
Utilizing Spectral Counting to Quantitatively Characterize
Tandem Removal of Abundant Proteins (TRAP) in Human
Plasma

Christopher M. Shuford1, Adam M. Hawkridge1, John C. Burnett Jr.2, and David C.
Muddiman1,*

1W.M. Keck FT-ICR Mass Spectrometry Laboratory, Department of Chemistry, North Carolina
State University, Raleigh, North Carolina, 27695
2Division for Cardiovascular Disease, Mayo Clinic College of Medicine, Rochester, Minnesota
55905

Abstract
Biomarker discovery efforts in serum and plasma are greatly hindered by the presence of high
abundance proteins that prevent the detection and quantification of less abundant, yet biologically
significant proteins. The most common method for addressing this problem is to specifically
remove the few abundant proteins through immunoaffinity depletion/subtraction. Herein, we
improved upon this method by utilizing multiple depletion columns in series, so as to increase the
efficiency of the abundant protein removal and augment the detection/identification of less
abundant plasma proteins. Spectral counting was utilized to make quantitative comparisons
between un-depleted plasma, plasma depleted with a single depletion column, and plasma
depleted using two or three depletion columns in tandem. In the un-depleted plasma only 29 lower
abundance protein groups were identified with the top-scoring protein from each group having a
median spectral count of 3, while in the plasma processed using a single HSA depletion column 61
such protein groups were identified with a median spectral count of 8. In comparison, 76 lesser
abundant protein groups were identified with a median spectral count of 11.5 in the two column
setup (i.e., HSA followed by MARS Hu14). However, in the ultimate depleted plasma sample,
which was created using three depletion columns in tandem, the number of less abundant protein
groups identified increased to 81 and the median, average spectral count for the top-scoring
proteins from each group increased to 15 counts per protein. Moreover, exogenous B-type
Natriuretic Peptide-32, which was added to the plasma as a detection benchmark at 12 μg/mL,
was only detected in the plasma sample depleted using three depletion columns in tandem.
Collectively, these data demonstrate this method, Tandem Removal of Abundant Proteins or
TRAP, provides superior removal efficiency compared to traditional applications and improves
the depth of proteome coverage in plasma.

Introduction
The potential utility of plasma as a source for diagnostic and prognostic markers of human
disease is unparalleled by any other clinical specimen given its ease of access and the
diversity of its constituents. In particular, the use of plasma proteins, such as Prostate
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Specific Antigen1, CA-1252 or B-type Natriuretic Peptide-32 (BNP-32)3, as biomarkers of
disease progression is particularly useful to clinicians. However, the identification of valid
protein biomarkers within plasma or elsewhere is exceedingly difficult and, as such, the rate
at which protein biomarkers are being introduced into clinical practice is prohibitively
slow.4 The challenge with identifying biomarkers in plasma is due in part to the complexity
of the plasma proteome and the limitations it places on traditional protein fractionation
methods and global-scale quantitative strategies. For instance, the majority of protein mass
in plasma is comprised from a relatively small number of highly abundant proteins though
the dynamic range of all plasma proteins spans over 10 orders of magnitude.4 Consequently,
low abundance proteins of biological importance inevitably go undetected as a result of their
low absolute concentration and the suppressive effect of these highly abundant proteins.

Of all the pre-fractionation methods, perhaps the most effective technology for combating
interference from abundant plasma proteins is affinity depletion.5 In this method serum or
plasma is passed through an affinity column, which specifically retains (i.e., depletes) one or
more of the most abundant plasma proteins, thereby decreasing the dynamic range of the
unbound proteins. One of the first examples of this was the utilization of immobilized
Cibracon Blue 3G dye to remove human serum albumin (HSA) from plasma in a
chromatography platform;6 however, the poor specificity of this reagent makes its use
unfavorable for quantitative studies.7 To improve upon this technique, Lollo et al. developed
an affinity column comprised of proprietary “polypeptides” that specifically bound both
HSA and immunoglobulin G (IgG).8 Using this method, they were able to reproducibly
obtain greater than 96% removal efficiency of the two target proteins and obtain better
visualization of the remaining serum proteins in the subsequent 2D-SDS-PAGE analysis.
Since this report, several similar methods have been developed using a mix of polyclonal
antibodies to specifically bind and remove multiple abundant plasma proteins as well as
their associated fragments and, currently, there are a variety of immunoaffinity depletion/
subtraction platforms commercially available that target between 6 and 20 abundant
proteins.9-11 Although these antibody-based techniques can reportedly obtain greater than
95% removal efficiency, there is still significant room for improvement since the portion of
the abundant target proteins remaining after depletion still have comparable concentrations
to the other protein constituents and, as a result, can still interfere during subsequent
analyses. For example, if each of the 14 most abundant plasma proteins, which comprise
approximately 94% of the total protein mass in plasma, is depleted at an efficiency of 98%,
those same 14 proteins would still account for nearly one fourth of the total protein mass
following depletion. In contrast, if two of the same depletion columns were used in series
(each with 98% efficiency), the overall depletion efficiency in theory would be 99.97% and
less than one percent of the remaining protein mass would be from the 14 abundant proteins.
To demonstrate this principle and determine if it results in improved detection and
identification of less abundant proteins, herein we have performed shotgun analyses on
plasma depleted with multiple columns connected in series. In order to validate this method,
termed Tandem Removal of Abundant Proteins (TRAP), spectral counting was used to make
quantitative comparisons between the tandem-depleted plasma sample, un-depleted plasma,
as well as plasma depleted using a single removal column.

Spectral counting, which equates a protein’s abundance to the number of MS/MS spectra
identifying that protein,12 has seen considerable use as a tool for biomarker discovery in cell
lines13-15 and tissue specimens16-18; however, it has seen limited applications in bodily
fluids such as urine19, saliva20 or blood.21, 22 It has been reported by Old et al.23 and
recently by our group24 that multiple spectral counts are required to accurately quantify
relative proteins abundances; thus, to practically apply spectral counting in plasma or serum
it is essential to remove the highly abundant proteins that would otherwise dominate the
spectral data. Indeed, the two reports we discovered in the literature both employed ethanol
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precipitation to remove HSA and improve identification and detection of the less abundant
proteins.21, 22 However, it has not been demonstrated to what extent immunoaffinity
depletion of multiple abundant proteins will improve spectral counting in plasma. Thus,
another aim of the present work was to systematically characterize the effects of abundant
protein depletion on the application of spectral counting in plasma, on which there is few
reports, in an effort to detect low abundant proteins (e.g., BNP-32) with significant clinical
utility.

Experimental
Materials

All solvents used in these studies were of HPLC grade and were purchased from Burdick
and Jackson (Muskegon, MI) unless otherwise noted. The chemical reagents iodoacetamide,
urea, cysteine, formic acid, and acetic acid were obtained from Sigma-Aldrich (St. Louis,
MO), as was the TPCK-treated trypsin. The ammonium bicarbonate used to produce the
digestion buffer was from Fisher Scientific (Fair Lawn, NJ), while the dithiothreitol (DTT)
was from Bio-Rad (Hercules, CA). Lastly, synthetic B-type Natriuretic Peptide-32 was
purchased from the American Peptide Company (Sunnyvale, CA).

Protein Depletions
Three distinct depleted plasma samples were created using a combination of Multiple
Affinity Removal System (MARS) LC columns (Agilent, Santa Clara, CA). The depletion
columns consisted of one 4.6 × 50 mm serum albumin (HSA) removal column and two
identical 4.6 × 100 mm Human 14 (Hu14) removal columns. The latter columns target the
14 most abundant plasma proteins for removal, which include: HSA, Immunoglobulin G
(IgG), Immunoglobulin A (IgA), Immunoglobulin M (IgM), Fibrinogen, Apolipoprotein A1,
Apolipoprotein A2, α2-Macroglobulin, Transferrin, Transthyretin, α1-Antitrypsin, α1-Acid
Glycoprotein, Complement C3, and Haptoglobin. The first depleted plasma sample, termed
sample A, was created by removing only the HSA using the corresponding MARS column
according to the manufacturer’s protocol. The two tandem-depleted samples (TRAP
samples), termed sample B and C were created by connecting the HSA and Hu14 depletion
column(s) in series using PEEK tubing (0.01” I.D. × 5 cm). The former sample was
produced using only the HSA removal column and a single Hu14 removal column in
tandem, while the latter sample was created using an additional Hu14 removal column.

For all depletions, 50 μL of normal pooled human plasma (Innovative Research Inc., Novi,
MI) was spiked with 12 μg/mL of BNP-32 to serve as a benchmark for these studies (vide
infra). After diluting the spiked plasma 4-fold with MARS buffer A, the diluted plasma was
passed through a 0.22 μm centrifugal filter (Agilent, Santa Clara, CA), 160 μL of filtrate
(equivalent to 40 μL of undiluted plasma) and loaded into the sample loop for depletion. All
depletions were performed on an LC-20AD HPLC system equipped with an SPD-20A UV/
Vis detector (Shimadzu, Columbia, MD) and an FC 203B fraction collector (Gilson,
Middleton, WI). In producing the tandem depleted plasma samples (Samples B and C), the
flow-rate of 0.125 mL/min was used in order to maintain the optimum efficiency for the
Hu14 removal columns and the binding portion of the gradient was extended to account for
the increased bed volume (see Table S-1). Immediately following their elution the unbound
proteins were immediately concentrated to < 100 μL using a Vivaspin 2, 2000 MWCO filter
(Vivaproducts Inc., Littleton, MA), buffer exchanged 3 times with 2 mL of 100 mM
ammonium bicarbonate buffer (pH 8) and, finally, concentrated to dryness, in vacuo, prior to
storage at -20 °C until needed. For subsequent analyses by 1D-SDS-PAGE and nanoLC-MS,
the dried depleted plasma samples were initially reconstituted in 6M urea and then an
aliquot of each was diluted 3-fold in water in order to measure the total protein
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concentration using a Coomassie Plus Bradford Assay Kit (Thermo-Fisher Scientific).
Afterwards, the samples were diluted with 6M urea to create final working samples with a
total protein concentration of 1 mg/mL. The un-depleted plasma sample used in these
studies was created simply by spiking 12 μg/mL BNP-32 and diluting with 6 M urea to a
final total protein concentration of 1 mg/mL.

In-Solution Digestion
For each depletion sample, 35 μL of the 1 mg/mL protein solution was reduced with 2 μL of
50 mM DTT for 1 hour at 37 °C and then alkylated with 6 μL of 200 mM iodoacetamide for
1 hour at 37 °C. After allowing the sample to cool, the alkylation reaction was quenched by
adding 100 μL of 120 mM cysteine and allowing the mixture to sit for an additional 30
minutes at room temperature. This step also served to dilute the concentration of urea to less
than 2 M. The sample was then subjected to tryptic digestion at a 1-to-50 substrate-to-
enzyme ratio by adding 700 ng of enzyme. After incubating at 37 °C for 4 hours, a fresh 700
ng aliquot of enzyme was added, bringing the total substrate-to-enzyme ratio to 1-to-25. The
digestion was then allowed to proceed for an additional 12 hours at 37 °C prior to quenching
with 1% formic acid. Finally, all samples were diluted to a final concentration 100 ng/μL
and stored at -20 °C until nanoLC-MS/MS analysis. All reagents were made in 100 mM
ammonium bicarbonate buffer (pH 8), while the trypsin was initially reconstituted in 50 mM
acetic acid and then diluted 50-fold in the ammonium bicarbonate buffer prior to its use.

NanoLC-MS/MS
Tryptic digestions from each sample were thawed and analyzed in triplicate, in a
randomized order, using an LTQ-Orbitrap mass spectrometer (Thermo Scientific, San Jose,
CA). Online desalting and reversed phase chromatography was performed using a vented
column configuration as previously described25 with a Nano2D-LC system equipped with
an AS1 autosampler (Eksigent, Dublin, CA). Mobile phases A and B for these analyses were
98/2/0.2 and 2/98/0.2 (water/acetonitrile/formic acid), respectively, and the trap and
analytical columns were packed with 4 μm Jupiter Proteo C12 90 Å stationary phase
(Phenomenex, Torrance, CA). For each run 10 μL of a 100 ng/μL tryptic digestion was
aspirated and injected onto the trap/desalting column at 3 μL/min in 2% mobile phase B by
way of a 13.5 μL metered injection. The trap column was packed in-house to 3 cm using a
100 μm ID IntegraFrit column (New Objective, Woburn, MA). After desalting, the 350 nL/
min gradient was directed across the trap and onto the analytical column, which was packed
in-house to 10 cm using a 75 μm ID PicoFrit column (New Objective, Woburn, MA). The
gradient was initially held at 2% mobile phase B for 5 minutes and then ramped to 45%
mobile phase B over the next 58 minutes. The column was then flushed with 90% mobile
phase B for 3 minutes prior to re-equilibrating the column at initial conditions for 7 minutes.
Precursor mass spectra were acquired at a resolving power of 60,000FWHM at m/z=400 using a
lock mass injection of 445.120025 m/z and subsequent MS/MS spectra were acquired on the
6 most abundant precursor ions using the data dependent facilities of the instrument with an
isolation window of 2 m/z units. Dynamic exclusion was utilized allowing for 1 repeat, a 30
second repeat duration, a 90 second exclusion duration, and an exclusion list size of 100.
The AGC for the Orbitrap and ion trap were set to 1 × 106 and 1 × 104, respectively. Other
instrumental parameters included an ESI potential of 2000 V, a capillary offset of 35 V, and
a capillary temperature of 250 °C.

Data Processing
The .RAW files produced in these experiments were initially processed and then searched
using Mascot Daemon (Matrix Science, Boston, MA), which created the .dat files (i.e., the
search results files) used for spectral counting analysis within ProteoIQ 1.5.01 (BioInquire,
Athens, GA). The data was searched against the IPI Human Database v.3.68 that was
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modified to produce a concatenated forward and reverse database for estimating the false
discovery rate (FDR). Within Mascot Daemon, trypsin was selected as the enzyme and two
missed cleavages were allowed per peptide. Carbamidomethyl groups were selected as a
fixed modification on all cysteine residues, while variable modifications included oxidation
of methionine residues and deamidation of asparagine and glutamine residues. Other search
parameters included a 5 ppm peptide tolerance and a 0.6 Da MS/MS tolerance. In ProteoIQ,
each of the 4 samples was treated as a different biological sample with 3 replicates, and all
identifications were made using a minimum protein probability of 0.5 and maximum protein
FDR of 1%. Since the complexity and dynamic range of protein concentrations in each
sample were drastically different, each of the four samples were not expected to yield the
same total number of spectral counts; thus, the spectral counts reported here were not
normalized by the total number of spectral counts in each replicate or sample and were only
normalized according to protein length where noted in the text. Additionally, all spectral
count values reported are the total obtained across the three replicate injections and only to
top scoring proteins from each protein group identified were included in the spectral
counting analyses.

Results and Discussion
Three MARS LC columns (one HSA removal and two Hu14 removal) were systematically
evaluated to determine if using the three columns in tandem could benefit a shotgun
proteomics analysis of plasma and, in particular, the application of spectral counting and
detection of BNP-32. The premise behind the TRAP method was that connecting multiple
columns in series would inherently increase the depletion efficiency of the protein removal
relative to using a single column, thereby improving the enrichment of lower abundance
proteins, and improving their detection and identification. The total protein concentration of
the depleted plasma (i.e., the collected unbound fractions) was measured for each sample
using a Bradford assay in order to gauge the efficiency of the depletion setups – these data
are summarized in Table 1. It was determined the un-depleted plasma had a total protein
concentration of approximately 54 mg/mL, which corresponds to a total of 2.15 mg of
protein in each 40 μL aliquot of plasma used for depletion. In comparison, the depleted
plasma samples A, B and C had 64, 93 and 94% less protein after depletion, respectively.
For sample A these data correlate well with the reported mass contribution of HSA in
plasma.8, 26 In samples B and C, the amount of protein removed was also consistent with the
estimated mass contribution of the 14 targeted abundant plasma proteins26, 27 and the 1%
increase in depletion efficiency from sample B to C was on par with an expected depletion
efficiency of 98-99% per Hu14 removal column. Even though this was only a marginal
increase in the overall amount of protein removed, the unbound proteins in sample C were
enriched 15.8-fold with respect to the un-depleted plasma, which is 15% greater than the
unbound proteins in sample B were enriched. These results were also noticeable during
analysis of the various samples by 1D-SDS-PAGE (see Supporting Information and Figure
S-2).

Proteomic Analysis
In total, 268 proteins were identified between the un-depleted and depleted plasma samples.
The number of proteins identified in each sample is shown in Figure 1 and are broken-down
into the number of Hu14 proteins (those 14 abundant proteins targeted for depletion) and
non-Hu14 proteins identified. Of the four samples the greatest number of protein
identifications was obtained in sample A; however, over one third of these protein
identifications (77 out of 201) were attributed to various annotated forms of the targeted
Hu14 proteins. The most abundant proteins, likewise, dominated the protein identifications
in the raw, un-depleted plasma with over half of the identifications coming from different
annotated forms of the Hu14 proteins. In comparison, the number of Hu14 proteins
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identified was substantially lower in the TRAP samples, which resulted in an increase in the
number of non-Hu14 identified. In samples B and C, respectively, approximately 91% and
94% of the proteins identified were lower abundance proteins. In comparing the two TRAP
setups, 11 additional non-Hu14 proteins were identified in sample C relative to sample B.
These results directly indicate the use of multiple depletion columns (even identical ones) in
tandem can improve the efficiency of the abundant protein removal and can improve the
detection/identification of lesser abundant proteins. Indeed, even greater improvements
would likely be observed using additional protein or peptide level pre-fractionation methods
such as in a MuDPIT or GeLC-MS workflow.

Spectral Counting
Compiled in Table 2 is a list of proteins identified in these studies whose physiological
concentrations have been previously reported and their total number of spectral counts they
obtained within each sample. For proteins with multiple annotated forms identified, only the
top scoring form was considered when creating this table. The spectral counts for protein
subunits were summed in order to obtain the total number of spectral counts for any
multimeric proteins and, similarly, the spectral counts for all immunoglobulins were
summed due to the inability to determine the origin of each identified subunit.
Unsurprisingly, the spectral counts for HSA and the other targeted Hu14 proteins decreased
dramatically in the depleted plasma samples. Several of these proteins were undetected in
the depleted plasma samples, which indicate they were depleted sufficiently to fall below the
detection threshold of the instrumentation. However, three of the targeted Hu14 proteins
(Fibrinogen, Complement C3, and Apolipoprotein AII) were still detected following
depletion, two which are known to circulate as fragments or subunits of the parent protein.

With respect to the non-Hu14 proteins, the spectral counts for the majority of these proteins
demonstrate the expected increase across the depleted plasma samples (see Table 3 for those
non-Hu14 proteins whose spectral counts did not increased). Based on the known
physiological concentration of the un-depleted proteins and their observed spectral counts
(Table 2), it was apparent that lower concentration proteins were detected as a greater
fraction of abundant proteins were depleted. In the un-depleted plasma, for instance, the two
proteins detected with the lowest reported concentrations were Complement C4 and
Complement Factor H. These proteins, whose reported concentrations go as low as 160 μg/
mL, had a total of 7 and 5 spectral counts, respectively. However, the removal of HSA
resulted in obvious improvements to the depth of coverage as a number of new proteins
were identified in sample A having reported concentration in the tens of microgram per
milliliter range, such as Complement Factor I and Angiotensinogen. In comparison, the
majority of new proteins detected in sample B had reported concentrations in the tens of
microgram per milliliter range and even a few were detected with reported concentrations in
the low microgram per milliliter range (e.g., Pigment Epethelium-derived Factor and
Tetranectrin). Finally, several new proteins with reported concentrations in the low
micrograms per milliliter range were identified in sample C. Most notably, Protein Z-
dependent Protease Inhibitor (PZI) was detected with a reported circulating concentration
range of only 1 – 1.6 μg/mL. Although these observations are inherently qualitative as a
result of the uncertainty in the true protein concentrations, it is apparent that lower
concentrations of protein are detectable in the TRAP samples compared to those detected in
the un-depleted and HSA depleted plasma.

In order to validate this claim, exogenous BNP-32 was spiked into the plasma prior to any
depletion at a concentration of 12 μg/mL to provide a known benchmark within each
sample. We were confident in using this exogenous protein to gauge the level of detection in
these studies given its low endogenous concentration (pg/mL)28, 29 and the fact it has been
shown previously to be unaffected during depletion of the top 6 abundant plasma proteins
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using a similar MARS column platform.30 As expected, the exogenous protein standard
went undetected in the un-depleted plasma as well as in sample A. The BNP-32 was also
undetected in sample B, which was created using an HSA removal column and a single
Hu14 removal column in tandem. However, the same concentration of BNP-32 was detected
with a total of 7 spectral counts in sample C, which was created using an additional Hu14
removal in the tandem depletion setup. This detection of the exogenous BNP-32 only in
sample C unequivocally demonstrates the intended advantage of the TRAP strategy to
increase the dynamic range of protein concentrations detectable within human plasma.

In Figure 2 are histograms showing the distribution of normalized spectral counts for the
proteins identified in each sample. As can be seen from the first histogram, the majority of
spectral counts in the un-depleted plasma were attributed to HSA while all other proteins
identified had significantly fewer spectral counts, with the median, normalized, spectral
count for the non-Hu14 proteins being only 0.45×10-2. After depletion of HSA the spectral
counts for the remaining proteins increased significantly, as demonstrated by
Serotransferrin’s increase from 45 spectral counts in the un-depleted plasma to 212 in
sample A. Moreover, the median, normalized spectral count obtained in sample A for the
non-Hu14 proteins was increased to 1.48×10-2 – more than triple what was obtained in the
un-depleted sample. Utilizing the Mann-Whitney U-test, the median normalized spectral
counts for the non-Hu14 proteins were determined to be statistically different (p-value =
0.0038) between the un-depleted plasma and sample A. The improvement continued in the
TRAP samples with the median, normalized spectral counts for the non-Hu14 proteins
increasing to 2.33×10-2 and 2.86×10-2 in samples B and C, respectively. By the Mann-
Whitney U-test the increase between samples A and B was determined to be statistically
significant (p-value = 0.0272), while the increase between samples B and C was
insignificant (p-value = 0.2731); however, when comparing common proteins identified
between the respective samples, the increase in the normalized spectral counts was readily
apparent as well as statistically significant (see Supporting Information and Figure S-3).
When considering non-normalized spectral counts, the median value for the non-Hu14
proteins was 3 in the un-depleted plasma, 8 in sample A, 11.5 in sample B, and 15 in sample
C. It is also important to note the total number proteins identified with greater than 4 total
spectral counts increased across theses samples, given it has been reported this is the
threshold required to obtain accurate quantification.23, 24 In the un-depleted plasma, for
example, only 21 of the 60 (~35%) non-Hu14 proteins had 4 or more spectral counts while
in sample A 80 of the 124 (~65%) non-Hu14 proteins met the same criteria. In comparison,
117 of the 152 (~77%) and 139 of the 163 (~85%) of the all the non-Hu14 proteins
identified in samples B and C, respectively, met or exceed the 4 spectral counts threshold.

Non-specific Protein Depletion
In these studies the spectral counts for the majority of non-Hu14 proteins identified trended
upwards as the removal of the targeted abundant proteins progressed; however, a select few
non-Hu14 proteins demonstrated trends consistent with a depleted protein. More
specifically, a decrease in spectral counts from sample A to B or from sample C to D
indicated that the protein was depleted by the additional Hu14 removal column. A list of
these un-targeted, yet depleted proteins and their spectral counts are compiled in Table 3.
Although non-specific adsorption to the column resin has been proposed, it is an unlikely
explanation in this case since no decrease in spectral counts was observed between the un-
depleted and HSA depleted plasma sample for any protein. Rather, several of the proteins
exhibiting the downward progression were apolipoproteins, which would suggest cross
reactivity between the anti-Apolipoprotein A1 or anti-Apolipoprotein A2 polyclonal
antibodies found in the Hu14 removal columns. Co-depletion of a Hu14 protein and its
binding partner(s) is also a likely explanation for the observed depletion of the un-targeted
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proteins; as in the case of Apolipoprotein D, which it is known to form a heterodimer with
the targeted Hu14 protein, Apolipoprotein A2 via a disulfide bridge.31 In fact, several of the
identified proteins that demonstrated the decrease in spectral counts are known to bind one
or more of the Hu14 proteins targeted for depletion. For instance, CD5 Antigen-like Protein
has been found in immunopurified fractions of both monoclonal and polyclonal IgM
originating from plasma32 and it is well known Haptoglobin binds free Hemoglobin in
circulation in order to prevent oxidative stress.33 Clusterin immobilized on an anti-clusterin
immunoaffinity column has been shown to selectively retain Apolipoprotein A1 in plasma,
and both proteins are believed to form the base of high density lipoproteins complexes.34

Additionally, Histidine Rich Glycoprotein35 and C1 Inhibitor36 are known to bind
Fibrinogen and C1 Inhibitor36, along with Properdin37, is also known to participate in the
alternative pathway of the compliment system by binding C3b, a fragment of Complement
C3. Moreover, application notes released by the manufacturer of these MARS columns have
reported non-specific depletion of proteins.27, 38 Most notably, C1 Inhibitor, Zinc Alpha-2-
Glycoprotein (ZAG), and Apolipoproteins B100 and D have been identified in the bound
fraction obtained from depletion of the plasma, which corroborates the findings obtained
herein using spectral counting.

Conclusions
Multiple abundant protein depletion columns were connected in series to determine if the
overall depletion efficiency of the top 14 most abundant proteins from plasma could be
increased and to evaluate how this would affect spectral counting for lesser abundant
proteins. The TRAP method was systematically evaluated and compared in parallel to un-
depleted plasma as well as plasma depleted of only HSA. Both Bradford assays and spectral
counting were employed to quantitatively compare the enrichment of proteins between the
respective depleted plasma samples as well as the un-depleted plasma. The data collected
here consistently demonstrated TRAP technique provides improved depletion of the targeted
abundant proteins and enhanced the detection of lesser abundant proteins and increased their
spectral counts compared to traditional abundant protein depletion. Although the gains may
seem marginal compared to the cost associate with using multiple columns, a more cost
effective method of performing TRAP could possibly be achieved using a newly purchased
column and an older column in tandem. It should also be noted the problem of non-specific
depletion was observed and compounded by TRAP. By observing a systematic decrease in
spectral counts between the un-depleted and tandem-depleted samples, 19 proteins were
identified as being non-specifically depleted – most likely as a result of antibody cross-
reactivity or co-depletion. Overall though, the vast majority of the less abundant proteins
identified were positively affected by abundant protein depletion and even more so by the
TRAP stratagem.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bar graph showing the number of abundant proteins (Hu14) and lesser abundant proteins
(non-Hu14) identified in the raw, un-depleted plasma and various depleted plasma samples.
Please note these numbers correspond to all proteins identified in these studies and not the
number of protein groups identified.
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Figure 2.
Shown are histograms of the normalized spectral counts (total spectral counts divided by
protein length), for the raw, un-depleted plasma and various depleted plasma samples. The
darker colored boxes highlight the normalized spectral counts for only the lesser abundant
(non-Hu14) proteins identified. Note, only the top-scoring proteins from each protein group
were utilized in these graphs.
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Table 1

Bradford Assay Results

Sample Protein Mass, mg (±SD) % Depletion Enrichment Factor, -fold*

Raw (Un-depleted) 2150 (±70) - -

A - HSA Depleted 767 (±127) 64.3 2.8

B - HSA/Hu14 TRAP 157 (±5) 92.7 13.7

C - HSA/Hu14/Hu14 TRAP 136 (±6) 93.7 15.8

*
Relative to the raw plasma
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Table 3

Spectral Counts for Depleted Proteins

Protein Total Spectral Counts

Raw A B C

Apolipoprotein C-II - 1 - -

Apolipoprotein C-III 4 9 6 4

Apolipoprotein D - 3 - -

Apolipoprotein E 1 13 3 6

Apolipoprotein L1 - 5 - -

Apolipoprotein M - 3 - -

Serum Amyloid A-4 Protein 1 6 - -

Apolipoprotein B-100 - 12 40 36

C4 Binding Protein - 7 4 -

CD5 Antigen-like Protein 1 6 - -

Hemoglobin - 3 - -

Histidine-rich Glycoprotein - 10 14 -

C1 Inhibitor 1 2 1 1

Reumatoid Factor D5 - 3 - -

Protein S - 4 2 2

Zinc-Alpha-2-Glycoprotein - - 3 -

Leucine-rich Alpha-2-Glycoprotein - - 11 4

Clusterin 1 10 34 33

Properdin - - 7 5
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