they were assigned to by MaxQuant. B, same as A except for implementation of stepped collision
energies. Each spectrum combines fragments generated at low, medium, and high collision energies. Note that many more prominent
fragmentation patterns appear (horizontal stripes).
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Universal Protein Standard (UPS1), which contains 48 differ-
ent proteins in equimolar concentrations. The mixture in-
cludes proteins ranging in size from polypeptides as small as
6 kDa (EGF) to large proteins of 83 kDa (gelsolin), resulting in
large differences in the number of potential tryptic peptides
that can be identified from each protein.

This standard mixture allowed us to examine whether our
new algorithm enables protein identification in more complex
samples. We digested the proteins and separated the pep-

tides using a 100-min gradient on a reverse-phase column.
Each chromatographic run contained peptides obtained by
digestion of 160 ng of total protein (140 fmol/protein). In the
mass spectrometer, peptides were fragmented with step col-
lision energy as described above. Remarkably, in triplicate
runs, we identified 348 different peptides in the human data-
base, corresponding to 45 UPS proteins (Table I). We identi-
fied only two peptides that did not correspond to any of the
UPS proteins or contaminants. This is as expected from

TABLE I
Proteins identified in 48-protein UPS

Triplicate runs were analyzed against a database of the UPS proteins and contaminants and against the complete human database and
contaminants. PEP, posterior error probability; Percent seq., percent protein sequence coverage; Cyt, cytochrome; PPIA, peptidyl-prolyl
cis-trans isomerase A; BID, BH3-interacting domain death agonist; HARS, histidyl-tRNA synthetase; CK-M, creatine kinase M-type.

Protein name UniProt
accession no.

UPS database Human database

Intensity
(� 107)

No.
peptides PEP Percent

seq.
Intensity
(� 107)

No.
peptides PEP Percent

seq.

Annexin A5 P08758 35.2 17 0e�00 57.4 24.0 8 7e�70 29.4
Antithrombin-III P01008 40.9 20 0e�00 46.1 26.2 10 0e�00 30.8
BID P55957 13.1 8 0e�00 52.8 12.5 7 0e�00 41.5
CAH- 2 P00918 22.6 11 0e�00 52.9 21.7 9 4e�73 49.6
CAH-1 P00915 25.9 12 0e�00 63.1 19.9 8 0e�00 46.4
Catalase P04040 53.0 29 0e�00 62.9 44.0 19 0e�00 44.6
CK-M P06732 35.6 21 0e�00 67.7 25.9 13 0e�00 42.0
Complement C5 P01031 2.9 2 2e�42 28.4 1.9 1 1e�21 0.8
CRP P02741 6.5 5 1e�46 22.6 6.4 5 1e�18 21.0
Cyt-b5 P00167 18.4 7 0e�00 55.7 14.1 5 8e�70 49.3
Cyt-c P99999 10.1 8 8e�32 55.8 5.0 2 1e�19 23.8
EGF P01133 0.4 1 2e�02 24.1
FABP3 P05413 20.4 10 6e�94 76.5 12.8 5 2e�57 45.9
Gelsolin P06396 32.0 23 0e�00 40.7 20.6 13 0e�00 26.6
GST-A1 P08263 17.2 11 5e�18 44.8 5.6 2 8e�05 8.9
GST-P P09211 15.9 11 0e�00 57.4 10.6 6 0e�00 35.7
HARS P12081 47.9 26 0e�00 57.9 36.4 18 0e�00 48.1
Hemoglobin-� P69905 5.4 5 6e�45 43.3 3.1 3 2e�27 30.3
Hemoglobin-� P68871 9.3 9 6e�86 69.9 7.9 7 1e�49 55.1
H-Ras P01112 14.1 10 0e�00 58.7 14.0 9 4e�69 55.0
IFN-� P01579 6.2 4 0e�00 44.1 6.2 4 0e�00 38.0
IGF-2 P01344 5.3 3 9e�83 73.1 4.5 2 4e�11 10.6
IL-8 P10145 0.5 1 7e�03 22.2
Lactalbumin P00709 10.9 7 2e�16 82.1 7.4 3 2e�07 18.3
Lactotransferrin P02788 59.1 41 0e�00 67.3 47.2 29 0e�00 44.7
Leptin P41159 19.8 5 0e�00 49 19.7 5 0e�00 43.1
Lysozyme C P61626 10.3 9 0e�00 78.5 8.2 5 3e�78 44.6
Microglobulin-�2 P61769 20.8 3 0e�00 42.4 20.8 3 2e�105 34.4
Myoglobin P02144 15.0 7 0e�00 54.2 12.7 5 0e�00 50.0
NEDD8 Q15843 7.0 4 8e�52 45.7 6.8 3 5e�24 34.6
NQO1 P15559 12.3 8 8e�39 24.9 6.7 4 2e�19 17.5
NQO2 P16083 27.8 10 0e�00 55.7 20.6 7 0e�00 44.2
PDGF-B P01127 2.1 3 5e�10 34.9
Peroxiredoxin 1 Q0683 26.7 12 9e�80 73.2 18.2 7 2e�40 41.2
PPIA P62937 15.2 8 0e�00 60.5 11.4 5 4e�36 40.6
RETbp-4 P02753 5.7 6 1e�37 30.2 3.3 3 9e�14 15.4
Serotransferrin P02787 46.9 35 0e�00 64.2 36.7 26 0e�00 46.8
Serum albumin P02768 84.7 37 0e�00 71.9 64.0 29 0e�00 63.1
SOD1 P00441 11.9 9 0e�00 75.2 8.2 5 0e�00 59.7
SUMO1 P63165 29.2 15 0e�00 46.4 3.4 3 1e�07 19.9
Synuclein-� O76070 26.2 12 0e�00 89.8 18.0 7 0e�00 63.0
Tau P10636 45.4 18 0e�00 60.5 40.7 14 0e�00 57.1
Thioredoxin P10599 8.9 5 2e�32 46.4 7.7 3 3e�17 29.5
TNF-� P01375 18.9 7 0e�00 63.7 16.2 6 0e�00 39.5
UB2E1 P51965 2.5 3 2e�12 18.6 1.9 2 2e�09 8.3
UBC9 P63279 10.2 7 2e�38 50 4.6 3 4e�19 16.8
UBE2C O00762 14.0 8 0e�00 67 15.8 8 4e�70 67.6
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the 1% false discovery rate that we specified in MaxQuant.
The median number of peptides per protein was 5, and the
median sequence coverage was 41%. The three proteins that
we could not identify were EGF, PDGF, and IL-8, which are all
low molecular weight proteins. EGF has only one tryptic pep-
tide that can be efficiently characterized by MS, making the
protein difficult to identify in a large database. IL-8 is very
basic, containing 14 lysines and arginines (18% of the amino
acids). As a result, efficient digestion with trypsin creates only
three peptides with more than the minimal six amino acids
(without incomplete digestion) that we used as a requirement
for identification.

To check whether more peptides were present in the anal-
ysis, we searched the data against a small database contain-
ing only the UPS mixture and common contaminants. In this
database, we were able to identify all 48 proteins (Table I).
Sequence coverage of these proteins improved to a median
of 56% and ranged between 19 and 90%.

Dynamic Range of AIF on Orbitrap Analyzer—The Protein
Dynamic Range Standard (UPS2) is another commercial pro-
tein mixture. It contains the same proteins as UPS1, but these
48 proteins are present in different concentrations, ranging
over 5 orders of magnitude. The proteins in the mixture are
divided into six abundance classes with a 10-fold difference in
concentration between each class, ranging from 500 amol to
50 pmol. UPS2 analysis tests both the sensitivity of a work
flow and its dynamic range. We analyzed the UPS2 mixture in
triplicates, and in each run, we separated peptides from 290
ng of total protein (14 amol to 1.4 pmol/protein).

In the human database, we identified 16 proteins with
123 peptides in total, spanning three abundance classes
(supplemental Table 2). EGF was in the middle abundance
class but was nevertheless not identified-presumably be-
cause of the reasons discussed above. Likewise, four proteins
in the lowest abundance class of the three were not identified.
When searching only against the UPS and contaminant data-
base, despite the challenging dynamic range, we were able to
identify 21 different proteins (excluding known contaminants).
We identified all 16 proteins from the most abundant groups
and five proteins from the lower abundance group where only
14 fmol of each protein were injected into the mass spectrom-
eter. Summed peptide intensities correlate well with the ab-
solute protein amount in proteomics measurements (30, 31),
and data-independent fragmentation has been reported to
have specific advantages for absolute quantification (16). In-
deed, when we plotted summed peptide intensities for each
protein, the different abundance classes were clearly distin-
guished, and the overall -fold change between the classes
was correctly represented (Fig. 4A). Taking other parameters
such as the theoretical number of tryptic peptides into con-
sideration will likely further increase the accuracy of the esti-
mate of absolute protein amount.

Because the same proteins are present in the equimolar
UPS1 mixture and the dynamic range UPS2 mixture, we

reasoned that combined analysis of the two data sets would
represent a good assessment of the ability of relative protein
quantification. In this analysis, identities of peptides in the
UPS1 run, where they are more abundant, can be transferred
to the UPS2 run, potentially increasing the dynamic range of
quantification. Such matching is based on the exact mass,
obtained in the orbitrap, and the retention time of the peptide
(“match between runs” feature in MaxQuant). This matching
enabled identification of 32 proteins in five abundance classes
(supplemental Table 3), demonstrating that the Exactive in-
strument is able to detect peptides ranging over 4 orders of
magnitude. We next examined the quantification accuracy of
the proteins by using the label-free algorithm of MaxQuant
(32) to calculate the normalized intensities of UPS1 proteins
and UPS2 proteins and then calculated the ratio between
UPS2 and UPS1 (Fig. 4B). We found a linear correlation be-
tween the protein mixtures, covering the five abundance
groups. As expected, the ratio of the proteins in the two
standards changed in 10-fold increments, ranging from 10-
fold higher to 1000-fold lower amounts in UPS2 compared
with UPS1. The ratios were very accurate in the more abun-
dant protein classes and less accurate in the lower abun-
dance classes as anticipated from the number of peptides

FIG. 4. Quantitation of dynamic range universal protein stan-
dard. A, absolute protein amount as estimated by added peptide
signal. Values of the x axis are the reported amounts in the UPS2
mixture in fmol. B, relative amount of the same protein in the dynamic
range protein standard compared with the equimolar protein stan-
dard. Values of the x axis are the reported amounts in the UPS2
mixture in fmol.
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that can be used for quantification. Nevertheless, the ratios
of almost all proteins reflected the change in the protein
amounts between the two standards very well.

Identifying Gel Bands by AIF on Orbitrap Analyzer—We next
examined whether our work flow can be applied to a common
analytical task in proteomics laboratories, the identification of
gel bands. We immunoprecipitated the focal adhesion protein
vinculin (33) from HeLa cells, separated the proteins by gel
electrophoresis, and analyzed the sample by Western blot
and by Coomassie staining. The amount of precipitated vin-
culin was very low as we could only see a very faint band by
eye in the Coomassie gel that did not even appear in the scan,
which mostly detected the antibody bands in the gel lane (Fig.
5A). However, we could verify that the faint band is indeed
vinculin based on the clear band in the Western blot. We
excised the gel band, performed an in-gel digest, and ana-
lyzed the peptides on the Exactive with AIF. In total, we
identified 120 peptides originating from 20 proteins (sup-
plemental Table 4). We ordered these proteins according to
their estimated abundance and color-coded them by their
occurrence in the human database or the contaminant data-
base to distinguish between background and potential true
hits (Fig. 5B). The four most intense proteins were different
keratins, which are known contaminants. The next protein
was our target, vinculin, which we identified with 16 peptides.
All other non-contaminants showed much lower intensities by

at least 100-fold and could therefore not be the origin of the
very faintly stained band. The 16 peptides of vinculin covered
14.4% of the protein sequence and originated from the dif-
ferent regions of the protein (Fig. 5C). Therefore, by excluding
contaminants and sorting based on the protein intensity, the
true protein of interest was easily revealed even in this chal-
lenging situation.

DISCUSSION

Here we have developed methods that enable protein iden-
tification through fragmentation of all co-eluting ions by HCD
in a standalone orbitrap instrument. HCD, with injection of
ions with three different energies, ensured good fragmenta-
tion of peptides. We made use of the high resolution and
mass accuracy of the orbitrap analyzer and combined this
with the sophisticated peak recognition features of Max-
Quant. High accuracy fragmentation peaks were assigned to
precursors on the basis of “co-elution” profiles.

This technology easily characterized a digest of a single
model protein and unexpectedly identified nearly all proteins
in a 48-protein standard. This compares favorably with results
of multilaboratory studies in which many participants reported
fewer proteins and misidentification of proteins was common
(4).2 Even more striking was the ability of AIF on the Exactive
to accommodate a relatively large dynamic range of analyte,
which we initially thought would be a weakness of AIF. Pro-

FIG. 5. Identification of proteins in gel bands. A, Coomassie stain of a one-dimensional gel of immunoprecipitated vinculin. A faint band
had been visible by eye but not after scanning. The right-hand panel is a Western blot with the anti-vinculin antibody. B, proteins identified by
AIF on the Exactive are ordered by added peptide signal. Note that contaminants (blue) are up to 10-fold more abundant than the target protein
(red) and that the target protein is 100-fold more abundant than the next possible candidate protein. C, sequence coverage of vinculin by the
16 peptides identified by AIF on the Exactive instrument.
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teins that were less than 1% of the abundance of the major
protein were readily identified, and when combining results
from an equimolar protein mixture with a high dynamic range
protein mixture, up to 4 orders of magnitude of abundance
were covered. This ability would be useful in quantitative
studies where the protein of interest is more abundant in
one cellular state and where its peptides can then be quanti-
fied in the other states despite a large expression difference.
Although not shown here, AIF on the Exactive should be
readily amenable to relative quantification based on stable
isotope methods such as SILAC (3). The information en-
coded in SILAC peptide fragments should further help in
assigning fragments to precursors as well as in MS/MS-
based quantification.

Much of proteomics work involves the analysis of gel bands
from low or medium complexity protein mixtures. In this
study, we have demonstrated straightforward identification of
an immunoprecipitated protein, a typical gel band identifica-
tion application. Absolute quantification (in the form of added
peptide signals) differentiated the target protein from more
abundant background proteins that were also contained in the
contaminant database and proteins of much lower abun-
dance that were not the protein of interest. We anticipate that
gel-separated protein mixtures of moderate complexity (at
least up to several hundred proteins) would also be amenable
to the AIF-Exactive analysis, and we will investigate this in the
future. Likewise, it would be interesting to compare AIF on the
Exactive directly against existing quadrupole TOF instrumen-
tation. Based on the high resolution and the high mass accu-
racy even for small peaks, we expect data from the Exactive
to perform favorably in such a comparison.

In conclusion, the AIF-Exactive technology combines highly
confident identification of simple to moderate protein mix-
tures and excellent quantitative analysis capabilities in a sim-
ple, robust, and economical format. Although it does not
reach the depth of analysis of a high end hybrid instrument, it
appears to perform at least equally well on many mainstream
proteomics work flows. Therefore, we expect the technology
described here to be a useful addition to the proteomics
toolbox.
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