
S

T
a

J
J
a

b

a

A
R
A
A

K
S
O
C
M
S

1

b
c
c
d
o
m
p
t
i
g
d
S
[
m
a
R

I
4

1
d

Journal of Chromatography B, 878 (2010) 700–704

Contents lists available at ScienceDirect

Journal of Chromatography B

journa l homepage: www.e lsev ier .com/ locate /chromb

hort communication

argeted quantitative analysis of superoxide dismutase 1 in cisplatin-sensitive
nd cisplatin-resistant human ovarian cancer cells

ong Won Kima, Bei Niea, Heather Sahma, Dawn P.G. Browna, Tony Tegelerb,
in-Sam Youb, Mu Wanga,b,∗

Department of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, IN 46202, USA
Monarch LifeSciences, LLC., Indianapolis, IN 46202, USA

r t i c l e i n f o

rticle history:
eceived 1 September 2009
ccepted 11 January 2010
vailable online 18 January 2010

eywords:

a b s t r a c t

Protein quantification in a complex protein mixture presents a daunting task in biochemical analysis.
Antibody-based immunoassays are traditional methods for protein quantification. However, there are
issues associated with accuracy and specificity in these assays, especially when the changes are small
(e.g., <2-fold). With recent developments in mass spectrometry, monitoring a selected peptide, thus
protein, in a complex biological sample has become possible. In this study, we demonstrate a simple
uperoxide dismutase 1
varian cancer
isplatin drug resistance
ass spectrometry

elected-reaction-monitoring

mass spectrometry-based method for selective measurement of a moderately low abundant protein,
superoxide dismutase 1 (SOD1), in cisplatin-sensitive and cisplatin-resistant human ovarian cancer cells.
Selected-reaction-monitoring (SRM) technology was employed to specifically analyze the target peptides
in a pair of human ovarian cancer cell lines: 2008/2008-C13*5.25 (cisplatin-sensitive/cisplatin-resistant,
respectively). The observed 1.47-fold higher expression in the resistant cell line is consistent with findings
by other approaches. This robust liquid chromatography/mass spectrometry (LC/MS) method provides a

prot
powerful tool for targeted

. Introduction

Ovarian cancer ranks first among gynecological cancers in num-
er of deaths, but its cause remains unknown [1]. While surgery is
urrently the intervention of choice, chemotherapy has progressed
onsiderably during the last decade [2], including a platinum-based
rug treatment [3–5]. However, drug resistance has become one
f the major obstacles to the successful chemotherapeutic treat-
ent of human cancers [4]. A recent study [6] and other previously

ublished reports [7,8] have elucidated that superoxide dismu-
ase 1 (SOD1, SwissProt number – P00441) plays a pivotal role
n the defense of cells against the toxic effects of reactive oxy-
en species (ROS), such as superoxide radicals, which are generated
uring cancer drug treatment. It therefore has been suggested that
OD1 suppresses apoptosis in cultured human ovarian cell lines

9,10]. It has been demonstrated that platinum-based drug treat-

ent increases the level of ROS in cancer cells [11]. Thus SOD1,
s an antioxidant, protects the cells from apoptosis by scavenging
OS in the cellular system. Therefore, quantitative measurement
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eomic verification and/or validation studies.
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of SOD1 in cancer cells would help in understanding the potential
mechanisms of drug resistance at the molecular level.

Traditionally, antibody-based methods such as western blotting
are used for relative quantitative measurements [12]. However,
these methods are often not capable of measuring small changes in
protein expression (e.g., <2-fold). In addition, development of a spe-
cific antibody for a particular protein of interest could be tedious
and labor intensive. Therefore, seeking an alternative method to
quantitatively compare the protein expression levels under differ-
ent biological conditions has become a critically important part of
technological innovations in biomarker discovery and validation.

Tandem mass spectrometry (MS/MS) combined with liquid
chromatography provides an excellent opportunity for quantitative
analysis of proteins in complex biological systems, even though it
is still considered one of the most challenging tasks in proteomics
[13]. Due to limitations in technology, low abundant proteins or
peptides are still often not detectable by mass spectrometry [13].
Recently, more sensitive and selective SRM technology has gradu-
ally increased in popularity as a way to specifically detect target
peptides from a complex biological mixture based on mass-to-

charge ratio of a precursor ion and its collision-induced MS/MS
pattern [14,15]. This approach allows for the analysis of a particu-
lar peptide in a complex peptide mixture. Its high sensitivity and
selectivity give this method great potential for becoming a power-
ful tool for quantitative protein and peptide analysis, avoiding the

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:muwang@indiana.edu
dx.doi.org/10.1016/j.jchromb.2010.01.013
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ig. 1. Tandem mass spectrum of the peptide 11GDGPVQGIINFEQK24 for SOD1. Th
eptide. The best SRM transitions for this peptide were chosen: (SOD1 A) m/z 751.3
precursor ion, M + 2H+) → m/z 778.4 Th (product ion, M + H+), and (SOD1 C) m/z 75

edious process of developing antibodies to novel targets [14,15].
n the present work, we demonstrate an SRM-based assay for accu-
ately measuring the relative quantities of SOD1 under different
iological conditions.

. Experimental

.1. Chemicals and reagents
Urea (99.5%), dithiothreitol (DTT), iodoacetamide, acetoni-
rile, and ammonium bicarbonate were all purchased from
igma–Aldrich (St. Louis, MO). Modified trypsin was purchased
rom Promega (Madison, WI). Heat-inactivated Fetal Bovine Serum

ig. 2. Total ion chromatogram (TIC, top of left panel) and extracted ion chromatogr
11GDGPVQGIINFEQK24). Right panel shows product ions of the three SRM transitions.
6, and y8 product ions give the strongest signals among the product ions for this
recursor ion, M + 2H+) → m/z 665.5 Th (product ion, M + H+), (SOD1 B) m/z 751.3 Th
(precursor ion, M + 2H+) → m/z 948.5 Th (product ion, M + H+).

Premium was purchased from Atlanta Biologicals (Lawrenceville,
GA).

2.2. Cell culture

A pair of human ovarian cancer lines, 2008 (cisplatin-sensitive)
and 2008-C13*5.25 (cisplatin-resistant), were used in this study.
They were obtained from Dr. Stephen B. Howell of University of

California-San Diego, La Jolla, CA [16–19]. All cell lines were handled
under identical conditions and maintained at 37 ◦C in a humidified
incubator containing 5% CO2 in RPMI-1640 media supplemented
with 15% fetal bovine serum. Upon 80% confluence, cells (1 × 107)
were detached from the plates by trypsinization, washed three

am (XIC, bottom three of left panel) traces for three SRM transitions of SOD1
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ig. 3. Relative fold-changes for the external standard — chicken lysozyme (CL)
64NTDGSTDYGILQINSR79), internal standard — 40S ribosomal protein S12 (S12)
85LGEWVGLCK93), and SOD1 (11GDGPVQGIINFEQK24).

imes with 5 mL of ice-cold PBS buffer and stored at −80 ◦C for
uture use.

.3. Sample preparation

Frozen cells were thawed and homogenized using 100 �L of
reshly made lysis buffer (8 M urea, 10 mM DTT). Protein concen-
rations were determined by the Bradford Protein Assay (Bio-Rad)
20]. The same lysis buffer was used for the background reference of
he protein assay and for the buffer of the protein standards (bovine
erum albumin). Resulting cell lysates (100 �g) supplemented with
.5 �g of chicken lysozyme were reduced and alkylated by 10 mM
TT and 55 mM iodoacetamide, and then digested by trypsin (1:50
olar ratio). The resulting solutions were filtered through Dura-

ore PVDF 0.45 �m centrifugal tubes (Millipore, Billerica, MA)
efore mass spectrometric measurements.

.4. Mass spectrometric analysis

All mass spectrometric analyses were performed on a
hermo-Fisher Scientific LTQ linear ion-trap mass spectrometer
Thermo-Fisher Scientific, Waltham, MA) interfaced with an HPLC
ystem containing a binary pump and thermostated autosampler.
iquid chromatography (LC) was performed on an X-BridgeTM C18
olumn (Waters, 2.1 × 50 mm). Peptides were eluted with a linear
radient from 5% to 25% acetonitrile developed over 50 min at a flow
ate of 200 �L/min, and effluent was electro-sprayed into the LTQ
ass spectrometer. The source lenses were set by maximizing the

on current for the M + 2H+ charge state of angiotensin. Chromato-
raphic data acquisition, peak integration and quantification were
arried out using Xcalibur 2.0 package from Thermo-Fisher Scien-
ific. Three SRM transitions for SOD1 were monitored: (SOD1 A) m/z
51.3 (M + 2H+) → m/z 665.5, (SOD1 B) m/z 751.3 (M + 2H+) → m/z
78.5, and (SOD1 C) m/z 751.3 (M + 2H+) → m/z 948.5. We also
onitored two transitions for a selected internal standard (40S

ibosomal protein S12): m/z 524.24 (M + 2H+) → m/z 878.44 and m/z
24.24 (M + 2H+) → m/z 935.47. Additionally, we monitored three
ransitions for a spiked external standard (chicken lysozyme): m/z
77.5 (M + 2H+) → m/z 730.4, m/z 877.5 (M + 2H+) → m/z 900.5 and
/z 877.5 (M + 2H+) → m/z 1063.5.
.5. Post-column infusion

Post-column infusion (PCI) experiments were performed by
onnecting a tee union after the column to allow a 5 �L/min syringe
ump infusion of a 0.1 nM and 0.5 nM SOD1 standard peptide
. B 878 (2010) 700–704

(GDGPVQGIINFEQK), respectively, into the mobile phase stream.
Injections of cell extracts, mixture of cell extracts and SOD1 stan-
dard peptide, and SOD1 standard peptide alone were scheduled
while monitoring SOD1 target peptide by MS/MS.

3. Results and discussion

It is critically important to pay special attention to sample prepa-
ration in quantitative protein analysis since multiple biases could
be introduced from both technical and biological sources [21,22].
In this study, all samples were handled under identical procedures
and under identical conditions. The protein concentrations were
measured by Bradford assay (Bio-Rad), whereas peptide concen-
trations from each sample were determined by Bicinchoninic Acid
(BCA) assay (Thermo-Fisher Scientific). Typically, the measured
protein concentrations are in the range of 2–4 mg/mL under the
experimental conditions used in this study. All samples were nor-
malized to 1 mg/mL using the same lysis buffer (8 M urea, 10 mM
DTT) before HPLC injection.

3.1. SRM transition development

Because of the issues of peptide co-elution in liquid chromatog-
raphy and the broad protein dynamic ranges in whole cell lysates,
identification and quantification of low abundant proteins become
experimentally prohibitive in global proteomic studies [23,24].
A more sensitive and selective SRM-based targeted proteomic
strategy provides an outstanding platform for characterization
of target molecules [15]. For SRM transition development, three
major parameters need to be taken into account: (1) matching
to theoretical value; (2) optimal signal intensity; and (3) free
of contamination from other interference transitions. Although
in silico predictions of the SRM transitions can be accomplished,
high quality SRM transitions observed from actual experiment
are desired for quantitative measurements. A global proteomic
study using the same cell lines has been previously performed
[6], so we selected several potential SOD1-specific peptides that
were experimentally observed in this global study. To confirm
these peptides, we repeated a global proteomic analysis using a
smaller sample size (n = 2) per condition. A unique SOD1 peptide
11GDGPVQGIINFEQK24 was consistently observed in every previ-
ous [6] and current MS run. Fig. 1 shows the MS/MS spectra of this
target peptide, confirming the correct peptide identification and
rationale for SRM transition selection. A total ion chromatogram
(TIC) for all chosen SRM transitions and an extracted ion chro-
matogram (XIC) for three individual transitions are shown in Fig. 2.
In both TIC and XIC, we found no other interfering signals. Theoret-
ically, three individual transitions would give a very similar result
when comparing the same protein from two cell lines. As shown
in Fig. 2, the same trend and quantity from each transition was
observed.

During the SRM experiments, we used X-BridgeTM C18 col-
umn (Waters, 2.1 × 50 mm, 2.5 �m) to get better resolution instead
of Zorbax 300SB-C18 (Agilent, 1.0 × 150 mm, 3.5 �m). We tried
to use various flow rates and lower ionization voltage to reduce
signal suppression effects; however, very little improvement was
observed in this regard, and we therefore used 200 �L/min flow
rate and 4 kV voltage in both global and SRM experiments.

3.2. Specificity of the SRM transitions
Due to isotope peaks and possible mass shifts, a broad mass
range was set for transition collection in order to reduce the pos-
sibility of mis-detection. We used an m/z range of 3.0 Th for each
precursor and product ion, respectively. During the entire sample
run, isotope peaks were observed in the selected m/z windows,
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ig. 4. Post-column infusion (PCI) experiments for the assessment of the matrix effe

hich indicate the accuracy of the measurements. In this study,
nterfering background was not detected, implicating the purity of
ach SRM transition. A simple one-dimensional liquid chromato-
raphic peptide separation approach was applied to quantitatively
onitor SOD1 peptides from each ovarian cancer cell line. For more

omplex samples and transitions that may be interfered with by
ther transitions and/or contaminants (e.g., post-translationally
odified species of other peptides with the same precursor ions

nd product ions), a multi-dimensional separation and/or affinity-
ased enrichment step may be required for selective monitoring of
efined SRM transitions.

.3. Quantitation of the target peptides

Peptide abundance was calculated from the measured ion cur-
ent that is linear over a dynamic range of greater than five orders
f magnitude on the LTQ. The relative quantification was obtained

rom chromatographic data since the integrated ion current is pro-
ortional to the peptide concentration under identical conditions.
ll chromatographic acquisition, smoothing, and peak integra-

ion were performed using the Xcalibur 2.0 software package. The
bserved shift of retention time in an entire sample group was less

ig. 5. Stability and reproducibility assessment of SRM measurements. Residual errors
ysozyme. Individual error of less than 5% was observed in each sample, indicating reliab
) 0.5 nM SOD1 target peptide (GDGPVQGIINFEQK); (B) 0.1 nM of the same peptide.

than 30 s. It was therefore not necessary for chromatographic align-
ment. Fig. 3 illustrates the relative fold-change in concentrations
of the spiked external standard (chicken lysozyme), the internal
standard (40S ribosomal protein S12), and SOD1. As expected, both
standards maintain a constant ratio of 1 between sensitive and
resistant sample groups, while SOD1 had 1.47-fold higher expres-
sion in the resistant cell line. These quality assurance (QA) and
quality control (QC) procedures assure a high level of confidence
in our quantification studies.

3.4. Internal and external standards

In addition to an external standard (ES) of chicken lyzosome, an
internal standard (IS) was intentionally employed to ensure that the
difference in measured SOD1 levels was not due to artifacts (e.g.,
biased sample loading). A unique peptide (85LGEWVGLCK93) from
40S ribosomal protein S12 was quantitatively monitored simulta-

neously during the SRM measurement of SOD1. We calculated the
relative amounts of IS peptide based on two individual transitions:
m/z 524.24 Th (precursor ion, M + 2H+) → m/z 878.44 Th (prod-
uct ion, M + H+) and m/z 524.24 Th (precursor ion, M + 2H+) → m/z
935.47 Th (product ion, M + H+), which should be constant in both

for the quantitation of three transitions of the spiked external standard, chicken
le sample handling and reproducible SRM measurements.
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ell lines as we observed in our previous global proteomic study [6].
n Fig. 3, an increasing amount of SOD1 is shown in the resistant
ell line; while, both the IS (1.011) and the ES (0.999) remain con-
tant, indicating that the significant change we observed in SOD1
oncentration is not due to technical variations but to the acquired
rug resistance.

.5. Matrix effects

To assess the matrix effects and ion-suppression that could
otentially affect the results of the study, post-column infusion
PCI) experiments were performed. SOD1 target peptide signal
rom PCI after injections of cell extracts showed no significant sup-
ression or interference at the expected retention time of the SOD1
arget peptide peak (Fig. 4).

.6. Limit of detection (LOD)

To determine the LOD for each transition of SOD1 (SOD1 A,
OD1 B and SOD1 C), an SOD1 target peptide (GDGPVQGIINFEQK)
as serially diluted from 125 pmol/�L until peptide signal faded

way (which is at 1.25 pmol/�L). We then evaluated 10 injections of
.25 pmol/�L mixture of SOD1 peptide (GDGPVQGIINFEQK) spiked

n albumin-depleted human plasma and 10 injections of human
lasma alone, respectively. The mean signal of these injections and
heir standard deviations (SD) were calculated for determination of
he LOD, which was calculated as the concentration corresponding
o response based on the following equation:

LOD = blank mean + z(SD blank) + z(SD spike), where z =
as in 2 SD

This value was considered the minimum response that could
e distinguished from zero at 95% confidence. The LOD for each
ransition of SOD1 (SOD1 A, SOD1 B and SOD1 C) were 0.47, 0.30
nd 1.70 pmol/�L, respectively.

.7. Stability and reproducibility of the assay

To determine the stability and reproducibility of SRM scanning
f target peptides from a highly complex biological sample, spiked
xternal standard peptide of chicken lysozyme (precursor ion m/z
77.5) was monitored. As shown in Fig. 5, residual errors of the
hree SRM transitions are less than 5%, indicating reliable sam-
le handling and reproducible MS measurements. Furthermore,
hen the same strategy was used to analyze each transition of

OD1 (SOD1 A, SOD1 B, and SOD1 C), p < 0.001 was observed (data

ot shown). This suggests that the observed fold-change in SOD1
xpression between sensitive and resistant cell lines is statisti-
ally significant. When SRM transitions for the ES and IS were
ompared between the two cell lines, there were no significant
ifferences.

[
[
[
[

[

. B 878 (2010) 700–704

4. Conclusion

We present here a mass spectrometry-based method for deter-
mination of a targeted protein expression in a complex biological
sample under different physiologic conditions. This strategy has
gradually become platform-of-choice in quantitation of a selected
protein of interest. The same strategy could also be applied to the
validation of clinically useful biomarkers. The advantage of this
method relies on its specificity, throughput, and assay development
time (normally 3–6 months). The innovative approach of ruling-in
and ruling-out candidate biomarkers using this method is more
efficient than reagent-based methods. Utilization of this method
can also be expanded to monitor a panel of biomarkers in a multi-
plexed fashion.
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