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We have recently described a method, stable isotope labeling by amino acids in cell culture (SILAC)
for the accurate quantitation of relative protein abundances. Cells were metabolically labeled with
deuterated leucine, leading to complete incorporation within about five cell doublings. Here, we
investigate fully substituted 13C-labeled arginine in the SILAC method. After tryptic digestion, there is
a single label at the C-terminal position in half of the peptides. Labeled and unlabeled peptides coelute
in liquid chromatography-mass spectrometric analysis, eliminating quantitation error due to unequal
sampling of ion profiles. Tandem mass spectrum interpretation and database identification are aided
by the predictable shift of the y-ions in the labeled form. The quantitation of mixtures of total cell
lysates in known ratios resolved on a one-dimensional SDS-PAGE gel produced consistent and
reproducible results with relative standard deviations better than five percent under optimal conditions.
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Introduction

Proteomics is a new discipline that aims to determine the
function of proteins on a large scale1. In mass spectrometry
based proteomics, some researchers have focused on the
determination of the identity of proteins in complexes and
organelles while others have focused on expression levels.
Examples of the former include large-scale protein-protein
interaction studies,2,3 as well as the determination of the
identity of proteins in large cellular protein structures4-7.
Determination of the expression levels of proteins has previ-
ously built on two-dimensional gel electrophoresis as the
separation step. Quantitation was achieved via differential
staining that was assessed by image analysis of the gels. The
introduction of stable isotope labeling methods into proteomics
research,8,9 and especially the isotope coded affinity tag (ICAT)
method,10 have opened up the possibility of doing quantitative
analysis by chromatographic and mass spectrometric methods
alone. This strategy would avoid the well-known limitations of
two-dimensional gels,11 allow simultaneous identification and
quantitation and allow automation of the proteomic analysis.

Recently, we have described the SILAC method for protein
quantitation in cell culture12. Briefly, one population of cells is
grown in media containing the natural form of an essential
amino acid, while another population is grown in media
containing a stable, isotope-labeled analogue. Using deuterated
leucine (Leu-d3), we studied a number of model systems by
matrix assisted laser desorption ionization time-of-flight mass
spectrometry and nanoelectrospray mass spectrometry. We

found essentially complete incorporation of the label into all
protein sequences after five cell doublings. No differences due
to the labeled amino acids were found in cell morphology,
doubling times, and ability of the cells to differentiate into
myotubes. Other researchers have used labeling with stable
amino acids for the purpose of increasing the specificity of
protein identification13-15. Jiang and English have reported on
the use of Leu-d10 with two-dimensional gel electrophoresis
and MALDI peptide mapping for the determination of protein
expression levels in yeast16.

Here, we apply the SILAC method with fully substituted 13C
labeled arginine, hereafter referred to as 13C6-Arg, rather than
Leu-d3, in mammalian cell culture. It is well-known that
deuterated analogues, and therefore isotopic tags bearing
deuterated labels, separate in reversed phase chromatography
and that it would be desirable to eliminate this separation17.
We find that 13C6-Arg labeled and unlabeled peptides coelute
in LC-MS/MS methods. Peptide ratios can be obtained for
each mass spectrum across the LC peak. Under optimal
conditions when several peptides are quantitated and signals
are well above background, we observe very small standard
deviations (RSD smaller than five percent).

Experimental Section

Materials and Reagents. L-arginine U-13C6 (13C6-Arg) was
from Cambridge Isotope Laboratories (Andover, MA). The cell
culture media, Dulbecco’s Modified Eagle Medium (DMEM)
deficient in all amino acids, was a custom media preparation
from Gibco-Invitrogen (Carlsbad, CA). All other L-amino acids
were obtained from Sigma Chemicals (Copenhagen, Denmark).
Dialyzed serum was obtained from Gibco-Invitrogen. Trypsin
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was from Promega (Madison, WI) and all cell lines were from
the American Type Culture Collection (ATCC, Manassas, VA).

Cell Culture Media Preparation and Cell Culture Condi-
tions. The appropriate amounts of amino acids, with the
exception of arginine, were added to the amino acid deficient
media as concentrated stock solutions in PBS, according to
manufacturer’s specifications for standard DMEM. The argin-
ine-free media was then divided into two lots, and L-arginine
and L-arginine-U-13C6 was added separately. The media with
its full complement of amino acids was sterile filtered through
a 0.22 µm filter (Millipore, Bedford MA) and stored at 4 °C for
later use.

NIH 3T3, a mouse fibroblast cell line, was grown in DMEM,
prepared as described above, supplemented with 2 mM L-
glutamine, and 10% dialyzed fetal bovine serum plus antibiot-
ics, in a humidified atmosphere with 5% CO2 in air. Cell lines
were grown for at least six cell divisions in labeling media
containing either normal arginine or 13C6-Arg before the
preparation of cellular extracts.

Mixing Experiments. NIH 3T3 cells were washed twice with
PBS to remove serum proteins, then scraped in a lysis buffer
containing 1% SDS, 1% NP-40, 50 mM Tris pH 7.5, 150 mM
NaCl and protease inhibitors (Complete tablets, Roche Diag-
nostics, Mannheim, Germany). The lysates were sonicated for
two cycles of 30 s each and centrifuged to pellet cellular debris.
Protein concentrations were equalized using the Bradford
protein assay and mixtures of lysates were combined in ratios
of 1:1, 1:5, 1:10, 5:1 (normal Arg: 13C6-Arg). The mixtures were
resolved by SDS-PAGE and stained with Coomassie Brilliant
Blue G-250 (Sigma) to visualize the gel bands. Bands were
excised from the gel and subjected to in-gel reduction and
alkylation, followed by trypsin digestion as previously de-
scribed18. Peptides were extracted by adding an equal volume
of 0.02% heptafluorobutyric acid (HFBA) in water to the digest
mixture. Extracts were dried in a Speedvac and resuspended
in 5 µL of 0.02% HFBA for sample injection.

Mass Spectrometry. Mass spectrometric analyses were
performed with nanoscale liquid chromatography-tandem
mass spectrometry (LC-MS and LC-MS/MS) and a quadru-
pole time-of-flight instrument (QSTAR-Pulsar, ABI-MDS-
SCIEX). The chromatographic setup was as follows: Flow of
10µL/min from the binary pump (Agilent HP1100, Palo Alto)
was split with a tee connector and flow restrictor before the
Valco C2 valve (150 µm inner pore, Houston, TX) to give a
column flowrate of 100-200 nL/min. The sample was injected
on the analytical column via a 5 µL sample loop. The column
was a self-packed 10-cm long 8-µm tip opening/100 µm i.d.
capillary needle (Picotip, New Objective, Woburn, MA) packed
with Vydac 218MSB3 bulk material (3 µm prototype reversed
phase material, a generous gift from Grace-Vydac). The
particles formed a self-assembled particle frit (SAP-frit) at the
tapered end in accordance with the principle of the stone arch
bridge as described19. The chromatographic separation was
performed with a linear gradient elution from 95% buffer A
(H2O/acetic acid, 100/0.5 v/v) to 50% buffer B (H2O/acetoni-
trile/acetic acid, 20/80/0.5 v/v) in 80 min.

Data files of completed LC-MS runs were converted to
Mascot generic format flatfiles by the Mascot.dll script supplied
with Analyst QS software. The Mascot software package (Matrix
Science London) was used for database search and protein
identification with NCBI nonredundant protein database. Both
the peptide mass tolerance and the fragment mass tolerances
were set at 0.2 Da for an initial search. An iterative calibration

algorithm based on Mascot protein identifications was applied
to the raw Analyst data file gave mass accuracies within 20 ppm.

The Mascot result file was used to identify arginine contain-
ing peptides for use in quantitation analyses. Retention times
were then used to localize the peptides in the total ion
chromatogram (TIC). Centroid masses for the monoisotopic
12C peak for both the normal Arg and 13C6-Arg peptides were
used to obtain extracted ion chromatograms (XIC) with Analyst.

For quantitative data presented in Figure 6 and Table 1, we
used an in-house software program capable of calling Analyst
functions to determine the peak area of peptide pairs across
each MS sampling point as the peaks eluted from the column.
These data were collated and verified manually for each peptide
and then averaged for the relative quantitation for a given
protein.

Results and Discussion

SILAC with Arginine Labeling. Although arginine is a
nonessential amino acid in adult vertebrate animals, recent
studies showed that arginine is an essential amino acid in cell
culture20,21. Twenty-six cell lines were tested for arginine
deprivation and these were nonviable following removal of
arginine from the media. In addition, these studies also
reported that with HeLa cells, arginine is more strictly required
than the essential amino acid leucine in cell culture. These
findings encouraged us to try arginine as a labeling amino acid

Figure 1. SILAC with 13C6-Arg. One cell population is cultured
in 13C6-Arg labeling medium, whereas the other population is
grown in normal arginine. In a typical SILAC strategy, the cells
are combined and then lysed; however, they can also be lysed
separately and mixed at a later stage of the experiment. Proteins
are digested with trypsin and analyzed by LC-MS/MS.
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in SILAC experiments. As shown in Figure 1, cells were either
grown in media containing normal arginine or arginine with
12C fully replaced by 13C. Mass spectrometric measurements
of three cell linessNIH 3T3, C2C12, and HeLa cells, indeed
showed incorporation of exogenous arginine 13C6-Arg (see
below). As in the case of Leu-d3, we observe full incorporation
of the 13C substituted arginine in our experiments and do not
observe any retention of normal arginine by day 5 of adapta-
tion. Therefore, arginine is a suitable amino acid for stable
isotope labeling.

The use of 13C labeled arginine in SILAC can be advantageous
for several reasons. Tryptic digestion of proteins is used in the
vast majority of proteomics experiments because it generates
peptides, which are of an ideal size and charge distribution
for tandem mass spectrometry. Trypsin cleaves C-terminal to
lysine and arginine, which both occur with equal frequency
(about five percent), therefore half the tryptic peptides are
labeled at their C-terminal position when using arginine as the
labeling amino acid. In contrast to other labeling strategies but
in common with N- or C-terminal derivatization, the position
of the label is thus known. Furthermore, it is desirable to have
many peptide pairs to choose from for quantitation to reduce
possible errors from overlapping peaks or low peptide signals.
This situation is best realized by using stable isotope containing
labels of common amino acids such as leucine, arginine, or
lysine. Of the unique tryptic peptides with five or more amino
acids, 68% contain leucine, 50% contain lysine and 52% contain
arginine. Therefore, virtually all proteins contain tryptic pep-
tides that end in arginine and are in the right size range for
tandem mass spectrometry. Although this adds to the complex-
ity of the peptide mixture, it can be a significant advantage
compared to quantitative reagents that target rare amino acids
such as cysteine10 or methionine.

Another benefit of the isotope label chosen here is that it
contains 13C stable isotopic nuclei instead of deuterium. The
change of 12 to 13 in atomic weight of carbon is proportionately
much less than the change from 1 to 2 in hydrogen. The latter
leads to well-known differences in physicochemical propertiess

among them changed chromatographic behavior. To investi-
gate this point, we compared the retention behavior of peptides

labeled with three deuterium atoms (Leu-d3) with 13C6 labeled
peptides. As can be seen in Figure 2A, the Leu-d3 labeled
peptide IAQLEEQLDNETK, elutes earlier by about half its peak
width compared to its labeled form. These separations are
typical for deuterated reagents and standard chromatographic
conditions. In contrast, when plotting the extracted ion chro-
matograms (XICs) of arginine labeled peptides (Figure 2B, see
also Figures 5 and 6), no offset of the curves can be detected,
indicating perfect coelution. This finding is consistent with a
previous study that compared D8 tagged-ICAT reagent with
13C4-succinic anhydride as chemical modifications for labeling
peptides and also found coelution of the carbon labeled
species22. A drawback of carbon 13 substituted amino acids is
their higher cost, more than 10-fold higher than the most
economical labeled amino acid Leu-D3. Thus, 13C6-Arg for
SILAC requires judicious experimental planning and high
sensitivity mass spectrometric analysis to minimize cell num-
bers and therefore reagent costs. Many experiments that do
not require the high quantitation precision afforded by 13C
labeling will be more economically performed using deuterated
amino acids.

The 13C6-Arg amino acid used in this study is fully substituted
producing a 6 Da difference in mass relative to the unlabeled
form (Figure 1). We found this mass difference to be convenient
as the two isotopic envelopes are fully separated on the mass
scale.

To illustrate the analysis of complex peptide mixtures in
13C6 Arg SILAC, we mixed lysates from cells grown in labeled
and unlabeled media in a one-to-one ratio and separated
proteins by molecular weight on a one-dimensional gel. We
excised a band around 200 kDa and ran a 80 min LC-MS/MS
analysis of the trypsinized gel piece (Figure 3A). On the basis
of sequencing and searching for labeled and unlabeled pep-
tides, more than 60 proteins were identified in the band. Figure
3B shows the summed mass spectrum for 45 s of the gradient,
revealing a very large number of peptides. Panels C, D, and E
are magnifications of sections of the summed mass spectrum.
Half of the peptides occur in pairs of equal intensity, usually
separated by 2 units on the m/z scale. The peptides in pair 2

Figure 2. Comparison of chromatographic profiles of peptide pairs labeled with Leu-d3 or 13C6-Arg in SILAC. Panel A shows partial
chromatographic separation of a normal leucine and Leu-d3 labeled peptide. B. The 13C6-Arg labeled pairs are not resolved in
chromatographic separations with reverse phase material. The 13C6-Arg paired peak cluster is from a one to one mixture of 12C6-Arg:
13C6-Arg. The summed spectra across the eluting peak is displayed in panel C.
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of panel C contain three arginines because of a missed cleavage
due to a proline and are therefore separated by 4.5 m/z units
(z ) 4). The panels also show that ratios are the same for
dominant as well as for weak peaks. It is apparent from the
figure that a single LC-MS/MS run contains a large number
of peptide doublets, usually several per protein. “Singleton
peptides” (peptides without accompanying peak) are usually
identified by sequencing not to contain arginine. In case of a
large ratio between labeled and unlabeled peptides, one of the
forms may not be visible (see Figure 7 below). However, this
will be apparent from the fact that the peptide sequence as
determined by tandem mass spectrometry and database search-
ing contains arginine.

Interpretation of Tandem Mass Spectra. In a triple quad-
rupole or quadrupole type instrument, such as used here, the
y-ions are the major fragment ions and the ones which provide
the sequence specific information. In arginine labeling, these
ions are characteristically shifted by 6 Da due to the mass
increment from 13C6-Arg. The tandem mass spectra for the
unlabeled and 13C6 arginine labeled forms of the peptide

VSHLLGINVTDFTR are shown in Figure 4A and B, respectively.
Note that the fragmentation patterns are identical, showing the
same distribution of relative abundances for the corresponding
fragment ions in both spectra. Therefore, by simply overlaying
spectra from an arginine peptide pair in 13C6-Arg SILAC, we
obtain a distinct “doublet” pattern for the y-ion series, ions
spaced by 6 m/z units for each arginine (Figure 4C). This
predictable shift in y-ions allows unambiguous identification
of these ions, in particular in combination with the high
resolution and mass accuracy of quadrupole time-of-flight
instruments. Using 18O labeling, we and others have previously
shown that the ability to mark y-ions can be very useful for
peptide sequence tag identification or even de novo sequencing
of peptides23,24. As evident in Figure 4C, the y-ions can easily
be identified by this “split pattern”, and it is usually possible
to call extended sequence series, helping in the identification
of peptides and even of modified ones. Wilm et al. have
developed algorithms for automated sequencing based on this
principle25. A simple way to directly visualize the y-ions is to
subtract the spectrum of unlabeled peptide from the spectrum

Figure 3. Quantitation of normal arginine and 13C6-Arg labeled peptides in LC-MS runs with SILAC. The figure provides an overview
of protein quantitation based on Arg labeled peptide pairs using 1D gel separated total cell lysate as an example. Panel A shows the
base peak chromatogram (BPC) from a typical quantitation run (1 to1 mixture of 12C6-Arg: 13C6-Arg). The inset shows the time slice
from which the subsequent panels are obtained. The five peptide pairs shown have signal intensities that are low in comparison to the
rest of the run. (Pair 1: ANLQIDQINTDLNLER; 3+; m/z ) 623.97; Pair 2: DTLTSRPAQGVITTLENVSPPRR; 3 arginines; 4+; m/z ) 627.82,
Pair 3: FNEEHIPDSPFVVPVASPSGDAR; 3+; m/z ) 823.07; Pair 4: GLVEPVDVVDNADGTQTVNYVPSR; 3+; m/z ) 848.7)
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of the 13C6-Arg peptide, thus effectively removing the common
b and internal ions and leaving mostly the y ions from 13C6-
Arg peptide (Figure 4D). It is necessary to express the intensities
of peaks relative to the base peak rather than as absolute
values.

Quantitation with 13C6-Arg. To characterize the analytical
properties of SILAC quantitation with 13C6-Arg, we prepared
samples by mixing with proportionate volumes of cell lysates
(1:1, 1:5, 1:10, and 5:1) and then subjecting the samples to 1D
gel electrophoresis. For each sample, the same gel position (200
kDa) was excised and peptides analyzed by LC-MS/MS. XICs
of the myosin tryptic peptide VVFQEFR, from the different runs
are displayed in Figure 5 and were found to be in good
agreement with expected ratios with a fluctuation of less than
20%. Quantitation with 13C6-Arg was simplified by the coelution
of labeled and unlabeled peptides as the two peptide forms
do not separate chromatographically. This is in contrast with
methods that employ an isotopic label bearing deuterium,
where an additional step is required to extract the quantitative

data from each peptide separately in LC-MS/MS analyses.
Furthermore with coeluting peaks, peptide abundances of both
peptide forms are sampled at the same timepoints across the
eluting peak, reducing quantitation errors. Additionally, the
stability of the electrospray at any given time affects both the
unlabeled and labeled forms equally and there is no bias due
to possible suppression effects.

High Accuracy Quantitation under Optimal Conditions.
Because labeled and unlabeled peptides coelute, it is possible
to obtain a peptide ratio from each mass spectrum. These ratios
can be determined for all sampling points (MS spectra) over
the LC peak, yielding an averaged peptide abundance ratio with
a standard deviation. To obtain the protein ratio, the individual
peptide ratios are averaged. To illustrate the accuracy of
quantitation with SILAC 13C-Arg in an optimal situation, we
quantitated each peptide identifying the protein myosin IX, one
of the more abundant proteins found in our 1:1 mixture. We
quantitated each peptide by summing ion intensities across
the peak in a 0.2 Da window around the centroid of the peak

Figure 4. Characteristic fragmentation pattern useful for protein identification. Panel A is the product ion spectrum of unlabeled peptide
VSHLLGINVTDFTR, while Panel B is the MS/MS spectrum from the corresponding 13C6 arginine containing peptide. The spectra have
the same fragmentation pattern, as expected. By overlaying the two MS/MS spectra, we can see the characteristic doublets generated
by the y ions (Panel C and inset). Subtracting the MS/MS spectrum of the unlabeled peptide from that of the labeled peptide produces
a spectrum that is largely composed of y ions only, and generally devoid of b ions and internal fragment ions (Panel D, note absent
b4 ion).
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as the peptide was eluting from the column (Figure 6 and Table
1). The figure shows that the ratio varies by about five percent
from its mean value across the LC peak. This variation
represents the scan to scan reproducibility of the peak heights,
caused mainly by finite ion statistics. The ratio for each
sampling point was averaged for every peptide and a standard
deviation determined as an approximate gauge of the quality
of the quantitation of that particular peptide. Typical standard
deviations for peptide quantitation ratios were as low as 2 to
3% (Table 2).

The ratios from all 12 peptides were then averaged to give a
protein ratio of 1.04 as compared to the nominal 1.0 protein
ratio defined by mixing the two cell lysates. The relative
standard deviation was 3.8% (Table 2). We conclude that in
optimal conditions, very high quantitation accuracies are

possible, much higher than the variability introduced by
biological or sample preparation factors.

Possible Pitfalls in Quantitation. Although very high ac-
curacy for quantitation of a given protein is possible, there are
a number of situations where quantitation accuracy can be
much lower. Low abundance peptides may only appear in one
or two consecutive MS spectra, and therefore, the averaged
peptide ratios will be less precise. Similarly, if only one or a
few peptides are available, error in quantitation of any one of
them will have a more pronounced effect on the apparent
protein ratios. Errors can also be introduced if either the labeled
or the unlabeled isotope cluster overlaps any of the isotopic
peaks of an unrelated peptide that at least partially coelutes.
This is particularly likely to happen in very complex mixtures
such as the cell lysates investigated here.

Figure 5. Extracted ion chromatograms from mixtures of normal arginine and labeled 13C6-Arg cell lysates in known ratios. The extracted
ion chromatograms for the peptide VVFQEFR for protein mixing ratios 1:1, 1:5, 1:10, and 5:1 are shown in panels A through D. In all
four panels, the 12C-Arg chromatogram is represented by a dashed line, whereas the 13C6-Arg is drawn as a solid line. The figure
illustrates the ease of identification of matched arginine labeled pairs (due to coeluting peaks) and the option to quantitate using the
ratio of peptide intensities from the XICs.
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Another important issue that is common to all MS-based
method for quantitation is the signal-to-noise (S/N) value for
each of the two peaks used for comparison. In cases where
both peaks are clearly distinct above background and have high
S/N ratios, quantitation is relatively straightforward as shown
above. In cases where a large differential ratio is observed, one
peptide peak is present in much higher abundance, whereas
the other peak may be barely above the noise threshold. Here,
two possible scenarios may adversely affect quantitative data:
First, if the peak with greater abundance has saturated the

detector of the mass spectrometer its true signal is underesti-
mated, introducing an error into the calculated ratios. Second,
when the smaller peak receives an inordinate contribution of
signal intensity from background “noise”, the apparent ratio
between the two peaks is then less than the true ratio. In the
case that one of the peaks is undetectable, only a lower value
for the ratio can be given.

Figure 7A is from the 1:10 mixing experiment. In the absence
of significant amounts of chemical noise, the peptide abun-

Figure 6. Ratios at sampling points for an eluting peptide pair
in 13C6-Arg SILAC. Peak intensities from unlabeled and labeled
peptide forms of the peptide GILTPR and the ratios of these
intensities (labeled: unlabeled) are plotted on the y axes against
retention time of the LC peak. The circles and crosses on the first
plot indicate the sampling points. The squares on the bold line
indicate the ratios at each sampling point. The two dotted lines
indicate the 95% confidence interval.

Table 1. Quantitation of Single Peptide

retention

time (min)

time between

cycles (sec)

intensity from
12C6-Arg

(counts)

intensity from
13C6-Arg

(counts) ratio

9.97 1.5 235 236 1
10.02 3.1 281 311 1.11
10.05 1.5 313 361 1.15
10.07 1.5 375 401 1.07
10.1 1.5 396 451 1.14
10.15 3.1 489 543 1.11
10.18 1.8 518 557 1.08
10.23 3.1 548 560 1.02
10.26 1.5 572 619 1.08
10.34 4.6 667 675 1.01
10.37 1.8 563 578 1.03
10.39 1.6 590 583 0.99
10.42 1.5 624 650 1.04
10.44 1.5 513 557 1.09
10.49 3.1 460 486 1.06
10.52 1.5 360 346 0.96
10.55 1.8 375 402 1.07
10.57 1.5 278 296 1.06
10.63 3.1 242 277 1.14
10.65 1.5 209 227 1.09

average ratio 1.065
SD 0.052

RSD (%) 4.91

Figure 7. Low signal-to-noise contributes to errors in quantita-
tion. In panel A, the 1:10 mixing ratio of unlabeled peptide (empty
circle) to the 13C6-Arg form (filled circle) is apparent because
signal intensities from both peptides are well above background.
In Panel B, the background contributes considerably to the total
signal intensity from the unlabeled peptide (empty circle) in
comparison to the labeled peptide (filled circle). The apparent
peptide ratio is lower (about 5.25) than the expected ratio of 10
because of the background contribution.
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dance ratio is correctly determined at 10. In panel B, however,
the lower peak is close to the background intensities and the
peptide intensity ratios would be estimated at about five. This
is because the lower intensity peak derives about half of its
signal from background.

In a separate analysis of 13C6-Arg labeled HeLa human
adenocarcinoma cells (data not shown), we also identified
peptides bearing fully 13C-substituted proline. Arginine catabo-
lism via the arginase pathway to form proline is the most likely
cause for this observation26. As this phenomenon appears to
be cell-line dependent, we believe that it is exacerbated by the
high amounts of arginine supplemented to the growth media.
Only proline containing peptides are affected and, in any case,
the ratio can still be determined correctly by adding the
intensities of the additional proline peak.

In contrast to other methods in quantitative proteomics,
efficiency of labeling, efficiency of trypsin digestion, and sample
preparation biases introduced by slightly different purification
conditions cannot affect the protein ratios determined by the
SILAC method because the samples are mixed from the outset
and are subsequently processed as a single sample.

Many of the above sources of quantitation error can be
flagged and affected peptide ratios can be left out of the
quantitation data set. Alternatively, some sources of error can
be corrected, for example, by subtracting the isotope envelope
of an unrelated, overlapping peptide. We are currently analyz-
ing large 13C6-Arg data sets to classify sources of quantitation
error.

Conclusion and Prospects

Here, we have shown that 13C6-Arg labeling in SILAC offers
some unique advantages. Arginine labeling produces many
tryptic peptides which can be used in quantitation and labeled
and unlabeled peptides coelute. The fact that the C-terminal
amino acid is labeled also facilitates de-novo sequencing or
database identification. Under optimal conditions, we have
shown that 13C6-Arg can lead to the best quantitation data
described so far. However, many of the quantitation pitfalls
common to all stable isotope based mass spectrometric
methods also apply here.

The process of quantitation was performed manually under
software control in Analyst QS software (ABI-SCIEX) and with
prototype software as described in the Experimental Section.
Quantitation results are verified manually as the process is not

yet fully automated. It is clear that automation for quantitative
analyses should be used in the future especially because the
amount of data generated by a single LC-MS run would
produce volumes of data that would require considerable effort
for manual quantitation. For such purposes, it is necessary to
incorporate rules that provide reliable quantitation peak cluster
selection, background subtraction, peptide identification, and
etc.

We have already successfully applied 13C6-Arg SILAC in a
variety of biological experiments. In our experience, it shares
all the beneficial attributes of Leu-d3 SILAC but data are more
precise and are more easily interpreted. Because of its unique
features, we predict that 13C6-Arg SILAC will become an
important analytical strategy in quantitative proteomics.

Acknowledgment. We thank our colleagues in the
Center for Experimental BioInformatics (CEBI) for fruitful
discussions and critical reading of the manuscript. Work at
CEBI is supported by a generous grant by the Danish National
Research Foundation.

References

(1) Pandey, A.; Mann, M. Nature 2000, 405, 837-846.
(2) Ho, Y.; Gruhler, A.; Heilbut, A.; Bader, G. D.; Moore, L.; Adams,

S. L.; Millar, A.; Taylor, P.; Bennett, K.; Boutilier, K.; Yang, L.;
Wolting, C.; Donaldson, I.; Schandorff, S.; Shewnarane, J.; Vo, M.;
Taggart, J.; Goudreault, M.; Muskat, B.; Alfarano, C.; Dewar, D.;
Lin, Z.; Michalickova, K.; Willems, A. R.; Sassi, H.; Nielsen, P. A.;
Rasmussen, K. J.; Andersen, J. R.; Johansen, L. E.; Hansen, L. H.;
Jespersen, H.; Podtelejnikov, A.; Nielsen, E.; Crawford, J.; Poulsen,
V.; Sorensen, B. D.; Matthiesen, J.; Hendrickson, R. C.; Gleeson,
F.; Pawson, T.; Moran, M. F.; Durocher, D.; Mann, M.; Hogue, C.
W.; Figeys, D.; Tyers, M. Nature 2002, 415, 180-183.

(3) Gavin, A. C.; Bosche, M.; Krause, R.; Grandi, P.; Marzioch, M.;
Bauer, A.; Schultz, J.; Rick, J. M.; Michon, A. M.; Cruciat, C. M.;
Remor, M.; Hofert, C.; Schelder, M.; Brajenovic, M.; Ruffner, H.;
Merino, A.; Klein, K.; Hudak, M.; Dickson, D.; Rudi, T.; Gnau, V.;
Bauch, A.; Bastuck, S.; Huhse, B.; Leutwein, C.; Heurtier, M. A.;
Copley, R. R.; Edelmann, A.; Querfurth, E.; Rybin, V.; Drewes, G.;
Raida, M.; Bouwmeester, T.; Bork, P.; Seraphin, B.; Kuster, B.;
Neubauer, G.; Superti-Furga, G. Nature 2002, 415, 141-147.

(4) Neubauer, G.; Gottschalk, A.; Fabrizio, P.; Séraphin, B.; Lührmann,
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