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ABSTRACT 

Identification and quantification of low abundance growth factors and regulators in complex biological samples still 
present a challenging task in analytical biochemistry. Immunoassays are often used for such purpose but immunoassays 
face limitation of both availability and qualities of antibody reagents that are necessary for development of immune 
assays. With genomics data base available, mass spectrometry (MS) can analyze protein tryptic peptides directly for 
quantitative determination of proteins. In this study, we report a method for detection of matrix metalloproteinase 1 
(MMP1), an important extracellular matrix modulator, in human breast cancer cells by quadrupole time-of-flight 
(Q-TOF) MS. Absolute quantification of MMP1 was conducted using the selected reaction monitoring (SRM) on a tri-
ple quadrupole (Triple-Quad) MS via transitions selected from MMP1 tryptic peptides using non isotope labeled MMP1 
protein as a titration standard. In comparison with immune based assay, this MS method showed picogram level sensi-
tivity for quantitative determination of MMP1 in total cell lysates. Our results demonstrated the feasibility of absolute 
quantification of low abundance proteins using label-free protein standard by mass spectrometry. Therefore, this 
method provides not only advantages of high sensitivity but also cost saving in comparison with the commonly used 
mass spectrometry that currently employs isotype labeled proteins for quantitative analysis. 
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1. Introduction 

Liquid chromatography-tandem mass spectrometry (LC- 
MS/MS) has been widely used for protein analysis, 
ranging from protein expression profiling to specific 
post-translational modifications. However, quantitative 
detection of low abundance proteins in complex biolo- 
gical samples is still difficult and often requires multiple 
enrichment steps before analysis using mass spectrome- 
try (MS). To increase sensitivity of MS analysis, a quad- 
rupole time-of-flight (Q-TOF) MS [1] has been used for 
shotgun analysis of complex biological samples. In re- 
cent years, a more sensitive and selective approach 
named selected reaction monitoring (SRM), also called 
multiple reaction monitoring (MRM), has become in- 
creasingly popular in targeted and quantitative proteomics 
studies [2]. Triple quadrupole (Triple-Quad) mass ana- 

lyzer enables targeting specific proteins of interest from a 
complex biological mixture based on precursor ions 
(charged peptide) and collision-induced product ions 
(fragmented peptide), and the SRM method provides 
both high sensitivity and selectivity for quantitative analy- 
sis of low abundance proteins in complex biological sam- 
ples [3-5]. 

Matrix metalloproteinases (MMPs) are a family of 
zinc-dependent endopeptidases that modulate extrace- 
llular matrix proteins as well as activate or process pro- 
tein receptors and regulators [6]. MMPs have been 
strongly implicated in multiple stages of cancer pro- 
gression and promoting invasive and metastatic proper- 
ties. Our recent studies suggest that MMPs in the tumor 
microenvironment may compromise the efficacy of the- 
rapeutic antibodies by proteolytic cleavage of antibody 
hinge region which results in the loss of Fc-mediated 
function such as antibody dependent cell mediated cyto- 
toxicity (ADCC) [7]. Therefore, analysis of MMP expre- 
ssion in tumor samples is important for understanding  
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their roles in cancer progression. Commonly used meth-
ods for studying MMP protein expression include im-
munoassays and zymograms using unnatural protease 
substrate for detection of proteolytic activities after 
separation on gel electrophoresis. LC-MS/MS detection 
method can provide high sensitivity for identification of 
specific proteins based on their amino acid sequences 
and SRM-MS can provide absolute quantitation through 
a purified protein standard. As expression levels of 
MMPs are generally in the nanogram to picogram (ng- 
pg)/μg of cellular protein [8], method for detection of 
such low abundance of proteins by MS in complex bio- 
logical samples is not well established. In the present 
work, we report a new mass spectrometry based method 
for identification and absolute quantification of a low 
abundance protein (MMP1) in cancer cell lysates using 
label free protein as standard and the method should ap- 
plicable to detection of other low abundance proteins in 
complex biological samples.  

2. Material and Method 

2.1. Chemicals and Reagents 

Urea (99.5%), dithiothreitol (DTT), iodoacetamide, ace- 
tonitrile, and ammonium bicarbonate were from Sigma- 
Aldrich (St. Louis, MO). Tris (2-carboxyethyl) pho- 
sphine (TECP) 0.5 M solution was from Thermo Scien-
tific (Rockford, IL). Bradford Protein Assay Kit was 
from Bio-Rad (Hercules, CA). TPCK (L-1-tosyla- 
mido-2-phenylethyl chloromethyl ketone) treated trypsin 
was from AB SCIEX (Foster City, CA). Strong cation 
exchange (SCX) column-ICAT® and buffer kit were 
from Applied Biosystems (Foster City, CA). Oasis HLB 
1ml (10 mg) reverse phase cartridges were from Waters 
(Milford, MA). Stable isotope labeled peptides were 
synthesized by JPT (Berlin, Germany). Recombinant 
human MMP-1 (produced in murine myeloma cell line) 
was from R&D Systems (Minneapolis, MN). Breast 
cancer cells lines SKBR3 and MCF-7 were obtained 
from American Type Culture Collection (ATCC).  

2.2. Sample Preparation  

Breast cancer cells SKBR3 and MCF-7 were cultured in 
RPMI media at 37˚C incubator, 5% CO2 as recom- 
mended by ATCC and cell extracts were prepared as 
previously reported [7]. Briefly, breast cancer cells were 
cultured to 80% - 90% confluency and cell lysates were 
made with RIPA buffer with EDTA (Boston BioProducts, 
Ashland, MA) plus protease inhibitor cocktail (EMD 
Millipore, Billerica, MA). Total lysate proteins were 
measured by Bradford protein assay kit according to 
manufacturer’s suggestion. One hundred microgram (100  

µg) of cell lysate was dried in a SpeedVac concentrator 
(Thermo Electron Corporation Pty. Ltd., Elandsfontein, 
South Africa) to total dryness and reconstituted in 40 µl 
freshly prepared 8M Urea in 150 mM Tris-HCl, pH 8.5. 
The denatured lysate proteins were reduced by 5 mM 
TCEP (15 minutes at room temperature) and subse- 
quently alkylated using 10 mM iodoacetamide for 30 
minutes at room temperature in the dark. Then 240 μL of 
150 mM Tris-HCl, pH 8.5 was added to dilute the urea to 
less than 2 M. For the tryptic protein digestion, trypsin 
was added to the solution at enzyme/protein ratio of 1:20 
and was incubated at 37˚C for 12 hours. The digests were 
dried in a SpeedVac, resuspended in 0.5 ml of 10 mM 
KH2PO4, pH 8.0 containing 25% acetonitrile, and loaded 
onto a SCX column. The SCX column was washed with 
the same buffer and stepwise elution was performed with 
increasing concentrations of KCl (52.5, 105, 157.5, 253.75 
and 350 mM) in the same buffer. The eluted fractions 
were dried again and reconstituted in 0.5 ml of 0.1% 
trifluoroacetic acid (TFA) in water before applying on 
Oasis® HLB 1ml C18 cartridges (Waters Co., Milford, 
MA) for desalting. Eluted fractions from SCX were dried 
and reconstituted in solvent containing 2% acetoni- 
trile/0.1% formic acid (solvent A) for MS analysis. 

2.3. Mass Spectrometry Instrumentation 

Mass spectrometric analyses were performed on 6538 
UHD Accurate-Mass Q-TOF LC/MS and 6430 Triple- 
Quad LC/MS (Agilent Technologies, Santa Clara CA). 
Liquid chromatography (LC) was performed on Agilent 
HPLC-Chip II: G4240-62010 using a 7.5 × 150 mm C - 
18 analytical column with 1 μl of sample in each injec-
tion. The mobile phase buffer was solvent A and the flow 
rate was 0.3 μL/minutes. Tryptic peptides were eluted 
with a linear gradient from 5% to 30% of Solvent B 
(90% acetonitrile/0.1% formic acid) over 100 minutes for 
Q-TOF MS and 30 minutes for Triple Quad MS. For 
Q-TOF experiment, electrospray voltage (V) was set at 
1850 V and collision energy was set based on the equa-
tion: (slope)*(m/z)/100 + offset where slope was equal to 
3.6 and offset was –4.8. For SRM analysis, collision en-
ergy was set at 100 constant value. Data acquisition and 
analysis were carried out using Agilent’s Workstation 
Software-MassHunter Qualitative Analysis (version 
B.04.00).  

2.4. Proteomic Data Analysis 

Database search for proteins and peptides matching tan- 
dem spectra of lysate sample was performed using Mas- 
cot software (Matrix Science, Boston, MA). Data files from 
Agilent MS spectrometers were converted to Mascot 
Generic Format (MGF) and searched in protein sequence 
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database, SwissProt. The peptide mass tolerance was set 
at 10 ppm and the fragment ion mass tolerance was at 
0.05 Da.  

2.5. MMP1 Determination Using Reverse Phase 
Protein Array 

Fifty microgram (50 μg) of protein lysate of SKBR3 
cancer cells was used for MMP1 determination with the 
Quantibody human MMP array kit (RayBiotech Inc., 
Norcross, GA) according to manufacturer’s instruction. 
Briefly, the glass chip was blocked with BSA containing 
blocking solution and cancer cell lysates were added into 
wells in the glass slide and incubated overnight at 4˚C. 
The next day, the glass chip was washed 5 times (5 min-
utes each time) with wash buffer and detection antibody 
with fluorescent dye-conjugate (Cyanine 3) was added 
and incubated for 2 hours at 25˚C. After washing step, 
fluorescence signal was imaged using a GenePix 4100A 
(Molecular Devices, Sunnyvale, CA) and the data was 
analyzed using QAH-MMP1 GAL software. The con-
centration of MMP1 was determined based on a titration 
curve made from different concentrations of MMP1 
standard from the array kit.  

3. Results  

3.1. Identification of MMP1 Using Q-TOF MS 

To improve the MS sensitivity for low abundance pro- 
teins, tryptic peptides from cancer cell lysates were ap-
plied to a strong cation exchange (SCX) column for fur-
ther partitioning into 5 fractions with increasing concen-
trations of KCl. All five fractionated lysates were ana-
lyzed by Q-TOF MS. The most abundant proteins (214 
ions based on the preliminary run) were preset to be ex-
cluded during the acquisition. Mascot search picked up 
several MMPs among which MMP1 appeared to be 
dominant based on its quantitation index (score = 52; 
emPAI = 0.13). Table 1 presents the precursor ions from 
SKBR3 lysate matching a number of peptides based on 

MMP1 amino acid sequences (MMP1_HUMAN, P03956). 
The MMP1 peptides covering different regions were de- 
tected in four (#1, 2, 4, and 5) out of five fractions from 
the SCX separation (Table 1) and confirmed presence of 
MMP1 in the tryptic lysates. 

3.2. Detection of MMP1 by SRM on  
Triple-Quad MS 

Analysis of MS spectra of MMP1 digests indicated that a 
doubly charged peptide LTFDAITTIR showed the 
strongest ion intensity as well as defined tandem mass 
spectrum (Figure 1). Therefore a number of product ions 
of this peptide were chosen as transitions for SRM 
analysis of MMP1 on Triple-Quad MS. BLAST search 
(NCBI) of protein database indicates that LTFDAITTIR 
is a unique tryptic peptide for MMP1 protein. The selec- 
ted transitions for this signature peptide LTFDAITTIR 
were 575.8→603.4; 575.8→674.4; 575.8→789.4; 575.8 
→936.5 m/z, based on their strong ion abundances. Sta-
ble isotope labeled peptide LTFDAITTIR with [13C, 
15N]Arginine was spiked at 0.2 pmol/µl into samples as 
internal reference. Consistent with Q-TOF MS data, all 
four transitions were detected by SRM on Triple Quad 
MS and the fraction 5 from SCX separation showed sig-
nificant stronger ion intensities. Figure 2 indicates the 
SRM chromatogram for MMP1 transitions in fraction 5 
of SCX and endogenous MMP1 transition peaks are 
aligned well with those corresponding heavy peptides 
labeled with stable isotopes at the same retention time. 

3.3. Quantification of MMP1 by SRM Using 
Non-Isotope Labeled MMP1 Protein  
Standard 

In our effort to quantify MMP1 concentration in SKBR3 
cancer cell lysate, we tried to use non-isotope labeled 
MMP1 protein as a standard and to correlate MMP1 con- 
centration with its transitional signals. Various amounts 
of purified human MMP1 protein (0, 50, 100 and 200 ng) 

 
Table 1. MMP1 peptides discovered by MASCOT search in fractionated SKBR3 cell lysates. 

Peptide sequence Mass Precursor ion (m/z) Z Fraction # 

ADVDHAIEK 996.4876 499.2462 2 1 

LTFDAITTIR 1149.6394 575.8262 2 5 

LTFDAITTIRGEVMFFK 2147.9768 717.0029 3 4 

SQNPVQPIGPQTPK 1489.7889 497.6057 3 1 

VDAVFMK 808.4153 405.2180 2 4 

VTGKPDAETLKVMK 1611.7943 538.2728 3 1,2 

YLEKYYNLK 1232.6441 617.3310 2 1 
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Figure 1. Tandem MS Spectrum of MMP1 peptide LTFDAITTIR (575.8 m/z, Z=2) showing product ions used as transitions 
for SRM. Diamond indicates precursor ion 575.8 m/z, Z=2. All the y-ions (y1-y9) and one b-ion (b2) were marked on the pep-
tide sequence. The experiments were repeated 3 times and representitive of mass spectra is shown. 
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Figure 2. Extracted SRM chromatograms of MMP1 transitions detected in fractionated SKBR3 cell lysate on Triple-Quad 
MS. Stable isotope labeled peptide LTFDAITTIR (Label:13C(6)15N(4)) was spiked at 0.2 pmol/µl into SCX partitioned 
SKBR3 cell lysate (fraction #5) and measured on Triple-Quad LC/MS (Agilent Technologies) coupled to Agilent HPLC-Chip 
II: G4240-62010 as described in the Method section. SRM chromatograms (one from triplicate runs) for all LTFDAITTIR 
transitions were extracted using Agilent’s MassHunter Qualitative Analysis Software. Panels A through D show transitions of 
spiked heavy peptide (A: 580.8→613.4 m/z; B: 580.8→684.4 m/z; C: 580.8→799.4 m/z; D: 580.8→946.5 m/z). Panels E 
through H show transitions of natural peptide from lysate sample (E: 575.8→603.4 m/z; F: 575.8→674.4 m/z; G: 
75.8→789.4 m/z; H: 575.8→936.5 m/z). 5 
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rotein array method. The MMP1 concentration obtained  

ng/µg and 0.99 ng/µg protein (Figure 3), respectively.  

reagents that are necessary in 
im

of unknown target compounds in applications such as 
 

 
were spiked individually into an aliquot of 100 µg cell 
lysate made from MCF-7 cancer cells that have no de-
tectable level of MMP1 based on data from antibody 
array analysis (Figure 3). The MMP1 protein standard 
was spiked in MCF-7 cancer cell lysates and analyzed 
using the same procedures as that for SKBR3 cell lysates 
on Triple Quad LC/MS. For quantification, the signal 
from transition 575.8→789.4 m/z in peptide LTFDAITTIR 
was used for developing standard curve and calculating 
the amounts of MMP1 protein. The transition 575.8→ 
789.4 m/z in MCF-7 lysate without spiked standard was 
at background level, suggesting that endogenous MMP1 
in MCF-7 cells had little contribution to the ion intensity. 
Ion intensities (integrated peak area) of the transition 
575.8→789.4 m/z were plotted against the corresponding 
concentrations of spiked MMP1 standard in MCF-7 lys- 
ate and the ion intensities showed linear correlation with 
MMP1 concentrations (Figure 4). MMP1 protein con- 
centration in SKBR3 cell lysates (0.85ng/µg total lysate 
protein) was calculated using the standard curve. In order 
to evaluate the sensitivity and accuracy of the method, 
the same lysates were also assayed using immune based 

by SRM approach in SKBR3 cell lysates was comparable 
to that determined by the protein array assay at 0.85 

4. Discussion 

Antibody based immuno assays are commonly used for 
detecting low abundance protein from complex biolo- 
gical samples. Since immune assays depend on specific 
antibodies for detection, lack of available antibody re-
agents or poor quality of reagents often pose limitation 
on reliability of immune assays. With increased reso- 
lution and sensitivity, MS technology is increasingly 
used for quantitative protein analysis and biomarker dis-
covery. In comparison with immune assays, sequence 
based MS analysis provides advantage of unambiguous 
sequence identification of target proteins and has no need 
for expensive antibody 

mune based assays.  
LC-MS/MS applications can be classified into two 

general categories: qualitative and quantitative analysis 
[9]. Qualitative analysis typically is used for identification 
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Figure 3. MMP1 detection using an antibody array method. The concentrations of MMP1 from SKBR3 and MCF-7 cell lys-
ates (lower bar graph) were determined based on a titration curve (upper plot) made from various quantities of standard 
MMP1 antigen (137 - 100,000 pg/ml, in 3-fold titration) supplied in the array kit. Each assay points have 4 replications (n = 4) 
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grap

e and correlation coefficient (shown in the 
h insert) were generated using linear fitting with GraphPad Prism software. 
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Figure 4. MMP1 protein standard curve based on transition 
(575.8→789.4 m/z). MCF-7 cell lysate spiked with different 
amount of MMP1 (0, 50, 100 and 200 ng) were trypsin di-
gested and processed in the same fashion as that for SKBR3 
cell lysate. The ion abundance signals (Y-Axis) from MMP1 
peptide transition 575.8→789.4 m/z on Triple Quad LC/MS 
were plotted against the amounts of MMP1 protein spiked 
in MCF-7 lysates (X-axis). The ion intensity of transition 
represents average of integrated peak area (n = 3) and error 
bar indicates the standard deviations. Formula derived 
from the linear slope and correlation coefficient (shown in 
the graph insert) were gen

 
proteomic profiling. This type of analysis requires the 
acquisition of a complete mass spectrum for each chro- 
matographic data point. The TOF (as well as Fourier 
transform) mass analyzer can obtain high-resolution 
mass spectra throughout a broader mass range with great 
sensitivity and is well suited for qualitative analysis. 
Quantitative applications, on the other hand, often target 
specific known compounds, which makes the acquisition 
of a complete mass spectrum unnecessary. However, it 
demands the lowest detection limit. Despite somewhat 
lower mass resolution, the quadrupole mass analyzer 
generally achieves lower detection limit by operating 
under selected-ion monitoring, therefore better suited for 
quantitative analysis. SRM approach used in this study 
which is primarily performed on triple quadrupole mass 
spectrometer maximizes the selection and quantification 
power of quadrupole mass analyzer for targeted pro- 
teomics. In addition, proper sample purification is often 
required to achieve best sensitivity for both types of 
analyses, especially in detecting low abundance proteins. 
Nevertheless, it is still very challenging to have high sen- 
sitivity and quantitative MS analysis to detect low abun- 
dance proteins such as growth factors and regulators like 
MMP1 in complex biological samples. The reported 
lowest detection limit in complex biological samples 
currently ranges from 1 - 10 ng/ml in plasma [5] and 
sensitivity of MS detection in cell lysates is not well es- 

tablished. This study demonstrated that combination use 
of Q-TOF and SRM mass spectrometry can provide de

ction at nanogram to picogram level in cell lysates and 
the sensitivity is comparable to that by immune assays. 

In this report we presented an example of detecting a 
low abundance protein MMP1 in cancer cell lysates by 
Q-TOF and SRM on Triple Quad MS. The overall work- 
ing flow is summarized in Figure 5. To facilitate the 
detection of low abundance proteins, this study used 
sample enrichment through ion exchange chromato- 
graphy and setting exclusion list for most abundant ions 
to lower the proteomic complexity in cell lysate mixture. 
Moreover, the MS/MS spectra of MMP1 peptides di- 
rectly provided the chance to select transitions that would 
be used in SRM analysis. By employing both enrichment 
through SCX separation and SRM quantitation using 
selective peptide sequences from MMP1, we were able to 
determine MMP1, a low abundant protein, in complex 
cancer cell lysates with assay sensitivity comparable to 
that using immune based reverse phase protein array 
method in low picogram per microgram of cell lysate. 
Although proteomic tools (e.g. Skyline, MaxQaunt) are 
available to obtain transitions based on protein sequences, 
the best way of obtaining sensitive and reliable transi- 
tions is still through shotgun proteomic data using pro- 
tein of interest [10]. This approach is particularly effec- 
tive when the instrument for qualitative analysis is com- 
patible to that for SRM based quantification. In this study, 
we used Agilent’s 6538 Q-TOF LC/MS and 6430 Triple- 
Quad LC/MS that a

-TOF LC/MS directly applicable to triple-quad LC/MS 
for SRM detection.  

Based on MS/MS spectra of MMP1 peptides, we selec- 
ted four product ions from a MMP1 signature peptide 
LTFDAITTIR (575.8 m/z) as transitions for SRM mea- 
surement because they were the strongest product ions 
shown on the spectra of all MMP1 precursor ions detec- 
ted on 

 SRM on triple-quad MS for fractionated SKBR3 lys- 
ates.  

SRM based quantification is usually conducted based 
on stable isotope-labeled standard (SIS) peptides [11]. 
Absolute quantification can be achieved by comparing 
the transition signal of the “heavy” reference peptide with 
that of a “light” endogenous peptide that results from 
proteolytic cleavage of the target protein. However, there 
is always a bias for the quantity of target protein to be 
represented by that of its proteolytic digests due to the 
fact that both the degree of protease digestion of any 
given protein and the ionization efficiency of its prote- 
olytic peptides are not known. To overcome the limitation  

o
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Identification of MMP1 by Q-TOF MS

Selection of MMP1 transitions based on MS/MS spectrum

Detection of natural MMP1 transition 
by SRM in testing cell lysate

Detection of spiked MMP1 transitions 
by SRM in control cell lysate

Determination of MMP1 concentration  

Making standard curve with ion abundance of 
transitions versus spiked MMP1 concentrations

Obtaining ion abundance of MMP1 
transition in testing cell lysate

 

Figure 5. Diagram of key steps used for the quantitative measurement of MMP1. 

to making its full length isotope labeled coun- 
te

 

. It can pro- 
vide a good alternative when the production of isotope 

protein is not available.  

rted 
mass spectrometry for quantitative determination of pro- 

 
vitro synthesized isotope-labeled full-length proteins as 
standards is merging as a powerful tool for absolute 
quantification [12]. As those protein standards perfectly 
match the biochemical properties of the target proteins, 
they can be directly added into the samples to be ana- 
lyzed, allowing a highly accurate quantification of pro- 
teins even in complex samples. However, this approach 
can be expensive and time consuming. Although some 
efforts have been made to lower the production cost of 
isotope labeled protein such as implanting multiple tran- 
sitions into a single hybrid protein [13], spiking entire 
labeled protein as quantification reference is still neces- 
sary if the complex biological sample needs to go 
through purification steps for target protein enrichment. 
Here we demonstrated the feasibility of protein quanti- 
fication by SRM using non-labeled target protein as titra- 
tion standard. Major advantages of using non-isotope 
protein as standard are simple and cost effective, as 
compared 

rpart.  
Although the quantitative determination using the non- 

labeled protein standard requires analysis of the purified 
protein in a background negative lysate, the approach can 
work effectively by selecting the “control lysate” for 
spiking pure target protein with low interference. As both 
control lysate with spiked standard and sample lysates 
were processed under identical condition, experimental 
variation in the assay should be cancelled when calcula- 

ting the testing samples using the control spiked standard 
curve. The control should have similar proteomic back- 
ground to the testing sample with undetectable amount of 
target protein. Shotgun proteomic analyses of cell lysates 
from both SKBR3 and MCF-7 cells on Q-TOF LC/MS 
showed that their base peak chromatograms (BPC) were 
well overlapped, suggesting very similar proteomic back- 
ground for the two cell lines. In addition, we picked 
MCF-7 cells because it had undetectable target protein 
MMP1 by MS method. If fractionation of lysates is nec- 
essary, it is also important for both target and standard 
proteins to undergo identical treatment. Overall, the me- 
thod described in this study showed clear advantage over 
peptide based quantification in its accuracy

labeled full length 

5. Conclusion 

This study demonstrated the possibility of using SRM 
based mass spectrometry for quantitative measurements 
of low abundance proteins with sensitivity comparable to 
immune assays. This method can provide valuable alter- 
native to immune assays for quantitative analysis of low 
expressing cellular proteins without needs of using speci- 
fic antibodies for detection. This method also employed 
non-isotope labeled protein standard and provided a cost 
saving approach in comparison with commonly repo
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