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Abstract

Quantitative mass spectrometry methods offer near-comprehensive proteome coverage; however,
these methods still suffer with regards to sample throughput. Multiplex quantitation via isobaric
chemical tags (e.g., TMT and iTRAQ) provides an avenue for mass spectrometry based proteome
quantitation experiments to move away from simple binary comparisons and towards greater
parallelization. Herein, we demonstrate a straightforward method for immediately expanding the
throughput of the TMT isobaric reagents from 6-plex to 8-plex. This method is based upon our
ability to resolve the isotopic shift that results from substituting a 15N for a 13C. In an
accommodation to the preferred fragmentation pathways of ETD, the TMT-127 and -129 reagents
were recently modified such that a 13C was exchanged for a 15N. As a result of this substitution,
the new TMT reporter ions are 6.32 mDa lighter. Even though the mass difference between these
reporter ion isotopologues is incredibly small, modern high-resolution and mass accuracy
analyzers can resolve these ions. Based on our ability to resolve and accurately measure the
relative intensity of these isobaric reporter ions, we demonstrate that we are able to quantify across
8 samples simultaneously by combining the 13C and 15N containing reporter ions. Considering the
structure of the TMT reporter ion, we believe this work serves as a blueprint for expanding the
multiplexing capacity of the TMT reagents to at least 10-plex and possibly up to 18-plex.

Introduction

Mass spectrometry based proteomic assays have incredible breadth when it comes to protein
identifications. In just a few days, and even hours, these instruments are capable of near-
comprehensive identification of all expressed proteins.1 By comparison, the quantitative
throughput of these methods is sorely lacking. Quantitative mass spectrometry methods are
typically limited to low-throughput binary and ternary comparisons. In large part, this is due
to the ubiquity of mass-differential quantitation techniques that entail encoding samples with
light and heavy forms of the peptides or proteins via mass-shift tags or metabolic labeling
(e.g., SILAC, reductive dimethylation, mTRAQ).2

Though these mass-differential quantitation methods have been adapted to allow for
multiple quantitative channels, these gains come at the cost of increased MS1 spectral
complexity.3 That is, as the number of quantitation channels increases so does the number of
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MS1 spectral features. This increase in MS1 spectral complexity results in a decrease in the
average S/N ratio per MS1 feature, which results in reduced analyzer dynamic range and
extended ion injection times. Also, in the context of standard data-dependent mass
spectrometry methods, increasing MS1 spectral complexity negatively impacts instrument
duty cycles because there are more non-unique features to interrogate and the resulting MS/
MS spectra tend to have lower success rates.4 Through all these mechanisms, increased MS1

spectral complexity tends to limit proteomic coverage breadth and depth.

By contrast, multiplexed quantitation via isobaric chemical tags (e.g., TMT and iTRAQ)
provides an avenue for mass spectrometry based proteome quantitation experiments to move
towards greater parallelization without increasing analysis complexity.5 Each isobaric
reagent contains an identical set of light and heavy isotopes that are uniquely divided
between the balancer and reporter regions. As such, each intact reagent has an identical
mass, while each reporter region produces a unique low m/z reporter ion. Hence, any
increase in quantitative throughput does not increase MS1 spectral complexity. The capacity
for isobaric reagent multiplexing is only limited by the number of isotopically encoded
reporter ion isoforms. Already, there are commercially available 6- and 8-plex isobaric
reagent kits, and an 18-plex method was recently demonstrated by combining mass-
differential labeling with isobaric tagging.5b, 5d, 6

Herein, we describe a method for expanding the multiplexing capacity of the TMT 6-plex
reagents by exploiting the relative mass difference between the isotopic pair of 15N and 14N,
and the pair of 13C and 12C. Recently, the TMT-127 and -129 reagents were modified such
that a 13C was exchanged for a 12C and a 14N was exchanged for a 15N. For brevity, we tend
to describe this modification as substituting a 13C for a 15N. This substitution was made to
accommodate the fragmentation pathways of ETD – i.e., ETD cleaves at a bond adjacent to
the CID fragmentation site, which results in the proximal heavy carbon of the original
TMT-127 and -129 channels relocating from the reporter ion to the balancer region.7

Following substitution of the 13C for a 15N, all the heavy isotopes were arranged such that
both ETD and CID produce all six reporter ions. With the exception of these heavy isotope
substitutions no other changes were made to the TMT reporter ions.

As a result of substituting a 15N for a 13C, the new reporter ions are 6.32 mDa lighter than
the original forms (Fig. 1, Supplementary Fig. 1). Even though the mass difference between
these reporter ion isotopologues is incredibly small, modern high-resolution and mass
accuracy analyzers can resolve these ions (e.g., the high-field Orbitrap is capable of > 240k
resolving power and sub ppm mass accuracies).8 Based on our ability to independently
measure these isobaric reporter ions, we demonstrate that we can accurately quantify eight
samples simultaneously by combining the original set of six TMT reagents with the new
lighter versions of the TMT-127 and -129 channels, and we hypothesize that this concept
could be applied to a 10- and even 18-plex system.

Methods

Chemicals

Tandem mass tag (TMT) isobaric reagents were purchased from Thermo Scientific,
Rockford, IL. Unless otherwise noted, all other chemicals were purchased from Sigma.

HeLa cell culture, harvest, and lysis

Human HeLa cells were cultured and lysed as previously described.9 Briefly, cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% dialyzed fetal
bovine serum. Cells were harvested by scraping after the removal of media. The resulting
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cell pellet was washed with PBS and lysed with ice-cold lysis buffer. Cell debris was
removed by centrifugation.

Protein content was measured using a BCA assay (Thermo Scientific, Rockford, IL),
followed by reduction of disulfide bonds with DTT, and alkylation of cysteine residues with
iodoacetamide as previously described.10 Protein lysates were separated from impurities by
methanol-chloroform precipitation, solubilized in 1 M urea, 50 mM Tris–HCl (pH 8.8), and
75 mM NaCl, and digested overnight with endoproteinase LysC (Wako, Japan) at a 1:100
enzyme:protein ratio. The digest was acidified with formic acid to a pH of ~2–3, and
subjected to C18 solid-phase extraction (Sep-Pak, Waters, Milford, MA).

Mouse tissue preparation

Murine brain and spleen tissues were prepared as previously described.1a Briefly, 3-week-
old male Swiss-Webster mice were sacrificed after overnight fasting, and their tissues were
harvested. Following tissue homogenization and protein extraction, cysteine residues were
alkylated as described above. After methanol-chloroform precipitation, 1 mg of protein in
the aforementioned urea lysis buffer was incubated with 1/100 enzyme/protein ratio of LysC
for one hour and subsequently digested overnight with 1/50 enzyme/protein ratio of
sequencing grade trypsin (Promega, Madison, WI). Trypsin digestion was terminated by
adding formic acid to a final concentration of 1%. The digest was desalted over a 50 mg C18
solid-phase extraction (SPE) and lyophilized.

HeLa peptide TMT-labeling and mixing

Desalted HeLa peptides from a single LysC digest were equally split into eight aliquots and
labeled with 8-plex TMT reagents. Reagents were dissolved in anhydrous acetonitrile and
added to peptides dissolved in 200 mM HEPES, pH 8.5 to achieve a final acetonitrile
concentration of 30% (v/v). After 1 h incubation at room temperature, the reaction was
quenched with hydroxylamine at a final concentration of 0.3% (v/v), followed by
acidification with formic acid to pH ~2–3.

Three separate mixtures of TMT-labeled peptides were prepared (Fig. 3a): (1) a 2-plex
mixture containing peptides labeled with TMT-127a and -129a and mixed at a 10:1 ratio; (2)
a 6-plex mixture containing peptides labeled with TMT-126, -127b, -128, -129b, -130, and
-131 and mixed at ratios of 10:1:1:10:1:10, respectively; and (3) mixtures 1 and 2 combined
at a ratio of 1:1. The 2-, 6-, and 8-plex mixtures were subjected to C18 desalting using
home-made stage tips.11

Mouse tissue peptide TMT-labeling

Desalted peptides from mouse brain and spleen were split equally into four aliquots each
(eight samples total). Similar to above, peptides were dissolved in 200 mM HEPES, pH 8.5
and TMT reagents that had been re-suspended in anhydrous acetonitrile were added to a
final concentration of 30% (v/v) acetonitrile. After 1h, the reaction was quenched with 5%
hydroxylamine and then acidified with formic acid. Mouse brain peptides were labeled with
TMT-126, -127b, -129a, and -130; and mouse spleen peptides were labeled with TMT-127a,
-128, -129b, and 131; and mixed at ratios of 1:1:1:1:1:1:1:1. The mixture was desalted using
home-made C18 stage tips.11

LC-MS/MS

All of our data was collected using an Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) coupled with a Famos autosampler (LC Packings) and an Accela
600 quaternary liquid chromatography (LC) pump (Thermo Fisher Scientific). For each
analysis of the HeLa sample, we loaded ~500ng of peptides onto the column. For analysis of
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the mouse tissue sample we loaded 1 μg. For both samples, peptides were separated on a
100 μm inner diameter microcapillary column packed with ~0.5 cm of Magic C4 resin (5
μm, 100 Å, Michrom Bioresources) followed by ~20 cm of Maccel C18 AQ resin (3 μm,
200 Å, Nest Group). HeLa peptides were separated using a 72 min gradient of 6 to 33%
acetonitrile gradient in 0.125% formic acid. Mouse peptides were separated with a gradient
of 3 to 33% acetonitrile in 0.125% formic acid for 150 minutes. For both methods the flow
rate was ~300 nl/min.

Unless otherwise noted, every analysis utilized an MS3-based TMT centric mass
spectrometer method. In brief, the scan sequence began with an MS1 spectrum (Orbitrap
analysis, resolution 60k, 300–1500 m/z, AGC target 1 × 106, maximum injection time 150
ms). The top ten precursors were then selected for MS2/MS3 analysis. MS2 analysis
consisted of CID (quadrupole ion trap analysis, AGC 2 × 103, NCE 35, q-value 0.25,
maximum injection time 100 ms). Following acquisition of each MS2 spectrum, we
collected an MS3 spectrum using a new method we recently described in which we capture
multiple MS2 fragment ions in the MS3 precursor population using isolation waveforms with
multiple frequency notches.9, 12 Briefly, we have developed on-line algorithms that filter
MS2 fragment ions based upon their expected reporter ion fragment signal and their required
isolation specificity. In general 6–9 MS2 fragment ions contribute to the MS3 spectrum, and
in this way we are able to significantly increase the resulting TMT reporter ion population.
Every MS3 precursor population was fragmented by HCD and analyzed using the Orbitrap
(NCE 50, Max AGC 1.5 × 105, maximum injection time 250 ms). To further minimize the
influence of co-eluting species, peptides with isolation specificities less than 0.8 were also
excluded on-line.12b Unless otherwise noted we set our Orbitrap resolving power to 30k (@
400 m/z) for all MS3 scans.

Data analysis

Mass spectra were processed using a software pipeline that was developed in-house, and is
based around the Sequest algorithm.1a, 13 MS spectra were converted to mzXML files using
a modified version of ReAdW.exe, and then searched against a database including all entries
from the human or mouse International Protein Index databases (version 3.6), respectively.
ReAdW.exe was modified to export ion noise as well as intensity. Concatenated onto the
end of these databases were reverse databases comprised of all the listed protein sequences
in reversed order. Searches were performed using a 50 ppm precursor ion tolerance. Product
ion tolerances were either set to 0.5 Th or 0.02 Th depending upon whether the spectra being
searched were collected using the quadrupole ion trap or the Orbitrap, respectively. TMT
tags on lysine residues and peptide N termini (229.162932 Da) and carbamidomethylation of
cysteine residues (57.02146 Da) were set as static modifications, while oxidation of
methionine residues (+15.99492 Da) was set as a variable modification. Peptide spectral
matches (PSMs) were filtered to a 1% FDR.14 PSM Filtering was performed using an linear
discriminant analysis, as previously described, while considering the following parameters:
XCorr, ΔCn, missed cleavages, peptide length, charge state, and precursor mass accuracy.1a

For TMT-based reporter ion quantitation, we began by extracting the S/N ratio for each
TMT channel. This entailed finding the closest matching centroid to the expected mass of
the TMT reporter ion. The search space for each reporter ion was limited to a range of 0.002
Th to prevent overlap between the isobaric reporter ions. Following extraction, the TMT
reporter ion signals were adjusted to account for isotopic impurities in each TMT variant
(provided by the manufacturer). Based upon published relationships, and our own
observations, we estimated that the noise band of the Orbitrap pre-amplifier is
approximately equal to 5 charges; hence, we approximated the number of TMT ions in a
given peak by multiplying the S/N ratio by 5.15
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When calculating the TMT ratios for the HeLa experiments, we only considered spectra that
produced a positive human identification, and we only calculated the ratio if both ions were
present (requiring both ions to be present resulted in ~1% loss in MS3 data). In the case of
the 2-, and 6-plex HeLa samples, the ratios were normalized to the expected value of 10 to
account for any mixing errors. Because the 8-plex sample was a combination of the 2- and
the 6-plex samples, the ratios for the 8-plex sample were normalized using the same factors
that were derived for the 2- and 6-plex samples. In this manner, any possible systematic
shifts in the observed TMT ratios between 2- and 8-plex samples, as well as between the 6-
and 8-plex samples, are preserved in the 8-plex results.

For protein-level comparison of mouse brain and spleen proteomes, peptide-spectral
matches were first identified, quantified, and filtered to an 1% FDR as described above.
Peptides were then assembled into proteins and further filtered to a final protein-level FDR
of 1%. Protein assembly was guided by principles of parsimony to produce the smallest set
of proteins necessary to account for all observed peptides. Proteins were then quantified by
summing reporter ion counts across all matching peptide-spectral matches. Peptide-spectral
matches with poor quality MS3 spectra, (more than 4 TMT channels missing and/or fewer
than 250 total reporter ions) or no MS3 spectra at all, were excluded from quantitation.

Following protein quantitation, each reporter ion channel was summed across all quantified
proteins and normalized assuming equal protein loading across all eight samples. Welch’s T-
Test was then used to identify proteins that were differentially expressed across
quadruplicate brain and spleen replicates and the method of Benjamini and Hochberg16 was
subsequently applied to control for multiple testing error (p < 0.01).

Results and Discussion

As originally implemented, there were only 6 TMT reagents available: TMT-126 to
TMT-131. However, the TMT-127 and -129 reagents were recently modified to
accommodate the preferred fragmentation pathways of ETD (Fig. 1). ETD fragments the
TMT tag at the bond adjacent to the CID fragmentation site; hence, the proximal heavy
carbon of the original TMT-127 and -129 reporter ions is retained on the balancer region
during ETD (Supplementary Fig. 2).7 To obviate these fragmentation issues, these heavy
carbons were substituted for heavy nitrogen atoms. In this manner, both ETD and CID
produce all six reporter ions. A byproduct of substituting a 13C isotope for a 15N was the
introduction of a mass shift of 6.32 mDa between the original TMT-127 and -129 reporter
ions (here on referred to as TMT-127b and -129b reporter ions) and the new TMT-127 and
-129 reporter ions (here on referred to as TMT-127a and -129a). Even though their masses
are nearly identical, with a high-resolution and mass accuracy analyzer it is possible to
distinguish these reporter ion isotopologues (vide infra). As such, we hypothesized that by
combining all eight reagents together, we may increase the quantitative capacity of the TMT
reagents from 6-plex to 8-plex. We were motivated, in part, because we predict that the
same synthetic pathways that produced TMT-127a and -129a could be adapted to produce
TMT-128a and TMT-130a channels. As such, we envision this work as a blue-print to
producing at least a 10-plex set of TMT reagents.

Resolving reporter ion isotopologues with isobaric masses and studying their relative
isotopic accuracy

In a proof-of-concept experiment, we labeled AngioT (DRVYIHPFHL) with TMT-127a,
-127b, -129a, and -129b, and mixed the tagged peptides at ratios of 10:1:10:1, respectively.
Following preparation and infusion of the TMT-labeled mixture, we fragmented the triply
charged AngioT precursor ions with HCD and analyzed the resulting product ion population
with an Orbitrap analyzer at a range of resolving powers (Fig. 2).
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We mixed the peptides at 10:1, both to measure the quantitative accuracy of the isobaric
TMT channels, and to create a situation in which it would be difficult to resolve these
reporter ions due to their divergent intensities. At the lowest resolution settings, the proximal
TMT channels coalesce such that the lower abundance channels appear only as shoulders on
the high-abundance ions rather than as discrete peaks. However, as the Orbitrap analyzer
transient is extended and the spectral resolution increases, the two peaks diverge to clearly
reveal unique ion populations. Even at a 10:1 TMT ratio, a resolving power of ~50k at 130
m/z (30k at 400 m/z) is sufficient to resolve the isobaric TMT reporter ions. 50k is
significantly higher than the ~21k nominal resolving power one might expect would be
required for these isobaric ions (21k RP = 130 Da/6.32 mDa). This divergence reflects the
difference between nominal resolving power and quantitative resolving power – i.e., the
resolving power necessary to ensure accurate intensity measurements of the isobaric ions. At
even higher resolution settings the two peaks are unambiguously resolved, and the longer
transients also result in higher quantitative precision (vide infra). However, we feel that
these improvements in data quality are not reasonable because the time penalties associated
with the longer transients are substantial – i.e., the length of the transient increases from 96
to 192 ms when the resolution setting is increased from 30k to 60k (at 400 m/z).

All these analyses were performed using the high-field Orbitrap analyzer.8 With this
analyzer, the time penalty of collecting spectra at 15k resolving power (at 400 m/z) instead
of 30k is minor. The length of the associated Orbitrap transients increases from 48 ms to 96
ms -which in the context of our FTMS3 analyses produces a minimal increase in overall
duty cycle (i.e., this translates into a 10–20% increase in the MS3 scan time). The older
generation Orbitrap analyzer is equally capable of achieving baseline resolution for these
isobaric TMT reporter ion isotopologues.17 However, the older analyzer has a larger
geometry, an attenuated electric field, and the supporting software does not include the
advanced signal processing algorithms that are commonplace with the new high-field
analyzer. As such, to achieve equivalent spectral resolutions with the older analyzer requires
transients that are 4 times as long as what is required with the newer high-field analyzer –
e.g., to acquire a spectrum with a resolving power of 30k at 400 m/z requires a 384 ms
transient on the old analyzer.

LC-MS/MS analysis of 2-plex, 6-plex, and 8-plex complex mixtures

To assay the accuracy of the 8-plex set of TMT reagents, we prepared a series of TMT
labeled complex mixtures that we analyzed by data-dependent LC-MS2/MS3. Our primary
interest was to compare the quantitative accuracy of the isobaric reporter ion isotopologues
with that of their standard counterparts and thus determine whether the extreme closeness of
the isobaric channels distorted the observed TMT ratios. We equally split a complex mixture
of LysC peptides – derived from an un-fractionated HeLa lysate – eight ways and labeled
each aliquot with a different TMT reagent. Overall we prepared three different mixtures of
the TMT-labeled LysC HeLa peptides: (1) a 2-plex mixture that utilized only the new TMT
reporter ions (TMT-127a and -129a mixed at a 10:1 ratio); (2) a 6-plex mixture that utilized
only the old TMT reporter ions (TMT-126, -127b, -128, -129b, -130, and -131 mixed at
ratios of 10:1:1:10:1:10, respectively); and, (3) an 8-plex mixture that consisted of the 2-plex
and 6-plex mixtures mixed together at a ratio of 1:1 (Fig. 3a).

By combining the 2- and 6-plex mixtures to form the 8-plex sample, and ensuring that
neither the 2- nor the 6-plex mixtures contain any isobaric TMT channels, we were able to
measure the TMT ratios produced using the isobaric TMT channels both in the presence and
absence of any proximal and possibly interfering TMT signals. As expected, the distribution
of TMT ratios from the 2- and 6-plex samples adhered closely to the expected ratio of 10:1
(Fig. 3b). However, as we move from the very simple 2-plex experiment to the more
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complicated 6-plex experiment, the distribution of observed TMT ratios does broaden (vide
infra).

When the 2- and 6-plex samples are combined to produce the 8-plex sample, the resulting
distribution of TMT ratios still centers on the expected value of 10:1. This result
demonstrates that isobaric TMT isotopologues are suitable for quantitation. That said, the
distribution of observed ratios for the 8-plex mixture is noticeably broader than either the 2-
or 6-plex samples. This trend toward wider distributions with the 8-plex sample is in large
part an extension of the same trend that was observed between the 2- and 6-plex samples,
and is due to the diminished ion counts per TMT channel that necessarily result from
dividing the total TMT product ion signal amongst an increasing number of TMT channels.

Whether the mixture being analyzed is 2-, 6-, or 8-plex, the TMT reporter ion population is
finite. The partitioning between sequence-informative ions and TMT reporter ions is set by
the relative energetics of peptide backbone and TMT reporter bond fragmentation. Because
these bond energetics do not change as we increase the number of TMT channels present in
the sample, the number of precursor ions partitioning into the TMT reporter ion population
remains fixed – i.e., the median number of TMT ions produced during each MS3 analysis
was approximately 1,900 for the 2-plex sample, 2,100 for the 6-plex, and 2,200 for the 8-
plex (we attribute the slight upward trend to variations in sample preparation). However, as
we move from the low complexity 2-plex TMT reporter population to the high complexity
8-plex population, the number of channels utilizing this finite population of reporter ions
grows; hence, the number of TMT reporter ions per TMT channel decreases. In our 2-, 6-,
and 8-plex experiments, the median number of TMT reporter ions per channel decreases to
950, 350, and 275, respectively – i.e., per 10:1 ratio the number of TMT reporter ions is
1,900, 700, and 550, respectively.

To better understand the impact these diminishing TMT ion counts have on the variance of
the TMT ratios, we simulated the distribution of TMT ratios using a simple Poisson model
for an expected ratio of 10:1 over a range of TMT ion counts (Fig. 4a). Overlaid onto this
simulation are the observed distributions of TMT ratios from the TMT 2-, 6-, and 8-plex
experiments. These experimental distributions have been centered over the median number
of charges per 10:1 ratio for each experiment. In general, the observed distribution of TMT
ratios matched closely with the expected distribution. For each experiment, the error bars of
the observed distributions extend beyond the expected values. This is most likely due to
measurement error (vide infra).

There is also a noticeable trend toward higher TMT ratios for the 8-plex sample, which we
do not attribute to decreasing TMT ion counts. Whereas the 2- and 6-plex distributions are
centered directly over the expected value of 10:1, the 8-plex sample skews towards slightly
larger TMT ratios (median value of ~10.5 for all channels). In an effort to further explore
these trends, the TMT ratios from the 2-, 6-, and 8-plex experiments were plotted against
each other (Fig. 4b). Interestingly, only the ratios based upon the low abundance isobaric
channels (i.e., TMT-129a and -127b) show this skew toward higher TMT ratios, and this
skew only occurs when there is a high abundance isobaric TMT signal proximal to these low
abundance signals (i.e., the skew is only observable when analyzing the 8-plex mixture and
not the 2- or 6-plex mixtures). By comparison, the TMT ratios based upon the low
abundance standard channels (i.e., TMT-128 and -130) are centered over the expected value
of 10:1 in both the 6- and 8-plex mixtures. It has been observed previously that ions with
similar m/z ratios can constructively and destructively interfere with each other’s signals
over the course of the FT transient such that relative isotopic accuracy is endangered.18

Though we have never noticed these issues when analyzing the original TMT reporter ions,
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we suspect these phenomena are responsible for this slight shift in the TMT ratios of the
isobaric channels.

To further investigate these trends, we analyzed the 8-plex mixture using a range of
resolution settings (30k, 60k, and 120k at 400 m/z) during our FTMS3 analyses (Fig. 4c). As
resolving power increases, the median ratios based upon the low abundance isobaric
channels (i.e., TMT-129a and -127b) shifts back towards the expected ratio of 10:1; hence,
transient length does seem to have some role in this minor distortion of the TMT ratios.
Hopefully as these phenomena are studied further, correction algorithms may develop that
can compensate for this distortion. However, in the case of our system, these trends only
result in an average increase of 9% in the median ratio (median of ~10.9:1 for the ratios
based upon isobaric TMT channels), which we feel is immediately acceptable.

Increasing the transient length of the FTMS3 spectra also results in noticeably tighter
distributions of observed TMT ratios. This is most likely due to improved analyzer accuracy
– i.e., the longer transients are more accurate at measuring the number of charges in a given
peak. It was noted earlier that the error bars of the 2-plex, 6-plex, and 8-plex distributions of
TMT ratios exceeded the expected values based on the simple Poisson model (Fig. 4a). Most
likely, this divergence between the expected and observed error was due to the additional
measurement error that resulted from the shorter transients we employed in those
experiments. However, the increase in variance resulting from these measurement
inaccuracies is still rather small and the time penalties resulting from collecting longer
transients are appreciable; hence, we feel the shorter transients were best.

As an alternative to increasing the transient length to improve the accuracy of the TMT
measurements, we can also increase the injection time of the precursor population. The
number of ions in the TMT population should scale linearly with precursor injection time up
to the spacecharge limits of the mass spectrometer; hence, the injection would only need to
be multiplied by 1.333 to maintain the ion distributions during an 8-plex experiment that are
typical for a 6-plex experiment. This alternative strategy is depicted in figure 5. We tuned
the MS3 injection time to the number of reporter channels in the sample – i.e., after the
instrument firmware calculated the standard injection time for every MS3 precursor
population, we multiplied that time by an additional scaling factor. For the 2-plex
experiments all MS3 injection times were multiplied by 0.333. For the 8-plex experiments
the times were multiplied by 1.333. No additional data was collected for the 6-plex
experiment. Following these adjustments, the median number of charges per TMT channel
were roughly equivalent across the 2-, 6-, and 8-plex experiments. Consequently, the
distributions of observed TMT ratios were also approximately equivalent for all three
experiments. Though we do not envision ourselves manipulating the injection times in this
manner for the 8-plex experiment – as noted earlier the distribution of observed TMT ratios
is already acceptable for the 8-plex experiment – for future experiments that employ
additional quantitative channels (e.g., 18-plex) this strategy may be necessary.

Mouse tissues

Previously, we characterized the performance of the isobaric TMT isotopologues using
control samples: individual peptides and protein digests mixed at known ratios. Next we
compared protein abundance profiles across quadruplicate mouse brain and spleen extracts.
Quantifying tissue-specific protein expression patterns is useful from an analytical point of
view, as tissue-specific patterns of both gene and protein expression have been profiled
previously1a, 19, enabling us to evaluate our results against these known standards.
Furthermore, by incorporating four technical replicates of each tissue, we can compare the
performance of the isobaric channels with their standard counterparts.
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Following digestion, labeling and mixing of these eight lysates, a single combined sample
was analyzed via LC-MS2/MS3 using the Orbitrap Elite as discussed previously.9 A total of
941 proteins were identified and quantified at a 1% protein FDR, 835 of which were found
to be differentially expressed between brain and spleen (Fig. 6a). Protein expression profiles
consistently matched expectations, as proteins including Mbp, Snap25 and Mtap2 were
found specifically in brain tissue, while proteins such as Pcna, Vcl and Hnrnpu were found
predominantly in spleen.1a A subset of ubiquitously-expressed proteins, including Hspa9,
was found to be present at comparable levels in spleen and brain. Notably, protein profiles
observed via isobaric labeling channels (127a, 127b, 129a, and 129b) are virtually
indistinguishable from their standard counterparts (126, 128, 130, and 131) within each
tissue, demonstrating that isobaric TMT channels and standard channels are equally suited
for protein quantitation.

Although global protein profiles appear to indicate equivalent performance between the
standard and isobaric labels, we investigated further to rule out more subtle systematic
effects. Our experimental approach is diagrammed for a representative protein (Prkar2a) in
Figure 6b, while Figure 6c summarizes our results. TMT reporter ions for each protein were
grouped based on their tissue of origin, and the signal for each channel was compared
against the average of all four replicates of that tissue. Upon plotting the distributions of the
relative deviations associated with each reporter ion channel across all quantified proteins,
any systematic biases due to isobaric labels should be reflected by shifts in each distribution
away from zero, or by generally wider variability compared with standard isobaric labeling
channels. In fact, we see no significant differences between standard and isobaric labeling,
confirming that their performance for large-scale quantitative proteomics studies is
equivalent.

Conclusions

Isobaric reagent design and implementation can be a time consuming and difficult process.
It is necessary to optimize both the reagent structure – with an eye towards selecting
fragmentation energies that appropriately balance peptide backbone bond fragmentation and
reporter ion cleavage – and to make allowances for reagent synthesis and cost.6a, 20

Developing a reagent that maximizes quantitative IDs is particularly problematic when the
goal is to produce as many quantitative channels as possible. Previous work examining the
effectiveness of highly multiplexed isobaric reagents (> 6 reporter ions), found a strong
inverse correlation between the number of quantitative channels and the probability of
producing a sequence informative fragmentation spectrum.21

In every case, these highly multiplexed reagents utilized isobaric tags of larger and larger
sizes. As such, these structures contain more atoms to manipulate when isotopically
encoding all the different reporter isoforms. However, these larger tags are also the source of
more competing fragment ions (e.g., neutral loss species, partial cleavages, etc.) that
obfuscate the sequence informative fragment ion population. As noted by Pichler et al.,
substituting the iTRAQ 8-plex label for the iTRAQ 4-plex label results in a 5-fold decrease
in the number of peptide spectral matches. By contrast, our strategy for increasing the
multiplexing capacity of the TMT reagents does not require any alterations to the
fundamental TMT structure; hence, there are no changes in fragmentation patterns,
fragmentation energies, etc. Whereas other multiplexing strategies have been reduced to
inventing a new isobaric tag, the strategy presented here is based upon a molecule that is
proven to be well suited for both peptide identification and quantitation. As such, compared
to the 5-fold decrease in sensitivity with the iTRAQ 8-plex labeling scheme, we only see a
~10% decrease in peptide spectral matches when we move from the TMT 2-plex to the 8-
plex sample (2,747 PSMs vs. 3,012).
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Though we only present data for an 8-plex set of reagents, based upon our success with
these isobaric reporter ion isotopologues, and considering the structure of the TMT reporter
ion, we feel that this work serves as a blueprint for a 10-plex set of reagents. We expect that
the same synthetic pathways that produced TMT-127a and -129a can be adapted to produce
TMT-128a and TMT-130a channels (Fig. 1). Looking beyond a possible 10-plex set of
reagents, 18 different TMT reporter ions could be produced if every C and N were used in
the TMT encoding process (Supplementary Fig. 3), and even higher degrees of multiplexing
are possible if the elemental composition of the reporter ion includes multiple nitrogen
atoms. For example, the piperazine ring of the iTRAQ 8-plex reporter ion contains two
nitrogens; hence, it could form the basis for a 19-plex set of reagents if every possible
isotopologue was generated. In contrast, a previously detailed hyper-plexing (> 10-plex)
labeling scheme utilized mass-differential labeling in combination with the TMT isobaric
tags.6b Though that method does allow for simultaneous quantitation across 18 samples, it
comes at the cost of increased MS1 spectral complexity. Alternatively, our proposed hyper-
plexing scheme would not suffer from that particular drawback; hence, we feel that this is
more the future than the later method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Previously there were only 6 TMT reagents available (highlighted in light grey). Due to
complications arising from the preferred fragmentation pathways of ETD, the TMT-127, and
-129 reporter ions were recently modified such that a 13C was exchanged for a 15N (dark
grey). Though the new and old TMT-127 and -129 reagents only differ by ~6.32 mDa, high
resolution mass spectrometers are capable of resolving these neighboring isobaric
isotopologues.
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Figure 2.
The peptide AngioT (DRVYIHPFHL) was labeled with TMT-127a, -127b, -129a, and
-129b. Following labeling, the differentially tagged peptides were mixed at 10:1 ratios and
analyzed with a FTMS2 HCD scan on an Orbitrap Elite. Spectra were collected at a range of
resolving powers (15k–240k @ 400 m/z). With the D20 Orbitrap analyzer, a relatively short
transient of 96ms provides baseline resolution between the differentially expressed reporter
ions.
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Figure 3.
(A) A complex mixture of LysC peptides – derived from unfractionated HeLa lysate – was
split eight ways and labeled with the eight available TMT reagents. Three separate samples
were prepared from the peptides: (1) a 2-plex mixture containing peptides labeled with
TMT-127a and -129a and mixed at a 10:1 ratio; (2) a 6-plex mixture containing peptides
labeled with TMT-126, -127b, -128, -129b, -130, and -131 and mixed at ratios of
10:1:1:10:1:10, respectively; and, (3) a sample containing (1) and (2) combined at a ratio of
1:1. (B) The 2-plex, 6-plex, and 8-plex mixtures were analyzed using the MS3 method, and
the resulting distributions of TMT ratios are displayed here. We found that as the complexity
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of the reporter ion population increases from 2- to 8-plex the median ratio is unaffected and
consistently centers on 10:1.
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Figure 4.
(A) The distribution of TMT ratios was simulated using a simple Poisson model for an
expected ratio of 10:1 over a range of TMT ion counts. Overlaid onto this simulation are the
observed distributions of TMT ratios from the TMT 2-, 6-, and 8-plex experiments. These
experimental distributions were centered over the median number of charges observed in
each experiment. In general the observed distribution matched closely with the expected
distribution. For each experiment, the experimental error bars extend out beyond the
expected values, most likely do to measurement error. (B) The different pairs of TMT ratios
from the 2-, 6-, and 8-plex experiments are plotted against each other. These are the same
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distributions that were plotted in figure 3B. The ratios based upon the low abundance
isobaric channels (i.e., 129a and 127b) diverge from the ratios based upon the low
abundance standard channels (i.e., 128 and 130) in that the distributions skew towards
higher ratios (> 10:1). (C) In a separate set of analyses, the 8-plex mixture was analyzed at
resolving powers of 30k, 60k, and 120k (@ 400 m/z). As resolving power increases, the
skewed distributions for ratios involving the low-abundance isobaric channels (i.e., 129a and
127b) shifts toward 10:1. Also, as resolving power increases, the distribution tightens, most
likely due to improved analyzer accuracy.
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Figure 5.
(A) We analyzed the 2-, 6-, and 8-plex samples using the standard MS3 method. As the total
number of TMT channels increases, the average number of charges per TMT channel
decreases. This results in poor ion statistics, which produce wider distributions of observed
TMT ratios. However, as shown in (B) by simply increasing the injection time we can
compensate for the decrease in ion counts that result from an increase in reporter ion
channels. We tuned the MS3 injection time to the number of reporter channels in the sample:
for 2-plex experiments all injection times were multiplied by 0.333, for 8-plex experiments
the times were multiplied by 1.333. For 6-plex experiments no additional data was collected.
Following these adjustments, the median number of charges per TMT channel were roughly
equivalent across the 2-, 6-, and 8-plex experiments. Consequently, the distributions of
observed TMT ratios were also approximately equivalent for all three experiments.
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Figure 6.
(A) Quadruplicate mouse brain and spleen samples were labeled and the combined lysates
were analyzed in a single LC-MS run to evaluate the performance of isobaric labeling for
quantitative characterization at a proteomic scale. Relative reporter ion intensities are
displayed as a heat map for 941 quantified proteins, ordered by their relative expression in
brain (Br.) versus spleen (Sp.). Differentially expressed proteins were identified by Welsh’s
T-Test (p < 0.01) with multiple testing correction by the method of Benjamini and
Hochberg38 and are highlighted in green. Gene symbols from representative proteins are
listed near their expression profiles. Reporter ion channels with standard spacing are colored
orange, while isobaric channels are highlighted in blue. Notably, protein expression profiles
are indistinguishable for brain and spleen replicates with either standard or isobaric labels.
(B) To further probe the effects of isobaric labeling, each protein’s abundance profile was
analyzed as depicted for Prkar2a. For each protein the mean ion count within each tissue
was subtracted from each observed reporter ion count and the resulting difference was
divided by the tissue mean. The resulting relative deviations were tallied for each reporter
ion across all quantified proteins and the resulting distributions (C) were plotted as Box-
Whisker plots for comparison. Similarly, relative deviations of log2 ratios observed for pairs
of brain and spleen replicates compared with the overall average log2 ratio were plotted. If
present, sub-optimal quantitation via isobaric labeling would be apparent either due to
systematic shifts away from the mean (zero) or due to overall wider scatter in these
distributions. However, no systematic differences between standard and isobaric labels are
apparent, suggesting equivalent quantitative performance.

McAlister et al. Page 20

Anal Chem. Author manuscript; available in PMC 2013 September 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


