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This paper describes the development of a reference
measurement procedure to quantify human C-reactive
protein (CRP) in serum using affinity techniques prior to
tryptic digestion and liquid chromatography- tandem mass
spectrometry (LC-MS/MS) for the certification of reference
materials in clinically relevant ranges. The absence of a
suitable internal standard for the CRP measurement,
necessary to eliminate potential measurement bias in both
the affinity purification and trypsin digestion steps, was
addressed using the method of standard addition. The
standard addition quantification approach was combined
with affinity purification, using an anti-CRP monoclonal
antibody conjugated to polystyrene beads, trypsin diges-
tion of the purified protein, and LC-MS/MS analysis of
CRP tryptic peptides. The effectiveness of intact protein
affinity purification was evaluated through the measure-
ment of CRP in several serum-based CRP control materi-
als, yielding levels that were comparable to their expected
mean concentration values. Quantitative results were
confirmed with an external calibration approach. This
study demonstrates the feasibility of affinity purification
with LC-MS/MS for the reference measurement procedure
development of low abundance serum protein analytes.

Reference measurement procedures are used for a variety of
purposes including (1) the assessment of the measurement quality
of routine measurement procedures, (2) the value assignment of
high-order calibration solutions (the so-called “master calibrators”)
for routine assays, and (3) the value assignment of certified
reference materials."? In these roles, reference measurement
procedures are considered “higher-order” measurement proce-
dures, as they aim to achieve a higher level of accuracy and
precision than the routine assay for the analyte being measured,
producing a value with a low uncertainty of defined magnitude.
In order for a reference measurement procedure to be fit for this
purpose, it must be thoroughly evaluated to identify sources of
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bias and assess their magnitude.®>~®> Minimizing or eliminating
bias is necessary to measure the most accurate, true concentration
of the analyte. Because of the need for high levels of accuracy
and precision, reference measurement procedures are typically
low-throughput, labor intensive, and often costly to perform, in
sharp contrast to what is desirable for routine measurements.

Reference measurement procedures are key elements in the
establishment of measurement standardization and metrological
traceability in clinical chemistry. For more than 30 years, isotope
dilution mass spectrometry (IDMS) has been one of the analytical
techniques used frequently in reference measurement procedures,
particularly for small molecule and inorganic analytes of clinical
importance.® Despite this, few reference measurement procedures
exist for clinically relevant proteins. This is one reason why so
many clinical protein analytes are measured in arbitrary Interna-
tional Units (IUs); without a reference measurement procedure
to establish metrological traceability, measurement of true con-
centrations, those linked accurately to Systéme International (SI)
units such as the mole, is not possible and arbitrary units are often
the only option for the value-assignment of reference materials
and calibrators.

Because IDMS is used so extensively in reference measure-
ment procedures for many clinical analytes, it seems natural to
use this technique in reference measurement procedures for
clinically relevant proteins. Unfortunately, the application of IDMS
to protein measurements is not straightforward within the
measurement constraints of reference measurement procedures
due to the lack of suitably labeled intact proteins. As a substitute
for intact labeled proteins, the use of isotopically labeled peptides
as internal standards in MS-based quantitative proteomics mea-
surements is widely practiced.” ! The isotopically labeled pep-
tides in quantitative proteomics applications act as internal
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standards only during the LC-MS/MS measurement but not
during prior sample preparation such as enzymatic proteolysis
or abundant protein depletion. These sample preparation steps
are potential sources of bias, the magnitude of which is unknown
and potentially variable from analysis to analysis making the
determination of uncertainty problematic. In IDMS-based refer-
ence measurement procedures for small organic molecules,
readily available *C- or deuterium-labeled analogues of the
analyte are added to the sample immediately, at the start of
the analysis, prior to all sample preparation steps. For proteins,
the equivalent approach would be to use a °N-labeled protein,
obtained through molecular biological approaches, as the ideal
internal standard that would be present during all stages of
sample preparation and analysis and behavior chemically
equivalently to the analyte protein.'?2~* Unfortunately, for many
clinically relevant proteins, producing a ®°N-labeled recombinant
version that has the same post-translational modifications and
protein—protein interactions as the analyte protein is a signifi-
cant technical challenge, often not practical or feasible.

The method of standard addition is commonly used in
analytical chemistry when appropriate internal standards for the
analyte are not available and has been successfully used in
proteomic measurements.'® 17 In standard addition, an additional
quantity of the analyte is spiked directly to the sample, augmenting
the endogenous analyte concentration. The increase in the
analytical signal of the spiked sample relative to the unspiked
sample can be used to determine the endogenous concentration
of analyte. If the sample preparation and analysis of the spiked
and unspiked samples are carried out identically, calibration is
obtained directly without an internal standard. For protein analytes
in which a purified protein standard is available for spiking, the
method of standard addition may allow protein quantification to
be achieved without bias from sample preparation and may be a
viable alternative to the use of an isotopically labeled internal
standard in reference measurement procedures for proteins.

To investigate whether standard addition could be used
successfully to quantify a clinically relevant protein in a complex
serum matrix, we applied this method to the quantification of
human Creactive protein (CRP). We combined the standard
addition of purified CRP to serum samples with quantitative
proteomics methodology in which the spiked-serum sample is
proteolyzed with trypsin and tryptic peptides are quantified using
LC-MS/MS with multiple reaction monitoring (MRM). Although
the measurement sensitivity of MRM-based LC-MS/MS is suf-
ficient to measure normal serum CRP concentrations (<1 mg/L),
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we included immunoenrichment, using an anti-CRP monoclonal
antibody coupled to magnetic beads, to the sample preparation
in order to achieve a higher analytical signal response for maximal
measurement precision.

CRP is a circulating protein in the blood which has been
investigated as a clinical diagnostic marker and was chosen for
investigation because it is stable, commercial monoclonal antibod-
ies are available, and it is of clinical interest. A number of disease
states have been correlated with increased levels of serum CRP
including cardiovascular disease and systemic inflammatory condi-
tions. CRP has been recently described as an independent marker
for coronary heart disease with a stratification corresponding to
low (<1 mg/L), moderate (1 mg/Lto 3 mg/L), and high (>3 mg/
L) levels of cardiovascular risk.'® Currently, there are no certified
reference materials having CRP concentrations at meaningful
levels for cardiovascular clinical analyses. The clinical measure-
ment of CRP for the determination of cardiovascular risk is
performed by use of high sensitivity CRP nephelometry/immu-
noturbidimetric assays which are generally value-assigned based
upon recognized certified reference material (ERM DA472, plasma
proteins in human serum) issued by the Institute for Reference
Materials and Measurements. This reference material contains
CRP with an assigned concentration of 0.0418 g/L (+0.0025 g/L)
which is greater than 10-fold higher than moderate levels in
serum. Generation of suitable calibrants for CRP measurement
of either normal or moderately elevated CRP levels require the
local dilution of ERM DAA472, which raises commutability and
standardization issues.®

The purpose of this study was to evaluate the combination of
standard addition, affinity purification, and MRM-based LC-MS/
MS quantification of tryptic peptides to develop an accurate and
precise reference measurement procedure for CRP in serum. The
method could be applied equally well for the analyte of any
compound (protein, peptide, or small molecule) for which a proven
antibody exists.

MATERIALS AND METHODS

Disclaimer: Certain commercial equipment, instruments, and
materials are identified in this paper to adequately specify the
experimental procedure. Such identification does not imply
recommendation or endorsement by NIST nor does it imply that
the equipment, instruments, or materials are necessarily the best
available for the purpose.

Materials. Acetonitrile-HPLC grade and trifluoroacetic acid
(TFA) were obtained from Burdick & Jackson (Muskegon, MI).
Water-LC/MS grade was purchased from J.T. Baker (Phillipsburg,
NJ). Rapigest SF was purchased from Waters Corporation (Mil-
ford, MA). Modified sequencing grade trypsin was obtained from
Promega (Madison, WI). Dynabeads MyOne Tosylactivated su-
perparamagnetic polystyrene beads were purchased from Invit-
rogen (Carlsbad, CA). CRP monoclonal antibody (clone 3) was
obtained from Meridian Life Science (Saco, ME). High purity
Creactive protein from human serum was obtained from EMD
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Biosciences, Inc. (La Jolla, CA). High-Sensitive CRP control serum
was purchased from Kamiya Biomedical (Seattle, WA) as well as
ASO/RF/CRP control serum. Isotopically labeled and unlabeled
versions of the synthetic peptides, GYSIFSYATK (monoisotopic
mass of 1136 Da) and YEVQGEVFTKPQLWP (monoisotopic mass
of 1820 Da) were purchased from Anaspec, Inc. (San Jose, CA).
The labeled version of the peptides were synthesized with
13C,,15N;-phenylalanine (GYSIFSYATK) or *Cs,'°N;-valine for
each valine residue (YEVQGEVFTKPQLWP) (purity >98%).
Other reagents and materials were obtained from Sigma-
Aldrich (St. Louis, MO).

Affinity Purification of CRP. CRP mAb was conjugated to
polystyrene superparamagnetic beads according to vendor pro-
tocol and further described in Supporting Information. CRP mAb-
conjugated beads (15 ul) were placed into 1.5 mL centrifuge
tubes, and the supernatant was removed by magnetic separation.
PBS buffer supplemented with 1 g/L BSA and 0.5 mL/L Tween-
20 was added in quantity sufficient to achieve a volume of 500 uL
after the addition of CRP-containing solutions. After 2 h incubation
(room temperature) with rotation, beads were rinsed twice with
1 mL of PBS supplemented with 1 g/L BSA followed by two rinses
with water supplemented with 1 g/L BSA. After removal of the
last rinse, 40 uL of elution buffer (100 mL/L acetonitrile, 4 mL/L
TFA with 1.67 g/L BSA) was added to the beads which were
briefly vortexed. The eluted CRP was stored frozen (—20 °C) until
digestion.

Method of Standard Addition for CRP Quantification.
Affinity purifications were performed on control serum having two
levels of CRP in separate sets. Set A (ASO/RF/CRP Control Level
2 serum, nominal 38 mg/L CRP) and Set B (High-Sensitive CRP
Control Level 1, nominal 0.5 mg/L) were quantified by one-point
standard addition. Serum was added to the prepared beads in
buffer to achieve an approximately 20-fold and 2-fold dilution for
the high and low serum sets, respectively, in a 500 uL reaction
volume. The CRP standard was diluted to 0.1 ug/uL from the stock
concentration of 6.1 ug/uL (as determined by the manufacturer)
by addition of PBS supplemented with 1 g/L BSA, which pilot
experiments found to increase CRP detection and quantification,
presumably by blocking nonspecific losses of CRP protein and
peptides to the pipet tips and tubes. CRP standard protein was
spiked in to produce 0 and 3 ug addition levels for quantification
purposes. Additional spikes were performed at 1 and 2 ug levels
to confirm linearity. The standard addition affinity purifications
were conducted on three separate days within a span of four days.
Affinity purification of the high CRP serum set was performed on
days one and three and included replicates Al, A2, A3 and A4,
A5, A6, respectively. Day four purifications were performed using
the low CRP serum set with three replicates (B1, B2, and B3).
An additional set of purifications was performed on days one and
four to generate an external reference curve using only the CRP
standard in aqueous solution containing 0.1, 1, 3, and 5 ug of added
CRP standard.

As a comparison, a second standard addition analysis was
performed without the affinity purification step. The CRP standard
was spiked into high and low CRP serum samples immediately
prior to denaturation, alkylation, and digestion with trypsin and
subsequent LC-MS/MS analysis.
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Digestion of Protein. Samples were reduced to dryness using
a vacuum centrifuge at 30 °C and reconstituted in 50 uL of 50
mmol/L Tris (pH 8.3) containing 5 mmol/L DTT and 2 g/L
Rapigest. The tubes were heated to 99.5 °C for 5 min and then
kept at 60 °C for 30 min. Upon cooling and gentle vortexing, 15
mmol/L of iodoacetamide was added and incubated in the dark
(1 h). The alkylation reaction was stopped with the addition of
DTT to reach 21 mmol/L. A sufficient quantity of 50 mmol/L Tris
(pH 8.3) and 5 mmol/L DTT was added to reduce the Rapigest
concentration to 1 g/L in a 100 uL reaction volume. Trypsin was
freshly reconstituted (1 ug/ul) in provided buffer and added to
the samples (60:1 (m/m) protein-to-trypsin ratio). The tubes were
incubated for 45—48 h at 37 °C with shaking. A second application
of trypsin was added after 24 h to ensure complete digestion. The
digestion was stopped with the addition of 0.5 uL of TFA and
incubated at 37 °C for 1 h prior to centrifugation and removal of
the supernatant for analysis. The digestion products were stored
frozen (—20 °C) until analysis.

LC-MS/MS Analysis. The digestion products were thawed,
and 80 uL was transferred to fresh 1.5 mL centrifuge tube and
then reduced to dryness prior to the addition of 30 uL. LC/MS
grade water containing labeled peptides (130 pmol) to confirm
the identity of eluted peptides. The labeled peptides and digested
samples were equilibrated at room temperature for 45 min before
transfer to autosampler vials. Each analysis set was prepared for
analysis as one lot and reconstituted using the same preparation
of labeled peptides and run as one LC-MS/MS batch using Applied
Biosystems API 4000 with an Agilent 1100 LC. Details of the LC-
MS/MS analysis are provided in the Supporting Information. The
response areas for each peptide were combined for the quantitative
analysis.

RESULTS

Characterization of CRP Affinity Purification Reagents.
The CRP standard must behave as identically to the native serum
CRP as possible in order to minimize potential heterogeneity bias.
This study made use of commercially available purified human
serum CRP to achieve fidelity to the analyte to characterize the
CRP mAb-conjugated beads and to use as the standard addition
spike. The purity of the CRP standard was described as 100% by
the vendor according to SDS-PAGE analysis and was further
analyzed by MALDI-MS in the present study with details of the
analysis method, along with its suitability for use in affinity
purification, provided in the Supporting Information (Figures S-1
and S-2). Figure 1 shows the spectra from MALDI-MS analysis
of the elution product of the affinity purification of intact endog-
enous CRP from human serum. The nominal CRP content of the
serum was 11 mg/L, and a peak is observed at the appropriate
mass/charge ratio (m/z) for the singly charged protomer form
of CRP consistent with that seen with CRP standard confirming
the identity of the intact affinity-purified protein as endogenous
CRP. These results demonstrate that the CRP mAb-conjugated
beads can effectively capture the CRP analyte from serum.

Quantitative analysis of CRP was not performed on the intact
affinity-purified protein but on peptides derived from the trypsin
digestion of CRP. A representative LC-MS/MS chromatogram is
shown in Figure 2, overlaying the MRM signals for two “signature”
peptides (with monoisotopic molecular masses of 1136 and 1820
Da respectively) observed in the tryptic digest of affinity purified
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Figure 1. Mass spectra from MALDI-MS analysis of endogenous
CRP from serum. Spectra were acquired of a sample which had
undergone affinity purification of the intact endogenous CRP from
250 uL of human serum control containing ~11 ug CRP. BSA is
added during the affinity purification elution to decrease nonspecific
binding.
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Figure 2. LC-MS/MS spectra of peptides from CRP affinity purifica-
tion from serum. Spectra are shown for the LC-MS/MS analysis of a
tryptic digestion of CRP which has been affinity purified from serum
containing ~38 mg/L CRP. Two peptides were monitored for quan-
tification, GYSIFSYATK (1136 Da, ~20.2 min retention), and
YEVQGEVFTKPQLWP (1820 Da, ~21.8 min retention). Data are
normalized to the peak corresponding to the 1136 Da peptide in each
set.

CRP from serum with a nominal 38 mg/L CRP concentration.
Identity of the correct peptide was corroborated by the coincident
elution of the synthetic labeled form of each respective peptide
(data not shown).

The CRP mAb-conjugated beads were further assessed by
affinity purification of aqueous solutions of CRP standard followed
by trypsin digestion and LC-MS/MS analysis. The binding
characteristics of the CRP mAb-conjugated beads were evaluated
by analysis of the response of CRP captured after affinity
purification from aqueous solutions of CRP standard at 1, 3, 5,
10, and 20 ug levels in duplicate. Figure 3 illustrates linear binding
in the range from 1 ug to 5 ug (R* > 0.98) with a saturation limit
between 5 ug and 10 ug. Therefore, affinity purifications in the
study were performed limiting the amount of CRP in each
reaction to less than 5 ug. These results are significant in
demonstrating that the binding of the CRP to the CRP mAb-
conjugated bead occurs in a manner consistent with classical
principles of receptor—ligand binding mechanisms. Steady-state
binding of CRP to the beads was achieved at the time used in
the study (2 h), as no significant differences in the LC-MS/
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Figure 3. Concentration—response of affinity purification of CRP
standard. CRP standard was affinity purified in duplicate from
aqueous buffer at five levels (1, 3, 5, 10, and 20 ug) and digested
with trypsin before analysis by LC-MS/MS. The mean area at each
level is shown for the GYSIFSYATK, 1136 Da (solid circles), and
YEVQGEVFTKPQLWP, 1820 Da (open circles), peptides at each
level. The linear regression parameters for the first three levels are
shown next to each respective line.

MS response were seen at different affinity purification incuba-
tion times (1, 2, 4, 6, and 8) h (data not shown).

The influence of nonspecific binding of CRP during affinity
purification was investigated using a control set of beads in which
BSA was conjugated in place of CRP. CRP standard (20 ug, 5 fold
increase over typical) was incubated with the control beads beside
a parallel incubation of CRP mAb-conjugated beads. LC-MS/MS
analysis of the resulting trypsin digestion indicated that nonspe-
cific binding of CRP is negligible, reaching a level of only 0.1% of
maximum peak intensity (data not shown).

Inconsistency in the tryptic digestion of the affinity purified
protein could add considerable bias to the measurement result
by influencing the linearity of the affinity purified measurand
response by LC-MS/MS. To investigate the contribution of
enzymatic digestion to error of the measurement, increasing
amounts of CRP standard were prepared in elution buffer and
digested in triplicate and analyzed by LC-MS/MS. The results in
Supporting Information Figure S-3 show that the release of
signature peptides from tryptic digestion is linear across the range
of 0.1 ug to 10 ug for each peptide with values of 7 > 0.99.
Although the efficiency of the digestion cannot be determined
from this analysis, it does demonstrate the linearity of the
tryptic digestion in this study. Therefore, digestion of the total
amount of CRP (endogenous and spiked) in a sample can be
assumed to be uniformly digested by trypsin. Therefore, the
CRP added to the sample functions to remove bias so that
tryptic digestion contributes only random error to the measure-
ment analysis.

An estimate of the percentage of CRP which has been bound
to and eluted from the beads can be made by comparing the areas
of the signature peptides from the tryptic digest alone to the areas
obtained in the generation of the affinity purification external
reference curve. For the 0.1, 1, 3, and 5 ug levels, the calculated
percentage of affinity purified to digested areas are 49, 60, 65,
and 69% (m/m), respectively, demonstrating a robust level of
binding to allow meaningful interpretation of the results in the
quantification analysis.
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Table 1. Quantification Results of Standard Addition
Analysis of CRP Serum Samples?

>replicate >daily
day (mg/L) >CRP mean mean (% CV) >overall set

1 Al 32.9

1 A2 29.3

1 A3 35.7 33.0 mg/L

3 A4 32.8

3 A5 37.3

3 A6 31.5 34.6 mg/L  33.3mg/L (8.7%)
4 B1 0.35

4 B2 0.34

4 B3 0.32 0.34 mg/L (4.5%)

“The concentration determined for each individual replicate is
reported also indicating the day of affinity purification in the study.
The daily mean was calculated, and #test analysis indicated no
difference between the daily groups for Set A (p = 0.567). The overall
mean was determined from the values of the replicates for the high
(Set A, n = 6) and low (Set B, n = 3) levels of CRP in serum.

Quantification. The separate concentrations determined using
the two peptides in the study, GYSIFSYATK (1136 Da) and
EVQGEVFTKPQLWP (1820 Da), were not significantly different
(p > 0.05), and the response areas of each peptide were combined
for the analysis. The standard addition approach assumes that a
linear relationship exists within the response at each level and 72
values were obtained ranging from 0.9881 to 0.9995 and 0.9897
to 0.9967 for Sets A and B, respectively, considering the 0, 1,
2, 3 ug levels. Quantification was performed using a one-point
standard addition at the level of 3 ug. The results of standard
addition LC-MS/MS measurements of high level of CRP in
serum are presented in Table 1 with the concentration of 33.3
mg/L + 8.7% (mean + coefficient of variance (CV)). The concen-
tration of the low CRP sample was found to contain 0.34 mg/L £
4.5% also shown in Table 1.

As a means to confirm the results of the standard addition,
the external reference approach was used as a second quantifica-
tion method for CRP in serum. In this approach, external
calibration solutions of CRP were affinity purified and digested
under conditions identical to those of the serum samples to
generate calibration curves for the replicates 1, 2, and 3 of both
the high (R? = 0.9898) and low (#* = 0.9988) CRP serum sets.
Average response factor calibration was used to assign values
of CRP as 35.8 + 11.5% and 0.33 + 9.2%, respectively, for the
high and low CRP serum, which was not significantly different
from the standard addition approach.

The expected values of the high and low CRP sera, as provided
by the manufacturer, are based on immunoturbidimetric assays,
and several values are provided according to the specific calibrant
set which were employed. The total range of values for the high
CRP serum was 28.79—45.85 mg/L. The results for this material
in the current study are well within the range of expected values.
The total range of values for the low CRP serum as provided by
the manufacturer was 0.39—0.69 mg/L, which is slightly higher
than the results from the current study. The values reported in
this study agree closely with the values assigned by immunoassay.
Reference measurement methods typically measure only a limited
number of samples, usually the one to four levels which might
be found in a typical reference material, and the two levels of CRP
measured in the current study reflect this pattern. Comparison
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of the results with the immunoassay-value-assigned control serum
was used for the assessment of the effectiveness of the method.

An additional analysis was performed using standard addition
in serum without the use of affinity purification. CRP-spiked serum
was directly digested to produce a measurement for the high
serum sample with a mean (» = 5) of 32.7 mg/L + 9.0% which
was not significantly different (p = 0.565) from that obtained with
affinity purification. However, the value for the low CRP serum
without affinity purification, with a mean (» = 2) of 1.9 mg/L,
substantially overestimated the value of CRP in the sample as
compared to both the manufacturer supplied values and the affinity
purification approach. Additionally, the analysis was performed
with only one peptide, YEVQGEVFTKPQLWP, as the other
peptide was not detected. A reference method would demand a
more robust measurement achieved by using multiple quantifica-
tion peptides. Similarity of the measurements in the high CRP
serum sample with and without affinity purification indicates that
the higher-order threshold limit for CRP without affinity purifica-
tion is between ~0.3 mg/L and 32 mg/L. Therefore, in order to
measure CRP in serum at either normal or moderately elevated
levels using multiple quantification peptides, affinity purification
or alternative enrichment strategies are necessary to provide
sufficient precision and accuracy for use in a reference measure-
ment procedure.

DISCUSSION

Presently, there is a lack of reference measurement procedures
for the measurement of low abundance proteins in complex
biological matrixes such as serum. There are practical limits to
the direct utilization of mass spectrometry in this application,
following enzymatic digestion and subsequent analysis of the
product peptides, despite the high degree of selectivity and
precision attained with these instruments. Failure to quantify low
abundance proteins is principally due to the significant signal-to-
noise degradation of the low abundance peptides because of the
ion suppression effects of the peptides of more abundant proteins.
A number of studies have described techniques to increase the
signal-to-noise ratio of peptides from low abundance proteins by
using immunodepletion® and/or size exclusion chromatography®!
to remove abundant proteins and have been successful in the
reduction of both the detectable and relative quantification
concentrations. Of particular note is the CRP measurement
performed by Kuhn et al.?* which combined immunodepletion and
size exclusion chromatography with a labeled peptide IDMS
approach using four tryptic peptides, one of which, GYSIFSYATK,
was also used in the current study. Kuhn et al. gauged their results
with immunoassay measurements and obtained values which were
varied in differences up to 5-fold. Williams and Muddiman??
recently published a study whereby they were able to perform
peptide IDMS to measure CRP in serum using nanoflow-MS/MS
without prior fractionation. Using only a single peptide, they
compared the concentration of CRP in serum to an immunoassay
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947-955.

(21) Kuhn, E.; Wu, ].; Karl, J.; Liao, H.; Zolg, W.; Guild, B. Proteomics 2004, 4,
1175-1186.

(22) Williams, D. K., Jr.; Muddiman, D. C. J. Proteome Res. 2009, 8, 1085-
1090.



Downloaded by COLL OF CHARLESTON on October 14, 2009 | http://pubs.acs.org
Publication Date (Web): September 18, 2009 | doi: 10.1021/ac901597h

and found a good correlation (R*> = 0.9708). However, the
difference between the two methods was an average of 1 order
of magnitude. It is clear from both of these studies that the
use of IDMS to quantify proteins can potentially yield signifi-
cantly different values than those obtained from immunometric
methods. Therefore, for the use of IDMS in reference mea-
surement procedures for protein analytes such as CRP, a
measurement approach designed to eliminate or diminish
measurement bias, such as what we have presented here, is
necessary to ensure accuracy.

The greatest improvement in MS measurement sensitivity of
clinically relevant proteins published to date has occurred using
the technique of stable isotope standards and capture by antipep-
tide antibodies (SISCAPA) whereby synthetic stable isotope
peptides are spiked into the digested material, most often after
preliminary enrichment techniques, and used as internal standards
for quantification.?>%* However, these techniques are not suitable
for the assignment of values to reference materials. A reference
measurement procedure must be critically investigated as to all
potential sources of error, which must be identified, evaluated,
and mitigated to the greatest extent possible. The purpose of the
current study was to examine the feasibility of using affinity
techniques to purify intact protein as the principle means to reduce
the signal-to-noise component of peptides from serum low abun-
dance proteins in a manner in which the sources of bias can be
controlled. While both SISCAPA and intact protein affinity
purification are able to enrich peptides of the digested target
protein, they differ in the bias they each possess. SISCAPA
functions by capturing the target peptides after digestion with
quantification determined by comparing against spiked-in syn-
thetic labeled peptides. The technique is quite robust in quantify-
ing peptides, however, the relationship between the quantity of
spiked-in peptides and the initial undigested protein is a significant
source of bias.?® The direct correlation between protein and
peptide concentration assumes complete digestion with no tryptic
side reactions occurring, such as transpeptidation.?® To the extent
that digestion is incomplete, bias will be present in the SISCAPA
measurement without any means to make correction. CRP
circulates as pentamer, and the effects of inconsistent denaturing
can induce a profound variability in digestion. Affinity purification
of intact protein using standard addition avoids this particular bias,
as any spiked protein is added before purification and denaturing/
digestion will occur equivalently in the native and spiked protein
thus avoiding bias.

Affinity-based techniques have previously been applied to the
detection and quantification of CRP using competitive immunoas-
say?’ while MALDI-MS analysis of affinity-purified proteins has
previously been described for detection—identification®®3° and

structural®® purposes for proteins due to high mass accuracy.

Efforts at quantification using MALDI-MS®2*3 have been published
but are inherently encumbered by the higher-order quantitative
limitations. Nonetheless, these methods are often multiplexed and
offer rapid, alternative approaches for the generation of lower-
order methods for more routine analyses. LC-MS/MS analysis
has also been previously described in conjunction with affinity
purification to identify proteins and associated modifications using
stably expressed protein in cell lines.>*

The use of affinity chromatography for both analyte enrichment
and purification in the measurement approach can be a potential
source of measurement bias and must be properly evaluated. If
the monoclonal antibody is differentially selective for specific
molecular forms of CRP, or if there are matrix effects that prevent
equilibrium binding of CRP to the antibody, the amount of CRP
captured for quantification after affinity chromatography will not
be well correlated to the actual amount in the serum. One-point
standard addition, in which a single known amount of CRP
standard is added to the serum sample being measured, is
effective in eliminating potential matrix effect bias.>® As the CRP
standard used in this study was purified from human serum, the
structural and molecular differences between CRP in the standard
and samples will be minimized and offer the greatest affinity
equivalency possible. If there is molecular and structural identity
between the intrinsic serum CRP and the CRP added, any bias in
the affinity chromatographic step should equally affect the intrinsic
protein and the protein added for standard addition and thus be
eliminated.

The approach taken in this study to measure peptides released
from the protein through enzymatic digestion using trypsin in
order to quantify the protein is well established. Two tryptic
peptides were analyzed by LC-MS/MS in the current study to
increase the confidence in the measurements obtained, particu-
larly when, as in the current study, similar values are obtained
with each peptide. The trypsin digestion process can often be
inefficient, producing variably incomplete yields of tryptic peptides
due to differences in sample matrix, protein structure, and specific
amide bond conditions at each tryptic cleavage site within the
same protein. Therefore, the trypsin digest can potentially be a
significant source of measurement bias. The standard addition
approach negates potential digest bias, as the magnitude of any
partial trypsin digestion would be the same for the intrinsic serum
CRP as for the standard spike. The inefficiency of the digestion
process is still present in the current study; however, it is now
applied equally to both the endogenous and spiked CRP, requiring
only the single assumption that the spiked and sample proteins
are proteolyzed similarly. CRP purified from human serum was
used as the standard in order to minimize differences from the
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analyte. A second approach to evaluate bias was to use intact CRP
protein as external calibrant in association with affinity purification.
Different amounts of CRP in aqueous buffer were affinity purified
concurrently with the standard addition samples. Both groups
were digested at the same time using the same conditions. The
CRP from the serum sample and the external calibrants were
removed from their respective matrix, serum, and buffer, respec-
tively, and were therefore digested in a new common matrix,
namely, the elution buffer. Thus, any digestion bias present due
to matrix effects on trypsin activity would be equivalent for
calibrant and samples. This approach is only possible with the
use of affinity chromatography.

In conclusion, the coupling of affinity purification with LC-MS/
MS does offer the ability to measure low abundance proteins in
serum within acceptable limits and at a level which has previously
been inaccessible to higher-order LC-MS/MS analysis. Addition-
ally, results from the external reference calibration show the
flexibility of this technique for other approaches, and the future
development of intact isotopically labeled proteins would lend itself
to the use of isotopic-dilution mass spectrometry analysis for the

8616 Analytical Chemistry, Vol. 81, No. 20, October 15, 2009

generation of higher-order quantification methods for CRP in
serum. Current efforts are underway to generate ®N-labeled CRP
protein for use in future studies utilizing IDMS analysis and
continued development of higher quantification methods in-
corporating additional signature peptides.
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