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In Brief

Erickson et al. describe a combined
peptide and sample multiplexing
approach for targeted proteomics. This
approach provides a 10-fold increase in
targeted quantitative proteomics
throughput. The method is demonstrated
by characterizing 180 human tumor cell
lysates in 48 hr of analysis time.
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SUMMARY

Targeted mass spectrometry assays for protein
quantitation monitor peptide surrogates, which are
easily multiplexed to target many peptides in a single
assay. However, these assays have generally not
taken advantage of sample multiplexing, which al-
lows up to ten analyses to occur in parallel. We pre-
sent a two-dimensional multiplexing workflow that
utilizes synthetic peptides for each protein to prompt
the simultaneous quantification of >100 peptides
from up to ten mixed sample conditions. We demon-
strate that targeted analysis of unfractionated ly-
sates (2 hr) accurately reproduces the quantification
of fractionated lysates (72 hr analysis) while obviating
the need for peptide detection prior to quantification.
We targeted 131 peptides corresponding to 69 pro-
teins across all 60 National Cancer Institute cell lines
in biological triplicate, analyzing 180 samples in only
48 hr (the equivalent of 16 min/sample). These data
further elucidated a correlation between the expres-
sion of key proteins and their cellular response to
drug treatment.

INTRODUCTION

In proteomics, two fundamental types of multiplexing are avail-
able to increase throughput. During a single run, many peptides
can be targeted for quantification (peptide multiplexing) (Picotti
and Aebersold, 2012). Additionally, higher-order multiplexing is
possible at the sample level. This is most commonly achieved
via isobaric labeling strategies (Ross et al., 2004; Thompson
et al., 2003). For example, tandem mass tags (TMT) are chemi-
cally reactive reagents that impart isotope-based differences
to each sample (Thompson et al., 2003). After mixing, a single
analytical run contains the information for up to ten different
samples. However, sample multiplexing with isobaric reagents
comes with a significant caveat. The quantitative accuracy can

be severely distorted by co-isolated and co-fragmented pep-
tides (Ting et al., 2011; Wenger et al., 2011). Nevertheless, quan-
titative accuracy is restored when reporter ion quantification
occurs in a dedicated MS3 fragmentation event using a tech-
nique called synchronous precursor selection (SPS-MS3) to re-
move interference. This is in contrast to how reporter ions are
normally recorded—directly from a combined event that in-
cludes both quantification and identification (MS2 scan) (Erick-
son et al., 2015; McAlister et al., 2014; Ting et al., 2011).

Targeted mass spectrometry (MS)-based analyses have
become vital for multiplexing the measurement of many peptides
as biomarkers or predictive endpoints (Jaffe et al., 2013), such as
those collected during clinical trials (Domon and Gallien, 2015;
Gillette and Carr, 2013). Recent advances have focused on
increasing the level of peptide multiplexing within the same run
or improving assay performance (Escher et al., 2012; Kennedy
etal., 2014; Burgess et al., 2014; Gallien et al., 2015). In addition,
enterprise-grade software supports the facile development of
targeted methods (MaclLean et al., 2010). Sample multiplexing,
on the other hand, has only rarely been employed in targeted as-
says. Coon and colleagues (Potts et al., 2016) demonstrated a
clever approach to sample multiplexing that relied on metabolic
labeling with neutron encoding (NeuCode). Three groups have
demonstrated sample multiplexing using isobaric labels (Curran
et al., 2015; Everley et al., 2013; Savitski et al., 2010). Impor-
tantly, each group’s method was only applied to affinity-enriched
subproteomes of reduced complexity. For example, Curran et al.
(2015) proposed a method termed MARQUIS that utilized both
immobilized metal-ion affinity chromatography (IMAC) and
phosphotyrosine enrichment prior to analysis of iTRAQ-labeled
phosphopeptides by multiple reaction monitoring (MRM)
methods. Savitski and coworkers reported an iTRAQ-based
targeted assay to measure kinase levels after isolation via kino-
beads (Savitski et al., 2010). Thus, isobaric tagging-based multi-
plexing in targeted assays has not been demonstrated with un-
fractionated mixtures. With the evolution of MS instrumentation
capable of sensitive MS3 analysis of reporter ions (Huguet
et al., Am. Soc. Mass Spectrom., conference), we hypothesized
that 10-plex sample multiplexing with accurate, targeted quanti-
fication might finally be possible directly from proteolyzed cell
lysates.
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Figure 1. The 10-plex TOMAHAQ Workflow
(A) Spiked-in internal standards are mixed with up
#6@ to ten multiplexed endogenous proteomes and
combined before analysis.

(B) This results in two precursor ion clusters that
have identical elution profiles. Synthetic trigger
and multiplexed target peptides are separated by a
known mass offset. The presence of synthetic
trigger peptides is used to prompt selection (gray
bar) and quantitative analysis of target peptides at
all precursor abundances, obviating the need for
target detection in the MS1.

(C) MS2 analysis of target peptides is used to
select b- and y-type fragment ions for synchronous
precursor selection (SPS, gray bars).

(D) Targeting interference-free fragment ions yields
accurate quantitation in an MS3 scan, even if
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DESIGN

Overview of a Two-Dimensional Targeted Proteomics
Approach

Figure 1 shows our 2D multiplexing method for targeted prote-
omics (triggered by offset, multiplexed, accurate-mass, high-
resolution, and absolute quantification [TOMAHAQ]). Most
targeted proteomics methods utilize complex retention time
scheduling when multiplexing many peptide targets per assay.
As an alternative to retention time scheduling, spiked-in internal
standard (IS) peptides have been used to enable robust sam-
pling of target peptides independent of chromatography condi-
tions (Gallien et al., 2015; Yan et al., 2011). TOMAHAQ utilizes
a similar strategy, where synthetic trigger peptides are moni-
tored during analysis and identified in real time to prompt quan-
titation of multiplexed targets present at a known offset (Fig-
ure 1A). Labeling the trigger peptide with an alternative form of
TMT (termed TMTO) results in co-elution with the corresponding
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m/z

been used in targeted proteomics experi-
ments and only on highly simplified or
enriched subproteomes. We sought to
compare the methods, MS2-only (Curran
et al., 2015; Savitski et al., 2010), MS3
(Everley et al., 2013), and pre-selected
SPSions (this work), to evaluate accuracy
and precision of measurements from complex unfractionated
whole proteome digests.

RESULTS

Constructing a Two-Proteome Model of Interference

Targeted mass spectrometry methods, SRM (selected reaction
monitoring) and PRM (parallel reaction monitoring), have demon-
strated limits of quantification near 100 amol for human peptides
spiked into a yeast background (Peterson et al., 2012). We sur-
mised that TOMAHAQ could be used to quantify a similarly low
amount of peptide, but in a multiplexed experiment. To demon-
strate the advantages of TOMAHAQ over existing multiplexed
analysis techniques, we compared each method’s ability to
measure an 8-fold change at both 400 and 100 amol on column.
The model for this comparison used 13 synthetic human pep-
tides mixed at a known ratio into a background of yeast peptides
(Figure 2). To enable sampling of targeted peptides independent
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Figure 2. Comparison of Method Accuracy for Three Reporter-lon Quantification Techniques Using a Combined Interference Model and Di-

lutions

(A) 13 TMTO-labeled synthetic human peptides (500 fmol) served as the triggering event that was monitored throughout the run and used to prompt analysis of
multiplexed targets. A separate portion of each peptide was labeled with two channels of the TMT10 reagent in an 8:1 ratio. Two samples were created, each with 500
fmol trigger peptide and a decreasing amount of multiplexed peptides as measured by the on-column amount of the lowest channel (i.e., sample 1: 400 amol; sample
2: 100 amol). The yeast background comprised 250 ng of yeast labeled with the same isobaric labels as the multiplexed target ions but in equimolar amounts.

(B) The 400 and 100 amol samples were then separately spiked into whole yeast lysate to create two interference model samples.

(C) For all samples, the trigger peptides were monitored and identified in real time, prompting quantitative analysis of the target peptides.

(D) Each sample was quantified using either MS2-only, standard MS3, or TOMAHAQ analysis. MS2 analysis fragments all isolated precursor species, including
interfering ions (red bars), resulting in a compressed ratio. MS3 analysis removes interference by selecting the top ten peaks (SPS, synchronous precursor
selection) from an MS2 spectrum to perform SPS-MS3. However, for low abundance targets, many of the largest peaks in an MS2 spectrum are interfering ions.
TOMAHAQ analysis targets pure fragment ions in an MS2 spectrum, resulting in accurate quantification even at the lowest molar amount on column.

(E) Comparison of the results for three quantification methods. The black line represents the median (expected value = 8), and the box represents the inner quartile
range demonstrating the precision of each method. Each point represents the fold change for each peptide (n = 13).

(F) Comparison of replicates (n = 3) for the 100 amol dilution analyzed with all three quantification methods. Bars represent mean fold change (+1 SD) for each

peptide across technical replicates. See also Figures S1 and S2.

of precursor ion detection, a portion of each human peptide was
labeled with TMTO and spiked into yeast at 500 fmol on column
(Figure 2B). A separate portion of each human peptide was
labeled with two channels of TMT10 reagent, mixed at an 8:1 ra-
tio, and diluted into a background of yeast peptides (labeled at a
1:1 ratio) such that the lowest target channel represented either
400 or 100 amol on column (Figure 2C). For each sample, re-
porter ion quantification was prompted by the TMTO peptide,
but three different quantification methods were evaluated:
MS2-only (no SPS ion selection), standard SPS-MS3 (SPS ions
are selected via their abundance), or TOMAHAQ analysis (SPS
ions are preselected and purity checked online) (Figure 2D).

Assessing Low Attomole Accurate Quantification of
Target Peptides

As described previously (Savitski et al., 2011; Ting et al., 2011;
Wenger et al., 2011), the MS2-only method returned highly inaccu-
rate quantification due to the isolation and fragmentation of all pre-

cursors, even though isolation was achieved via the smallest al-
lowed setting of 0.4 mass-to-charge ratio (m/z). The median
ratios for the 400 and 100 amol samples were 1.08- and 1.01-
fold, respectively, as compared to the true ratio of 8-fold (Figure 2E).
The SPS-MS3 method has been shown to remove nearly all pre-
cursor interference in large-scale experiments (Isasa et al., 2015;
McAlister et al., 2014), but in targeted experiments, a greater
portion of fragment ions belong to interfering ions—each repre-
senting a potential source of ratio compression. For SPS-MS3
analysis, the median fold changes were 6.95 and 1.13 for the 400
and 100 amol dilutions, respectively. This demonstrates that inter-
ference in targeted experiments is highly dependent on precursor
abundance and selection of the correct SPS ions for MS3 analysis.

Online Filtering Improves Quantitative Accuracy

To avoid ratio compression, TOMAHAQ successively applies
three filters during the selection of SPS-MS3 ions. First, only
peaks corresponding to fragment ions of the target peptide
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(10 ppm) are considered. Second, the relative abundances of
remaining fragment ions are compared to a library spectrum,
and only those matching the expected relative abundances are
retained. Third, the SPS ion isolation purity (i.e., percentage of
signal belonging to the fragment ion) is calculated for each re-
maining candidate, and only pure ions are included as precur-
sors in the SPS-MS3 scan (Figure S1). Although the online filters
provide selection of higher-purity SPS ions, the overwhelming
proportion of interference is alleviated by targeting specific
SPS-MS3 ions (Figure STH). Using these filters, TOMAHAQ re-
turns median fold changes of 7.60 and 6.93 for the 400 and
100 amol samples, respectively (Figure 2E). To determine the
reproducibility of the multiplexed targeted measurements, we
analyzed the lowest dilution, 100 amol, in triplicate by each
method (Figure 2F). When analyzed by TOMAHAQ, 12 of 13 pep-
tides exhibited both a relative error (percent difference between
measured and expected ratio) and a coefficient of variation (CV)
below 20%. Conversely, only one MS3 and no MS2 measure-
ments met this criterion. These data clearly show that, in unfrac-
tionated digests, pre-selecting MS3 precursor ions provides a
substantial improvement in both accuracy and precision.

TOMAHAQ Enables Absolute Quantification of
Endogenous Peptides

SRM and PRM are often used to determine the absolute molar
amounts of a peptide in a sample. This is accomplished by
spiking a peptide standard into the sample at a known molar
amount and using the ratio of target to standard peptide to deter-
mine absolute abundance (Gerber et al., 2003). Similarly, within a
TOMAHAQ assay, a standard peptide of a known molar amount
can be labeled with the isobaric label used to quantify endoge-
nous samples (e.g., TMT10 for Figure 2) and used for absolute
quantification. Using a standard peptide labeled with TMT10
and spiked into the interference model described in Figure 2,
we were able to determine the absolute molar amounts of pep-
tides within the interference model (Figure S2A). The absolute
amounts for each peptide were typically within 20% of the cor-
rect value (Figures S2B and S2C), with nearly all variable mea-
surements (>20% error) occurring for peptides at the 100 amol
level, signifying that we are approaching the limit of quantifica-
tion for a subset of peptides (Figures S2B and S2C).

Comparing Quantitative Reproducibility of a Fully
Fractionated and Unfractionated Proteome
Several studies have demonstrated deep quantitative analyses
of protein expression levels using 10-plex sample multiplexing
and the SPS-MS3 method (Chick et al., 2016; Christoforou
et al., 2016; Egan et al., 2015). To reduce sample complexity in
large-scale multiplexed proteome analyses, we fractionated
peptides prior to liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis. Offline peptide fractionation im-
proves the depth of proteome quantification but also increases
the time required for analysis. We surmised that, without any
fractionation, TOMAHAQ could accurately reproduce the quan-
tification gathered in a large-scale proteome analysis, drastically
reducing the time needed to quantify a set of target proteins.
We compared the results from a multiplexed analysis of eight
cancer cell lines, labeled with TMT10 reagents, which were either
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deeply fractionated (24 fractions) or left unfractionated (Figure 3).
For large-scale discovery, 400 ug of lysate was fractionated, and
then fractions were analyzed via 3 hr gradients using the SPS-
MS3 approach (72 hr of total analysis time), resulting in nearly
full proteome quantification (10,214 quantified proteins across
all 8 samples). For TOMAHAQ, a set of 131 trigger peptides, cor-
responding to 69 cancer-related proteins (see Table S1 for a liter-
ature reference), were labeled with TMTO and spiked into the un-
fractionated sample and 8 ng of lysate was analyzed in a single
2 hr experiment. Finally, a 2 hr unfractionated discovery analysis
was also performed. Leveraging the offset triggering resulted in
the identification of 95% (124/131) of targeted peptides; how-
ever, 22 peptides did not meet our signal-to-noise (SN) threshold
for quantitation. After filtering, TOMAHQ quantified 102 peptides
from 61 proteins in all 8 samples. When comparing TOMAHAQ to
a discovery approach with the same chromatographic condi-
tions, TOMAHAQ uniquely quantified 83 peptides. We next
compared quantification at both the peptide and protein level
between the discovery and TOMAHAQ methods (Figure 3A).
For the 80 peptides measured by the full proteome and TOM-
AHAQ analyses, expression levels across the eight cancer cell
lines were directly compared and typically demonstrated
remarkable peptide-to-peptide correlations (median = 0.97,
mean = 0.85; Figure 3B) despite the significant reduction in
lysate and analysis time consumed by the TOMAHAQ approach.
Upon inspection, most cases of poor peptide-to-peptide corre-
lation were caused by erroneous measurements in the full prote-
ome analysis due to co-isolated interference (see Figure S3 for
an example). TOMAHAQ avoids SPS ion interference by only
isolating and fragmenting peaks corresponding to interference-
free fragments of the target peptide. These additional filters
reduced the incidence of inaccurate peptide measurements
and resulted in high correlations for protein measurements be-
tween both methods (median = 0.99, mean = 0.94). These results
highlight TOMAHAQ’s ability to fully reproduce the quantitative
accuracy of deeply fractionated samples in a single unfractio-
nated analysis. Remarkably, the correlation of all 60 proteins be-
tween the full proteome and TOMAHAQ was determined to be
0.95 (Figure 3C). This includes a number of proteins that ex-
hibited dramatic differences in their expression. Two proteins,
ERBB2 (SK-OV-3) and CTNNB1 (SW-620), exhibited near-com-
plete changes in protein expression between cell lines, consis-
tent with previously reported data (Gholami et al., 2013; Lattrich
et al., 2008). Other notable proteins, including BRAF, ATM,
NFKB1, and epidermal growth factor receptor (EGFR), showed
consistent, yet dynamic, expression among the eight cell lines.

Targeted Analysis of 60 Cancer Cell Lines in Biological
Triplicate

The National Cancer Institute’s (NCI) collection of 60 cancer cell
lines (NCI-60) was introduced in 1990 and is composed of cell
lines derived from nine cancerous tissues (Shoemaker, 2006).
Due to the longevity of the panel, a vast repository of multi-omics
characterizations is available, including a curated database of
cell line response to tens of thousands of drugs and compounds
(Holbeck et al., 2010). We utilized TOMAHAQ to assay expres-
sion of 69 protein targets across the entire NCI-60 panel in bio-
logical triplicate. Leveraging the 10-fold gain in throughput
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Figure 3. TOMAHAQ Analysis Has Precision and Sensitivity Comparable to a Fractioned Proteome-wide Experiment

(A) Eight cancer cell lines were digested, labeled with TMT, mixed, and split into two samples. One was separated via basic pH reverse-phase fractionation into 24
fractions (requiring 72 hr of analysis), and the remaining sample was left unfractionated (used for 2 hr TOMAHAQ analysis). Peptides and proteins quantified in
both methods were compared for quantitative accuracy and precision. An example correlation for Superoxide dismutase (SOD1) is displayed.

(B) Pearson correlation was calculated for all peptides identified in both methods (median = 0.97, mean = 0.85). Rarely, peptide measurements derived from the
full proteome dataset showed reduced correlation values, likely due to interference. Utilizing protein-level quantification (combined peptides) resulted in

improved correlations (median = 0.99, mean = 0.94).

(C) The correlation for all protein measurements from both methods was assessed to be 0.95. Notable proteins exhibiting dynamic protein abundance in the eight

cell lines are highlighted. See also Figure S3 and Table S2.

provided by TOMAHAQ, all 180 samples were analyzed in just
2 days (Figure 4A). In total, TOMAHAQ quantified 68 proteins
in at least one cell line and 54 proteins in all 60 cell lines in mul-
tiple biological replicates (> 2 bio. reps.; Figure S4). Quantitative
reproducibility was assessed by determining the coefficient of

variation for each protein within each cell line. When combined,
the mean and median CVs for all proteins were less than 6% (Fig-
ure 4B). Hierarchical clustering of all 180 cell lines revealed a
strong association among the biological replicates, as well as
three primary clusters (Figure 4C). A distant cluster (Figure 4C,

Molecular Cell 65, 1-10, January 19, 2017 5



Please cite this article in press as: Erickson et al., A Strategy to Combine Sample Multiplexing with Targeted Proteomics Assays for High-Throughput
Protein Signature Characterization, Molecular Cell (2016), http://dx.doi.org/10.1016/j.molcel.2016.12.005

Cell’ress

A B -
S-57¢ (Leukemia) MOLT-4 58 addl.
NCI-60 in TOMAHAQ Targeted replicates replicates cell lines 8o
biological triplicate 48 hours analysis proteins elo|e20|030 elo|e020 030 9
CV C < 601
~ gz AAAPTAAARAAS 3
R v LS 3,
VVyVvVyvivivy = 1
GDVTAQIALQPALK @¢-+, log,(fold change from mean) log,(fold change from mean) ® 8
- .- SODM ey 2
=+ FTVRTTEY - ok o EGFR] 105 | 105 | 108 |15 | -381 | -364 | 4.10 .y Bl g
= QEQEQEQEQEQEQEQE - sobmvj 1.83 1.86 | 1.99 i53i| 239 | 215 | -2.10
LAAAAAAA I - 0
180 cell lines (24) 8-plexes 131 peptides 69 proteins O Peptide quantification event
C D Cluster2 & 3 Cluster 1
Bl Breast W Leukemia WM Ovarian o All sthiar Cell lines [o) SK-OV-3 (Ovarian)
m CNS Lung Prostate ) ’ " H226 (Non-small cell lung)
B Colon Melanoma Bl Renal ) SOD1 GLsS SHMT1 IDH1 PHGDH GLUD1 PDCD5 PML
0] # =
B $ = @ =~ $ B $ =
- § %
Oxido- Hydrolase Methyl- Dehydrogenase Acetyl- Scaffold
D reductase transferase transferase
@ 8’ 2 VAPA VAPB PDC6IP MTOR PTK2 PDPK1 PIK3C3 PA2G4
S 2
R ; < 1 ; & ;
©) b~ » : &
——8 3 $ - B |¥
[ T'ZL ‘% _?7 J * = * = T B T o ] o =
= £ -2
\ @ o) Membrane trafficking Kinase Cell
= B ) - proliferation
5 MSH2 MSH6 ARID1A BAZ1B PARP1 PCNA HS90A HS90B
1 # & L @ P
- B 8- (- k. 9 [5- B
1 _; T == T = - = T = Y - T &5 T e

DNA mismatch repair

Chromatin binding Chaperone

Figure 4. Application of TOMAHAQ Analysis to the NCI-60 Cancer Cell Line Panel
(A) Lysates of the NCI-60 panel in biological triplicate were prepared for TOMAHAQ analysis (24 8-plexes using 131 triggering peptides). Each 8-plex was

analyzed for 2 hr, and the complete dataset was collected in 48 hr.

(B) Protein abundance (fold change from mean, log,) was determined by summing the reporter ion intensity for each corresponding peptide, which was generally
composed of multiple quantification events across the peptide elution. The coefficient of variation (%CV) for each protein, within each tissue, was calculated and
assessed for reproducibility among biological replicates (median = 5.02, mean = 6.16).

(C) Hierarchical clustering of the complete quantitative proteomic dataset exhibited robust replicate clustering and varied clustering among cell line origins. Three

primary clusters are highlighted (1, orange; 2, purple; 3, green).

(D) Example boxplots of significant expression differences between cluster 1 from (C) and the remaining lines in clusters 2 and 3. See also Figure S4 and Table S3.

cluster 1) consisting of cell lines SK-OV-3 (ovarian) and H226
(non-small cell lung) was explored for significant dynamic protein
expression. A Benjamini-Hochberg corrected t test was per-
formed for each protein within the two cell lines in cluster 1
and the other 58 cell lines. Proteins that exhibited significant
(false discovery rate [FDR] < 0.01) expression dynamics between
cluster 1 and all other cell lines are displayed in Figure 4D. Key
protein classes widely implicated in cancer progression differed
significantly in their expression, including DNA mismatch repair/
binding, metabolic processes, kinases, and membrane traf-
ficking. Several proteins exhibited dramatic expression depar-
tures from their mean expression (fold change)—PML (3.0-fold
up), SHMT1 (2.9-fold down), PCNA (2.2-fold down), and GLS
(2.0-fold up).

Previous proteomic analyses of the NCI-60 have resulted in
large datasets that illustrate key protein expression differences
among cell lines (Federici et al., 2013; Gholami et al., 2013;
Park et al., 2010). Unfortunately, the stochastic nature of shotgun
proteomics left many proteins undetected. Among the 54 pro-
teins, we characterized six proteins that were previously unmea-
sured across the NCI-60. Notably, BAZ1B and PTK2 exhibited
tissue-specific regulation (Figure 5A). PTK2, a tyrosine-kinase
involved in a number of cellular roles, including cell migration
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and adhesion, exhibited a marked reduction in protein expres-
sion within the six leukemia cell lines. We hypothesize that
PTK2’s role in regulating cellular adhesion may correlate with
the non-adherent nature of leukemia cells. We observed that
CTNB1, which also regulates cellular adhesion, exhibits a nearly
identical expression profile within the six leukemia cell lines as-
sayed. Furthermore, downregulation of PTK2 was found to be
correlated with reduced migration of acute myeloid cells and
increased survival of acute myeloid leukemia patients (Recher
et al.,, 2004). BAZ1B, also a tyrosine-kinase, showed nearly
2-fold lower expression relative to the mean for six of the
seven ovarian cell lines. Remarkably, BAZ1B expression was
shown to correlate with drug response sensitivity and is high-
lighted below.

Protein Expression of BAZ1B Correlates with Drug
Response Sensitivity in the NCI-60

The NCI-60 has been thoroughly assayed for response to thou-
sands of drug compounds (Holbeck et al., 2010), providing a vast
resource to compare against the protein expression levels
measured by TOMAHAQ. We selected a subset of drugs that
have been FDA approved (2,535 drug treatment experiments)
and correlated z-transformed growth inhibition (Glsg) to the
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Figure 5. TOMAHAQ Identifies Correlations between Protein Expression and Drug Sensitivity
(A) Example proteins quantified via TOMAHAQ, but not detected in any of the deep proteome studies (mean + SD, n = 3).
(B) Histogram of correlations comparing cell line specific protein expression and the NCI-60 Developmental Therapeutics Program (DTP) (Holbeck et al., 2010). 14

significant drug-protein correlations were identified (inset).

(C) Example of correlation (Spearman, p = 0.48, adj. p value = 0.0007) between EGFR expression and Erlotinib treatment.
(D) Example of correlation (Spearman, p = 0.62, adj. p value = 0.004) between the protein BAZ1B and the chemotherapy agent doxorubicin (dox). See also

Figure S4.

expression of proteins measured by TOMAHAQ. We observed
14 significant correlations (Spearman, adj. p value < 0.01; Fig-
ure 5B). Four significant correlations were observed between
EGFR expression and Erlotinib, a tyrosine-kinase inhibitor (Fig-
ure 5C). Additionally, we observed significant correlations be-
tween GLS/ARID1A and Erlotinib. Finally, the tyrosine-kinase,
BAZ1B, which functions in DNA damage through histone phos-
phorylation, was found to have a significant correlation (p =
0.62, adj. p value = 0.004) with doxorubicin (dox) treatment
(Figure 5D). Dox, a DNA damaging agent, is a widely utilized
chemotherapeutic for a variety of solid tumors and blood-based
cancers (Tacar et al., 2013). The strong correlation observed be-
tween BAZ1B and dox highlights the potential application of
TOMAHAQ for rapid and sensitive drug screening analysis. As
shown here, the discovery of protein abundance-drug sensitivity
correlations for FDA-approved drugs indicates that this dataset
may also be useful for understanding how publicly unavailable
and yet-to-be-developed drugs perform among the varying can-
cer cell lines. We have therefore provided a web resource for
viewing and downloading these data for future studies (https://
gygi.med.harvard.edu/publications/tomahaq). For example,
output from the website for the transcription factor Stat3 dis-
plays a large difference in Stat3 between the two prostate cancer
cell lines DU145 and PC3 despite both being androgen indepen-
dent. This expression difference is consistent with the differing
response during a Stat3 DNA-binding activity assay (Mora
et al., 2002) and with sensitivity to Stat3 pathway inhibition
(Chesnokov et al., 2009) between these two cell lines.

DISCUSSION

Sample multiplexing in targeted assays can increase throughput
by as much as 10-fold while providing exceptional quantitative

accuracy. Yet, this is likely only a starting point. As next gener-
ation isobaric reagents are developed (Braun et al., 2015), multi-
plexing capabilities of 16, 24, or even higher reagent sets are
possible. These would be directly amenable to the current TOM-
AHAQ strategy, only using longer ion injection times. Finally,
since retention time scheduling is not used, we are also far
from reaching an upper limit on the level of analyte multiplexing.
For the 131 peptides monitored here, depending on local sam-
ple complexity, we permitted the instrument to collect up to
eight consecutive MS3 spectra, although one was sufficient
for quantification. We commonly met that mark (Figure 4B, red
circles), which suggests that, in the future, TOMAHAQ assays
could target many hundreds of peptides in the same assay.
The ability to simultaneously and accurately quantify hundreds
of peptides across tens of samples highlights the potential of
the TOMAHAQ assay. High-throughput assays for drug-devel-
opment and biomarker validation (Rifai et al., 2006), which
were once logistically daunting, might now be addressed via
sample multiplexing.

Limitations

The TOMAHAQ approach achieves highly accurate and precise
quantification by employing the additional gas-phase purifica-
tion of a high-resolution MS3 quantitative scan. Currently,
only two models of mass spectrometer provide the correct ar-
chitecture of mass analyzers to permit this mode of operation.
Although instrumentation costs can be high, the ability to multi-
plex the samples dramatically improves the throughput of the
instrumentation and can ultimately offset the significant capital
costs. Finally, additional consideration is necessary when per-
forming absolute quantification with TOMAHAQ. For MS3 ab-
solute quantitation, careful consideration of internal standard
concentration is necessary to prevent dynamic range issues.
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If performing MS1 level absolute quantitation, via the trigger
peptide, the range of internal standard concentrations is wider;
however, low abundance targets may not be comparable.
Additional MS1 quantitative scans could overcome this
limitation.

EXPERIMENTAL PROCEDURES

Standard Peptide Preparation

Peptides (Table S1) were synthesized by Cell Signaling Technologies at a scale
of 5 umol each. Peptides were dissolved in 100 uL DMSO, and 1 mg was
brought up in 1 mL of 1% formic acid in water. The peptides were then purified
using a 50 mg capacity SepPak cartridge. Upon reconstitution in high-perfor-
mance liquid chromatography (HPLC) grade H,O, peptide concentration was
measured by bicinchoninic acid (BCA) assay (Pierce). 2 ug of each peptide was
combined and the pH was adjusted to 8.5 in 200 mM EPPS. HPLC grade
acetonitrile was added to a final concentration of 10% (v/v). TMTO or TMT10
reagents (Pierce) were then added at a ratio of 2:1 (TMT:Peptide) by mass.
The reaction proceeded at room temperature for 1 hr before quenching with
a final volume of 0.5% hydroxylamine (Sigma) in 200 mM EPPS (pH 8.5). The
peptides were then acidified and diluted to a final volume of acetonitrile <
5% and purified using a 50 mg SepPak. The peptides were then reconstituted
in 1% formic acid in water and ready for MS analysis.

Whole Proteome Sample Preparation

Yeast was grown to an optical density of 0.8 (ODg g) in a 125 mL flask overnight
in yeast extract peptone dextrose (YPD) media at 37°C. The cells were then
washed with cold PBS 3x and lysed in a bead beater in 1 mL of 1% SDS,
100 mM NaCl in 50 mM Tris (pH 8.5) with protease inhibitors added. The super-
natant was then transferred to a 1.5 mL tube, and proteins were reduced in
5 mM DTT for 1 hr at 37°C. After the sample cooled to room temperature,
the samples were alkylated using 15 mM of iodoacetamide in the dark. Protein
concentration was then assessed using the BCA assay (Pierce). The protein
was then purified using chloroform methanol precipitation, and the pellet
was washed 3x with cold HPLC grade methanol. The pellet was dissolved
in 8 M urea in 20 mM EPPS (pH 8.5), diluted to 4 M urea using 20 mM EPPS
(pH 8.5), and digested overnight at room temperature using LysC (Wako) at
an enzyme:substrate ratio of 1:75. The samples were then diluted to 1.6 M
urea using 20 mM EPPS (pH 8.5) and digested with trypsin (Promega) for
6 hr at 37°C using the same 1:75 ratio as before. HPLC grade acetonitrile
was then added to a final volume of 10%, and TMT was added at a ratio of
2.5:1 and allowed to react as before. The TMT-labeled samples were then
combined and purified via SepPak (Figure 2; Figure S3).

NCI-60 Sample Preparation

Three replicate, non-viable pellets of the NCI-60 cell line panel were obtained
from the Developmental Therapeutics Program (DTP) of the NCI. The pellets
were lysed via syringe lysis with 12 pumps using a 21G needle and 8 pumps
using a 25G needle. The same lysis buffer and subsequent procedures used
for yeast were repeated for the 180 human cancer cell pellets. The digested
peptides were labeled with the inner 8 channels (127n to 130c) of the
10-plex reagent leaving 126 channel open for any potential TMTO contamina-
tion and 131 open for the bridge channel. The bridge sample consisted of
equal amounts of each of the 60 different cell lines.

Liquid Chromatography

A homemade analytical column of 100 um inner diameter was packed with
0.5 cm of C4 5 um beads (Sepax Technologies) and 30 cm of 1.8 um C18 ma-
terial (Sepax) and heated to 60°C. The mobile phases were 3% ACN, 0.1% FA
in water (A), and 0.1% FA in ACN (B). The interference sample utilized a 6%-
30% B gradient while the NCI-60 samples utilized an 8%-27% B gradient.
All samples were analyzed over a 2 hr gradient. For the interference sample,
0.250 pg of yeast protein and 500 fmol of the TMTO-labeled trigger peptides
were loaded on column. The NCI-60 samples contained 8 pg on column
with 1 ng of trigger peptide. See Supplemental Experimental Procedures for
a detailed protocol and buffer recipes.
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Mass Spectrometry Analysis
All MS analyses were performed on an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Fisher Scientific).

Standard Peptide “Priming Run”

A mix of all TMT10-labeled standard peptides was first analyzed alone to
determine elution order, most intense charge state of each peptide, and pre-
select SPS ions and to calculate relative fragment ion intensities. MS analysis
utilized a targeted mass list comprising the neutral mass (M) and charge range
(2-5) for each targeted peptide. Precursor m/z values (+10 ppm, including iso-
topes) were dynamically excluded for 5 s if they were chosen 2 times within a
12 s period. An intensity threshold of 5e5 was used for precursor selection.
Candidate precursors were isolated using the quadrupole (isolation window =
0.4), activated with collusion-induced dissociation (CID) in the ion trap (normal-
ized collision energy [NCE] = 35), and analyzed at high-resolution and high-
mass accuracy in the Orbitrap (resolution = 15,000 and automatic gain control
[AGC] = 5e4). The SPS ions chosen for targeted analysis had to meet the
following criteria: (1) the product ion intensity was at least 15% of the base
peak within the fragment spectrum, (2) the product ion was not a b1 or
b2/y1 or y2 ion, and (3) the product ion was not within the region between
—19 and +7 of the precursor m/z.

TOMAHAQ MS Analysis

The TOMAHAQ workflow includes a series of decisions enabled by the instru-
ment software (Figure S5A, gray triangles) to prompt the collection of a quan-
titative SPS-MS3 scan. Additional modifications written in the instrument lan-
guage (Lua) increase the robustness of the method and accuracy of the
quantitation (Figure S5A, red triangles). These modifications include: elution
order scheduling of precursors, online identification of trigger peptides, SPS
ion filtering, scaling of MS3 injection times, and MS3-specific repeat count
exclusion. An example scan sequence for a peptide (Figure S5B) demon-
strates the order and relationship of the scan events. The entire method could
be made available via an application programming interface (API). An API-
enabled method for a different targeted assay is already available (Gallien
et al., 2015).

For all experiments, a target list containing TMTO-labeled trigger peptide
m/z, z, and scan event index was loaded into the instrument method editor
to guide MS/MS analysis of precursors detected (10 ppm) in MS1 survey
scans. For NCI-60 experiments, minimum and maximum elution order (EO) in-
dexes (Bailey et al., 2014) were placed in the fields reversed for the start and
stop retention time values. These EO indexes were used so that only ~17
trigger peptides were considered at any given point in the experiment.

The quadrupole was used to isolate a region +50 of the highest and —50 of
the lowest trigger peptide m/z, subsequently Orbitrap MS1 survey scans (res-
olution = 60,000 and AGC = 3e5) were used to analyze intact precursors and
guide selection of trigger peptides based on their mass (+10 ppm) and charge
so that an MS1 scan was obtained every 5 s. Trigger peptide precursors were
only selected if their intensity was greater than 1e5.

Trigger peptides were isolated using the quadrupole (isolation window =
0.4), activated by CID (NCE = 34), and analyzed in the Orbitrap (resolution =
15,000, AGC = 1e4, max. injection time = 35 ms). Trigger peptide MS2 scans
were analyzed and identified in real time, as described previously (Bailey et al.,
2012), to prompt MS2 analysis of multiplexed target peptides. Briefly, each
target peptide along with its corresponding fragment ions were loaded into
memory of the instrument computer. The fragment ions of each trigger peptide
within +15 ppm of the precursor were matched to the spectrum (+10 ppm) and
considered to be identified in real time by the presence of >6 matching peaks.
A positive identification led to the isolation and fragmentation of target
peptides.

Target peptides were isolated by the quadrupole (isolation window = 0.4) at
an offset from the identified trigger peptide. Isolation offsets were determined
based on the number of isobaric labels on the peptide and precursor charge
state (e.g., 5.01045 Da for z = 2 and two TMT tags). Target peptides were acti-
vated using CID (NCE = 35) and analyzed in the Orbitrap (resolution = 60,000,
AGC = 5e4, max. injection time = 900 ms). Target peptide MS2 scans were
analyzed in order to select ions for SPS.
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For SPS ion selection, only peaks corresponding to target peptide b- or y-
type ions (10 ppm) were considered for selection. Next, matched fragment
ions were compared to a library spectrum to ensure that fragment ratios
were within £50% of the expected value for more than one-half of the compar-
isons. Lastly, each targeted fragment ion was assessed for purity by deter-
mining the percentage of total ion current (TIC) that belongs to a fragment
ion in an SPS isolation notch. The SPS purity threshold was 0.9 and 0.85 for
the interference for NCI-60 analysis, respectively. To determine MS3 injection
time, the predicted signal-to-noise of fragment ions that passed these filters
were determined based on the intensity and m/z of the peak. Based on the pre-
dicted SN, the target peptide MS2 injection time was scaled in order to obtain
~1,000 SN in the subsequent MS3 scan. This injection time was used for the
SPS-MS3 scan. After SPS ion selection, the target peptide fragment ions were
activated by higher energy collisional dissociation (HCD) (NCE = 55), and the
reporter ions were analyzed in the Orbitrap (resolution = 60,000, max. injection
time = 2,500 ms).

TOMAHAQ can be implemented through the standard method editor (see
https://gygi.med.harvard.edu/publications/tomahagq for detailed method con-
struction) and enables product ion triggering, offset isolation, and the targeting
of SPS ions based on expected rank order.

Data Processing

Raw data was searched using the Sequest algorithm with 10 ppm and 0.02 Da
precursor and fragment ion tolerances, respectively. The database contained
the full forward and reverse sequence for each target protein. Peptides were
filtered using linear discriminate analysis (Huttlin et al., 2010). Since many of
the Target ID MS2 spectra were either too complex or too low abundant to
yield an identification (ID), the target reporter ion quantification was mapped
back to the Trigger peptide identification. An in-house software suite was
used for processing peptide identification and quantification information
(Erickson et al., 2015). The isotope correction values provided by the TMT
manufacturer were adjusted due to the 0.4 m/z isolation widths used here.
Peptides were considered quantified if they had sum reporter ion SN > 200
for the NCI-60 analyses.

For the NCI-60 analysis, each of the 24 8-plexes were individually analyzed
in a non-targeted approach to provide a sufficient dataset to assess the mixing
errors for each cell line. The resulting mixing correction factors were then inde-
pendently applied to the corresponding 24 TOMAHAQ datasets. Furthermore,
a sample consisting of a mixture of each of the 60 cell lines from the NCI-60
was spiked into the 10th TMT channel (“bridge channel”) of each of the 24
8-plexes at an equal concentration. Following the application of the mixing
correction factors, each of the 24 TOMAHAQ datasets were further normalized
to the bridge channel, which accounted for deviations in the injection concen-
tration. The final dataset was filtered to proteins found in all 60 cell lines and in
at least two of the three biological replicates. When present, incomplete repli-
cate data was imputed as the mean of the two existing replicates.
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