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Overview

Purpose:
To demonstrate the benefits of Higher Energy Collision
Induced Dissociation (HCD) applying Data Dependent™

methods under nano LC time scales.

Methods:
Three different Data Dependent decisions were applied for
the analysis of a mixture containing peptides and
phosphopeptides.

a)FT full scan followed by eight Data Dependent (DD)
ITMS/MS scans in parallel mode.1

b)FT full scan with subsequent DD Collision Induced
Dissociation (CID) and HCD scans on identical
precursors followed by Orbitrap detection.

c) FT full scan plus parent mass triggered DD HCD
scans, based on database search of peptide ID (see a),
using a 5 ppm tolerance window.

Results:
Even on an LC time scale, HCD generates excellent
fragmentation results with respect to both low mass range
information and overall fragmentation yield. This is
especially pronounced in MS/MS experiments of phospho-
peptides which typically fragment significantly more using
HCD than CID. HCD spectra provide fragment
information over the entire mass range of the peptide.

Introduction
Higher Energy Collision Induced Dissociation (HCD) is a
valuable tool for structural elucidation of peptide analysis,
and also for de novo sequencing of peptides as demons-
trated by the first reports of HCD on a Thermo Scientific
LTQ Orbitrap™ system.2 Additionally, HCD spectra show
significant sequence information together with diagnostic
immonium ions and immonium related ions as
demonstrated earlier.3

Methods
A hybrid linear ion trap - Orbitrap mass spectrometer
(Thermo Scientific LTQ Orbitrap XL) was used to
demonstrate and compare two different fragmentation
techniques using nano LC flow conditions in a Data
Dependent mode: (1) CID in which fragments are created
by low energy collisions in the ion trap and transferred to
the Orbitrap detector, and (2) HCD in which fragments of
a given precursor are created in a collision octapole
following the curved linear trap (Figure 1).

Enzymatic digests of three phosphoproteins (α-casein,
β-casein, and ovalbumin) and three proteins (β-lactogo-
bulin, carbonic anhydrase and bovine serum albumin)
were prepared. The cysteine-containing proteins were
reduced and alkylated (carboxymethylation) prior to
enzymatic digestion.

A solution containing five (phospho)peptides
purchased from Molecular Probes (Eugene, OR, USA) –
phosphopeptide standard mixture, no. 33357; for details
see www.invitrogen.com – was added in similar concen-
tration as all enzymatic peptides in the sample. The
resulting solution contained peptide concentrations
between 20 and 50 femtomole per µL. A 5 µL injection
was loaded onto a trap column, washed for 5 min and
analyzed via an analytical column (C18, 75 µm diameter,
10 cm length; for details see www.nanoseparations.com).
The nano LC flow rate was 300 nl/min. The gradient used
for all methods is given in Table 1.

For database searches, database SPROT 52 with
260,175 sequences and 95,002,661 residues at date of
search was used. Mascot™ MS/MS Ion Search
(www.matrixscience.com) was used as search engine. The
search parameters are listed in Table 2 for the three
different methods used.
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Time, min A, % B, %

95/5 water/acetonitrile 80/20 acetonitrile/water
containing 0.1% formic acid containing 0.1% formic acid

0.00 95.0 5.0

40.00 60.0 40.0

43.00 20.0 80.0

48.00 20.0 80.0

48.10 95.0 5.0

55.00 95.0 5.0

Table 1: Nano LC gradient used for the methods applied.

Method Search conditions

Identical conditions used for Database: SPROT 52
all methods Enzyme: Trypsin

Max Missed Cleavages: 2
Fixed modifications: Carboxymethyl (C)
Variable modifications:
Deamidation (NQ),Oxidation (M),
Phospho (STY)
Mass values: Monoisotopic
Protein Mass: Unrestricted
Peptide Mass Tolerance: 7 ppm

METHOD 1 Fragment Mass Tolerance: ± 0.8 u
FT full scan followed by eight Data
Dependent (DD) ITMS/MS scans in
parallel mode

METHOD 2 CID:
FT full scan with subsequent DD Fragment Mass Tolerance: ± 15 mmu
- CID scans HCD:
- HCD scans Fragment Mass Tolerance: ± 15 mmu
on identical precursors followed by
Orbitrap detection

METHOD 3 Fragment Mass Tolerance: ± 15 mmu
FT full scan plus parent mass
triggered DD HCD scans, based on
database search of peptide ID

Table 2: The search parameters for METHOD 1, METHOD 2, and METHOD 3
are displayed. For details refer to the text.

Results

METHOD 1
Three DD methods were set up to demonstrate the ability
of HCD MS/MS data acquisition under LC time scale
requirements for the analysis of complex sample mixtures.
METHOD 1 is set up as follows: a full scan detected in
the Orbitrap detector (m/z 400 – 1500, RP 60,000 @ m/z
400, 1 e6 target value, 250 ms max. inject time) is
followed by eight DD ITMS/MS scans (1 e4, 100 ms max.
inject time) on 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th most
abundant ion detected in the corresponding full scan; all
triggered precursor ions were excluded for a certain period
using dynamic exclusion features. Full scans provide
a mass accuracy of ≤ 3 ppm for all precursors; mass
accuracy across the LC peak does not change with
Orbitrap detection. For an example of mass accuracy
across LC peaks, see reference 4.

METHOD 1 is the classical protein ID approach in
which the ion trap is operated in parallel to a concurrent
Orbitrap detection.5 Up to three ITMS/MS scans can be
performed during an Orbitrap scan acquired at RP 60,000
@ m/z 400 (1 scan/s). The cycle time from full scan to full
scan (with 8 ITMS/MS scans in between) is less than 2.5 s.
Details and examples are given in Figure 2.

All six proteins in the mixture are unambiguously
identified by this method. Several phosphorylation sites
are assigned by allowing the variable modifications
“Phosphorylation” for Ser/S, Thr/T, or Tyr/Y into account
during database search via Mascot search, see Table 2.

Figure 1: Schematic of the LTQ Orbitrap XL system.



Figure 2: METHOD 1, parallel operation; for details refer to Table 2.
a. Inset into the base peak chromatogram for retention time 12 to 40 min of the nano LC-MS/MS analysis using the described mixture and applying METHOD 1.
b. Full scan at RT 16.62 min and an inset into the mass range of the precursor for which a DD decision was taken, m/z 733.81.
c. Corresponding Mascot interpretation of the MS/MS experiment on precursor at m/z 733.81; a phosphopeptide is identified deriving from alpha S2 casein
with the sequence TVDMESTEVFTK. Phosphorylation is localized on serine at position 6.
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METHOD 2
METHOD 2 was programmed as a subsequent expe-
riment in which one Orbitrap full scan (m/z 400 – 1500,
RP 15,000 @ m/z 400, 1 e6 target value) is followed by
one CID scan and one HCD scan on the (identical) most
abundant ion detected in the corresponding full scan.
Both MS/MS scans are detected in the Orbitrap detector
with RP 7500 @ m/z 400. Thereby two subsequent
MS/MS scans (one CID scan, one HCD scan) are
acquired under identical elution conditions. Figures 3a
and 3b show the MS/MS data interpretation for the triply
phosphorylated alpha S1 casein peptide with the sequence
EKVNELpSKDIGpSEpSTEDQAMEDIK. The peptide
shown (with one missed cleavage site) and the corres-
ponding peptide of the sequence DIGpSEpSTEDQAMEDIK,
with one or two phophorylations are observed in the base
peak chromatogram (data not shown) and correctly
identified with both fragmentation techniques. A lowered
enzyme accessibility induced by the phosphorylation at
pSK is responsible for the missed cleavage site therein.
HCD spectra (e.g. Figure 3a) provide more fragments over
the entire mass range and result in a significant higher
score and confidence for both the individual peptide and
the entire protein than CID spectra (e.g. Figure 3b). This
is observed for all HCD and CID spectra compared
herein. Figure 3c compares HCD and CID data for a pre-
cursor mass according to the sequence variant in alpha S1
casein found by Larsen et al. earlier: for AA region
118 – 134 a sequence variant YLGEYLIVPNpSAEER with
MH+ 1832.846621 was proposed.6
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Figure 3: METHOD 2, HCD and CID triggered on the most abundant ion; for details refer to Table 2.
a. MS/MS scan, HCD of the triply phosphorylated peptide EKVNELpSKDIGpSEpSTEDQAMEDIK deriving from bovine casein alpha S1, m/z 979.06.
The Mascot interpretation is shown.
b. MS/MS scan, CID on the same precursor ion, m/z 979.06. The Mascot interpretation is shown.
c. CID and HCD data for a sequence variant occurring in alpha S1, m/z 916.93.
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* Thermo Scientific Xcalibur™ 2.0.7 software on-line help:

The Ring Double bound equivalent (RDBe) displays a range of values for
double bonds and ring equivalents – a measure of the number of unsaturated
bonds in a compound – and limits the calculated formulas to only those that
make sense chemically. The value is calculated by the following formula:

RDB is the value for the Ring Double Bound, imax is the total number of
different elements in the composition, Ni is the number of atoms of element i,
and Vi is the valence of atom i.

The present HCD data (Figure 3 c), however, reveal that
the sequence of this phosphopeptide is as follows:
YLGYLELVPNpSAEER, MH+ 1832.846621, in which L
represents Leu/L or Ile/I. A complete series of y-ions (y1 to
y13) and several a- and b-ions (not all labeled) establish
this assignment. In continuation of the interpretation
of raw files applying METHOD 2, results of a non-
phosphorylated peptide are shown in the following. At
retention time 21 min a full scan with DD analysis of the
precursor m/z 710.85 is performed using HCD and CID
(Figure 4). Database searching reveals that this MS/MS
information is indicative of a peptide with the sequence
SLHTLFGDELCK derived from bovine serum albumin.

The inset into the HCD spectrum displays the ions
detected in the mass range below m/z 150. (Diagnostic)
immonium and immonium-related ions, such as His/H,
Phe/F, and the y1 fragments at m/z 147, are readily
assigned. The signal at m/z 134 is indicative of the
carboxymethylated Cysteine (Cys/C) immonium ion,
abbreviated as C@. This (a) indicates the presence of Cys
in the sequence without the need of confirmatory sequence
information and (b) provides a useful proof for validation
of peptide identification by database search. Besides the
mass which is measured with 0.35 ppm accuracy, also the
Ring Double Bound equivalent (RDBe) supports this
interpretation*. In the given case the RDBe of the sum
formula proposal C4H8O2N1S1 is calculated to 1.5 which
meets the degree of “un-saturation”7,8 in the carboxy-
methylated Cys immonium ion”. For more details on
RBDe calculations a recent Open Access article is
available by Kind and Fiehn.9

Figure 4: METHOD 2, HCD and CID triggered on the most abundant ion.
a. MS/MS scan, HCD on a carboxymethylated Cys containing peptide
from bovine serum albumin, sequence SLHTLFGDELCK, m/z 710.85.
The Mascot interpretation is shown.
b. MS/MS scan, CID on the same precursor ion, m/z 710.85.
The Mascot interpretation is shown.
c. Details of the HCD scan shown in Figure 4a for mass range below
m/z 150 with sum formula proposals. The signal at m/z 134 can be
unambiguously assigned to the immonium ion of carboxymethylated Cys.
For details refer to the text.

a.

b.

c.



Figure 5: METHOD 3, HCD is triggered upon an accurately detected ion
given in a parent list. For details refer to Table 2. The example chosen
here displays the phosphorylated peptide FQpSEEQQQTEDELQDK deriving
from bovine beta casein.
a. Full scan information together with an inset into the region of interest.
b. MS/MS scan, HCD on the triply charged precursor ion, m/z 687.94.
Mascot interpretation is shown.
c. Inset into mass range below m/z 175 with immonium ion assignments.
d. Inset into mass range m/z 129 – 130. Immonium related ions deriving
from Gln/Q, Glu/E, and Lys/K (deriving from the y1 fragment ion) can be
distinguished unambiguously by accurate mass.

METHOD 3

To validate the HCD results and to intentionally trigger
on the presence of phosphopeptides, a parent mass list
was created based on the results obtained by METHOD
1. This mass list contains the m/z values of identified
phosphopeptides and the potential m/z values of the
phosphopeptides of the additionally added phospho-
peptide standard (see Methods). This parent list was
imported as .csv file into the instrument setup for
METHOD 3 using the following settings: One Orbitrap
full scan (m/z 400 – 1500, RP 15,000 @ m/z 400, 1 e6
target value) is followed by two HCD scans on the 1st
and 2nd most abundant form the parent list. An HCD
experiment is triggered if the Orbitrap detector detects
ions within a 5 ppm tolerance window of the masses in
the parent list. The HCD scans are detected with RP 7500
@ m/z 400.

Figure 5a shows a selected full scan mass spectrum
together with an inset for m/z 687.94. This is a triply
charged ion identified as the singly phosphorylated
peptide with the sequence FQpSEEQQQTEDELQDK
deriving from bovine beta casein. The HCD MS/MS
interpretation is shown in Figure 5b. The HCD spectrum
provides ions for a1, b2, b4, b5, b6, y10, y9, y8, y7, y6,
y5, y4, y3, y2, y1 in which the ions including the
phosphorylation site at S3 had undergone a neutral loss
(-98 u). Figures 5c and 5d show two insets of the HCD
spectrum for the mass range below m/z 175. Immonium
ions and immonium related ions (Phe/F), Gln/Q, Glu/E,
Lys/K, and the a1 ion (Phe/F) can be seen. Note that
immonium related ions of Gln/Q and Glu/E (m/z 129.06,
130.07) and fragments of the y1 ion (Lys/K) (m/z 129.10,
130.10) can be distinguished by accurate mass
unambiguously.

Figure 6 displays another HCD example from the
same LC run using METHOD 3. It considers a phospho-
peptide additionally added to the complex mixture prior
to LC injection. The peptide has the sequence
DHTGFLpTEpYVATR. HCD spectra triggered upon the
given parent list are used to get MS/MS data on the 3+
and the 2+ ion; see Figure 6a. Complete y- and
b-ion series can be assigned for the dephosphorylated
Thr/T sequence (dpT). The spectra are full of sequence
specific information; also internal fragments (not assigned
here) are observed and can be assigned unambiguously
due to their accurate masses. An inset into the mass range
below m/z 220 shows the existence of phosphotyrosine;
the signal at m/z 216 (in red) is indicative of the
phosphotyrosine immonium ion (pTyr/pY) and pinpoints
the phosphorylation without sequence specific information
as shown in Figure 6b.10

c.

d.

a.

b. HCD



Summarizing the above results obtained from
METHOD 1, METHOD 2, and METHOD 3 it can be
concluded that (a) an instrument setup with accurate mass
measurements of full scans plus several Data Dependent
decisions with ITMS/MS experiments is essential to
getting the most information in the shortest time frame.
This is the content and result of METHOD 1. (b) A
method in which HCD data (including accurate mass
fragment detection) are acquired as a result of Data
Dependent decisions form given full scan measurements
reveal to be an effective tool to fragment peptides along
their amino acid backbone. Complete or almost complete
b- and y- fragment ion series can be read in HCD spectra.
This is demonstrated in Figures 3 to 6.

Using HCD fragmentation in the collision cell enables
the detection of (singly charged) immonium ions or
immonium-related ions in the low mass range; this mass
range is typically not accessible by CID fragmentations in
the linear ion trap due to the low mass cut-off of ion
traps. Furthermore, HCD fragmentation – even though
also inducing low energy collisions as CID does and
therefore producing also a-, b-, and y- ions – turns out to
very effectively fragment the molecule under investigation.
This is – most likely – due to the fact that the molecule
undergoes subsequent collisions in the collision cell,
similar to molecule fragmentations in triple quadrupole
instruments. For the given set (METHOD 2) in which
CID and HCD were performed, identical precursors and
fragments were detected with accurate mass for both
fragmentation techniques, all proteins were identified with
significantly higher scores and higher confidence using
HCD. Furthermore, using HCD, all proteins in the
mixture were positively identified, while Ovalbumin
(chicken) and Carbonic Anhydrase (bovine) could not be
identified by CID in this method (METHOD 2) by only
triggering on the most abundant ion. The result of the
database search is seen in Table 3 in detail.

It is worthwhile to note that HCD fragmentation can
disclose the existence of posttranslational (e.g. phospho-
tyrosine immonium ion) or reaction-induced (e.g. carboxy-
methylated immonium ion) modifications and pinpoints
their existence without sequence specific information. This
is shown for phosphotyrosine containing peptides and
carboxymethylated peptides (e.g. Figures 4 and 6). It is
therefore concluded that a method applying Data
Dependent decision using HCD is beneficial to increase
knowledge about the sample under investigation and to
gain more information about complex and post-
translational modifications containing mixtures.

a.

b.

c.

Figure 6: METHOD 3, HCD is triggered upon an accurately detected ion
given in a parent list containing phosphopeptide m/z values. The doubly
phosphorylated peptide DHTGFLpTEpYVATR from the additionally added
phosphopeptide standard is analyzed.
a. MS/MS scan, HCD of the triply charged precursor ion (top, m/z 557.226816)
and of the doubly charged precursor ion (bottom, m/z 835.336585). Insets into
the corresponding full scan spectrum (3+ ion, 2+ ion) are shown.
b. Inset into HCD spectra for mass range below m/z 220. The ion at m/z 216
is indicative of the phosphorylated Tyrosine immonium ion. For further
information on pinpointing Tyr phosphorylation sites, please see reference 10.
c. Sum formula proposals prove that the signal at m/z 216 is the
phosphoTyrosine immonium ion. The existence of a phosphorylated Tyrosine
is seen without any sequence specific information.
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Conclusions

• The “classic” Parallel Method with several ITMS/MS
decisions during on-going accurate mass Orbitrap detec-
tion is an essential method of state of the art prote-
omics. This method gives an appropriate overview over
proteins existing in mixtures the shortest time frame.

• The acquisition of additional raw data acquiring Data
Dependent HCD scans is of high benefit, because in-
depth sequence information is revealed with high
peptide and protein scores by database searches.

• The HCD technique delivers rich fragment ion spectra in
which b- and y-fragment ion series as well as internal
fragments, immonium ions, and immonium related ions
are captured.

• HCD spectra look very much like triple quadrupole
collision cell spectra.

• HCD data is acquired at high resolution with accurate
mass.

• HCD Data Dependent decisions can be made on a nano
LC time scales compatible with the requirements of the
analysis of complex digestion mixtures.

• Immonium ions of phosphorylated tyrosine and
carboxymethylated Cysteine detected by HCD serve as
diagnostic ions confirming the presence of these amino
acids in the peptide sequence. Thereby confidence in the
peptide identification by database search is increased.

• The phosphorylated Tyrosine and carboxymethylated
Cysteine immonium ions pinpoint the existence of these
modified amino acids without any sequence specific
information.

• For further HCD results using the LTQ Orbitrap XL see
the Thermo Scientific application note AN30137 by
Kellmann, M. et al.

ALBU_BOVIN Mass: 71279 Score: 1353 Queries matched: 76 emPAI: 4.62

ALBU_BOVIN Mass: 71279 Score: 2285 Queries matched: 65 emPAI: 7.44

Serum albumin precursor (Allergen Bos d 6) (BSA) - Bos taurus (Bovine)

CASA1_BOVIN Mass: 24571 Score: 1292 Queries matched: 107 emPAI: 30.97

CASA1_BOVIN Mass: 24571 Score: 4545 Queries matched: 90 emPAI: 64.81

Alpha-S1-casein precursor - Bos taurus (Bovine)

CASA2_BOVIN Mass: 26176 Score: 467 Queries matched: 22 emPAI: 2.38

CASA2_BOVIN Mass: 26176 Score: 770 Queries matched: 22 emPAI: 3.44

Alpha-S2-casein precursor - Bos taurus (Bovine)

CASB_BOVIN Mass: 25149 Score: 325 Queries matched: 31 emPAI: 1.02

CASB_BOVIN Mass: 25149 Score: 546 Queries matched: 24 emPAI: 1.33

Beta-casein precursor - Bos taurus (Bovine)

LACB_BOVIN Mass: 20276 Score: 298 Queries matched: 12 emPAI: 2.36

LACB_BOVIN Mass: 20276 Score: 592 Queries matched: 12 emPAI: 3.75

Beta-lactoglobulin precursor (Beta-LG) (Allergen Bos d 5) - Bos taurus (Bovine)

CASK_BOVIN Mass: 21372 Score: 167 Queries matched: 5 emPAI: 0.93

CASK_BOVIN Mass: 21372 Score: 238 Queries matched: 5 emPAI: 1.28

Kappa-casein precursor - Bos Taurus (Bovine)

Only found by HCD:

CAH2_BOVIN Mass: 29096 Score: 79 Queries matched: 1 emPAI: 0.13

Carbonic anhydrase 2 (EC 4.2.1.1) (Carbonic anhydrase II)

OVAL_CHICK Mass: 43202 Score: 50 Queries matched: 1 emPAI: 0.09

Ovalbumin (Plakalbumin) (Allergen Gal d 2) (Gal d II) - Gallus gallus (Chicken)

Color code: CID results (Mascot)/HCD (Mascot)

Table 3: Mascot Scores obtained from the raw file applying METHOD 2. CID
scores and HCD scores for the individual proteins identified are compared.
Mascot Score for HCD spectra is always higher than the Mascot Score for
CID spectra. Two proteins (Carbonic Anhydrase and Ovalbumin) could only be
identified by HCD data and kept unrevealed by CID data.
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