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Abstract
The quantitative comparison of protein abundances across a large number of biological or patient
samples represents an important proteomics challenge that needs to be addressed for proteomics
discovery applications. Herein, we describe a strategy that incorporates a stable isotope 18O-labeled
″universal″ reference sample as a comprehensive set of internal standards for analyzing large sample
sets quantitatively. As a pooled sample, the 18O-labeled ″universal″ reference sample is spiked into
each individually processed unlabeled biological sample and the peptide/protein abundances are
quantified based on 16O/18O isotopic peptide pair abundance ratios that compare each unlabeled
sample to the identical reference sample. This approach also allows for the direct application of label-
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free quantitation across the sample set simultaneously along with the labeling-approach (i.e., dual-
quantitation) since each biological sample is unlabeled except for the labeled reference sample that
is used as internal standards. The effectiveness of this approach for large-scale quantitative
proteomics is demonstrated by its application to a set of 18 plasma samples from severe burn patients.
When immunoaffinity depletion and cysteinyl-peptide enrichment-based fractionation with high
resolution LC-MS measurements were combined, a total of 312 plasma proteins were confidently
identified and quantified with a minimum of two unique peptides per protein. The isotope labeling
data was directly compared with the label-free 16O-MS intensity data extracted from the same data
sets. The results showed that the 18O reference-based labeling approach had significantly better
quantitative precision compared to the label-free approach. The relative abundance differences
determined by the two approaches also displayed strong correlation, illustrating the complementary
nature of the two quantitative methods. The simplicity of including the 18O-reference for accurate
quantitation makes this strategy especially attractive when a large number of biological samples are
involved in a study where label-free quantitation may be problematic, for example, due to issues
associated with instrument platform robustness. The approach will also be useful for more effectively
discovering subtle abundance changes in broad systems biology studies.

Keywords
human plasma; proteomics; 18O labeling; Reference; LC-MS; accurate mass and time tag; label-free
quantitation; isotope-labeling

Introduction
Proteomics-based technologies have increasingly been applied to the study of disease-related
clinical samples (e.g., human blood serum/plasma, proximal fluids, and disease tissues) for the
purpose of identifying novel disease-specific protein biomarkers, gaining better understanding
of disease processes, and discovering novel protein targets for therapeutic interventions and
drug developments.1 While there are many important analytical challenges for performing
effective clinical proteomics applications, clinical discovery efforts have been further enhanced
by recent advances in liquid separations and MS technologies that provide high sensitivity and
broad dynamic range of measurements that allow for the detection of low-abundance proteins,
as well as advances in informatics/statistics that have enabled large-scale data analysis.2

One unique aspect of clinical proteomics applications is the necessity of analyzing a relatively
large number of patient samples to address the large patient-to-patient variations that are
typically observed. To discover statistically confident candidate protein biomarkers among
large biological variations, it will be essential to have reliable quantitative approaches that
allow the direct comparison of protein abundances across a cohort of patient samples. To date,
the most broadly applied approaches for quantitative proteomics measurements have been
stable isotope labeling approaches due to their higher accuracy for relative quantitation.3 These
methods include metabolic labeling,4–6 chemical labeling of specific functional groups using
reagents such as isotope-coded affinity tags (ICAT)7 and iTRAQ,8,9 and enzymatic 18O-
labeling of peptide C-termini.10–12 These labeling techniques are designed for detecting
accurate changes in pairwise comparisons or for comparison across a few conditions; however,
in clinical applications, it remains challenging to compare relative protein abundances across
a large number of clinical samples using isotopic labeling methods.

More recently, there has been significant interest in the application of “label-free” direct MS
intensity-based quantitation for comparing relative protein abundances due to its greater
flexibility for comparative analyses and simpler sample processing procedures as compared to
labeling approaches.13−18 Although it is generally accepted as less accurate compared to the
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stable isotope labeling approaches,3 the label-free method should, in principle, allow the direct
comparison of relative protein abundances across any number of patient samples. With the
proper application of data normalization to mitigate variations in instrumental performance
between analyses, an accurate comparative quantitation can be achieved for both biological
and clinical applications.13–18 One of the significant challenges for the label-free approach is
its dependence on the reproducibility of LC-MS performance and the robustness of the
platform. Issues with reproducibility could be especially problematic for large-scale biological
studies involving hundreds of samples that require an extended period of analysis time where
the drift in platform performance becomes more obvious. In contrast, the stable isotope labeling
approaches depend much less on platform reproducibility because the relative abundances are
measured by the relative ratios of isotopic peptide pairs, which are coeluting from the
separations and have the same ionization efficiency independent of the instrumental variation.

To enable stable isotope labeling-based quantitation for large sample sets, we devised a strategy
that incorporates an 18O-labeled “universal” reference sample as a comprehensive set of
internal standards spiked into each individually processed unlabeled 16O biological sample.
The peptide/protein abundances are quantified based on 16O/18O isotopic peptide pair ratios
that compare each unlabeled biological sample to the identical labeled reference. In addition,
this strategy allows for the simultaneous application of label-free quantitation and isotope-
labeling based quantitation (i.e., dual-quantitation) so that the quantitative results from the two
methods can be directly compared and integrated. The effectiveness of the strategy was
demonstrated by analyzing a set of 18 severe burn patient plasma samples via LC-MS proteome
profiling. The results revealed better precision using the 18O-reference based isotope labeling
approach compared to the label-free approach with results from both approaches showing a
strong correlation of the observed relative protein abundances.

Experimental Section
Human Plasma Patient Samples

Eighteen blood plasma samples from individual human burn patients were used in this study.
These samples were part of a large-scale proteomics study of clinical outcomes for severely
burned patients. All samples were supplied by the Department of Surgery at the University of
Florida College of Medicine, which serves as the sample collection and coordination site for
a multicentered clinical study (Inflammation and the Host Response to Injury). Approval for
the conduct of this programmatic research was obtained from the Institutional Review Boards
of the University of Texas Medical Branch Galveston, University of Texas Southwestern,
University of Washington, Massachusetts’s General Hospital, the University of Florida
College of Medicine, and the Pacific Northwest National Laboratory in accordance with federal
regulations. A total of 300 µL of plasma from each subject was applied toward proteomics
analysis and their initial protein concentrations were determined by a BCA Protein Assay
(Pierce, Rockford, IL). A reference sample was generated by pooling 100 µL aliquots of each
patient’s plasma. Unless otherwise noted, all protein sample processing was performed at 4 °
C.

Immunoaffinity Depletion
All patient plasma samples and the pooled reference sample were individually depleted of their
12 most abundant plasma proteins (albumin, IgG, α1-antit-rypsin, IgA, IgM, transferrin,
haptoglobin, α1-acid glycoprotein, α2-macroglobulin, apolipoprotein A-I, apolipoprotein A-
II, and fibrinogen) in a single step using the a prepacked Seppro IgY-12 affinity LC-5 column
(loading capacity of 65 µL of human plasma) (GenWay Biotech, San Diego, CA; now known
as ProteomeLab IgY-12, Beckman Coulter, Fullerton, CA) on an Agilent 1100 series HPLC
system (Agilent, Palo Alto, CA) per the manufacturer’s instruction.19 Either 65 or 130 µL
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(depending on its initial patient plasma protein concentration) of patient plasma was
individually depleted and only the flow-through fractions were collected for the individual
patient samples. A total of ∼1.5 mL of reference plasma sample was depleted using the same
procedure and the flow-through portions were pooled. The flow-through portion for each
sample was then individually concentrated in iCON concentrators with 9 kDa molecular weight
cutoffs (Pierce) followed by buffer exchange with 50 mM NH4HCO3 per the manufacturer’s
instructions. Protein concentration was then measured using a BCA protein assay (Pierce).

Plasma Protein Digestion
Protein samples were denatured and reduced in 50 mM NH4HCO3 buffer (pH 8.2), 8 M urea,
and 10 mM dithiothreitol (DTT) for 1 h at 37 °C. The resulting protein mixture was diluted
10-fold with 50 mM NH4HCO3 before sequencing grade modified porcine trypsin (Promega,
Madison, WI) was added at a trypsin/protein ratio of 1:50 (w/w). The sample was incubated
for 5 h at 37 °C. The digested samples were loaded on a 1-mL SPE C18 column (Supelco,
Bellefonte, PA) and washed with 4 mL of 0.1% trifluoroacetic acid (TFA)/5% acetonitrile
(ACN). Peptides were eluted from the SPE column with 1 mL of 0.1% TFA/80% ACN and
lyophilized. The resulting peptide samples were then reconstituted in 25 mM NH4HCO3 and
the residual trypsin activity was quenched by boiling the samples for 10 min and immediately
placing the samples on ice for 30 min. The resulting peptide amount for each sample was again
measured by a BCA protein assay (Pierce).

Trypsin-Catalyzed 18O-Labeling of the Reference Sample
Trypsin-catalyzed 18O-labeling for preparing the reference sample was carried out as
previously described.11 After residual trypsin activity was quenched via boiling followed by
immediately placing the samples on ice for 30 min, the peptide sample was lyophilized to
dryness and initially reconstituted in 60 µL of acetonitrile, followed by the addition of 600 µL
of 50 mM NH4HCO3 in 18O-enriched water (95%, ISOTEC, Miamisburg, OH). Then, 6 µL
of 1 M CaCl2 and 30 µL of immobilized trypsin (Applied Biosystems, Foster City, CA) were
added to the digests and the samples were mixed continuously for 5 h at 30 °C. After labeling,
the sample was acidified by adding 6 µL of formic acid and the supernatant was collected after
centrifuging the samples for 5 min at 15 000g. The labeled sample was lyophilized and
reconstituted in 25 mM NH4HCO3 with its peptide concentration measured by a BCA assay.
The labeled reference sample was then divided into 18 identical aliquots in 18 individual tubes
and an equal amount of peptides from each patient sample was added to each tube to form 18
patient/reference mixed samples.

Fractionation via Cysteinyl-Peptide Enrichment
The 18 patient/reference mixed samples were further fractionated into Cys- and Non-Cys-
peptide fractions using the procedures as previously described.20 Briefly, the tryptic digest was
reduced with 5 mM DTT in Tris buffer, and cysteinyl-peptides were captured by Thiopropyl
Sepharose 6B thiol-affinity resin (4 × 100 µL; Amersham Biosciences) following incubation
of the reduced peptides with the resin. The Non-Cys-peptide supernatant portion was collected.
The resin was further washed to remove any nonspecifically bound peptides. The captured
cysteinyl-peptides were then released by incubation with 20 mM DTT for 30 min at room
temperature and the released peptides were then alkylated with 80 mM iodoacetamide. Both
the eluted cysteinyl-peptide samples and the unbound, non-cysteinyl-peptide samples were
desalted using a SPE C18 column and then lyophilized. Both fractions were then reconstituted
in 25 mM NH4HCO3 with their concentrations measured by a BCA assay.
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Reversed-Phase Capillary LC-MS Analyses
Both the Cys-and Non-Cys-peptide samples from individual burn patients were analyzed using
a fully automated, custom-built, two-column capillary LC system21 coupled online using an
in-house-manufactured ESI interface to an 11.5 T Fourier transform ion cyclotron resonance
(FTICR) mass spectrometer. All of the Cys-samples were analyzed on a single capillary column
with the Non-Cys-samples analyzed on the other column of an automated dual-column LC-
system. The capillary columns were made by slurry packing 5 µm Jupiter C18 bonded particles
(Phenomenex, Torrence, CA) into a 65 cm long, 150 µm i.d. fused-silica capillary (Polymicro
Technologies, Phoenix, AZ). The mobile phase consisted of 0.2% acetic acid and 0.05%
trifluoroacetic acid (TFA) in water (A) and 0.1% TFA in 90% acetonitrile/10% water (B). Ten-
microliter aliquots of each peptide sample with concentrations of 0.1 µg/µL were injected onto
the reversed-phase column for LC-FTICR analysis. The mobile phase was held at 100% A for
20 min followed by a nonlinear exponential gradient elution generated by increasing the
mobile-phase composition to ∼70% B over 150 min using a stainless steel mixing chamber.
The LC-FTICR was configured and operated as described elsewhere.22

LC-MS Data Processing
The LC-FTICR data sets were automatically analyzed using an in-house developed software
package that includes tools such as ICR2LS and VIPER.23 The initial analysis of raw LC-MS
data involved a mass transformation, or deisotoping, step using ICR2LS, which generated a
text file report for each LC-MS data set including both the monoisotopic masses and the
corresponding intensities for all detected species for each mass spectrum. Then, each data set
was processed by the feature matching tool (VIPER) for peptide identification and
quantification. VIPER displays the data in a two-dimensional mass and LC-elution time format.
The feature matching process included “distinct feature” (i.e., a peak with unique mass and
elution time) finding, searching for 16O/18O feature pairs, computing abundance ratios for pairs
of features, an intensity report for all detected features, normalizing LC elution times via
alignment to a database, and feature identification. The 16O/18O abundance ratio calculation
has been previously described.11 The details of VIPER peak matching have also been described
previously.23,24 A robust LC-MS alignment algorithm was incorporated into VIPER for
correcting any variations in mass and elution times.25 Feature identification was performed by
matching the accurately measured masses and normalized elution time (NET) values of each
detected feature to a pre-established human plasma proteome accurate mass and time (AMT)
tag database. The plasma AMT tag databases were generated from the combined results of
several comprehensive LC-MS/MS profiling investigations,11 including a recent profiling of
the human trauma patient plasma proteome.20 The process of generating the AMT tag database
and the criteria of peptide inclusion in the database have been described previously in detail.
11 The AMT tag database essentially serves as a “look-up” table for LC-MS feature
identifications. In this work, a dynamic modification of 4.0085 Da was applied during the peak
(or feature) matching process to enable both unlabeled peptides and 18O-labeled peptides to
be identified simultaneously. The peptide sequences of a given feature or pair of features were
assigned when the measured mass and NET for each given feature matched the calculated mass
and NET of a peptide in the AMT tag database within a 4 ppm mass error and 2% NET error
(the mass error tolerance was later refined to 2.5 ppm, as described in Results). For each
identified peptide, both the label-free 16O-abundance and the relative 16O/18O abundance ratio
are reported if the feature is paired. The details for computing the 16O/18O abundance ratios
using VIPER have been previously described.11 The final identified peptide list was then used
to generate a nonredundant protein group list using Protein-Prophet26 and all of the peptides
were annotated based on protein group ID for downstream data normalization and for rolling-
up peptide level abundance information to the protein level. The identified peptides were
further excluded for calculating relative abundance ratios if the peptide was not observed in at
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least four of the 18 subjects. Peptides were removed from downstream data analysis if they
were shared by more than three protein groups.

Data Normalization and Relative Quantitation
To enable direct comparison of labeled data and label-free data, both 16O/18O isotopic
abundance ratios (patient/reference) and direct 16O abundances were used as measures of
relative peptide abundance. Here, we will use Rij to indicate peptide 16O/18O ratios and Aij to
indicate direct 16O abundances for peptides, where ij indicates peptide j in a given LC-MS data
set i. To remove any systematic biases potentially introduced from sample processing or LC-
MS analyses, a global normalization procedure similar to that used for microarray
normalization was applied to relative peptide abundances or abundance ratios across LC-MS
data sets.27,28 Prior to normalization, both 16O/18O abundance ratios Rij and direct 16O-
abundances Aij were transformed in Log2 format as Log2Rij and Log2Aij, respectively.
For 16O/18O ratio data, the normalized peptide abundance ratio Log2R*ij was computed as
Log2R*ij = Log2Rij − medianj(Log2Rij), which basically centers the median Log2Rij to zero for
each data set i. For label-free 16O abundance Log2Ai,j normalization, a linear regression
approach was applied to peptide abundances across different LC-MS data sets. For this method,
an 16O-reference data set Mj was first generated by taking the median abundance of each peptide
across all LC-MS data sets as Mj = mediani(Log2Aij). The normalized peptide abundances
Log2A*ij were then computed for each LC-MS data set by linearly regressing Log2Aij against
the reference data set Mj and adjusting the slope and intercept.

Following data normalization across LC-MS data sets, we further converted the normalized
label-free data Log2A*ij into a patient/reference ratio format similar to the 16O/18O ratio format
by subtracting Mj from Log2A*ij. Then, for each quantified protein, a rescaling procedure for
peptide profiles across data sets was performed for both the label-free and labeled data. This
procedure scales all peptide profiles originating from the same protein to the same level using
a simple scaling factor for each peptide obtained relative to a chosen reference peptide for the
given protein. The peptide with the most observations was chosen as the reference peptide for
a given protein and a scaling factor for every other peptide was calculated as the median ratio
for the common data points between the peptide to be scaled and the reference peptide. A
similar normalization and rescaling procedure has been recently described for label-free
quantitation.17 Relative protein abundance ratios were calculated by averaging the rescaled
relative peptide abundance ratios for each data set. All the data normalization and rescaling
procedures were performed using DAnTE, a recently developed software tool for quantitative
analysis of omics data.29

Results
The Quantitation Strategy

The quantitation strategy is based on the concept of using a stable isotope labeled “universal”
reference sample and adding it to each individually processed biological or patient sample.
This “universal” reference sample serves as a comprehensive set of internal standards for
enabling the comparison of relative peptide/protein abundances across any number of patient
samples based on isotopic abundance ratios. In effect, the reference sample acts as a “bridge”
to facilitate cross-sample comparison based on isotopic labeled pair information (Figure 1).
This concept is similar to the culture-derived isotope tags (CDITs) approach reported by
Ishihama et al. for quantitative comparison of two different tissue samples that were otherwise
difficult to label.30 The use of the labeled reference sample effectively addresses the challenge
that isotope labeling approaches typically cannot be applied to a large number of samples due
to the labor and cost involved in labeling many samples. Ideally, the reference sample should
have sufficient similarity in peptide/protein composition to each of the patient samples, which
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makes pooling across all patient samples to generate such a reference sample a good method.
In this work, postdigestion trypsin-catalyzed 18O labeling is the ideal choice for the reference
sample because the 18O labeling can be applied to any type of cell, biofluid, or tissue sample
and all tryptic peptides will be labeled at the carboxyl terminus of each peptide.11 All patient
samples are individually processed and digested before mixing with an equal amount of the
labeled reference peptide sample. Each of the final mixed samples to be analyzed by LC-MS
contains the unlabeled 16O-peptides from individual patients plus labeled 18O-peptides from
the reference sample. For each detected LC-MS feature, the quantitative information can be
reported as the 16O/18O abundance ratio if the feature is paired as well as the direct 16O-
abundance for the feature. Therefore, the 16O/18O isotopic pair abundance ratio-based
quantitation for the peptide pairs can be applied simultaneously with the label-free quantitation
for all 16O-peptides for comparing the relative peptide/protein abundances across the patient
samples.

Proteomics Analysis of Individual Plasma Samples
In this work, the quantitation strategy is applied to the analysis of 18 human plasma samples
from severe burn patients. For enhancing the detection of low-abundance plasma proteins, we
integrated immunoaffinity depletion and cysteinyl-peptide enrichment-based fractionation20

into the overall analysis scheme. All individual patient samples and the pooled reference sample
were initially subjected to immunoaffinity depletion of the top 12 abundant proteins prior to
trypsin digestion. After the mixing of each patient peptide sample with the labeled reference
peptide sample, the mixed sample was fractionated into Cys- and Non-Cys-fractions based on
the cysteinyl-peptide enrichment procedure. Both the Cys- and Non-Cys-samples were
individually analyzed by LC-MS and peptides were identified based on the AMT tag approach.
11,31 The identifications and abundance data for the two fractions were combined for each
patient to achieve overall improved proteome coverage.

Figure 2A,B shows the distribution of average mass errors and average NET errors for all
initially matched 16O-peptides within a 4 ppm mass error and 2% NET error against the
preestablished human plasma AMT tag database. As shown, a majority of peptides were
identified within a mass error of 2.5 ppm and a NET error of 1%. As previously reported,32

the background (or random) match level can be used to estimate the false discovery rate (FDR)
for peptide identifications, and similarly, the FDR can be estimated by performing peak
matching to a 11 Da-shifted AMT tag database. When both approaches were used, the FDR
was estimated to be ∼5.5% at the unique peptide level that is comparable to the recently reported
level.32 Following the final filtering with 2.5 ppm mass error, a total of 3848 different peptides
were identified, corresponding to a total of 312 proteins confidently identified with two or more
unique peptides, while an additional 284 proteins were identified with just one unique peptide.
Only those peptides with at least four observations out of the 18 patient samples were included
for calculating relative abundance ratios with the detailed data listed in Supplemental Table I
and Supplemental Table II in Supporting Information. Because of the overlap of 16O and 18O
isotopic envelopes, it is often difficult to find pairs if the relative abundance difference between
the pair is >10-fold, although moderate abundance differences can be accurately quantified
with this labeling approach.33 In the case of large abundance differences, the peptides were
identified as either 16O-peptides or 18O-peptides without the definite observation of the other
pair’s member. Indeed, only ∼60% of peptides (2351 out of 3934) and ∼78% of proteins (244
out of 312) were identified by isotopic pairs. The results show that the label-free approach
generally provides higher proteome coverage compared to the 16O/18O labeling approach.

Since an identical amount of labeled reference sample was spiked into each patient sample,
peptides in the labeled reference sample serve as a set of comprehensive internal standards for
evaluating the technical reproducibility of LC-MS analyses across the study set. Figure 2C
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shows the reproducibility of the 18O-labeled peptide abundances observed among a subset of
10 samples as illustrated by both scatter plots (bottom left) and pairwise Pearson correlation
coefficients (top right) for detected peptide intensities. Good technical reproducibility was
observed across 18 patient samples based on the spiked reference sample, with an average
correlation coefficient of 0.95 ± 0.01. Comparable reproducibility for label-free processing
replicates with the identical immunoaffinity depletion and digestion procedures has also been
reported, where an average correlation coefficient of 0.94 ± 0.02 was observed for nine
processing replicates.2 The results observed for both the label-free processing replicate data
and the labeled-reference data supports the overall reproducibility of this label-reference based
approach for quantitation. As anticipated, much larger patient-to-patient variations were
observed based on the average correlation coefficient of 0.75 ± 0.12 for 16O-peptide
abundances among patients (data not shown). Such large variations in human patients
reinforces the need for analyzing relatively large numbers of patient samples in order to gain
sufficient statistical power for identifying candidate biomarkers for diseases such as cancer.2

Comparison between Isotopic Labeling and Label-Free Quantitation
To facilitate better comparison and integration between the stable isotope labeled and label-
free data, we have designed a data analysis process as illustrated in Figure 3 to transform both
the stable isotope labeled and label-free data in a similar format at both the peptide and protein
levels. Each sample analyzed by LC-MS contained an equal mass of peptides from a given
patient sample (16O-Pat) and peptides from the labeled reference sample (18O-Ref). For stable
isotope labeled data, the relative abundance of each peptide was automatically reported as
an 16O/18O abundance ratio, representing the peptide abundance from the given patient relative
to that from the labeled 18O-reference (16O-Pat/18O-Ref). For label-free data, the peptide
abundance was initially reported as direct 16O-abundance. Prior to normalization, we generated
a 16O-reference data set by taking the median abundance value for each peptide across all 18
patients. All LC-MS data sets were first normalized against the 16O-reference data set and then
the 16O-abundances for peptides in each data set were converted into relative abundance ratios
by dividing the normalized abundances in patient samples against those in the 16O-reference
data set (Pat/16O-Ref). Following such conversion, the stable isotope labeled data and label-
free data are in comparable relative abundance formats (i.e., patient relative to a reference).
The only difference is that the labeled data actually uses a labeled reference sample (18O-ref)
and the label-free data uses a label-free reference data set that are actually median abundances
of 16O peptides (16O-Ref). The two references are conceptually similar since they both
represent average signals across the 18 patients. The relative peptide abundance ratios were
then rescaled to put all peptide profiles at the same level for a given protein before rolling-up
to the protein level by averaging.

The nearly identical data format for label-free and stable isotope labeled data enabled the direct
comparison between the relative precisions in quantitation for the two approaches. We first
examined the consistency of peptide profiles for a given protein obtained between the two
approaches. In general, we observed that the relative abundance profiles of labeled data were
more closely correlated for different peptides originating from a given protein compared to the
label-free data. Figure 4 shows an example of the relative peptide abundance profiles across
the 18 patient samples, where the seven common peptides originating from the C-reactive
protein were shown for both the labeled and label-free data. As shown, the isotopic pair data
(Figure 4A) provided significantly better consistency for different peptide abundance profiles
or better precision in relative abundance measurements compared to the label-free data (Figure
4B); however, more missing data points were typically observed in the stable isotope labeled
pair data compared to label-free data. Overall, the averaged protein abundance profiles between
the stable isotope labeled and label-free data were well-correlated.
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The quantitation performance was further compared based on the measurements of the relative
abundance differences between two samples. Figure 5 shows the relative abundance changes
in Log2Ratio to compare two selected patient samples based on the labeled (Figure 5A) and
label-free (Figure 5B) data (only proteins with two or more peptides are shown). The standard
deviations for each protein (derived from different peptide abundance ratios from the same
protein) are also shown. The labeled data showed much tighter standard deviations for the
majority of proteins compared to the label-free data, again confirming better precision in
quantitation for the labeling approach. Nevertheless, the label-free approach quantified more
proteins from the same two samples compared to labeled paired data. Figure 5C further
compares the distribution of coefficient of variances (CV) values for the quantified proteins in
the 18 samples where the CV values were calculated based on the variations among the different
peptides originated from a given protein. A majority of proteins were quantified with 5–20%
CV based on the stable isotope labeling approach; while a majority of the label-free quantified
proteins have CV ranging from 20% to 50%.

Correlation in Protein Abundance Differences
We next examined the degree of concordance for measuring the relative protein abundance
differences between biological samples for these two approaches. For this purpose, we assessed
the correlation for relative protein abundance differences between two selected patients as well
as between two groups of patients (9 females vs 9 males) as shown in Figure 6 (detailed ratio
data available in Supplemental Table III in Supporting Information. The set of patients was
divided into the male and female groups purely for the purpose of method illustration since the
degree of variation in terms of clinical outcomes and severity of burn for these patients are
much more significant factors than the sex difference.

As shown, relatively high Pearson correlation coefficients for protein abundance ratios
obtained between the two approaches were observed for comparing either two patients or two
groups of patients. The different degrees of missing abundance data across the patient samples
probably are the main reason for the worse correlation observed for the male/female group
comparison. Overall, only a small percentage of proteins showed disagreement in their relative
protein abundance differences as measured by the two approaches (Figure 6), presumably due
to differential variations introduced for each approach or the different degrees of “missing
data” from the two approaches; however, those proteins displaying good concordance provide
higher confidence in quantitation.

Discussion
The ability to perform reliable, quantitative measurements of relative protein abundances
across many biological samples remains a key challenge for proteomics discovery applications.
To overcome the difficulty of applying stable isotope labeling approaches to large sets of
biological samples, we introduce a strategy that incorporates an 18O-labeled “universal”
reference sample as a comprehensive set of internal standards for large-scale quantitation. The
labeled reference is spiked into each individually processed (and unlabeled) patient sample so
that every sample can be quantified based on 16O/18O ratios against the same reference sample.
The principle of this strategy should allow the application of the isotope labeling strategy to
large-scale biological studies for cross-comparison among any number of samples as long as
sufficient 18O-labeled “universal” reference sample is available for spiking into each biological
sample. Cross-comparison among biological data sets acquired at different times (e.g., months
or years apart) or with different LC-MS instrument platforms will be feasible based on the
stable isotope dilution concept, provided that the proteins are commonly identified. This aspect
of large-scale cross-comparison among many samples is one of the current limitations for both
labeling and nonlabeling MS based quantitation, although such robust comparison is extremely
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important for large-scale discovery proteomics where studies will require extended analysis
times for the large number of samples. With this labeled-reference based strategy, such a
requirement can be effectively addressed.

To make the optimal utility of the labeled “universal” reference sample as comprehensive
internal standards for all biological samples to be analyzed, the reference sample needs to have
sufficient complexity to ideally contain all species presented in any given biological samples.
In this situation, every peptide present in a given biological sample will ideally be paired with
an 18O-labeled peptide within the reference sample and its relative abundance can be quantified
based on 16O/18O ratio. Therefore, it is generally not desirable to only include control or healthy
samples for the reference because one would not be able to quantify those proteins uniquely
present in patients by the labeled reference if patient samples are not included. A simple
solution would be to generate a pooled sample from all biological samples (i.e., include both
control and disease) so that the “universal” reference sample contains peptides from all of the
samples to be studied.

The 18O-labeled “universal” reference strategy also has the advantage of allowing
simultaneous applications of stable isotope labeling and label-free approaches to the same
sample set without reducing the throughput of LC-MS analyses. This advantage allowed us to
investigate the performance of this 18O-reference based quantitative approach against the label-
free data through the analysis of 18 human plasma samples from severe burn patients. The
results demonstrated that the 18O-reference enabled isotope labeling-based quantitation is
effective by clearly offering better precision in quantifying relative abundances than the label-
free approach, while the label-free data provided better proteome coverage due to the limited
dynamic range of isotopic pair measurements as well as the computational issue with finding
paired LC-MS features. Nevertheless, the advantage of label-free quantitation can also be fully
utilized along with isotope labeling quantitation with this 18O-labeled “universal” reference
strategy. This strategy does have the limitation of reduced sample loading for LC-MS analysis
for the mixed 16O/18O sample as compared to a label-free sample similar to all stable isotope
labeling approaches; however, we have observed that the 2-fold variation in sample loading
for high sensitivity LC-MS applications has a minimal effect on the total number of peptide
identifications when the sample loading was close to optimal.

In addition, the use of one common labeled “universal” reference sample for quantitation is
advantageous in several specific aspects, including (1) only one labeling preparation is
required, which significantly reduces overall sample preparation time and potential variations
from individual labeling sample manipulations, as well as the overall experimental cost; and
(2) the common reference serves as a set of comprehensive internal standards, which provides
a unique means for evaluating LC-MS platform reproducibility and for identifying analyses of
“bad” quality across large-scale proteomics studies.

Although the isotope labeling data showed much better precision than the label-free data based
on CV values, the relative abundance differences when comparing either two patients or two
groups of patients showed very good concordance between the two approaches, suggesting
that both approaches can provide relatively reliable measurements of the relative protein
abundance differences following averaging peptide abundance data into the protein level.
Similarly good correlation between labeled data and nonlabeling data was also previously
reported.34,35 Fundamentally, the two approaches should be complementary due to the
different sources of errors associated with each approach. For label-free quantitation, all steps
of sample processing, electrospray ionization performance, and mass spectrometry will
contribute to the overall variations observed. However, for isotope labeling measurements, the
factors that negatively affect the overall reproducibility are much more limited, and are
primarily related to sample processing prior to the mixing with the labeled reference and ratio
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computation errors. Therefore, the simultaneous integration of the two quantitative approaches
into a single strategy enhances the overall confidence of the quantitative data by providing
cross-validation between the two approaches. Differences between the two approaches were
also observed for some proteins due to the different variations introduced in the process for
each approach, as well as the different levels of “missing data” for the two approaches. In
general, the labeled data should have better confidence due to its higher accuracy; however,
the labeled results typically have more missing data for a given protein (since we require that
both versions of the peptide be detected as a pair in this work).

On the basis of our knowledge, this is the first report illustrating the large-scale isotope labeling-
based quantitation for 18 individual samples by incorporating a single 18O-labeled “universal”
reference sample into each biological sample. We anticipate that the advantages of this 18O-
reference enabled quantitation strategy will allow it to be applied as a general approach for
large-scale proteomics discovery applications as well as longitudinal biological applications.
The robustness of isotope-labeling based quantitation will make this strategy especially
attractive when a study involves a large number of samples where label-free quantitation may
encounter limitations due to issues associated with platform robustness. The better precision
of the labeling approach will also make this strategy useful for discovering subtle abundance
changes in large-scale systems biology studies. Moreover, this strategy is flexible for coupling
any peptide level fractionation technique such as strong cation exchange-based fractionation
to address the dynamic range challenge for low-abundance protein detection because the 18O-
reference sample is incorporated into individual sample prior to peptide-level fractionation and
the effective quantitation based isotope labeling can be achieved as previously demonstrated.
11 As illustrated in this study, the coupling of immunodepletion, cysteinyl-peptide enrichment-
based fractionation, and 1D LC-MS analyses with the quantitation strategy has allowed
confident quantification of 312 plasma proteins with at least two different peptides per protein.
We have previously reported that typically ∼170 plasma proteins were identified using IgY-12
depletion and 1D LC-MS analysis.2 The cysteinyl-peptide enrichment-based fractionation
contributed to this improvement in protein identifications. The focus of this report has been
mainly on the proof-of-principle demonstration of the 18O-labeled “universal” reference
enabled quantitative methodology based on a limited sample set; this approach is currently
being applied to a large set of clinical burn patient plasma samples in our laboratory to identify
differentially regulated proteins correlating to patient outcomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NET, normalized elution time; AMT, accurate mass and time; FTICR, Fourier transform ion
cyclotron resonance.
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Figure 1.
The quantitation strategy. A reference sample was generated by pooling aliquots from all
patient samples. All samples were individually processed into peptides. The reference sample
was 18O-labeled and an identical aliquot of reference sample was spiked into each of the patient
samples prior to LC-MS analysis.
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Figure 2.
Histogram of mass error distribution (A), NET error distribution (B), and the reproducibility
of 18O-reference peptide abundances (C). The pairwise correlation of reference peptide
abundances in C were shown in scatter plot style and as Pearson correlation coefficients for
10 selected samples.
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Figure 3.
Data processing scheme for the dual-quantitation data. All patient samples to be analyzed by
LC-MS contained equal amounts of 16O-peptides and 18O-reference peptides. For labeling
quantitation, the relative peptide abundances for labeled peptides were automatically reported
as 16O/18O ratios. Following normalization, protein abundance ratios were generated by
averaging peptide abundance ratios within a given protein. For label-free quantitation, a 16O-
reference data set was computed using the median abundance for each peptide across the
patients. All data sets were normalized against the reference prior to the conversion to a relative
ratio format similar to the labeled data. Similar transformation of protein abundance ratios for
label-free and labeled data was applied for direct comparison of the two approaches.
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Figure 4.
Peptide abundance profiles for C-reactive protein. Seven peptides quantitated commonly by
both the label-free and labeling approaches were plotted. The relative abundance ratios are
displayed in Log2 transformed format.
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Figure 5.
Precision of quantitation for the labeling and label-free data. In panels A and B, relative protein
abundance ratios comparing two selected patients for all proteins with two or more peptides
were plotted with standard deviations of peptide abundance ratios shown for each protein. (C)
The distribution of proteins in CV ranges. CV values were calculated based on the standard
deviations of multiple peptide abundance ratios belonging to the same protein relative to the
protein abundance ratio for a given data set. The CV values for all proteins in individual samples
were calculated to generate this plot.
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Figure 6.
Correlation of relative protein abundance differences between label-free data and the labeled
data. (A) Relative protein abundance differences comparing two selected patients. (B) Relative
abundance differences comparing two groups of patients (9 females vs 9 males). Log2(Protein
abundance ratio) values derived from label-free data are plotted on the x-axis, while values
from labeled data are on the y-axis.
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