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Isolation of tryptic peptide ions, along with their differentially labeled analogs derived from an
artificial QconCAT protein, is performed using multiple correlated harmonic excitation fields
in an FT-ICR cell. Simultaneous fragmentation of the isolated unlabeled and labeled peptide
pairs using IRMPD yields specific y-series fragment ions useful for quantification. The mass
increment attributed to stable isotope labeling at the C-terminus is maintained in the
C-terminal fragment ions, providing multiple measurements of labeled/unlabeled intensity
ratios during highly selective detection. The utility of this approach has been demonstrated in
the absolute quantification of components of an unfractionated chicken muscle protein
mixture. (J Am Soc Mass Spectrom 2008, 19, 973–977) © 2008 American Society for Mass
Spectrometry

T

he absolute quantification of proteins at the
global level is an important challenge that must
be addressed, particularly in systems biology [1].
When modeling cellular pathways and networks it is
important to quantify the constituent proteins. Relative
quantification methods are designed to compare protein amounts in matched samples [2]. However, these
methods are limited to identifying changes in the
amount of a protein with respect to a second cellular
state and samples vary even within control sets of the
same organism [3].
When comparing samples analyzed at different
times, using different instrumental platforms and
within different laboratories, absolute quantification
using a universal stable isotope-labeled internal standard of known concentration allows direct comparison.
Currently, the most widely used methods rely on the
well-established principles of stable isotope dilution
techniques, using tryptic peptides as surrogate analytes
for the proteins of interest [4]. Chemical synthesis and
stable isotope incorporation of individual internal standards allow direct signal comparison, enabling the
inference of protein quantities [4]. The production of a
collection of internal standards in a single step has been
enabled by the design of a DNA construct that is
transcribed and translated into a protein concatamer, a
technique referred to as QconCAT [5–7]. The produc-
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tion of a QconCAT protein thereby enables absolute
quantification of multiple proteins using their peptide
surrogates encoded within the QconCAT [7]. In a typical QconCAT workflow those proteins for which absolute quantification is required are defined and one or
more specific reference peptides (Q-peptides) are chosen for each protein [5]. The DNA coding sequences for
these peptides are concatenated, inserted into a vector, and expressed in Escherichia coli to form an
artificial QconCAT protein. Growth of the transfected
E. coli in stable isotope-containing media yields labeled QconCAT protein [5, 6]. To achieve absolute
quantification, the QconCAT protein is introduced, in a
known amount, into the biological sample of interest
and proteins are digested with trypsin to yield Qpeptides alongside native peptides. The light-to-heavy
ratio (L/H) of native peptide to the internal reference
peptide is calculated following mass spectrometric
analysis, allowing inference of the absolute concentration of each native peptide and thus the protein from
which it was derived.
The use of tandem mass spectrometry (MS/MS) in
relative quantification has previously been demonstrated to increase both the specificity and sensitivity of
analyses [8, 9]. In this study, we use multiple correlated
harmonic excitation fields (multi-CHEFs) as a method
of ion isolation within a Fourier transform ion cyclotron
resonance (FT-ICR) MS cell. Multi-CHEFs are tailored
waveforms that are stitched together within the acquisition software to allow selective isolation of multiple
precursor ions according to their m/z [10, 11]. To achieve
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quantification, isotopic variants of a peptide of interest
(both naturally occurring and stable isotope-containing)
are co-isolated from the unfractionated ion population.
Nonselective activation of these isolated ions, using
infrared multiphoton dissociation (IRMPD) [12], generates quantitative and qualitative information pertaining
to the differentially labeled Q-peptide pairs. Stable
isotope incorporation using 15N or [13C6]-K/R introduces a mass increment of 12–24 and 6 Da, respectively,
for each Q-peptide. Where [13C6]-K/R has been used,
specific quantitative measurements can be derived from
the y-series fragment ions, which differ by a constant 6
Da. Labeling with 15N produces a varying mass difference between labeled and unlabeled counterparts in
both b- and y-series ions, making data processing more
challenging.
This approach significantly reduces the confounding
influence of any peptides whose precursor ion signal
overlaps with the analytes of interest. Because of the
complexity of biological samples, it is important to
validate the quantification calculated using the precursor ion population alone if using limited or no peptide/
protein separation pre-MS. In our work, two independently selected isotopic variants (arising from labeled
QconCAT and native chicken protein) constitute a precursor ion population that is subsequently fragmented
by IRMPD [12]. We have demonstrated the utility of
this approach for absolute quantification of proteins
within unfractionated chicken muscle protein.

Experimental
Sample Preparation
Chicken skeletal muscle protein and stable isotope [15N]and [13C6]-K/R-labeled chicken muscle QconCAT protein
were prepared and quantified as described previously
[6, 7]. Labeled QconCAT was added in known amounts
to unfractionated chicken muscle protein sample for
quantitative analysis. Proteins were reduced, alkylated
(with dl-dithiothreitol and iodoacetamide, respectively), and incubated with trypsin at 37 °C for 18 h.
Peptides were desalted postdigestion using a C18 peptide trap (Presearch Ltd, Hampshire, UK) and stored at
⫺20 °C until MS analysis.

FT-ICR Mass Spectrometry
Experiments were performed on a 9.4-T FT-ICR mass
spectrometer (Apex III™; Bruker Daltonics, Billerica,
MA, USA) with an Apollo electrospray source and
Synrad 48 series IR laser ( ⫽ 1060 m; Synrad, Mukilteo, WA, USA). Selective isolation of ions was achieved
using multi-CHEF [11], where each “notch” was centered on the principal isotopic variant of the selected
precursor ion. Pulsed argon gas was used to facilitate
the confinement of ions by collisional cooling, thereby
maximizing overlap of the ion cloud with the IR laser
beam. Multi-CHEF isolation of isotopic envelopes cor-
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responding to unlabeled and labeled peptide variants
was achieved with 80% efficiency. Losses increased to
50% when pulsed gas was not used. The co-isolated
pairs of native and stable isotope-bearing Q-peptide
ions were excited in a nonselective manner to promote
fragmentation. The calculation of light/heavy isotope
ratios was performed manually using the peak height of
the principal isotopic peaks of the light and heavy
analogues.

Results and Discussion
Unlabeled and [13C6]-K/R QconCAT protein were
mixed in a 1:1 ratio, digested with trypsin, and analyzed
by FT-ICR MS. Each pair of tryptic peptide [M ⫹ 2H]2⫹
ions displayed a 6 Da (3 Th) difference, consistent with
the presence of one lysine or arginine residue. Various
isolation notch widths were evaluated with respect to
the reproducibility of the subsequent determination of
the signal ratio of labeled to unlabeled analogues.
Achievement of the narrowest precursor ion isolation
window (and therefore highest effective resolution of
the precursor ion) was achieved using the highest
excitation energy. Initial experiments involved the use
of a double-notch waveform to effect specific isolation
of the principal isotopic variants of the unlabeled and
labeled peptide ions. This, however, resulted in significant loss of signal intensity, which was proportionately
greater for the lower mass (higher frequency) ion population, thereby confounding quantitative analysis. Thus
multi-CHEF was used to isolate the isotopic envelope of
both the natural and stable isotope-incorporating peptide
analogues.
The combined precursor ion population was then
subjected to IRMPD, producing a series of singly
charged y-ion pairs, with a separation of 6 Th (attributed to the retention of the C-terminal label), displaying
L/H ratios useful for quantification. For each pair of
peptide analogs, a preisolation L/H ratio was calculated along with the L/H ratio upon isolation and the
mean L/H ratio of the y-series fragment ion doublets.
The L/H ratios for 10 peptide pairs pre- and postisolation were 0.97 ⫾ 0.10 and 0.96 ⫾ 0.10 (n ⫽ 36) (where n
is the number of analyses), indicating that the isolation
process as applied had no effect on quantification.
Postfragmentation, the mean L/H ratio calculated for
the fragment ions in this dataset was 1.08 ⫾ 0.11. For
each product ion spectrum the mean of the coefficient of
variation for the y-series fragment ions used was 14 ⫾
7%, where four to eight fragment ion pairs were used
for quantification within each experiment. For a single
peptide ion pair of m/z 929.96/932.97 (T21), the L/H
ratios for a 1:1 mixture of light and heavy QconCAT
were 0.98 ⫾ 0.10 and 0.95 ⫾ 0.04 (n ⫽ 14), pre- and
postisolation, respectively. For this peptide analyzed
once, the resulting fragment ions produced the L/H
ratio 1.05 ⫾ 0.07 (f ⫽ 7) (where f is the number of
y-series fragment ion doublets). For the same peptide
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tory accuracy for the determination of ratios 1:10, although the precision is reduced.
This approach was further validated using unlabeled
and [15N]-labeled QconCAT mixed at ratios of 7:1
before digestion with trypsin. Because of the nature of
this labeling method the resulting [15N]-labeled peptides have mass differences in comparison with their
unlabeled counterparts, which are dependent on amino
acid composition. For five pairs of labeled and unlabeled peptides the pre- and postisolation and postfragmentation ratios were 6.47 ⫾ 2.39, 5.98 ⫾ 2.15, and 6.25 ⫾
0.03 (n ⫽ 5). For T19, the labeled peptide isotope pattern
overlaps with that of unlabeled T20 peptide; this prevents accurate determination of the L/H ratios from
conventional mass spectra (not MS/MS). The apparent

pair analyzed 14 times, the mean of the mean fragment
ion ratios was 1.07 ⫾ 0.14 (n ⫽ 14).
To assess this approach for determination of isotope
ratios across a broader range, [13C6]-K/R-incorporating
QconCAT was mixed in a ratio of 1:10 with unlabeled
QconCAT, digested with trypsin, and analyzed by
FT-ICR MS. The L/H ratios obtained preisolation, upon
isolation, and postfragmentation, for three peptides,
were 0.105 ⫾ 0.008, 0.104 ⫾ 0.003, and 0.130 ⫾ 0.006
(n ⫽ 7). A mean CV of 22 ⫾ 2.4% was calculated for
each individual product ion spectrum, where three to
four y-series fragment ion pairs were used for quantification. The observation of increased L/H ratios and
higher CV values reflected reduced signal to noise of
the unlabeled counterpart. These data suggest satisfac-
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Figure 1.
FT-ICR analyses of a tryptic digest of unfractionated chicken muscle protein supplemented
with [13C6]-K/R QconCAT protein. (a) Mass spectrum of unfractioned chicken muscle protein digested
with trypsin. (b) Expanded region corresponding to doubly protonated FGVEQNVPMVFASFIR and its
labeled Q-peptide counterpart. (c) Mass spectrum of digested, unfractioned, chicken muscle protein after
selective isolation of ions within the range, m/z 930 –933. The peak labeled * at approximately m/z 710
represents electronic noise. (d) Expanded region, m/z 930 –933, after isolation.
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L/H ratio obtained pre- and postisolation for T19 was
1.22 and 1.19, respectively. Following fragmentation the
composite product ion spectrum included a y-ion series
specific to T19. Two members of this series (y2 and y3),
showing no overlap with other fragments, were selected for quantification yielding L/H ratio of 6.21
and 7.57 (average 6.89). Thus, in this instance the
determination of isotope ratios was confounded
when using conventional MS analysis alone (without
chromatographic separation). Deconvolution of overlapping signals was achieved by precursor ion isolation and fragmentation, enabling accurate quantification. Furthermore, the precision of isotope ratio
determination was significantly improved when using fragment ion data.
The same MS/MS approach was utilized for the
quantification of an unfractionated chicken cell lysate,
with [13C6]-K/R-labeled QconCAT as the internal standard. Chicken muscle QconCAT (93 nmol/g of chicken
muscle) was added to chicken muscle soluble protein
from a 30-day-old broiler chicken. The mixture was
digested with trypsin and analyzed by FT-ICR MS. The
conventional mass spectrum (Figure 1a) indicates the
complexity of the unfractionated cell lysate, with approximately 500 peaks being readily observed. Figure
1b shows an expansion of that portion of the spectrum
expected to include both labeled and unlabeled analogues of the protonated T21 peptide (sequence
FGVEQNVPMVFASFIR, designed for the quantification of chicken pyruvate kinase). The complexity of the
apparent isotope patterns suggests the overlapping
detection of multiple species, implying the need for
detection of enhanced selectivity. The determination of
signal intensity ratio (L/H) for the T21 peptide using
conventional MS (Figure 1b) gave an apparent value of
0.17, but this is expected to be inaccurate in view of the
overlapping signals observed. The entire isotopic envelopes of native chicken peptide T21 and its [13C6]
R-analogue were then isolated (Figure 1c). The relative
signal intensities corresponding to the isolated species
(Figure 1d) reproduced those observed in the original
spectrum (Figure 1b). Upon fragmentation of the isolated species, a series of six y-fragment ion pairs were
observed, each separated by 6 Th (Figure 2). A labeled/
unlabeled signal ratio was determined for all pairs
except that corresponding to y1; this was excluded
because of a possible contribution from other tryptic
peptides not separated in the mass spectrometric analysis. A mean ratio of 0.24 was calculated for the
remaining five y-series ions (Figure 2) with a CV of 10%;
this ratio is significantly different from that determined
from the conventional mass spectrum, confirming the
benefit of enhanced selectivity of analysis. It is noteworthy that the apparent L/H ratio for y1 was 0.69, suggesting its origin from multiple peptide precursors. This
particular experiment was repeated and L/H ratios
preisolation, upon isolation, and the L/H ratio of the
fragment ions were calculated at 0.16 ⫾ 0.01, 0.16 ⫾ 0.01,
and 0.26 ⫾ 0.04 respectively (n ⫽ 6). These data indicate an
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Figure 2.
Product ion spectrum showing ions derived from
doubly protonated tryptic peptide, T21 (FGVEQNVPMVFASFIR)
and its labeled Q-peptide partner following IRMPD. y-ions
derived from T21 are noted; “yn(h)” indicates a 13C6-containing
fragment. The peaks labeled “⫹” are not derived from
FGVEQNVPMVFASFIR and are attributed to other precursor
ions of similar m/z. The peak labeled * at approximately m/z 710
represents electronic noise.

absolute quantity of pyruvate kinase of 24.2 ⫾ 4.1 nmol/g
of chicken muscle.

Conclusions
FT-ICR MS using the multi-CHEF technique has been
introduced to simultaneously isolate and fragment light
and heavy Q-peptide pairs. Furthermore, this approach
has been used to quantify unfractionated native chicken
muscle peptides alongside [13C6]-K/R-labeled internal
standards to achieve an increase in specificity. Isolation
of ions of interest using multi-CHEF decreases ion
interference, allowing the production of specific y-series
fragment ions by IRMPD. Quantification using these
y-series ions allows increased accuracy of quantification
when there are overlapping species present at the same
m/z. The isolation of multiple ions within an ICR cell
can also be achieved using stored waveform inverse
Fourier transform (SWIFT) [13]. The implementation of
SWIFT as an alternative approach to ion isolation for
absolute quantification is in progress.
In summary, we have reported an approach to the
absolute quantification of proteins using MS/MS,
which exploits the selective ion isolation capabilities of
FT-ICR. This approach is of particular value when the
complexity of the mixture to be analyzed is such that
accurate and precise quantification is compromised
when using conventional MS detection. We anticipate
selective use of this method, for validation of data
produced using less rigorous approaches.
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