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ABSTRACT: Survey-scan-based label-free method have shown no
compelling benefit over fragment ion (MS2)-based approaches when low-
resolution mass spectrometry (MS) was used, the growing prevalence of
high-resolution analyzers may have changed the game. This necessitates an
updated, comparative investigation of these approaches for data acquired by c
high-resolution MS. Here, we compared survey scan-based (ion current, IC)
and MS2-based abundance features including spectral-count (SpC) and
MS2 total-ion-current (MS2-TIC), for quantitative analysis using various P
high-resolution LC/MS data sets. Key discoveries include: (i) study with E QUENTADY IC 1oty e
seven different biological data sets revealed only IC achieved high S
reproducibility for lower-abundance proteins; (ii) evaluation with S-replicate
analyses of a yeast sample showed IC provided much higher quantitative L T S T R T
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precision and lower missing data; (iii) IC, SpC, and MS2-TIC all showed

good quantitative linearity (R* > 0.99) over a >1000-fold concentration range; (iv) both MS2-TIC and IC showed good linear
response to various protein loading amounts but not SpC; (v) quantification using a well-characterized CPTAC data set showed
that IC exhibited markedly higher quantitative accuracy, higher sensitivity, and lower false-positives/false-negatives than both
SpC and MS2-TIC. Therefore, IC achieved an overall superior performance than the MS2-based strategies in terms of
reproducibility, missing data, quantitative dynamic range, quantitative accuracy, and biomarker discovery.

KEYWORDS: ion current based quantification, label-free quantitative proteomics, missing data, MS/MS total ion current,

spectral count

B INTRODUCTION

Accurate and precise quantitative strategy is critical for reliable
proteomic expression profiling and discovery of biomarker
candidates. Roughly, LC/MS-based relative quantification
methods can be divided into two main categories: isotope
labeling and label-free methods. Stable isotope labeling
approaches play a prominent role in quantitative proteomics.
Since the introduction of the isotope-coded affinity tag (ICAT)
in 1999," a variety of chemical- or metabolic-labeling methods
have been developed, such as the 18O-labeling,z’3 stable isotope
labeling by amino acids in cell culture (SILAC),"* isobaric tags
for relative and absolute quantification (iTRAQ),” tandem mass
tags (TMT),*” super-SILAC,® and more recently, neutron-
encoded mass signatures (NeuCode). Although most of these
strategies have been tremendously successful and widely
applied in proteomics profiling, certain drawbacks do exist,
such as the high expense of reagents that renders the
techniques cost-prohibitive for large-scale studies and that the
efficiency and consistency of labeling may not be perfect for
somewlﬁethods and in some cases, complex data interpreta-
tion.”™
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Label-free approaches have emerged as an attractive
alternative to isotope-labeling methods, due to their simplicity,
cost-effectiveness, and feasibility of quantifying multiple
biological samples.'”'* These approaches consist of two
conceptually different types, which employ quantitative features
either derived from MS2 product ion scans'>'* or peptide
precursor signals (MS1) obtained by the survey scan'>~'” to
measure relative protein abundances in proteolytic digests. One
of the classical MS2-based methods, termed spectral counting,
estimates protein abundance by counting the total number of
MS/MS spectra matched to all peptides from a given protein.
This approach was recently improved by incorporating the
MS2 fragment ion intensities and unique peptide number for
quantitative analysis, for example, the normalized spectral index
(SIy);'® other examples in this avenue include exponentially
modified protein abundance index (emPAI)'” and the
Normalized spectral abundance factor (NSAF).** Nonetheless,
the MS2-based approaches are challenged by the nature of
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current MS/MS sampling techniques such as the data-
dependent MS2 fragmentation. First, dynamic exclusion of
the precursors fragmented in a previous scan, a widely practiced
technique to improve the chance of detecting low-abundance
peptides, significantly affects spectral acquisition; second, the
MS2 acquisition for low-abundance peptides are often
suppressed by coeluting peptides of higher abundance; finally,
the accurate quantitative information for lower-abundance
proteins/peptides, (e.g, these resulting in spectral counts of “1”
and “0”, a very common sight in LC-MS data), is often
elusive.'”*"** By comparison, the survey scan-based (or ion
current-based) approach quantifies proteins by measuring the
extracted ion current peak areas of peptide precursors (MS1)
from each protein. The calculation of peak areas is independent
to MS2 acquisition, and consequently, the above-mentioned
problems associated with the MS2 sampling processes are
either avoided or greatly alleviated. An additional salient
advantage of ion current-based method is that as long as well-
defined ion current peaks are observed and aligned properly
across all samples, the corresponding peptide can be quantified
without missing data (missing abundance values in one or more
replicates) even if it was only successfully identified for once in
the entire sample set.”>** Nevertheless, carrying out ion
current-based quantification is generally more technically
demanding than MS2-based approaches, owing to the require-
ment of accurate matching and quantification of precursor
peaks among all samples, which in turn requires specific and
accurate MS detection (ie., the use of a high-resolution MS
analyzer), as well as highly relproducible sample preparation and
chromatographic separation.'”'®

In the recent several years, the rapid-growing availability of
high-resolution MS analyzers such as the new generation of
time-of-flight, Fourier transform ion cyclotron resonance, and
Orbitrap may have favored the application of ion current-based
approaches in proteomic studies.'®**™>’ The use of high-
resolution analyzers permits extraction of peptide ion currents
within a very narrow m/z range (e.g, <0.02 mass unit) to
substantially reduce chemical noises and interferences, and
therefore, greatly improves sensitivity and specificity of ion
current-based quantification.”®** Meanwhile, the MS2 total ion
current (or MS/MS fragment ion intensities, MS2-TIC)
approach was introduced, a technique which utilizes the sum
of the product ion intensities in each MS2 s?ectrum assigned to
a given protein as the quantitative feature."®*° More recently,
on the basis of high-resolution MS data, researchers have
described that using MS2 intensities resulted in protein
abundance measurements nearly as accurately as with MSI-
intensities,”’ and combing precursor intensities with spectral
counts, these researchers identified more true positives.>”
However, our previous works found that when using data from
high-resolution MS, the MS1-based approach dramatically
improved the quantitative accuracy compared to MS2-based
methods, especially for the quantification of low-abundance
proteins.”*** Given the above-mentioned developments in both
MS1-based and MS2-based approaches, it would be of high
value to perform an updated, comprehensive comparison of the
quantitative performance of the MS1-based method versus
MS2-based methods using high-resolution MS data. Such a
comparison would greatly help us to understand the limitation
and capacity of each approach and is highly valuable for the
development of label-free quantification strategy. However, to
our knowledge, a systematic and comprehensive comparison
has not been conducted before this study.
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Here, we assessed the MS1-based ion current-based method
(IC) along with two popular MS2-based methods, includin
spectral count (SpC) and MS2 total ion current (MS2-TIC),"
using data sets generated by LTQ/Orbitrap MS. Quantitative
metrics including reproducibility, precision, accuracy, missing
data, dynamic linear range, and sensitivity/specificity for
discovery of significantly altered proteins were thoroughly
evaluated.

B MATERIALS AND METHODS

Protein Sample Preparation

The human bronchoalveolar lavage fluids, rat brain, rat liver,
and rat retina were from Buffalo General Medical Center
(Buffalo, NY). The human skeletal muscle cells, E. coli cells, and
yeast cells were from Kinex Pharmaceuticals (Buffalo, NY). Cell
or tissue samples used in this study were homogenized in an
ice-cold lysis buffer (50 mM Tris-formic acid, 150 mM NaCl,
0.5% sodium deoxycholate, 2% SDS, 2% NP-40, pH 8.0) using
a Polytron homogenizer (Kinematica AG, Switzerland).
Homogenization was performed for a 5—10 s burst at 15000
rpm, followed by a 20 s cooling period until the foam settled.
This procedure was repeated 10 times. The mixture was then
sonicated in a cold room for ~10 min with a low-power
sonicator until the solution was clear, followed by centrifuga-
tion at 140 000g for 1 h at 4 °C. The supernatant was carefully
transferred to a fresh tube, and the protein concentrations were
measured using BCA Protein Assay (Pierce, Rockford, IL). The
resulted samples were stored at —80 °C until analysis. In order
to remove undesirable components in the samples while
maintaining high peptide recovery, a precipitation/on-pellet-
digestion protocol was employed as previously de-
scribed.****>° The precipitation/on-pellet-digestion procedure
was directly performed without protein extraction when
processing the human bronchoalveolar lavage fluid sample.
Specimens (each containing 100 ug of total protein) were
reduced with TCEP (3 mM) for 10 min and then alkylated
with 20 mM IAM for 30 min in darkness. The mixture was
precipitated by stepwise addition of 9 volumes of cold acetone
with continuous vortexing and then incubated overnight at —20
°C. After centrifugation at 12000g for 20 min at 4 °C, the
supernatant was removed, and the pellet was allowed to air-dry.
Two digestion phases were employed for the on-pellet
digestion. In phase 1 (pellet-dissolving phase), SO L of trypsin
solution at an enzyme/substrate ratio of 1:30 (w/w) was added
and incubated at 37 °C for 6 h with agitation; then in phase 2
(complete-cleavage phase), another SO yL of trypsin solution
was added at an enzyme/substrate ratio of 1:25 (w/w), and the
mixture was incubated overnight to achieve complete digestion.

NanoLC-MS/MS Analysis

The nano-RPLC (reverse-phase liquid chromatography)
system consisted of a Spark Endurance autosampler (Emmen,
Holland) and an ultrahigh pressure Eksigent (Dublin, CA)
nano-2D Ultra capillary/nano-LC system. Mobile phase A and
B were 0.1% formic acid in 2% acetonitrile and 0.1% formic
acid in 88% acetonitrile, respectively. Four microliters of sample
was loaded onto a reversed-phase trap (300 ym LD. x1 cm)
unless otherwise noted in the paper, with 1% mobile phase B at
a flow rate of 10 yL/min, and the trap was washed for 3 min. A
series of nanoflow gradients (flow rate, 250 nL/min) was used
to back-flush the trapped samples onto the nano-LC column
(75 pum id. X 75 cm) for separation. The nano-LC column was
heated at 52 °C to greatly improve both chromatographic
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resolution and reproducibility. An LTQ/Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific, San Jose, CA)
was used for protein identification. The parameters for MS are
shown in our previous publications.>**373

In this study, two technical replicates of each of the seven
biological samples (human bronchoalveolar lavage fluid, human
skeletal muscle cells, rat brain, rat liver, rat retina, and E. coli
cells) and five replicates of S. cerevisae (yeast) cell sample were
analyzed in order to assess quantitative reproducibility and
missing data by the three label-free approaches. To investigate
the correlation between quantitative values given by the three
abundance features and protein abundances in a complex
proteome, an E. coli extract was spiked with bovine serum
albumin (BSA) at six different levels (0.025, 0.1, 0.5, 2.5, 12.5,
and 62.5% of total proteins) and analyzed in triplicate. The
evaluation of the correlation among the quantitative values
given by SpC, MS2-TIC, and IC with different amounts of
sample loading, a pooled digest of a prostate cancer cell line
(PC3-LN4) sample was loaded at protein amounts of 0.5, 1, 2,
and 4 ug.

In addition, to assess the performance of biomarker discovery
by SpC, MS2-TIC and IC, we employed the “Study 6 LTQ
Orbitrap XL @P65” data set generated by the program of
Clinical Proteomic Technology Assessment for Cancer
(CPTAC).>**® According to the publicly available documenta-
tion associated with this study, the Universal Proteomics
Standard set 1 (UPS1, a 48-protein equimolar standard) was
spiked at amounts of 0.25, 0.74, and 2.2 fmol/uL into yeast
lysate for sets A, B and C, the subset of studies investigated in
the current work. Each sample was analyzed by nano-LC/MS
with an Orbitrap XL analyzer in triplicate.

Database Search and Data Validation

The raw data files were searched against the Swiss-Prot protein
database (version 06/13/2012) using the Sequest algorithm
embedded in Proteome Discoverer 1.2 (Thermo-Scientific). A
total of 7766 protein entries, 20 238 entries, 4431 entries, and
7801 entries were presented in respective rat, human, E.coli,
and yeast protein database. The databases were augmented with
the sequences of bovine serum albumin and the UPSI 48
proteins (Sigma-Aldrich) when appropriate. The search
parameters used were as follows: 10 ppm tolerance for
precursor jon masses and 1.0 Da for fragment ion masses.
Two missed cleavages were permitted for fully tryptic peptides.
Carbamidomethylation of cysteines was set as a fixed
modification, and a variable modification of methionine
oxidation was allowed. The false discovery rate (FDR) was
determined by using a target-decoy search strategy.”” The
sequence database contains each sequence in both forward and
reversed orientations, enabling FDR estimation. Scaffold 3.6
(Proteome Software, Portland, OR), which is capable of
handling large-scale proteomic data sets, was used to validate
MS2-based peptide and protein identification based on cutoffs
of cross-correlation (Xcorr) and Delta Cn values. The peptide
FDR was controlled at 0.1%. Validated peptides were grouped
into individual protein clusters by Scaffold software.

Protein Quantification

The protein quantitative values based on SpC and MS2-TIC
were obtained using Scaffold 3.6°® (Proteome Software,
Portland, OR) under the same protein/peptide identification
criteria as described above. The quantitative analysis by IC was
performed by two steps: procurement of area-under-the-curve
(AUC) data for peptides using SIEVE v2.0 (Thermo Scientific,
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San Jose, CA) and then a sum-intensity method to aggregate
the quantitative data from peptide level to protein level as
previously reported.”* SIEVE is a label-free differential
expression package that performs chromatographic alignment
and global intensity-based MS1 feature extraction.”” The
package processes chromatographic alignment among sequen-
tial LC/MS runs using the ChromAlign algorithm.40
Quantitative “frames” were defined based on m/z (width: 10
ppm) and retention time (width: 2.5 min) of peptide
precursors in the aligned runs. Peptide ion current areas were
calculated for individual replicates in each frame. Subsequent to
ion current values extraction, MS2 fragmentation scans
associated with each frame were identified by importing the
msf files created by Proteome Discoverer (cf. the database
search and data validation procedure). Peptides shared among
different protein groups were excluded from quantitative
analysis.

For SpC, MS2-TIC, and IC, relative quantification of protein
levels were based on the sum of respective abundance values of
all peptides assigned to each protein, without any statistical
outlier analysis. Normalization was performed against total
abundance values in individual runs. In case of missing data,
baseline quantitative values were assigned (e.g., a 0.5 and 1000,
respectively, for SpC and MS2-TIC at the protein level and
1000 for IC at peptide level). The value of 0.5 counts for
spectrum counting, and 1000 for MS2-TIC and ion current
(IC) were experimentally determined (Supplemental Figure 1).
Statistical significance between groups (comparing case vs
control samples) was evaluated using a Student’s ¢ test, with a
p-value cutoff of 0.05. The relative protein ratio of a protein
between the groups was calculated by comparing the average
abundance values of the protein in each group. Abundance
change > 2-fold and p-value < 0.05 were used as the thresholds
to define altered proteins.

B RESULTS AND DISSCUSION

Label-free approaches play a prominent role for relative
proteomic quantification and biomarker discovery. To date,
MS2-based methods have been the most common type of label-
free approaches, especially for data generated by lower
131 This is largely due to the relatively poor
specificity of low-resolution MS, which leads to difficulties in
precise and selective measurement/match of peptide precursor
ion currents among multiple runs of complex proteomic
samples. Owing to the drastically increased availability of high-
resolution instruments and the technical advances in hybrid
instruments that have tremendously improved the robustness,
throughput and sensitivity of high-resolution MS,*'~* the
application of the ion-current-based approach has been rapidly
growing in the most recent years."®*>*® A comprehensive and
updated comparison of these label-free methods based on the
data generated by the high-resolution analyzers is highly
valuable but remains to be conducted. To address this need,
here we evaluated the ion current-based and several MS2-based
approaches for quantitative reproducibility and accuracy,
missing values, dynamic linear range, and performance for
discovery of significantly altered proteins, using various high-
resolution-MS data sets on complex proteomes that are either
generated by our lab or publicly available.

resolution MS.
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Figure 1. Quantitative reproducibility of the three label-free methods. (A) Comparison of the coefficient-of-determination (R*) of the linear
regression by three methods including spectral count (SpC), MS/MS total ion current (MS2-TIC), and ion current (IC). Data of duplicate LC/MS
runs of seven types of proteomic samples (human bronchoalveolar lavage fluid, human skeletal muscle cells, rat brain, rat liver, rat retina, E. coli cells,
and yeast cells) were analyzed, and each data point represents the R* of one of the proteome samples. The high-abundance proteins refer to the top
33% of all proteins ranked by spectral count, and the rest are designated as lower-abundance proteins. (B) Representative scatter plots of duplicate
LC-MS/MS analyses by SpC, MS2-TIC, and IC. The two axes represent the quantitative abundance values of the same proteins, respectively, by the
two duplicate runs.
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Figure 2. Coefficients of variation (CV) of the abundance values of the 1196 quantified yeast proteins by SpC, MS2-TIC, and IC (N = 5 LC-MS
analyses). (A) Box-and-whisker plot analysis was employed to show the spread of protein CVs around the median value (the horizontal line inside
the box); bottom and top of the boxes correspond to the top 25th and 75th percentile of the CV distribution and whiskers to the minimum and
maximum values. (B) The distribution of CV vs protein abundance. Red circles indicate SpC, black squares indicate MS2-TIC, and blue triangles
indicate IC data spot.

Quantitative Reproducibility by the Three Label-Free was performed against the sum of all individual abundance
Approaches values in the same replicate. In order to obtain a reliable
Good quantitative reproducibility is indispensable for accurate .comparisc.m, a set F’f Astrict cutoff criteria for ‘ pro.tein
and precise proteomic quantification and reliable biomarker identification and validation were employed, resulting in a

discovery. Here we evaluated the reproducibility of the three peptide FDR of 0.1% in individl}al data set (as determ?ned by
approaches (SpC, MS2-TIC, and IC), by correlating the the target-decoy database searching strategy, see Materials and
quantitative results between duplicate LC-MS analyses of Methods).

proteomic samples from seven different biological sources, Linear regression of the correlation between the duplicate
including human bronchoalveolar lavage fluid, human skeletal runs was performed for each of the seven types of proteomic
muscle cells, rat brain, rat liver, rat retina, E. coli cells, and yeast samples. The R-squared values for SpC, MS2-TIC, and IC are
cells. These samples represent a wide variety of biological 0.993 & 0.007, 0.990 = 0.007, and 0.998 + 0.003, respectively.
matrices seen in typical proteomic investigations. Among the The good reproducibility achieved by these label-free
three approaches that are based on different abundance approaches is in line with previous reports.'*"**** To further
features, only IC is based on survey-scan (MS1). In case of assess whether such correlations are abundance-dependent, we
missing data in any of the methods (i.e., the quantitative value conducted comparison by separating the quantified proteins
of a protein is not measured in one or more replicates) a zero into two groups: high-abundance proteins (the top 33%
value was assigned to the affected replicate. The normalization abundant proteins as determined by spectral count) and

2072 dx.doi.org/10.1021/pr401206m | J. Proteome Res. 2014, 13, 2069—2079



Journal of Proteome Research

lower-abundance proteins (the remaining 67% proteins). For
high-abundance proteins, the R* values for SpC, MS2-TIC, and
IC are 0.992 + 0.008, 0.989 + 0.008, and 0.998 + 0.003,
respectively; for lower-abundance proteins, the R* values for
SpC, MS2-TIC, and IC are 0.407 + 0.126, 0.702 + 0.127, and
0.990 + 0.008, respectively (Figure 1A). For lower-abundance
proteins, only IC achieved a high quantitative reproducibility,
which can also be visualized in Figure 1B, which shows
representative scatter plots between two replicate runs for SpC,
MS2-TIC, and IC. A substantially higher degree of reprodu-
cibility for quantifying lower-abundance proteins was observed
for IC over SpC and MS2-TIC. All protein abundance values by
these three approaches in the paired LC-MS runs of seven
different biological samples are in the Supplemental Table 1.

Assessment of Quantitative Precision and the Level of
Missing Data

The precision of SpC, MS2-TIC, and IC was evaluated by
measuring coefficients of variation (CV) for the quantification
of individual proteins, using five LC-MS runs (technical
replicates, N = S) of a yeast digest. It was observed that the
distributions of CV for the 1196 quantified proteins are quite
different by the three label-free methods. Figure 2A shows the
box-and-whisker plot of these distributions, where the bottom
and the top of the boxes, respectively, correspond to the top
25th and 75th percentile values of the CV distribution, the
horizontal lines inside the box to the median CV values, and
whiskers to the minimum and maximum values. The median
CV values for quantification of individual proteins are 38%,
52%, and 12%, respectively for SpC, MS2-TIC, and IC. Figure
2B shows the distribution of CV versus relative protein
abundance. While more than 99% of proteins have CV < 50%
using IC approach, only 56.5% and 49.6% of the proteins are
under this threshold, respectively, for SpC and MS2-TIC.
Furthermore, for all three methods, lower quantitative precision
(ie, higher CV) was observed for low-abundance proteins
compared to the high-abundance ones. Among them, IC
achieved much lower CV for low-abundance proteins than the
other two methods, which is in agreement with above
observation that IC enabled more reproducible quantification
for lower-abundance proteins (cf. Figure 1B). This result
suggests that IC may be much more reliable than SpC and
MS2-TIC for quantifying lower-abundance proteins. Supports
of this notion can also be found in previous observations that
spectral-count-based approaches yielded unreliable quantitative
values for low-abundance peptides/proteins, by various
laboratories including ours.'*****%

Owing to the high complexity and wide dynamic ranges of
typical proteomes and certain technical issues such as the
sampling nature of data-dependent MS2 analysis, missing data
(i.e, missing quantitative values in one or more replicates) is a
prevalent challenge in quantitative proteomics, which may
severely undermine the reliability of quantification and
biomarker discovery.**** Missing values may arise from
technical and/or biological sources,*™® >* and here we evaluated
the levels of missing values exclusively from technical aspects.
The five replicate runs of yeast sample were utilized to assess
the frequency of missing abundance values at protein level. For
both SpC and MS2-TIC, the frequency of missing quantitative
values equals to the frequency of missing identifications of
proteins. The missing values by SpC/MS2-TIC are summarized
in Table 1, which shows 13.2% of all analyzed proteins were
identified/quantified only in one replicate and thus resulting
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Table 1. Frequency of Missing Quantitative (Abundance)
Values among the 1196 Quantified Proteins by Spectral
Count (SpC), MS2-TIC, and Ion Current (IC) among Five
Replicate LC-MS/MS Runs of a Yeast Sample (N = 5)

no missing 1 missing 2 missing 3 missing 4 missing
SpC 58.4% 10.7% 10.4% 7.4% 13.2%
MS2-TIC 58.4% 10.7% 10.4% 7.4% 13.2%
1C 99.8% 0.2% 0.0% 0.0% 0.0%

missing values in 4 other replicates (denoted as “4 missing” in
Table 1); only 58.4% of all proteins did not have missing value
(i.e., identified/quantified in all five replicates). By comparison,
the IC approach was able to quantify the vast majority of
proteins (99.8%) in all five replicates, rendering these proteins
free of missing quantitative value (Table 1); the missing values
of the rest 0.2% of proteins only exist in one out of the five
replicates. This result demonstrated the IC is considerably less
prone to the problem of missing quantitative value than MS2-
based approaches. The explanation for such a dramatic
difference is that the IC approach does not rely on MS2 for
calculation of peak areas and thus decoupling the missing
quantitative values from missed MS2-based identification in a
replicate; given that the high-resolution MS such as Orbitrap
enables highly sensitive and specific MS1 detection and
excellent matching of peptide precursor among different
runs,'”*** in many cases the IC approach is capable of
quantifying a peptide in all replicates with sufficient sensitivity
even if the peptide was only identified once in all LC-MS
experiments. This also contributes to a more reliable relative
quantification by IC (discussed below). Per contra, as discussed
in the Introduction section, both SpC and MS2-TIC are liable
to missing values because of the relatively lower sensitivity and
reproducibility of MS2 spectra acquisition, rooting from the use
of dynamic exclusion technique and the fact that MS2 spectral
acquisitions of low-abundance peptides are often suppressed by
coeluting peptides.'**"**

The abundance values of each protein by the three methods
and in each replicate are in the Supplemental Table 2.

Quantitative Responses of SpC, MS2-TIC, and IC to Levels
of Protein Spiked in a Complex Proteome

For a relative quantification method, the capacity of obtaining
linear, quantitative responses to protein abundances in a
complex sample is important. A number of previous studies
showed good linear correlations between the quantitative values
by SpC or IC and protein abundances."****"** Here, to
evaluate the correlation between the quantitative values
obtained by different approaches and protein abundances in
complex proteomes, we spiked E. coli extract with bovine serum
albumin (BSA) at six different levels (0.025, 0.1, 0.5, 2.5, 12.5,
and 62.5% BSA in the total protein). This series of mixtures
were independently processed and digested using a precip-
itation/on-pellet digestion method>* and then analyzed by LC-
MS in triplicate. The relationships of the quantitative values of
BSA given by of SpC, MS2-TIC, and IC versus the relative BSA
abundances are shown in Figure 3A—C. In this study, no
peptide was identified by MS2 from the mixture of 0.025% BSA
in E. coli, thus only five different levels (0.1% to 62.5% BSA)
were quantified for SpC and MS2-TIC methods. For the IC
approach, the ion currents of BSA peptides from 0.025% BSA
were quantified with well-defined peaks, and the derived
quantitative values fit the trend line well (Figure 3C). This
indicates that the IC method achieves a wider dynamic range of
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Figure 3. Quantitative responses of spectral count (SpC), MS2-TIC and ion current (IC) vs protein abundance levels. BSA was spiked into E. coli
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protein quantification than SpC or MS2-TIC. Excellent
linearity was observed for all three methods (R* > 0.99) over
the entire concentration range, which spun at least 3 orders of
magnitude. This wide linear range suggests that the three
methods may be able to accurately reveal large protein changes.
Protein abundance data of BSA by the three methods is
available in the Supplemental Table III.

Quantitative Responses to Protein Loading Amounts by
SpC, MS2-TIC, and IC

Investigation of correlation between the quantitative values and
the total amounts of proteins loaded per LC/MS analysis may
reveal the effect of variations in sample preparation and loading
and the capacity of each approach to detect or tolerate uneven
loading, which would provide valuable information for method
development and quality control of label-free quantification
approaches. Nonetheless, such a study has been hardly
conducted. Griffin et al. demonstrated that protein Sy values
(incorporating abundance features of unique peptide number,
spectral count, and fragment ion intensity) of two LC-MS
analyses with different protein loads exhibited a linear
correlation (R*> 0.94), and the slope of the line corresponded
to the ratio of the two loading amounts."®

Here the changes of quantitative values in response to
varying total protein loading amounts by SpC, MS2-TIC, and
IC were investigated. LC-MS analyses of a prostate cancer cell

2074

(PC3-LN4) sample at the loading levels of 0.5, 1, 2, and 4 ug
per injection were utilized for this evaluation. In total, 1122
common protein groups were identified in all four loading
levels, and linear regression analysis correlating the quantitative
values of these proteins to loading amount respectively at 1, 2,
and 4 pg versus 0.5 ug was performed. In order to investigate
the “native” quantitative responses by the three methods,
normalization was not performed. The results are shown in
Figure 4. The linearity of the correlations is good for all three
methods, whereas the R* values of IC (ranged from 0.987 to
0.994) are better than either SpC (0.899—0.936) or MS2-TIC
(0.916—0.932). Interestingly, not all methods showed a linear
response to protein loading levels. If a method exhibited a
“perfect” linear response to loading amounts, the true values of
the slopes of trend lines of 1, 2, and 4 ug injections (all against
0.5 ug) would have been 2.00, 4.00, and 8.00, respectively. As
shown in Figure 4, the three slopes by SpC were 1.03, 1.14 and
1.17, indicating no perceivable change in quantitative values
responding to varying loading amounts. This is likely because
the “dynamic exclusion” (a commonly used feature in data-
dependent MS2 experiments) compensates the changes in total
protein abundance. By comparison, both MS2-TIC and IC
exhibited linear response to loading amounts: the slopes for 1,
2, and 4 pug vs 0.5 ug injections were respectively 2.06, 5.27, and
8.99 for MS-TIC and 2.39, 4.12, and 7.88 for IC. These results
indicate both MS2-TIC and IC are capable of perceiving the
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Figure S. Distribution of the protein ratios in a CPTAC data set (Study 6B over 6A) for (A) the 14 UPS proteins and (B) 761 yeast proteins

quantified by spectral count (SpC), MS2-TIC, and ion current (IC).

The 14 UPS proteins (3-fold change)

The 761 yeast proteins (No change)

A o B
< - ,Quantified by SpC © 5 quantified by SpC
. “True ratio
S
©
i T RO ECELELCEC U B 2 (2% True ratio,
(o))
o
—
T T T T T 1
°© % 8 &9 3 v o
©
fel -
© ~
N o
e o
-
E o
™ - quantl.fled by IC Trueratio o
o M1 S S S N
I [ S -
el I e T T T T T T Trueratio
8o &
-
U J 1 1 1 U 1 1 1
i A\ ) g ©Q @ \ ? b b <
Log 10 p-value Log 10 p-value

Figure 6. Volcano plots illustrating the discovery of altered proteins in CPTAC study 6B vs 6A set by spectral count (SpC, panels A and B), MS2-
TIC (C and D), and ion current (IC, E and F) approaches. The levels of the 14 UPS proteins are different between the two groups (nominal 6B/6A
ratio ~ 3), whereas the levels of yeast proteins are the same. The Y-axis shows the log2 ratios of proteins quantified, and the X-axis shows the p-
values (by Student’s t-test) for the comparison. Each dot represents a unique protein group, and the dashed lines denote the cutoff thresholds (p <
0.05 and >2-fold change) that define significantly altered proteins, which are in turn shown as red dots.

differences in sample loading, which may be useful character-
istics for assessment of the quality of sample preparation and
for such cases as the comparison of protein levels relative to
units other than the amount of total proteins (e.g, comparing
protein levels per volume of a body fluid). On the other hand,
these results also indicated SpC is more tolerant to uneven
sample loading, which is a valuable feature when it is difficult to
achieve a uniform loading across all samples. Finally, the results
suggest that for both MS2-TIC and IC, it is necessary to
achieve highly reproducible procedures for sample preparation
and LC/MS analysis to minimize the effect of variations, and
proper normalization approach needs to be in place. Protein
abundance values determined by SpC, MS2-TIC, and IC for
each protein group are shown in the Supplemental Table IV.

Investigation of the Performance in Discovery of
Significantly Altered Proteins Using a Publicly Available
Data Set (CPTAC)

One of the most common goals of proteomics is to discover
differentially expressed proteins in two different states. In this
study, we investigated the performances of SpC, MS2-TIC, and
IC in discovering significantly altered proteins in a complex
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proteome. To rule out the possibility that the findings to be
obtained were associated only with the specific experimental
procedures in our lab, a third-party data set was employed for
this investigation. Here we compared the performances in
discovering significantly altered proteins by the SpC, MS2-TIC,
and IC, using one well-characterized, publicly available data set
(CPTAC study 6°°°%). Only the data sets generated by the
high-resolution LTQ/Orbitrap were selected. In this subset of
CPTAC experiments, the Universal Proteomics Standard set 1
(UPS1 from Sigma-Aldrich, containing 48 human proteins)
protein mixture was spiked at different levels into yeast whole
lysate, which represents an unchanged, complex proteomic
background that is typical in routine biomarker discovery
studies. More details of this study set are in previous
publications.****

We first evaluate the three methods based on the relative
quantification Study 6B (0.74 fmol/uL UPS1 spiked into yeast
lysate) vs 6A (0.25 fmol/uL UPSI spiked into yeast lysate)
samples, which contain relatively low abundance of spiked UPS
proteins. Each sample was analyzed in triplicate. Stringent
cutoffs for protein identifications were employed to yield a
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FDR of 0.1% at peptide level, and two unique peptides were
required for each protein group. Quantitative values are
normalized against the sum of total spectral counts (SpC),
total product ion intensity (MS2-TIC), or total ion current
peak area (IC). In the case of missing values, baseline values of
0.5, 1000, and 1000 were respectively assigned for SpC, MS2-
TIC, and IC.

A total of 761 yeast proteins and 14 UPS proteins were
identified and quantified in the 6B vs 6A set, and the
distributions of the ratios of these proteins (6B over 6A) are
illustrated in Figure S. The theoretical 6B/6A ratios of UPS
proteins and yeast proteins are respectively ~3 (1.57 on Log2
scale) and 1 (0 on Log2 scale). A previous study demonstrated
that accurate quantification in CPTAC 6B vs 6A data set may
be difficult due to their low concentrations in these samples.**
In this study, the observed mean ratios of the 14 UPS proteins
were 3.94 + 2.84, 29.02 + 35.01, and 3.97 + 0.99 by SpC,
MS2-TIC, and IC, respectively. As shown in Figure 5A, the
ratios of the 14 UPS proteins determined by IC were much
more tightly centered around the theoretical value than either
SpC or MS2-TIC. This is in agreement with the observed good
quantitative performance of IC for low-abundance proteins (cf.
Figures 1B and 2B) but not SpC or MS2-TIC. The similar
trend was also observed in the ratio distribution of the yeast
proteins (Figure SB), where the mean ratios of 761 yeast
proteins were 1.04 + 0.35, 1.35 + 2.15, and 1.03 + 0.13,
respectively, for SpC, MS2-TIC, and IC, and the ratios of
individual yeast proteins by IC were also more tightly centered
around the true value compared with the other two approaches.
Therefore, it is clearly evident that IC showed better accuracy
and precision than SpC and MS2-TIC for relative protein
quantification.

In this set of study, the levels of UPS proteins were
significantly different between the two groups (mimicking the
significantly altered proteins between two proteomic samples),
whereas the levels of all the yeast proteins remain constant.
Here we compared the three methods for their capacity of
accurately discovering the changed UPS proteins, the specificity
and sensitivity of discovery, and the levels of false-discoveries.
The cutoft thresholds for significantly altered proteins were
determined as at least 2-fold differences between the two
groups and statistical p-values <0.05 (by student t-test) for all
three methods. The volcano plots (log2 ratios vs p-values) of
UPS and yeast proteins by SpC, MS2-TIC, and IC are shown in
Figure 6. The black dashed lines denote the cutoff thresholds,
and the altered proteins under these thresholds are indicated by
red dots. As shown in Figure 6A,B and Table 2, SpC discovered
11 significantly altered proteins, among which 5 are UPS
proteins (i.e., true positives) and 6 are yeast proteins (i.e., false-
positives); as to MS2-TIC, S UPS proteins and 16 yeast
proteins were determined as significantly altered (Figure 6C,D
and Table 2). In contrast, all 14 UPS proteins were correctly
discovered as significantly altered by IC with no false-positive,
as demonstrated in Figure 6E,F and Table 2. For this CPTAC
study 6B vs 6A data set, the sensitivity of altered protein
discovery were 36%, 36%, and 100% by SpC, MS2-TIC, and
IC, respectively, and the levels of false discovery rate by IC are
far lower than the two other methods (Table 2).

We further investigated the performances of relative
quantification and altered-protein discovery using the next
tier of quantification data set, the study 6C (2.2 fmol/uL UPS1
spiked into yeast lysate) versus 6B (0.74 fmol/uL UPSI spiked
into yeast lysate), which also demonstrated the superior
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Table 2. Sensitivity and Specificity for the Discovery of
Altered Proteins (Biomarkers) by SpC, MS2-TIC, and IC
Based on CPTAC Study 6 Data Sets”

spectral count

(SpC) MS2-TIC ion current (IC)
6B/6A 6C/6B 6B/6A 6C/6B 6B/6A 6C/6B
identified 11 28 21 36 14 39
biomarkers
true positives (TP)* S 11 S 13 14 28
true negatives (TN) 755 712 745 706 761 718
false positives (FP) 6 17 16 23 0 11
false negatives (FN) 9 21 9 19 0 4
sensitivity, 36% 34% 36% 41% 100% 88%
TP/(TP + EN)
specificity, 99% 98% 98% 97% 100% 98%
TN/(TN + FP)
false discovery rate, 55% 61% 76% 64% 0% 28%

FP/(TP + FP)

“The data set consists of the high-resolution MS data of CPTAC study
6A, 6B, and 6C sets, which are triplicate analyses of UPSI protein
mixture spiked, respectively, at 0.25, 0.74, and 2.2 fmol/uL into Zeast
proteins (representing an unchanged proteomic background). “The
cutoft thresholds for biomarker discovery are >2-fold changes and p-
value <0.05. “Definition of the terms: if a UPS1 protein were
determined as a biomarker, it is a true positive (TP), otherwise a false
negative (FN); if a yeast protein was NOT determined as a biomarker,
it is a true negative (TN, otherwise a false negative (FN).

performance of the IC approach (Table 2). A total of 729
yeast proteins and 32 UPS proteins were identified and
quantified in this data set. Consistent with the observations in
the 6B vs 6A study, IC achieved the best sensitivity (88%) for
altered-protein discovery, compared to 34% and 41%,
respectively, for SpC and MS2-TIC (Table 2); moreover, the
false-positive and false-negative levels of IC were far lower
(Table 2). The quantitative values by SpC, MS2-TIC, and IC
for each quantified protein group in Study 6B vs 6A and 6C vs
6B are shown in the Supplemental Tables V and VI,
respectively.

B CONCLUSIONS

A comprehensive comparison of two types of label-free
quantification approaches, ion current-based (IC) and MS2-
based (SpC and MS2-TIC) approaches, was conducted using
various data sets acquired by high-resolution MS. To date, SpC
and MS2-TIC remain powerful and play an important role in
classic biomarker discovery studies with apposite statistical
tools, especially when low-resolution MS data is used.
Nonetheless, it is evident that when a high-resolution MS is
used, the IC approach is considerably superior to SpC and
MS2-TIC in terms of quantitative reproducibility and accuracy
and is much less prone to the missing-data problem, and
thereby enabling more reliable proteomics quantification.
Furthermore, IC was proved to be a more sensitive, accurate
and reliable tool for biomarker discovery than SpC or MS2-
TIC, with markedly lower false-positive and false-negative rates.
Though high sample-to-sample reproducibility is more crucial
for IC approach, development of informatics tools such as good
algorithms for LC-MS alignment, normalization of quantitative
values in each replicate, and statistical outlier analysis, may
significantly reduce this demand. Moreover, when coupled with
extensive fractionation and separation approaches such as long-
gradient nano-LC and SDS-PAGE fractionation,w’%33 1C-
based strategy may provide a dependable means for in-depth
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analysis and biomarker discovery in complex proteomes.'®**

Given these favorable characteristics of IC approach, it is
expected that further research of this technique on highly
reproducible LC/MS analysis and statistics tools, and its clinical
applications will emerge rapidly, and its popularity in users of
high-resolution MS will continue to expand.

B DATA SHARING

All raw files and data processing files associated with this paper
will be available to public for download upon request.
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Protein abundance values by spectral count, MS2-TIC, and ion
current for each protein group identified from proteomics
sampels of rat brain, rat liver, rat retina, yeast, E. coli, human
muscle cell, and human bronchoalveolar lavage fluid. Protein
abundance values by spectral count, MS2-TIC, and ion current
for each protein group quantified in the five replicate LC-MS
runs of a yeast sample. Protein abundance values of bovin
serum albumin (BSA) by spectral count, MS2-TIC, and ion
current approaches. The protein was spiked in E. coli extract at
six different levels (0.025%, 0.1%, 0.5%, 2.5%, 12.5%, and 62.5%
of total proteins). Protein abundance values by spectral count,
MS2-TIC, and ion current for each protein group in the PC3-
LN#4 cell sample loaded at different amounts (0.5, 1, 2, and 4 ug
of total proteins). Protein abundance values by spectral count,
MS2-TIC, and ion current for each protein group identified in
the CPTAC study 6A vs 6B data set. Protein abundance values
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