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Abstract
A method employing protein cleavage isotope dilution mass spectrometry (PC-IDMS) was developed
for quantification of C-reactive protein (CRP) in human plasma. This method was completed
without the use of immuno-affinity chromatography or size exclusion chromatography, as previous
mass spectrometric methods for the quantification of CRP have employed. A total of 110 human
plasma samples were analyzed with PC-IDMS via 1-D nano LC-MS/MS using a 30 minute gradient
with a triple quadrupole mass spectrometer operated in selective reaction monitoring (SRM) mode.
The results from this newly developed method were compared to results generated from an enzyme-
linked immunosorbent assay (ELISA) performed by an independent CLIA certified laboratory. The
comparison of these results generated a R2 = 0.9708 which indicates successful quantification of
CRP from human plasma utilizing the methodology described herein. Interestingly, the PC-IDMS
method provided concentration values that were ~10X the concentration reported by the ELISA
method, which demonstrated that the method of detection is an important consideration when
determining reference ranges of a particular analyte. In addition, data is shown that illustrates that
as epithelial ovarian cancer (EOC) progresses from stage I to stage IV, mean levels of CRP increase.

Introduction
C-reactive protein (CRP) is an important clinical marker for inflammation and atherosclerosis,
a chronic inflammatory response in the walls of the arteries. In addition, CRP has been used
as both a diagnostic and prognostic marker for cardiovascular disease, where it is used to
identify acute cardiac trauma, or in conjunction with other markers to determine mortality.
1-6 CRP typically circulates in the plasma at concentrations of <10 μg/mL to >5 mg/mL as
defined by ELISA.1 Considering that human serum albumin (HSA) alone has a reference range
of 3.5-5.5 g/dL,7 this means that CRP, at its highest level is one order of magnitude less, and
at its lowest level is present at a concentration 5000 times lower than HSA! There are presently
several immunoassays utilized to detect CRP.8 In addition to these immunoassays, CRP has
recently been analyzed by mass spectrometry.9, 10 These methods both employ immuno-
affinity to capture CRP from human serum. Kuhn and co-workers used size exclusion
chromatography with immuno-affinity chromatography to further fractionate serum and
quantify CRP.9 This study examined the CRP concentration of 12 pooled plasma samples.
This provided the motivation to develop a method utilizing mass spectrometry for
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quantification that would enable the simplification of the plasma preparation before analysis
and the use of this developed method to analyze a much larger sample set.

The absolute quantification of a protein from its digestion products dates back to Barr et. al.
11 They used the combination of proteolysis and MS for absolute quantification of a European
Community Bureau of Reference (BCR) certified apolipoprotein A-1 standard that was
proteolyzed with trypsin and quantified with a stable isotope labeled internal standard peptide
with LC- flow-FAB MS/MS.11 Their results demonstrated that the use of protein cleavage
coupled with isotope dilution mass spectrometry (PC-IDMS) was valid methodology for the
standardization of measurements of particular proteins in a clinical environment. PC-IDMS is
ideally completed when protein cleavage is complete, as this produces a 1:1 molar ratio between
the initial intact protein and the peptide or peptides to be analyzed. The quantification using
IDMS is based on the ratio of the response of the labeled internal standard peptide to that of
the unlabeled peptide resulting from the digestion of the particular protein of interest. IDMS
has been utilized on a range of different analytes for almost 40 years and still maintains its
utility for the quantification of many different molecules.12

After this initial study11 several applications utilizing PC-IDMS have been published for the
quantification of peptides and proteins and are present in the current literature.13-18 The ability
to quantify proteins with post-translation modifications (PTM's) has been demonstrated by
having PTM's incorporated onto synthetic internal standard peptides.19, 20 Other reports have
completed PC-IDMS as a means to compare immunoassay analysis to that of mass
spectrometry.9, 10, 21, 22

The driving force for the development of this simplified quantification method for a biomarker,
is the fact that mass spectrometry is constantly discovering and investigating the possibility of
new and exciting biomarkers, many of which do not have ELISA methods for their
quantification. Thus, if we can demonstrate and provide verification that a relatively simple,
molecularly specific method (i.e. utilizing mass spectrometry) for the quantification of protein
biomarkers is robust, it can be applied in the future to newly discovered biomarkers that do not
have existing methods for their quantification.

Herein we describe a method utilizing PC-IDMS for the absolute quantification of C-reactive
protein in human plasma without the use of immuno-affinity chromatography or other
separation techniques to simplify the plasma before introduction to the LC-MS/MS system for
analysis. This method was developed utilizing nano-flow liquid chromatography and a triple
quadrupole mass spectrometer operating in selective reaction monitoring (SRM) mode. The
results achieved through the utilization of PC-IDMS were compared to results from a CLIA
approved independent laboratory measurement using a wide range hsCRP immunoassay test.
This method was developed such to continue the investigation of CRP levels in ovarian cancer
patients, since we have previously reported that CRP is up-regulated in patients with ovarian
cancer,23 and to also probe possible affects smoking may have on CRP levels in plasma.

Experimental
Synthetic Peptides

Peptides were synthesized representing four tryptic peptides, from C-Reactive protein, whose
sequences are as follows: APLTKPLK, ESDTSYVSLK, GYSIFSYATK, and
QDNEILIFWSK. An additional set of peptides with identical sequences, but incorporation
of 13C and 15N were synthesized for use as internal standards: APLTKP[13C5, 15N1]LK,
ESDTSYV[13C5, 15N1]SLK, GYSIF[13C9, 15N1]SYATK, and QDNEILF[13C9, 15N1]WSK.
All synthetic peptides were purchased from Mayo Clinic Proteomics Center (Rochester, MN).
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After dilution of these peptides their concentrations were confirmed utilizing UV-Vis
spectroscopy and the Scopes method.24

Plasma Processing
Plasma digestion protocol followed a previously published methodology by Bondar, et. al.25
Briefly, 125 μL aliquots of plasma were added to dry urea to create 6M urea in plasma to
denature proteins; this was followed by addition of an internal standard peptide, reduction with
dithiothreitol (DTT), and alkylation with iodoacetamide. Finally, proteins present in plasma
were digested with TPCK treated trypsin. These samples were then diluted and used directly
for interrogation with nano-HPLC SRM. A total of 110 human plasma samples were analyzed:
1 pooled sample purchased from Innovative Research, Inc. (Novi, Michigan), 1 pooled sample
from the Red Cross, and 108 samples procured from the Mayo Clinic (Rochester, MN). The
108 plasma samples were collected at the Mayo Clinic under IRB number 026-06-1. These
samples were then transferred to North Carolina State University and analyzed under IRB
number 000-00-330. All reagents utilized in the digestion procedure were purchased from
Sigma-Aldrich (St. Louis, MO).

The plasma was processed in eleven “experimental cycles” each containing eleven plasma
samples; however, in each experimental cycle one of these samples was always a pooled sample
purchased from Innovative Research, Inc., such that the analytical variation of the method
could be examined. This allowed for the analysis of 110 different plasma samples over the
eleven experimental cycles. It was necessary to break the processing of these samples up, such
to minimize their time between digestion and analysis.

LC-MS/MS
Solvents for liquid chromatography were purchased from Burdick and Jackson (Muskegon,
MI). Reversed phase liquid chromatography was performed using a 75 μm i.d. PicoFrit
capillary column (New Objective, Woburn, MA) with a 15 μm emitter tip packed in-house
with 4 μm Jupiter Proteo C12 90Å stationary phase (Phenomenex, Torrance, CA). The packed
volume had dimensions 75 μm i.d. × 100 mm and was operated at room temperature. Processed
plasma injections of 10 μL were loaded using a PAL Autosampler (LEAP Technologies,
Carrboro, NC) and over the course of 2 minutes trapped and washed on a custom built Jupiter
Proteo C12 OPTI-PAK trap cartridge (Optimize Technologies; Oregon City, OR) with 100%
Mobile Phase A (95/5 water/acetonitrile) at 10 uL/min. Then a 10 port switching valve (VICI,
Houston, TX) was triggered to move the sample in-line with the gradient. Elution was carried
out by a Chorus 220 nano-flow pump (CS Analytics, Zwingen, Switzerland) at 500 nL/min
with mobile phases containing 95/5 (v/v) (Mobile Phase A) and 5/95 (Mobile Phase B) water
and acetonitrile, respectively. The ion pairing reagent used was 0.2% formic acid (Sigma
Aldrich, St. Louis, MO) in both mobile phases. The LC gradient was held at initial conditions
of 2% B for 6 minutes followed by a ramp to 95% B over 14 minutes and held for an additional
three minutes before re-equilibrating at 2% B, for a total gradient time of 30 minutes.

All quantification was carried out on a triple quadrupole mass spectrometer (Thermo Scientific,
San Jose, CA) that was operated in SRM mode to monitor transitions of the peptides of interest
and their stable isotope labeled counterparts. Each transition was monitored for 50 milliseconds
and a resolution of 0.7 was employed for both Q1 and Q3 quadrupoles. Calibration was carried
out utilizing 10 fmoles of the stable isotope labeled peptide internal standard on column. The
natural peptide had 0.5, 1, 2, 5, 10, 15, 20, and 50 fmoles on column. Each ratio of natural to
stable isotope labeled peptide was analyzed in duplicate to ensure the accuracy and
reproducibility of the measurements.
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Results and Discussion
Four peptides were chosen to be synthesized and utilized as possible internal standards based
on a tryptic digestion of purified CRP analyzed on a hybrid LTQ-FT-ICR (data not shown).
The synthesized peptides were then dissolved and examined for purity by direct infusion. This
initial investigation demonstrated the most suitable peptide to use as an internal standard would
be ESDTSYVSLK, the naturally occurring form will herein be referred to as tpCRP14-23
(tryptic peptide from CRP, amino acids 14-23). The other peptides, initially of interest as
possible internal standards, presented challenges that prevented their further utilization in this
study, such as solubility issues and calibration curves that did not perform as well as those
generated from tpCRP14-23. The concentrations of both the tpCRP14-23 and the isotopically
labeled form used as an internal standard were verified by the Scopes method24 which allowed
for quantification of the stock solutions. Dilutions of these stock solutions allowed for the
generation of a calibration curve and were eventually added as the internal standard to plasma
samples analyzed.

Quantitation of CRP using LC-MRM from human serum9 has been previously demonstrated;
however, the method described herein does not require the depletion of abundant proteins from
plasma nor does it use size exclusion chromatography to further purify and simplify the sample.
The reduction in sample processing minimizes the loss of the analyte of interest, and
furthermore minimizes the variance in analytical results caused by the implementation of
immuno-affinity and size exclusion separations. In addition, in the previously published
method,9 the internal standard was not added until after fractionation of the plasma sample,
which makes potential losses of CRP hard to quantify. However, the method developed in our
laboratory incorporates the internal standard directly after the addition of plasma to urea, such
that any losses in processing can be tracked.

The method presented herein utilized transitions of 564.78 → 347.23, 696.39 for the naturally
occurring peptide (tpCRP14-23) and 567.78 → 347.23, 702.41 for the internal standard (IS)
peptide. Both sets of transitions minimized the interferences from other possible tryptic
peptides that occur from tryptic digestion of human plasma. This was determined through the
implementation of SRM Workflow software, provided by ThermoScientific, and the IPI human
protein database, in addition to experimental results. The software searches the database for
other tryptic fragments that could produce similar precursor and product m/z that would affect
the SRM transitions monitored by the instrument. Figure 1 demonstrates the ability of the
instrument's SRM mode to monitor the transitions specified and detect only the analytes of
interest directly from a tryptic digestion of untreated human plasma.

The linear regression shown in Figure 2 was derived from the LC-SRM data of 8 different
concentrations of synthetic peptide with 10 fmoles of IS peptide on column. Each concentration
was analyzed in duplicate, for a total of 16 points in the calibration. The x and y used for the
linear regression represent the ratio of the concentration of tpCRP14-23 to the IS peptide, and
the ratio of their measured response from the mass spectrometer, respectively. Shown in Figure
2 is the equation of the line describing the results from the linear regression, as well as the
R2-value. For an ideal system the line generated by linear regression should have both a slope
of the 1.00 and intersect the origin. The slope generated from these experiments was 1.062 ±
0.023, with a y-intercept of 0.0497 ± 0.0408. The LOD for the tpCRP14-23 was calculated to
be 0.038 nmole/L, as determined by a previously utilized methodology, 14 in which y was set
equal to the upper 95% confidence interval value of the y-intercept and a concentration value
for x was calculated using the equation generated by the previously completed least squares
regression.
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A total of 110 different plasma samples were analyzed in this study. These samples were
distributed through eleven experimental cycles, in which each sample was analyzed in
duplicate. An aliquot of the Innovative Research pooled plasma sample was processed for each
experimental cycle to serve as a control through each cycle of sample processing. For cycles
1-10, ten single patient samples provided by the Mayo Clinic were analyzed in addition to the
Innovative Research control. For cycle 11, eight single patient samples, a pooled sample from
the Red Cross, and the Innovative Research control were evaluated.

The retention time reproducibility for the first three cycles is shown in Figure 3A. The retention
times of these analyses produced a mean of 13.7 minutes ± 6 seconds. Retention time
reproducibility was similar through the remaining cycles. Column changes were required
during analysis of the remaining cycles, which influenced the absolute retention time between
cycles with different columns (data not shown). This slight deviation in retention time between
columns could be due to minor variations in the length of the self-packed columns utilized in
this method, but were adequately accounted for because the IS peptide and tpCRP14-23
coeluted. This reproducibility in conjunction with the use of the IS peptide and the specificity
afforded by the utilization of SRM allows for the quantification of the IS peptide and the
tpCRP14-23 in the presence of other components from the plasma samples.

The reproducibility of this method is also demonstrated in Figure 3B, which shows the CRP
concentration of the control plasma sample analyzed in each experimental cycle. This box plot
contains 22 points, which result from the analysis of the control sample for each of the 11
experimental cycles, in duplicate. This was necessary to evaluate the analytical variability of
the developed method. The values range from about 0.4 mg/dL to 1.5 mg/dL; however, upon
further investigation the two lowest points resulted from problems with the analytical column
clogging, and the highest point directly followed the highest CRP concentration detected. With
these three points removed the range of the data narrows significantly, resulting in a range from
~0.6-1.2 mg/dL. It is also important to note that although the same plasma sample was utilized,
a new aliquot was processed for each experimental cycle (11 times); thus, there are several
likely causes for this range of values (e.g. reduction, alkylation, digestion, etc.). However,
correlation values between all CRP values attained by this PC-IDMS method and the
orthogonal ELISA method were high (vide infra) which demonstrates that the method
developed herein is robust.

All samples analyzed by the PC-IDMS method were sent to an independent lab to have an
ELISA analysis performed for validation. The analysis performed utilized a polyclonal
antibody and was designated as a wide range/high sensitivity CPR test. This was able to detect
low amounts of CRP (0.01 mg/dL), but had a higher upper limit than a typical hsCRP test
(>0.30 mg/dL). The results from the PC-IDMS method developed herein are plotted against
the ELISA results from the independent lab in Figure 4. When linear regression was performed
on this scatter plot, an R2 = 0.9708 was generated. This demonstrates a strong correlation
between CRP concentrations determined utilizing the PCIDMS method and the ELISA wide
range hsCRP test. Discrepancies between the values of these two methods are immediately
noticeable when Figure 4 is examined, with the PCIDMS values being larger. Previously
published studies of assay development and methodology have shown results can differ by as
much as two-orders of magnitude for different detections schemes and the same protein target.
26-29 This disparity in the values reported from different detection methods means that a
reference range must be determined for each method, such that the values attained can provide
appropriate information.

The reference range for the developed PC-IDMS method described herein is different than that
of ELISA method. The range detected utilizing the wide range hsCRP ELISA methodology
was from <0.01 mg/dL to 1.64 mg/dL. The PC-IDMS method provided a range from 0.13 mg/
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dL to 22.8 mg/dL, of which the upper limit is much higher than the highest level in the
calibration curve (10 mg/dL). On average the majority of the measurements were 1 order of
magnitude greater utilizing the PC-IDMS method (within the calibration curve), which in effect
would shift the reference range by an equal amount if this method were to be utilized in the
clinical setting.

CRP has been previously found to be up-regulated in patients with epithelial ovarian cancer
(EOC).23, 30 Our individual patient samples had either a benign gynecological tumor, stage
I, stage II, stage II, or stage IV EOC. Out of these groups, those with benign gynecological
tumors were found to have the lowest levels of CRP. Also, as the EOC stage classification
increased from I to IV so did the CRP levels found in these patients. Figure 5 is a box plot
containing the CRP levels found through the PC-IDMS developed herein. The mean levels ±
95% confidence interval found through this analysis were as follows: 1.10 ± 0.24 mg/dL for
benign, 1.78 ± 0.53 mg/dL for stage I, 3.68 ± 3.30 mg/dL for stage II, 4.35 ± 2.60 mg/dL for
stage III, and 7.54 ± 2.90 mg/dL for stage IV. While there was a wide range of CRP
concentrations found, as evidence by the 95 % confidence interval, the overall mean does
increase with the stage of the cancer present. These findings suggest the possibility of utilizing
CRP in conjunction with other markers for the early detection of ovarian cancer.

Conclusions
The method and results presented herein continue to support the fact that PC-IDMS is a viable
method for the absolute quantification of proteins. In addition, we show that it is possible to
directly quantify a biomarker from plasma without having to use additional steps to simplify/
purify the matrix containing the analyte. An International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC) approved reference method for the measurement of
glycohemoglobin in the blood of patients with diabetes has demonstrated that the combination
of proteolysis and LC-MS can be used for clinically applicable tests.31 This demonstrates that
other methods utilizing MS, such as this, could eventually be used in the clinical environment
as a way of standardizing commercially available immunoassays.

In this study, absolute quantification of C-reactive protein in human plasma was carried out
utilizing protein cleavage isotope dilution mass spectrometry carried out by nanoLC-MS/MS.
The samples were also analyzed by an independent laboratory using a typical clinical method.
The absolute values between these two data sets were quite different; however, upon further
inspection the values correlated well, as indicate by a R2 = 0.9708. With this methodology
validated, we were able to quantify the CRP levels present in patients with EOC and found that
as the severity of the cancer increased, the level of CRP present also increased. Thus,
quantification of C-reactive protein in human plasma without the use of multiple clean up steps
such as size exclusion chromatography and depletion of abundant proteins from plasma was
completed successfully, verified by an orthogonal method, and utilized to find data of interest
which will be evaluated in future experiments.
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Figure 1.
Ion chromatograms from the LC-MS/MS analysis of a plasma digest are shown. The
chromatograms illustrate the ability of SRM to observe only the analytes of interest, tpCRP
and IS peptide, from an untreated human plasma tryptic digestion.
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Figure 2.
Calibration curve using the peptide ESDTSYVSLK generated by linear least squares regression
analysis of SRM data. The graph shows the ratio of tpCRP peptide response/IS peptide response
vs. ratio of their know concentrations.
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Figure 3.
A) A box and whisker plot showing retention time reproducibility from Cycles 1-3. B)
Concentration of control plasma sample throughout the 11 cycles is shown. The graph
illustrated the mean (center line of diamond), 95% C.I. of the mean (blue diamond), as well
data points classified as outliers (>1.5 times inner quartile range).
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Figure 4.
Plot of the concentration of CRP in plasma determined by PC-IDMS versus an ELISA carried
out by an independent lab. A correlation coefficient of 0.9708 was achieved when performing
least squares linear regression on the plot which demonstrates the successful quantification of
CRP by the PC-IDMS method.
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Figure 5.
Concentration of all single patient plasma samples are shown. The graph illustrates the mean
(center line of diamond), 95% C.I. of the mean (blue diamond), as well data points classified
as outliers (>1.5 times inner quartile range and >3 times IQR) for patients with benign tumors
followed by stage I, stage II, stage III, and stage IV EOC.
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