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Multiple reaction monitoring was used to verify target proteins in 3 groups of vitreous and plasma
samples from 3 stages of diabetic retinopathy: macular hole (nondiabetic control), nonproliferative
diabetic retinopathy, and proliferative diabetic retinopathy. Twelve target proteins were quantified using
triple quadrupole LC-MS/MS and 3 methods to determine the transitions (information-dependent
analysis, the MIDAS workflow, and the PeptideAtlas database). This study might be the first MRM
experiment to analyze large numbers of clinical vitreous and plasma samples for biomarker verification.
Consequently, several biomarker candidates were identified for use in further applications.
Keywords: diabetic retinopathy • vitreous • quantitative proteomics • biomarker • multiple reaction
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Introduction
Proteomic technologies that use mass spectrometry have
developed rapidly with regard to not only qualitative but also
quantitative analysis. Immunochemistry-based methods, such
as Western blot, ELISA, and multiple-antibody assays using flow
cytometry, have been used to obtain relative quantitative
information. But when a proper antibody for target proteins is
unavailable, these methods are not adequate.
In contrast, mass spectrometry-based quantitative technologies, such as ICAT (AppliedBiosystems, Foster City, CA), iTRAQ
(AppliedBiosystems), label-free quantitation, and multiple reaction monitoring (MRM) using triple quadrupole LC-MS/MS,
are alternative quantitative tools to immunochemistry-based
methods. These proteomics tools, however, merely measure
relative amounts of target proteins, whereas absolute quantification can be achieved with stable isotope-labeled standards
in MRM.1
Because MRM has become the alternative for relative and
absolute quantitative tools, methods have been developed to
increase the sensitivity of its measurements. Anderson and
Hunter monitored 53 proteins in plasma by MRM, wherein
their coefficients of variation (C.V.) ranged from 2 to 22%;
further, the limit of reliable sensitivity in plasma fell in the µL/
mL level, but the detectable range was 4.5 orders of magnitude
* To whom correspondence should be addressed. Youngsoo Kim, PhD,
Department of Biomedical Sciences, Seoul National University College of
Medicine, 28 Yongon-Dong, Chongno-Ku, Seoul 110-799, Korea, (e-mail)
biolab@snu.ac.kr, (Tel) +82-2-740-8073, (Fax) +82-2-741-0253.
†
Department of Biomedical Sciences.
‡
Department of Ophthalmology.
§
Department of Internal Medicine.
|
Genome Research Center for Diabetes and Endocrine Disease.
⊥
Department of Pharmacology.
#
Cancer Research Institute.
10.1021/pr901013d

 2010 American Chemical Society

in a single experiment.2 Stahl-Zeng et al. detected plasma
proteins at concentrations below the ng/mL level, and accurate
quantification was achieved across 5 orders of magnitude of
protein concentration.3
Wienkoop and Weckwerth determined the absolute amount
of a low-abundance sucrose synthase isoform in Arabidopis
thaliana using MRM.4 DeSouza et al. applied mTRAQ (AppliedBiosystems) to MRM and calculated the amount of pyruvate kinase in biopsied endometrial carcinoma tissue to be 85
nmol/g.5 Recently, Keshishian and Carr reported quantitatively
multiplexed MRM assays for low-abundance proteins in plasma,
in which they used IgY-12 and the MARS hu7 kit to deplete
high-abundance plasma proteins.6
Improvements in MRM performance have been implemented to make efficient measurements in triple quadrupole
LC-MS/MS. In the Accurate Inclusion Mass Screening (AIMS)
workflow, masses in an inclusion list are monitored in each
scan of LTQ-Orbitrap LC-MS/MS (Thermo Fisher Scientific,
MA), in which the MS/MS spectra for sequence confirmation
are acquired only when a peptide from the inclusion list that
has the correct mass and charge states is detected.7 In addition,
the Targeted Identification for Quantitative Analysis by MRM
(TIQAM) reliably quantifies low-abundance virulence factors
from cultures of the human pathogen Streptococcus pyogenes
that are exposed to increasing amounts of plasma.8
Recently, Han and Higgs proposed guidelines for developing
MRM assays that use ion trap mass spectrometers.9 This
approach was based on the use of specific peptides as stoichiometric representatives of a target protein. For example,
the concentration of a protein can be quantified by comparing
the peak areas of representative peptides from LC-MS/MS with
those of internal standards, one of which is a stable isotopeJournal of Proteome Research 2010, 9, 689–699 689
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labeled internal standard for the absolute quantitation (AQUA)
technique.10
MRM is used to quantify post-translationally modified
peptides, such as phosphorylated and glycosylated peptides.
Isotopic-labeled peptide standards are used to quantify the
extent of N-glycosylation site occupancy directly in selected
serum proteins in CDG type-I patients,11 and sites of protein
phosphorylation also can be identified using MRM.12 WolfYadlin and White applied MRM to quantify phosphorylation
profiles of 222 tyrosine-phosphorylated peptides at 7 time
points after EGF treatment.13 Low levels of MEF2A (a member
of the MEF2 family) and alpha-casein phosphorylation also
have been identified using MRM.14
An advantage of MRM over antibody detection is that MRM
differentiates peptide isoforms when they have unique sequences, because antibodies can not be generated easily against
peptide antigens, especially toward isoforms that have similar
sequences. Janecki and Wang used an intact, stable isotopelabeled protein to quantify the absolute amount of alcohol
dehydrogenase isoenzyme (ADH1C1) in a human liver
sample.15 In addition, similarly sequenced apolipoproteins have
been quantified using MRM, which is an alternative to clinical
tools that measure serum protein biomarkers.16
In biomarker discovery, the MRM technique with triple
quadrupole LC-MS/MS has been adopted to quantify specific
peptides in complex biological mixtures, such as human body
fluids, human plasma, and serum, as well as cell line specimens. For example, in rheumatoid arthritis patients, MRM was
used to quantify serum C-reactive protein levels using 13Clabeled peptide standards17 and identify protein biomarkers
in synovial fluid and serum.10 MRM was also used to confirm
biomarker candidates in a mouse model of breast cancer.18
Further, human cell lines have been analyzed using MRM.
Yocum described the transition from discovery proteomics to
targeted MRM analysis and identified several potential biomarkers in human embryonic stem cells during noggin-induced
neural and BMP4-induced epidermal differentiation.19
In this study, we quantified the relative amounts of diabetic
retinopathy (DR)-specific proteins in clinical samples (vitreous
and plasma) from macular hole (MH, nondiabetic vitreous
control), nonproliferative diabetic retinopathy (NPDR), and
proliferative diabetic retinopathy (PDR) patients, based on our
previous LC-MS/MS study.20 After measuring the relative
concentrations of 12 target proteins by MRM, we identified
several candidate biomarkers that were differentially expressed
between MH, NPDR, and PDR disease groups.
We also used 3 methods to determine the transitions for
MRM: the Information-Dependent Analysis (IDA) method,
MIDAS workflow (AppliedBiosystems), and PeptideAtlas database.21 This report is the first MRM study to analyze large sets
of clinical samples for MRM experiments to verify candidate
biomarkers.

Materials and Methods
Reagents. Beta-galactosidase peptides were obtained from
AppliedBiosystems (Foster City, CA, P/N: 4368624). Acetonitrile
(ACN), formic acid (FA), trifluoroacetic acid (TFA), urea,
dithiothreitol (DTT), iodo-amino acids (IAAs), and bicinchoninic acid (BCA) were purchased from Sigma (St. Louis, MO).
C18 ZipTip for desalting peptides was purchased from Millipore
(Bedford, MA), and trypsin for in-solution digestion was
obtained from Promega (Madison, WI, Cat. No: V5111).
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The following antibodies were purchased: antithyroxinebinding globulin (Abcam, Cambridge, MA), anticoagulation
factor IX (Abcam), anti-GAPDH (AbFrontier, Seoul, Korea),
antikallistatin (Abcam), antiperoxiredoxin 2 (Santa Cruz), and
antihaptoglobin (AbFrontier).
Vitreous Samples. This study comprised 2 independent
MRM experiments. In the first MRM experiment using vitreous,
3 groups of vitreous samples were examinedsmacular hole
(MH, nondiabetic control), nonproliferative diabetic retinopathy (NPDR), and proliferative diabetic retinopathy (PDR)
patients.
Each vitreous sample was collected in undiluted form from
19 eyes of 19 PDR patients and from 15 eyes of 15 NPDR
patients during tractional retinal detachment, as described.20
In brief, the ophthalmological evaluation included slit lamp
biomicrosopy, indirect ophthalmoscopy, fundus photographs,
and fluorescein angiography. Diagnosis of PDR was based on
fluorescein angiography and fundus examination. Undiluted
vitreous samples (0.5-0.8 mL) were collected at the start of
3-port pars plana vitrectomy by aspiration into a 1.0-mL syringe
that was connected to a vitreous cutter. Harvested vitreous
samples were collected in tubes, placed immediately on ice,
and stored at -70 °C.
Because obtaining actual nondiabetic normal vitreous as a
control was impossible due to obvious ethical issues, we chose
the vitreous from MH eyes as the least modified vitreous among
vitreoretinal diseases for which vitrectomy was indicated.
Because macular hole formation appears to result from vitreofoveal traction, we reasoned that the vitreous of MH patients
should not differ significantly from normal human vitreous
humor. Vitreous from 15 eyes of nondiabetic patients who had
a small idiopathic MH was collected as controls.
All patients provided informed consent before being enrolled
in this study, in accordance with the protocol that was
approved by the Institutional Review Board at Seoul National
University Hospital (IRB No: H-0501-117-002). The preparations of vitreous were generated as described.20
Plasma Samples. Plasma samples were collected in K2-EDTA
in 10-mL tubes (BD Sciences, NJ, P/N number: 367525). After
a 30-min incubation at room temperature, the tubes were
centrifuged at 3000g for 10 min at 4 °C. Each sample was
aliquoted (50 µL) and kept at -70 °C to minimize thawing.
Plasma is a concentrated pool of heterogeneous proteins,
and minute errors in handling can be amplified in MRM. To
reduce these errors, each plasma sample was initially diluted
1:50 with distilled water. In addition, low-retention tips (Rainin
Instrument, Oakland, CA) and silanyl group-coated vials (Interface Engineering, Seoul, Korea) were used to minimize
peptide adsorption on the tube surface.
Preparation of Vitreous and Plasma for Mass Spectrometry. Because the eye has a constant volume between subjects,
we used the same volumes of vitreous to compare proteomes.
Sixty microliters of each undiluted vitreous sample was used
for 1 MRM run, and 200 µg of plasma was used for 1 MRM
run. After concentrating the vitreous and plasma samples to
10 µL by lyophilization, proteins were denatured in 100 µL 6
M urea, and 1.7 µL 200 mM DTT was added to reduce disulfide
bonds, followed by alkylation with 6.7 µL 200 mM IAAs.
Five hundred microliters of distilled water (DW) was added
to dilute the urea, and trypsin digestion was performed at a
protein:trypsin ratio of 50:1. After incubation at 37 °C overnight,
0.1% TFA was added to quench the reaction. The digested
peptide mixture was applied onto a C18 ZipTip for desalting

Verification of Biomarkers for Diabetic Retinopathy by MRM

research articles

Figure 1. Overall scheme for the 2 MRM experiments. The target proteins for the MRM experiments were selected based on the previously
identified PDR vitreous proteome.20 Next, the transitions of target proteins were determined using 3 independent methods: the IDA
method, the PeptideAtlas,21 and the MIDAS workflow. Thereafter, the 2 MRM experiments were performed using a large collection of
individual vitreous and plasma samples, respectively. The data from the 2 MRM experiments were analyzed by interactive plots, ROC
curves, AUC values, and t-TEST. Finally, the results were verified by Western blot.

and was lyophilized. Twenty microliters Sol A (98% DW, 2%
ACN, 0.1% FA, and 0.05% TFA) was added to dissolve the
desalted peptides. One hundred femtomoles of a beta-galactosidase peptide (residues 954-962, GDFQFNISR) was added
to the desalted peptide mixture as a relative internal standard
peptide for the MRM runs.
Multiple Reaction Monitoring. One MRM run was performed for the predetermined transitions using a triple quadrupole linear ion trap in the MRM mode (4000 Q-Trap coupled
with nano Tempo MDLC, AppliedBiosystems). Briefly, the
mixture was separated on a C18 column (100 Å, 100 µm ID, 150
mm, Michrom Bioresources, Auburn, CA) with Sol A (98% DW,
2% ACN, 0.1% FA, and 0.05% TFA) and Sol B (98% ACN, 2%
DW, 0.1% FA, and 0.05% TFA).
The flow rate was set to 400 nL/min at room temperature,
after which exponential gradient elution was performed by
increasing the mobile phase composition from 0 to 50% Sol B
over 30 min. The gradient was then ramped to 90% B for 10
min and 0% B for 20 min to equilibrate the column for the
next run. The total LC running time was 60 min. To reduce
void volume and obtain sharp intensity peaks, samples from
the autosampler were injected directly into the C18 column with
a 1.0-µL sample loop.
A 4000 Q-Trap mass spectrometer was interfaced with a
nanospray source. The source temperature was set to 160 °C,
and the source voltage was set to 2600 V. The declustering
potential (DP) was set to 70 V. Curtain gas was set to 20, and
collision gas (CAD) was set to high. The resolutions at quadrupole part 1 (Q1) and quadrupole part 3 (Q3) are unit
resolution, respectively.
The collision energy (CE) for each transition was based on
the results from preliminary runs, in which they were generally
similar to theoretical values that were calculated from the
equations CE ) 0.044 * (m/z) + 8 for (M+2H+) ions and CE )
0.030 * (m/z) + 8 for (M+3H+) ions. In the MRM runs, the scan
time was maintained at 50 ms for each transition, and the pause
time between transition scans was set to 5 ms.
Data and Statistical Analysis. Data from the intensity
chromatograms of the transitions were extracted with the
MultiQuant program (AppliedBiosystems, version 1.0). Peak

areas for transitions were extracted and normalized versus
internal standard transitions (Q1/Q3 transitions at 542.3/636.3
m/z for the beta-galactosidase peptide; see above for sequence).
Each normalized peak area for the individual transitions was
compared with the corresponding transition peaks of other
runs to estimate the relative differences between individual
vitreous or plasma samples.
The Medicalc program (MedCalc Software, Mariakerke,
Belgium, version 10.0.1.0) was used for statistical analysis to
perform pairwise t-TEST or ANOVA and generate receiver
operating characteristic (ROC) curves and interactive plots.
Western Blot Assay. Equal amounts of plasma samples were
separated by SDS-PAGE on a 10% acrylamide gel and transferred to PVDF membranes, which were blocked with 5% BSA
(w/v) in TBST 0.1% for 2 h at room temperature. Membranes
were incubated overnight at 4 °C with primary antibody (1:
1000). For thyroxine-binding globulin (TBG), 16 normal healthy
control plasma samples (Control), 16 type 2 diabetic mellitus
without DR (DM) plasma samples, and 16 NPDR plasma
samples were assayed by Western blot. In the other Western
blot assay, 10 plasma samples of MH, PDR, and NPDR subjects
were tested.
Western blot bands were visualized using peroxidaseconjugated secondary antibody and ECL (Amersham-Pharmacia Biotech, Piscataway, NJ). Band densities were quantified
with the Phoretix 2D Expression program (Nonlinear Dynamics,
Durham, NC). Background was subtracted using the “mode of
nonspot” tool, and its margin value was set to 45. All blots were
normalized by total intensity. Band intensities were analyzed
statistically using t-TEST and ANOVA to determine the p-value
between the groups.

Results
Overall Strategy for MRM Experiments. This experiment
consisted of 4 stages, as outlined in Figure 1. In the first stage,
we selected candidate proteins from PDR vitreous samples for
eachMRMrun,basedonourpreviousLC-MS/MSexperiments.22,20,23
In the second stage, we determined the transitions for 2
independent MRM runs using 3 methods. In the third stage, 2
MRM analyses of vitreous and plasma samples were performed
Journal of Proteome Research • Vol. 9, No. 2, 2010 691
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Table 1. Sample Characteristics for the First and Second MRM Experiments

average protein conc. (ug/uL)
sample set

sample number (male (M)/female (F))

age (median/year)

vitreous

plasma

MH
NPDR
PDR

15 (M: 4/F: 11)
15 (M: 7/F: 8)
19 (M: 10/F: 9)

65.7 (M: 72.3/ F: 63.4)
66.3 (M: 66.0/F: 66.5)
52.3 (M: 49.8/ F: 55.1)

1.97 (0.40-4.21)
4.03 (1.11-7.72)
4.54 (2.18-7.52)

65.15 (51.95-82.19)
81.44 (56.84-106.16)
75.28 (59.06-91.06)

a
Median age of the sample groups and their average protein concentrations are shown. Concentration of vitreous and plasma was determined by BCA
assay. In the “Average Protein Conc.” column, the concentration range is shown in parentheses.

Table 2. Q1/Q3 Transitions of the 12 Target Proteins for the First and Second MRM Experimentsa

name

Thyroxine-binding globulin
gamma-Glutamyl
Hydrolase
Kallistatin
von Willebrand factor

Q1
mass

Q3
mass

530.8
569.3
501.6

244.1 SFMLLILER
235.1 GWVDLFVPK
276.2 YPVYGVQWHPEK

299
390
236

307
398
247

b2 ion
b2 ion
y2 ion

2
2
3

31.5 PeptideAtlas
33.5 PeptideAtlas
25.1 PeptideAtlas

O
O
O

O
O
O

596.3
529.3

185.1 IAPANADFAFR
685.4 LVCPADNLR

51
774

61
782

2
2

34.8 MIDAS
31.5 MIDAS

O
O

O
O

703.3 VANYVDWINDR

634

644

b2 ion
2y >
precursor
y5 ion

2

39.1 MIDAS

O

O

6

13

b2 ion

2

25.2 MIDAS

O

O

293.1 EYTNIFLK

340

347

b2 ion

2

30.7 MIDAS

O

520.3 EYTNIFLK

340

347

2

30.7 MIDAS

O

340
343
17
93
278
278
950
507
2
524
524
159
954
788
788
49

347
355
26
110
286
286
960
518
14
532
532
167
962
801
801
67

ly >
precursor
y2 ion
b2 ion
y2 ion
b2 ion
b2 ion
y2 ion
y7 ion
y7 ion
y10 ion
y7 ion
y5 ion
y5 ion
y5 ion
y7 ion
y8 ion
y2 ion

2
3
2
3
2
2
2
2
2
2
2
2
2
2
2
3

30.7
26
29.5
30.8
29.5
29.5
36.2
37.5
39.9
31.3
31.3
31.5
31.9
37.1
37.1
33.8

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

Hepatocyte growth factor
682.8
activator
Glyceraldehyde-3-phosphate 403.2
dehydrogenase
Coagulation factor IX
514.3
precursor
514.3

Myocilin
Peroxiredoxin 2
Haptoglobin
Apolipoprotein B100
beta-Galactosidase

Pigment epitheliumderived factor

sequence

157.1 VGVNGFGR

514.3 260.2 EYTNIFLK
522.6 201.1 TVIRYELNTETVK
489.8 294.2 ATAVVDGAFK
631
187.1 EGGLGPLNIPLLADVTRR
490.7 157.1 VGYVSGWGR
490.7 232.1 VGYVSGWGR
640
838.4 TEVIPPLIENR
671.4 755.5 VDEDQPFPAVPK
723.9 1101.6 TMTTDSLAVVLQR
529.8 759.4 WLSLPGETR
529.8 559.3 WLSLPGETR
534.2 562.3 WVGYGQDSR
542.3 636.3 GDFQFNISR
729.5 719.4 APLDNDIGVSEATR
729.5 831.5 APLDNDIGVSEATR
699.7 338.2 VPVNKLAAAVSNFGYDLYR

start
end
position position

fragment
type

used used
for
for
first second
MRM MRM

charge

CE

source

MIDAS
MIDAS
MIDAS
MIDAS
IDA
IDA
IDA
IDA
IDA
IDA
IDA
IDA
IDA
IDA
IDA
MIDAS

O
O
O
O
O
O
O
O

a
A beta-galactosidase peptide (residues 954-962, GDFQFNISR) was used as an internal standard to determine the standard curve for the relative
concentration measurements of target transitions. Q1 and Q3 mass (m/z) represent the Q1 and Q3 transitions of each target protein, respectively. The
“Start” and “End” positions represent the amino acid sequence of the target protein, and “Fragment Type” indicates the ion type of the Q3 transitions.
“Charge” represents the charge state of the precursor ions. “CE” represents collision energy (also refer to Supplementary Table S2). ‘Source’ represents 1 of
the 3 methods that were used to determine the transitions (refer to Figure 1). The target proteins that were used in the first and second MRM experiments
are noted in the last 2 columns. The transitions of beta-galactosidase were used for the internal standard peptide or in control experiments.

using the determined transitions. In the fourth stage, the data
were analyzed. Finally, further verification was performed by
Western blot assay to confirm the MRM results.
Sample Characteristics for MRM. In the first (vitreous) and
second (plasma) MRM sets, there were 15 MH samples (male,
4; female, 11), 15 NPDR samples (male, 7; female, 8), and 19
PDR samples (male, 10; female, 9) (Table 1). The average
concentrations of the NPDR and PDR vitreous samples were
approximately 2 times higher than that of the MH samples
(Table 1). In contrast, the protein concentrations of the plasma
samples of the 3 groups varied less compared with the vitreous
samples (Table 1).
Selection of Target Proteins for MRM. In our previous
report, candidate proteins from PDR vitreous samples were
identified by comparison with MH.20 Of this pool, 185 candidate proteins from only PDR vitreous were preexamined to
692
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select as target proteins for MRM (Table 2, Supplementary
Table S1, Supporting Information) based on 2 criteriasthe
proteins should exist in both vitreous and plasma (refer to
http://www.bioinformatics.med.umich.edu/hupo/ppp for plasma
proteins), and the peptides of a target protein have high
frequencies in an MS scan (Supplementary Figure S1), because
a higher number of target protein peptides that are observed
results in a greater probability that the protein can be quantified in the MRM assay. According to this criterion, 6 candidate
proteins from PDR vitreous tissue were selected and used in
the first MRM experiment.
In the second MRM experiment, we added 5 proteins that
had fewer observed peptides than the first 6 target proteins.
To this end, the number of target proteins was increased to
11, and pigment epithelium-derived factor (PEDF), which has
been linked to DR, was included in the final list, resulting in a

Verification of Biomarkers for Diabetic Retinopathy by MRM

research articles

Figure 2. Reproducibility of MRM runs in plasma. MRM runs were performed for human serum albumin (ALB), haptoglobin (HAP), and
coagulation factor XI (COA) in plasma samples 6 times. After 6 independent MRM runs, the peaks of Q1/Q3 transitions were extracted
and overlaid in the retention time axis (top 3 panels), in which the repeated runs in colors are represented in the insets. The peak area
and retention time were extracted and plotted versus MRM batches (bottom panel). The log value of the peak area and the retention
time for each protein are shown with empty and filled rectangles, triangles, and circles, respectively (ALB: blue, HAP: green and COA:
red). Intensity is represented as counts per second (cps). XIC:575.4/694.2, XIC:490.9/562.3, and XIC: 514.3/520.3 represent the extracted
ion chromatogram (XIC) of the measured Q1/Q3 transitions at m/z for ALB, HAP, and COA, respectively.

total of 12 proteins24 (Table 2, Supplementary Table S1). These
12 target proteins were used in the second MRM experiment,
and their transitions are summarized in Table 2. In the 2 MRM
experiments, beta-galactosidase peptides from Escherichia coli
were included as an internal standard (Table 2).
Reproducibility of MRM Runs. The reproducibility of MRM
runs is critical in generating quantitative measurements; all
procedures, including sample handling, trypsin digestion, and
desalting should be performed under predefined conditions.
Therefore, the reproducibility of MRM measurements was
examined by performing 6 independent MRM runs using
undepleted plasma and the same preparation method. Of the
target proteins in the 2 MRM experiments, albumin and
haptoglobin beta-chain were chosen to represent highabundance proteins, and coagulation factor XI represented lowabundance proteins. The concentration of coagulation factor
XI is approximately 40 nM in blood, which is low compared
with albumin and haptoglobin.
Briefly, 6 100-µg aliquots from the same plasma sample were
denatured, reduced, and alkylated. After trypsin digestion, the
6 plasma samples were desalted independently; the sample
preparation is well described in the Materials and Methods
section. Finally, each desalted peptide mixture was reconstituted to 1 µg/µL concentration, and 1 µg was injected for each
MRM run. The transitions from serum albumin, haptoglobin
beta-chain, and coagulation factor XI were determined from 3
peptides (LVNEVTEFAK for albumin (575.4/694.4 m/z), VGYVSGWGR for haptoglobin beta-chain (490.9/562.3 m/z), and
EYTNIFLK for coagulation factor XI (514.3/520.3 m/z), respectively) using the IDA method.

The results showed that retention times for the serum
albumin (ALB), haptoglobin beta-chain (HAP), and coagulation
factor XI (COA) peptides were within standard deviations of
2.5, 2.2, and 3.2 s, respectively, and that the peak areas for the
3 transitions had standard deviations of 12, 19, and 15%,
respectively (Figure 2). These data suggested that the reproducibility of our MRM experiment was sufficient to measure the
concentrations of high-abundance (albumin and haptoglobin)
and low-abundance (coagulation factor XI) target proteins in
vitreous and plasma in the 2 MRM experiments. Subsequently,
we reduced the standard deviations of the reproducibility test
by adding the normalization procedure using the internal
standard peptide, which is described below.
Transition Determination.
IDA. Three approaches were used to determine MRM
transitions (Figure 1). In the IDA method, one enhanced MS
(EMS) scan was performed for the 12 candidate proteins from
PDR vitreous (Table 2), based on our previous LC-MS/MS data
(Supplementary Figure S1),20 according to user-determined
criteria: mass threshold above 500 cps, charge state of 2 to 4,
and no inclusion/exclusion of any particular precursor ion. The
selected precursor ions from the EMS scan were analyzed
following several dependent MS/MS scans, such as the enhanced product ion (EPI) scan. MS/MS spectra were analyzed
using the ProteinPilot program (version 2.0.1, AppliedBiosystems) and the SwissProt database (Release 54 of July 2007).
Subsequently, the MS spectrum and its corresponding MS/
MS spectrum were evaluated to select the precursor and its
fragment ions that resulted in the highest and second-highest
MS/MS intensities. The m/z value of the precursor was a Q1
Journal of Proteome Research • Vol. 9, No. 2, 2010 693
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transition, and the m/z values of its highest- and secondhighest-intensity fragment ions were Q3 transitions. The MS/
MS spectrum of the selected precursors was examined to
determine whether the fragment ions represented the highest
intensities and whether the m/z values approximated or
exceeded that of the precursor to be selected as Q3 transitions.
For example, beta-galactosidase peptides were analyzed
using ProteinPilot and the SwissProt database (Release 54 of
July 2007). The MS/MS spectrum of a peptide whose amino
acid sequence is APLDNDIGVSEATR (residues 788 to 801)
indicates that the y7 ion (719.43 m/z) and y8 ion (832.51 m/z)
can be selected as 2 Q3 transitions (Supplementary Figure S2).
Thus, all of the transitions for the 3 selected proteins were
determined using the IDA method, as summarized in Table 2.
MIDAS Workflow. The second method to determine transitions was the MIDAS workflow (AppliedBiosystems, version
1.1.0). The amino acid sequence of a target protein is inputted
to the MIDAS program, and the Q1/Q3 transitions and their
corresponding collision energies are estimated based on the
input sequence. Customizable options include types of fragment ions, post-translational modification (PTM), digestion
enzyme, length of peptide, and charge state. “Enzyme” can be
set to trypsin, for which 1 miscleavage is allowed. “Fixed
modification” can be set to methionine oxidation and carbamidomethylation. “Charge state” can be restricted from 2 to
3, and “Peptide length” can be restricted to 5-20 amino acids.
The collision energy was determined, as shown in Supplementary Table S2. The candidates of transitions that were
identified by the MIDAS program were further validated by
targeted MS/MS analysis. First, the precursor peptide that was
outputted by the MIDAS program was captured at quadrupole
part 1 (Q1) while it was fragmented at quadrupole part 2 (Q2).
Subsequently, its MS/MS analysis was performed at quadrupole
part 3 (Q3) to confirm the Q1/Q3 transition. A full analysis for
the validation of transitions consists of 1 EMS scan, followed
by 4 EPI scans. Lastly, a database search using MS/MS spectra
was performed to confirm whether the suggested transitions
originated from a target protein, for which ProteinPilot and
SwissProt database (Release 54 of July 2007) were used, as in
the IDA method.
Determining Transitions Using the PeptideAtlas Database.
The third method of determining transitions was the PeptideAtlas database (http://www.peptideatlas.org/). The MS/MS
spectrum data for target proteins were also searched for in the
PeptideAtlas database, in which the peptides that had a large
observance number were selected for a target protein. Subsequently, the MS/MS spectrum of the chosen peptides of the
target protein was examined to judge whether these fragment
ions had a sufficiently high intensity to be candidate transitions.
In this study, the transitions of TBG could not be identified
using the MIDAS workflow, because its sequence was highly
homologous to 3 proteins: kallistatin, alpha-1-antitrypsin, and
LIM and SH3 protein 1 (Supplementary Figure S4). The
PeptideAtlas database suggested that the distinct transitions
of TBG could be obtained using the build type “Human Plasma
2007-7Lametal.,”inwhichtheidentifierwas“ENSP00000329374”
(Supplementary Figure S3). Notably, the sequence alignment
of several homologues of TBG shows the uniqueness of the
transitions (Supplementary Figure S4).
Standard Curve Determination for Relative Quantitation.
We used a beta-galactosidase peptide from E. coli as the
internal standard peptide for relative measurements of each
target protein but not for absolute quantitation. One must use
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time-consuming and costly synthetic stable isotope-labeled
peptides to derive the absolute quantitation of target protein.
In this study, however, we focused on determining the differences in relative amounts of target proteins.
The beta-galactosidase peptide, which can be obtained easily
at low cost and has no sequence similarity to any human
plasma protein, serves 2 purposes: (1) 100 fmol of betagalactosidase peptide, with which each sample is spiked, acts
as an internal standard to monitor and normalize the variation
between MRM runs; and (2) although the length and chemical
properties of the beta-galactosidase peptide are not identical
to the target peptide of MRM, calculation of the target protein’s
concentration using the peptide’s standard curve can reveal
relative differences in quantitation.
A standard curve of beta-galactosidase was generated (residues 954 to 962 GDFQFNISR, for which the Q1/Q3 transitions
were 542.3/636.3 m/z) using 6 concentrations (Figure 3),
ranging from 0.5 to 100 fmol, and the correlation factor of
standard curve linearity was 0.997. In addition, we plotted a
second standard curve for low concentrations, which ranged
from 1.0 fmol to 7.0 fmol in 1.0-fmol increments; this curve
also resulted in good linearity in the low-concentration range
(R2 ) 0.993) (Supplementary Figure S5). These 2 standard curves
were used to calculate the relative quantity of target proteins at
low and high concentrations in the 2 MRM experiments.
We performed the test experiment using exogenous proteinspiked plasma to verify whether the relative quantitation using
the 2 standard curves was applicable to the target protein. EGFP
(enhanced green fluorescent protein) was selected as the
exogenous spike protein, because its sequence bears no
similarity to human plasma protein and it can be distinguished
from human plasma peptides. Purified EGFP (10, 50, 100, 250,
500, and 1000 pmol) was added to the plasma including blank
set (0 pmol), followed by in-solution digestion and desalting.
After adding the internal standard peptide (100 fmol betagalactosidase peptide), MRM was performed for the EGFP and
beta-galactosidase transitions. This pilot MRM resulted in an
R2 value of 0.998 between the input EGFP concentrations and
MRM intensities, suggesting that the relative quantitation using
the standard curves worked properly in our study (Supplementary Figure S6).
In a second test, the relative concentration of apolipoprotein
A1 in plasma was measured in serially diluted plasma samples
(1/200 to 1/1600 dilutions) using the standard curves for betagalactosidase peptide. Similarly, the dilution factor and the
measured concentrations of apolipoprotein A1 correlated well
after extrapolation onto the standard curves (Supplementary
Figure S7).
Thus, the peak areas of the transitions for the target proteins
can be extrapolated onto the standard curves of the betagalactosidase peptide to estimate the relative concentrations
of the 12 target proteins versus the standard curves.
First MRM ExperimentsVitreous Samples. Six target proteins were selected for the first MRM experiment using vitreous
samples, in which 7 transitions were used for the MRM runs
(Table 2, and Supplementary Table S1). The first MRM experiment was performed on vitreous samples from 15 MH, 15
NPDR, and 19 PDR patients. The results were analyzed using
t-TEST, interactive plots, and ROC curves within each group.
First, the peak area for each transition of the target proteins
was extracted from the spectrum of each sample and normalized to the beta-galactosidase standard. Specifically, errors in
peak detection can occur between runs, so the peak area of
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Figure 3. Standard curve using a beta-galactosidase peptide internal standard. MRM runs were performed using an internal standard
peptide (GDFQFNISR) of beta-galactosidase at the Q1/Q3 transition of 542.3/636.3 m/z (XIC:542.3/636.3), with which the standard curve
was drawn. The collision energy to generate the proper fragment ions was determined according to the rolling collision energy
(Supplementary Table S2). Six MRM runs were performed at 6 concentrations of the peptide (0.5, 1, 5, 10, 50, 100 fmole). Consequently,
the 6 peaks of the Q1/Q3 transitions at 542.3/636.3 m/z were extracted to the XIC (542.3/636.3), in the shaded areas, so that they could
be plotted onto the standard curve. The curve resulted in a linearity of R2 ) 0.997. The standard curve at the low concentrations is in
Supplementary Figure S5.

Figure 4. Normalization of the peak areas of transitions using the standard peptide in NPDR vitreous samples. (A) Blue and red circles
represent 2 Q1/Q3 transitions (542.3/489.3 and 542.3/636.3 m/z, respectively) of the beta-galactosidase standard peptide (residues
954-962, GDFQFNISR). The shaded bars represent the peak areas of the transition of hepatocyte growth factor activator (HGFA) (682.8/
703.3 m/z) in 15 NPDR vitreous samples. IS (542.3/489.3 m/z) and St (542.3/636.3 m/z) on the left vertical axes represent the intensities
of 2 Q1/Q3 transitions, respectively, while the peak area (HGFA) on the right vertical axis indicates the intensities of HGFA transitions.
The sample numbers on the horizontal axis represent 15 runs using NPDR vitreous samples. (B) Intensities of IS (542.3/489.3 m/z) and
HGFA (682.8/703.3 m/z) were normalized versus the intensity of St (542.3/636.3 m/z). The relative values against the internal standard
St (542.3/636.3 m/z) are drawn as circles and bars, respectively. The peak ratio of IS (542.3/489.3 m/z) versus St (542.3/636.3 m/z) is
shown on the left vertical axis, and that of St versus St is designated as 1.0 on the same axis. The ratios of HGFA versus St on the right
vertical axis are indicated for each vitreous sample as bars. The intensity variation shown in (A) was reduced in (B) after normalization.

each transition was divided against that of spiked 100 fmol
beta-galactosidase peptide to normalize variations between
MRM runs, as shown in Figure 4.
The normalized peak areas of transitions were compared for
PDR versus MH and NPDR versus MH. The interactive plot and
ROC curve for the concentration of each target protein, which
was represented by the peak area of the transition, were drawn.
Interactive plots of each target protein were extrapolated versus

the standard peptide with regard to relative concentration,
sensitivity, and specificity. The ROC curve resulted in the area
under the curve (AUC).
Thyroxine-binding globulin (TBG), kallistatin (KAL), hepatocyte growth factor activator (HGFA), von Willebrand factor
(vWF), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) increased in both PDR versus MH and NPDR versus MH
(Figures 5 and 6). Gamma glutamyl hydrolase (gGH) increased
Journal of Proteome Research • Vol. 9, No. 2, 2010 695
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Figure 5. ROC curves and interactive plots of MRM in PDR versus MH vitreous. vMH and vPDR represent MH vitreous and PDR vitreous,
respectively. In the ROC curve, the solid line indicates the corresponding value in sensitivity and 100-specificity. In the interactive plot,
the Y-axis represents the normalized concentration of the target protein against the standard curve of the beta-galactosidase standard
peptide. The sensitivity and specificity at the cutoff concentration are indicated on the right side of the interactive plot. Group 0 represents
MH, and Group 1 indicates PDR vitreous.

in PDR versus MH (Figure 5) but decreased in NPDR versus
MH (Figure 6).
The 5 preferentially increased proteins in NPDR and PDR
samples were verified as DR-specific biomarker candidates in
vitreous samples. These results appear to be reasonable,
because the target proteins in the first MRM experiment are
the candidate proteins from PDR vitreous (Groups A, B, and C
in the Venn diagram, Supplementary Figure S1). All AUC values
for the 6 target proteins are shown in Supplementary Figure
S11.
Second MRM ExperimentsPlasma Samples. Vitreous samples
can be obtained only by biopsy, so vitreous can not be used
easily for diagnosis or protein concentration measurements.
Thus, we performed an MRM assay for the 12 target proteins
(including the 6 target proteins in the first MRM experiment)
using plasma samples (Table 2).24
The expression patterns of target proteins in the plasma set
(Supplementary Figures S8 and S9) differed from those in the
vitreous samples (Figures 5 and 6). In plasma, the concentrations of most proteins increased slightly or were not considerably different in PDR compared with MH (Supplementary
Figure S8). In contrast, TBG, GAPDH, and KAL increased in
NPDR relative to MH, whereas coagulation factor IX (COA),
haptoglobin (HAP), peroxiredoxin 2 (PRX2), and vWF decreased
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(Supplementary Figure S9). All AUC values for the 12 target
proteins are shown in Supplementary Figure S12.
Western Blot Verification for Biomarker Candidates in
Plasma. In particular, the expression of TBG in vitreous and
plasma was upregulated significantly in PDR and NPDR
patients versus the MH group. Thus, we hypothesized that TBG
is a biomarker candidate that can distinguish PDR and NPDR
from nondiabetic controls. The AUC values of TBG in vitreous
and plasma samples were nearly 1.0 in PDR and NPDR versus
MH, which suggested excellent specificity and sensitivity
(Supplementary Figure S10). To confirm TBG as a viable
biomarker candidate, we performed further verification by
Western blot using plasma samples. Especially, for thyroxinebinding globulin (TBG), 16 normal healthy control plasma
samples (Control), 16 type 2 diabetic mellitus without DR (DM)
plasma samples, and 16 NPDR plasma samples were assayed
by Western blot. Consequently, we observed significant differential expression of TBG between the Control, DM, and
NPDR groups (Figure 7). The Control group expressed the
lowest levels of TBG in plasma. In contrast, the DM and NPDR
groups expressed significantly higher levels of TBG compared
with the Control using t-TEST (p-values ) 0.0365 and 0.0273,
respectively). These results indicate that TBG increases significantly during DM and NPDR, both representative of the
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Figure 6. ROC curves and interactive plots of MRM in NPDR versus MH vitreous. vMH and vNPDR represent MH vitreous and NPDR
vitreous, respectively. Group 0 represents MH, and Group 1 indicates NPDR vitreous. If the concentration of the target protein decreased
compared with MH (for example, gamma glutamyl hydrolase), the ROC curve was inversely plotted (vMH versus vNPDR). The other
details are the same as Figure 5.

Figure 7. Verification of thyroxine-binding globulin by Western blot. (A) Sixteen healthy normal (Control), 16 type 2 diabetes mellitus
without DR (DM), and 16 NPDR plasma samples were used for further verification by Western blot with anti-TBG. The primary antibody
was used at 1:1000, and the secondary antibody was used at 1:5000. The band intensity was measured by densitometry, as described
in Materials and Methods. (B) White, shaded, and black bars indicate the averaged normalized intensities of the Western blot bands
for Control, DM, and NPDR plasma samples, respectively. The error bars represent the standard errors of measurements and p-values.

diabetic state, suggesting that TBG is an indicator of DM rather
than DR whose function should be investigated in functional
cellular or animal model studies.
In addition, Western blot for 7 proteins (COA, PRX2, KAL,
GAPDH, HAP, MYOC and vWF) was performed in the 3 groups

(MH, PDR, and NPDR), wherein each group comprised 10 male
and 10 female plasma samples. The quality of anti-vWF
antibody was inadequate to calculate its band intensity; thus,
the six proteins (COA, PRX2, KAL, GAPDH, HAP, and MYOC)
were verified by Western blot (Supplementary Figure S13). The
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differential expression in the Western blots for the five proteins
(COA, KAL, GAPDH, HAP, and MYOC) was similar to the MRM
assay results for PDR versus MH in plasma (Supplementary
Figure S8). In contrast, the Western blots for PRX2, KAL, and
MYOC showed differential expression patterns that were similar
to the MRM assay results for NPDR versus MH plasma, and
COA, GAPDH, and HAP showed the opposite patterns (Supplementary Figure S9). Statistical analysis for the Western blots
of the 6 proteins was performed using ANOVA. Notably, PRX2,
KAL, and MYOC differed significantly between the MH, PDR,
and NPDR groups (p-values of 0.0035, 0.025, and 0.004,
respectively), whereas differential COA, GAPDH, and HAP
expression was not significant between the MH, PDR, and
NPDR groups (p-value of 0.33, 0.86 and 0.26, respectively).

Discussion
MRM is a well-established method to quantitate small
molecules in human body fluids for pharmaceutical research,
whereas MRM methods in quantitative proteomics are being
developed. MRM in clinical proteomics has several advantages
versus antibody-based assays: no need for antibody, multiplexing capability for target proteins, capability of high-throughput
analysis, and lower cost per assay.
Yet, there are several major hurdles to overcome for MRM
to acquire these properties in quantitative proteomics. There
is a sensitivity issue, wherein the detection of low-abundance
proteins in the pg/mL-ng/mL range is not routinely attainable
in blood with current MRM techniques without extensive
enrichment, even if ELISA detection limits can reach the
concentration of biomarkers.2 Currently, MS technology is
generating new innovations including SISCAPA, which detects
low-abundance proteins in blood.25,26
Another major consideration is the need to synthesize
isotope-labeled prototypic peptides for target proteins. In this
report, we performed MRM without synthesizing an isotopelabeled target peptide to verify biomarker candidates in large
clinical samples. Instead, we performed MRM by relative
quantitation using bacterial beta-galactosidase peptide as an
internal standard. Thus, relative MRM can be an efficient
alternative for biomarker verification with regard to reducing
cost and time.
DR occurs in 75% of diabetics with a disease history of more
than 15 years. It begins as NPDR and progresses to PDR, during
which diabetic complications eventually lead to adult blindness.27 The best treatment for DR in diabetic patients is early
diagnosis at the NPDR stage by ophthalmological evaluation,
because there is no specific drug to cure DR. Even if the final
diagnosis of NPDR is confirmed by ophthalmological examination, early diagnostic biomarkers in the blood will be beneficial
in monitoring the occurrence of NPDR during routine examination of blood glucose in diabetic patients, especially in
underdeveloped countries, where the majority of diabetic
patients do not have easy access to the ophthalmology clinic.
In these regards, the ultimate goal for our DR research is to
develop NPDR biomarkers in blood to differentiate NPDR from
DM (diabetes without DR) patients. In this report, one of our
primary aims was to verify several NPDR biomarker candidates
in NPDR versus controls (nondiabetic controls or MH) using
MRM. In an upcoming study, these candidates will be further
verified in NPDR versus DM plasma to confirm bona fide NPDR
biomarkers.
The MRM assay of NPDR versus MH plasma verified several
biomarker candidates (TBG, KAL, vWF, GAPDH, COA, PRX2,
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and HAP) with an AUC > 0.75 (Supplementary Figure S12).
Western blot of NPDR versus MH plasma (Control in Western
blots of TBG) also revealed verified biomarker candidates (TBG,
PRX2, KAL, and MYOC) (p-value < 0.05) (Figure 7 and Supplementary Figure S13).
Notably, 3 proteins (TBG, PRX2, and KAL), with an AUC >
0.75 by MRM, were verified again by Western blot, but GAPDH,
COA, and HAP, with an AUC > 0.75 by MRM, were not
(Supplementary Figure S13). This disparity might be due to
several possibilities, including the different elements in the 2
assays, nonspecificity of the antibody, protein isoforms, and
protein modifications; an investigation of these mechanisms,
however, is beyond the scope of this study.
Western blot of NPDR versus MH plasma (or Control)
verified TBG, PRX2, KAL, and MYOC as biomarker candidates
(p-value < 0.05) (Figure 7 and Supplementary Figure S13). TBG
increased in NPDR and PDR versus MH plasma by MRM, and
TBG increased in NPDR and DM versus control plasma by
Western blot, which implies that TBG levels rise in diabetic
patients versus healthy subjects. Lapko et al. reported that the
levels of N-acetyl lactose amine type TBG and fucosylated TBG
increased in adolescent patients with type I diabetes mellitus,
measuring levels using concanavalin A-Sepharose and lentilSepharose columns.28
In contrast, the target TBG in our MRM and Western blot
assays was total TBG (nonglycosylated forms plus all glycosylated forms), wherein total TBG levels increased in NPDR and
DM patients versus Control. Therefore, we would like to
investigate whether TBG can be developed into another
diabetic biomarker, such as HbAc1, which has been used in
clinical diagnosis to measure the 3-month effect of blood
glucose levels.
PRX2 is an isoform in the peroxiredoxin family of antioxidant
enzymes, which reduce hydrogen peroxide and alkyl hydroperoxides. Another isoform, PRX1, increases during PDR.23 In
this study, both MRM and Western blot showed that PRX2
decreased in NPDR versus MH plasma.
KAL is an avascular tissue-derived inhibitor that maintains
the avascular status of the vitreous body. It has been reported
that KAL levels decrease in the vitreous of diabetic patients and
in the retina of STZ-diabetic rats.29,30 In contrast, KAL expression increased in NPDR versus MH plasma by Western blot.
MYOC is trabecular meshwork glucocorticoid-inducible
response protein that is secreted into the aqueous humor of
the eye. Decreased secretion and increased accumulation of
MYOC in the eye appear to constitute the initial steps of
myocilin-associated glaucoma. Recently, MYOC was reported
to modulate Wnt signaling, which regulates cell proliferation.31,32
In our study, MYOC levels increased in NPDR versus MH
plasma by Western blot, but MRM did not differentiate MYOC
expression in NPDR versus MH plasma.

Conclusion
DR is a diabetic complication that deteriorates vision in
human adults. This study is the first application of MRM to
DR biomarker candidate verification that evaluated a large
collection of human clinical samples, introducing a novel
method to identify biomarker candidates: proteomic profiling
using pooled clinical samples followed by verification with
MRM and Western blot for many individual vitreous and
plasma samples. Using beta-galactosidase peptide as an internal standard without synthetic stable isotope-labeled versions
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of this peptide, relative quantitation was performed efficiently,
rendering this pipeline adaptable to discovery of other
biomarkers.
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