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a b s t r a c t

Proteomic analysis can be hampered by the large concentration distribution of proteins. Immunoaffin-
ity techniques have been applied to selectively remove high abundant proteins (HAP’s) from samples
prior to analysis. Although immunodepletion of HAP’s has been shown to enable greater detection of low
abundance proteins, the resulting fractions are often diluted 5–10-fold during the process. Various con-
centration techniques can be applied; however, many are incompatible with the high salt content of the
fractions. To help overcome this limitation, a two-dimensional liquid chromatography (2D-LC) method
was developed which couples an IgY immunodepletion column in the first dimension with a large pore C18
analytical column in the second. A protein trap cartridge serves as an injection loop between the columns
Proteomics to facilitate on-line concentration and desalting. Feasibility of this 2D-LC system was demonstrated for
mammalian proteomics. Beyond depletion of interfering proteins, this instrumentation provides four
advantages which make immunodepletion technology more convenient, including: (1) on-line desalting
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. Introduction

Multidimensional separations are a common tool in pro-
eomic research because biological sample matrices are immensely
omplex and often feature a mixture of cells, organelles, pro-
eins, peptides, small organic molecules, salts, and dissolved
ases. Although careful extraction procedures can eliminate many
nterfering species, the complexity of the proteome alone can over-

helm most analytical instrumentation. For instance, a dynamic
ange of 4–5 orders of magnitude is superb for most analytical
nstrumentation, yet the proteome spans 12 orders of magni-
ude [1–5]. In addition, the broad range in molecular weight
MW), isoelectric point (pI), and polarity of proteins complicates
eparation, identification, and characterization. Due to the high
omplexity of the sample matrix, a single chromatographic or
lectrophoretic separation typically does not provide enough res-

lution for adequate protein characterization [6]. For this reason,
wo-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
as become a workhorse technique in proteomics because it can
eparate proteins by two orthogonal modes: pI and MW. However,
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3) facile concentration and (4) fractionation by polarity.
© 2008 Elsevier B.V. All rights reserved.

D-PAGE is slow and labor intensive; as a result other multidimen-
ional approaches have been sought [7–11].

Multidimensional protein separations have been practiced
or almost 20 years. One of the first methods coupled cation
xchange chromatography with size exclusion chromatography
o demonstrate feasibility of comprehensive protein separations
ith enhanced resolution and peak capacity [6]. Since then, many
odes of chromatographic and electrophoretic separation have

een coupled including: reversed-phase liquid chromatography
RPLC), ion exchange chromatography (IEX), hydrophobic inter-
ction chromatography (HIC), affinity chromatography, capillary
one electrophoresis (CZE), capillary isoelectric focusing (cIEF),
apillary gel electrophoresis (CGE), capillary electrochromatogra-
hy (CEC), and micellular electrokinetic chromatography (MEKC)
7,8,11]. Many of these methods utilize electrospray mass spectrom-
try (ESI-MS) to add an additional third and/or fourth dimension
f separation to further isolate species of interest for identification
nd characterization [7–11].

In some cases, multidimensional separation still does not pro-

ide adequate resolution to enable good protein characterization
ecause high abundance proteins (HAP’s) can interfere with or
ask information from lower abundance species. For this reason,

elective depletion of HAP’s is becoming an increasingly common
ethod of sample pretreatment. Depletion can be helpful because

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:ncellar@dow.com
dx.doi.org/10.1016/j.jchromb.2008.11.020


8 matogr. B 877 (2009) 79–85

t
p
p
[
p
e
s
s
d
i
A
t
h
2
s
t
m
b
t
i
c
a
l

t
t
c
u
b
p
t
t
t
A
t
c
s
w
w
s
l
b
R
f
o
c
f
L
d

2

2

4
s
i
T
s
w
R
c
a
i

Fig. 1. Instrumental diagram of the 2D-LC HAP depletion instrument. The first
dimension (blue) employs an autosampler, quaternary pump, microdegasser (not
shown), immunodepletion column, and multi-wavelength detector. It is plumbed to
the second dimension (green) with a 6-port valve with protein trap cartridges (yel-
low) serving as the injection loop. The valve is shown in position 1 in this diagram.
The second dimension has a binary pump, microdegasser (not shown), reversed
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he 12 highest abundance proteins (HAP’s) are estimated to com-
rise less than 0.1% of the total number of proteins in mammalian
lasma while they make up more than 96% of total protein by mass
12]. HAP’s and their isoforms also span a wide range of polarity,
I, and MW, which further increases the potential for interfer-
nce. Protein depletion/enrichment methods such as precipitation,
olid phase extraction (SPE), ultracentrifugation, molecular weight
eparation, pI separation, and affinity chromatography have been
eveloped to remove HAP’s; but these methods do not necessar-

ly provide specific depletion of interfering proteins [1,2,4,5,13–15].
lternatively, immunodepletion can provide highly selective deple-

ion of multiple HAP’s simultaneously [4,5]. For instance, columns
ave been developed which can provide specific depletion of up to
1 HAP’s and up to 87 mid abundance proteins (MAP’s) in a second
tep [3,12]. In addition, commercial availability of immunodeple-
ion columns for rat, mouse, dog, cattle, human, and plant HAP’s has

ade the technique widely accessable [12,16]. This technology has
een applied to improve detection of LAP’s for a variety of applica-
ions, including: drug toxicity determination, cancer screening, and
nvestigation of inflammatory response [17–19]. Despite these suc-
esses, immunodepletion is not suitable for enrichment of all low
bundance proteins. Non-specific binding can still occur leading to
oss of the protein of interest [20].

Although immunodepletion of HAP’s can enable greater detec-
ion of low abundance proteins, the resulting fractions are
ypically diluted 5–10-fold during the process [4,5,21]. Various
oncentration techniques such as precipitation, lyophilization, or
ltrafiltration can be applied; however, these methods tend to
e time consuming and inconvenient. Often, a subsequent sam-
le handling step such as SPE or RPLC fractionation is employed
o provide concentration, desalting, and further fractionation of
he protein samples. This methodology has been demonstrated
o enhance mass spectrometry identification of proteins [4,5].
lthough the method is amenable to automation, immunodeple-

ion has not been coupled to RPLC because many immunodepletion
olumns can only be operated at low pressures (<100 psi). In this
tudy, a two-dimensional liquid chromatography (2D-LC) system
as developed which couples an IgY immunodepletion column
ith a large pore C18 analytical column. A protein trap cartridge

erves as an injection loop between the columns to facilitate on-
ine concentration and desalting, while also providing a disconnect
etween the immunodepletion column and the higher pressure
PLC column. Feasibility of this 2D-LC system was demonstrated

or mammalian proteomics. Samples were automatically depleted
f HAP’s, desalted, and fractionated by polarity. Facile fraction con-
entration was demonstrated, and the use of an autosampler and
raction collector enabled automated sample processing. The 2D-
C system was evaluated and downstream proteomic analysis was
emonstrated after HAP depletion.

. Experimental

.1. Sample preparation

For instrument development and to demonstrate feasibility,
0 �L of hamster serum was diluted to 100 �L with Tris buffered
aline (10 mM Tris, 150 mM NaCl, pH 7.4). Samples were loaded
nto 300 �L plastic microinserts in 2-mL HPLC autosampler vials.
he serum was collected from sacrificed male Golden Syrian ham-
ters (LVG strain, Charles River, Wilmington, MA). The animal study

as approved by the Animal Care and Use Committee, Western
egional Research Center, USDA, Albany, CA. Hamster serum was
hosen over mouse or rat serum because of its availability from
n unrelated study. All chemicals and protein standards (includ-
ng albumin of rat, mouse, and hamster) were obtained from
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hase analytical column, and variable wavelength detector. Eluent from the second
imension can be collected with a fraction collector. (For interpretation of the ref-
rences to color in this figure legend, the reader is referred to the web version of the
rticle.)

igma–Aldrich unless otherwise stated. Solvents were purchased
rom J.T. Baker.

.2. Two-dimensional depletion

Two Agilent (Santa Clara, CA) 1100 HPLC systems were combined
o create a two-dimensional LC, and the Chemstation software was
pdated to manage the new instrumentation. The first dimension
onsisted of a quaternary pump, microdegasser, autosampler, ther-
ostated column compartment, and multi-wavelength detector

MWD). The second dimension employed a binary pump with its
wn microdegasser, thermostatted column compartment, and a
ariable wavelength detector (VWD). A 6-port valve in the second
olumn compartment served to couple the two-dimensions (Fig. 1).

An immunodepletion column kit was purchased from Beck-
an Coulter (Fullerton, CA) (part# A25404) to selectively deplete

lbumin, IgG, IgM, �-transferrin, haptoglobin, �1-antitrypsin, and
brinogen from rat serum. Immunodepletion was performed in the
rst dimension using three mobile phases: dilution buffer (10 mM
ris, 150 mM NaCl, pH 7.4), stripping buffer (100 mM glycine, pH
.5), and neutralization buffer (100 mM Tris–HCl, pH 8.0). The
uffers were all prepared from 10× concentrates supplied with the
olumn kit. Column temperature was not controlled in this dimen-
ion, and detection was performed by UV absorbance at 220 and
80 nm. Injection volumes of 100 �L were used for all samples. The
ump program recommended by Beckman was modified to pro-
ide a 15 min lag before stripping to enable for separation of the
epleted fraction in the second dimension (Table 1).

The 6-port valve coupling the two dimensions was switched
o Valve Position 2 to trap protein peaks as they eluted from
he first dimension. The trapped proteins were subsequently
njected onto the second dimension for reversed-phase separation
y switching back to Valve Position 1. Proteins were trapped by
wo 3 mm × 8 mm, 20 �m, C4, 4000 Å pore, trap cartridges from

ichrom Bioresources, Inc. (Auburn, CA) (part# TR1/25110/00). The

alve timing was adjusted to separately trap both the unbound and
ound protein bands eluting off of the first dimension and then
llow separation in the second (Table 2).

The second dimension employed a Waters (Milford, MA)
BridgeTM BEH300, C18, 2.1 mm × 100 mm, 3.5 �m column.
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Table 1
Pump program for immunodepletion in the first dimension with a 2 mL format depletion column.

Time (min) Dilution buffer (%) Stripping buffer (%) Neutralization buffer (%) Flow rate (mL/min)

0.00 100 0 0 0.1
10.00 100 0 0 0.1
10.01 100 0 0 0.2
17.00 100 0 0 0.2
17.01 100 0 0 1.0
36.00 100 0 0 1.0
36.01 0 100 0 1.0
50.00 0 100 0 1.0
50.01 0 0 100 1.0
56.00 0 0 100 1.0
56.01 100 0 0 1.0
62.99 100 0
62.00 100 0
65.00 100 0

Table 2
Timing used to switch the 6-port valve in the second column compartment.

Time (min) Valve position

0.0 1
12.5 2
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19.0 1
9.0 2
5.0 1

olumn temperature was controlled at 50 ◦C with a flow rate of
.5 mL/min, and detection was performed by UV absorbance at
20 nm. Separation was performed with a steep gradient from
obile phase A (0.05% TFA in 98/2 H2O/ACN) to mobile phase B

0.05% TFA in 10/90 H2O/ACN). The gradient program is shown in
able 3. 0.5 mL fractions were collected during each 15 min gradient
ith a Gilson FC-203B fraction collector (Middleton, WI). Fractions
ere concentrated by evaporating the solvent under a stream of
2. The dried fractions were frozen at −20 ◦C until reconstitution

n nuclease free water for downstream analysis.

.3. System characterization

An Agilent (Santa Clara, CA) Model 2100 Bioanalyzer with the
rotein 80 kit (part# 5067–1515) was employed for qualitative com-
arison between the raw samples and depleted fractions for both
ammalian and plant depletions. Kit instructions were followed

or sample and chip preparation. Briefly, each fraction was recon-
tituted in 4 �L of nuclease free water and combined with 2 �L of
rotein 80 Sample Buffer. Denaturing conditions were employed, so
he sample buffer contained 3.5% �-mercaptoethanol. The result-
ng mixture was spun at 2000 rpm for 45 s and then heated at 90 ◦C
or 5 min. Condensate was then spun down at 10,000 rpm for 10 s.
4 �L of nuclease free water was then added to the samples, and

hey were vortexed for 5 s. Protein ladder supplied with the kit was
repared in the same fashion. A new chip was employed for each
nalysis. Each chip was primed with Gel-Dye Mix, and the reagent
eservoirs were loaded appropriately with either 12 �L of Gel-Dye

able 3
ump gradient program used to perform the reversed-phase separation in the sec-
nd dimension.

ime (min) Mobile phase B (%) Time (min) Mobile phase B (%)

0.00 0 46.00 0
0.00 0 47.00 0
1.00 0 61.00 100
6.00 100 62.00 0
7.00 0 65.00 0

M
a
h
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P
C
w
g
a

0 1.0
0 0.1
0 0.1

ix or Destaining Solution. 6 �L of each sample and the protein lad-
er were loaded into the sample reservoirs of the chip, and it was
laced immediately in the Bioanalyzer. The Sample Buffer, Gel-Dye
ix, and Destaining Solution were all provided with the Protein 80

it. The Bioanalyzer software was used to construct “gel images”
rom the sample electropherograms.

Protein recovery, run-to-run carryover, protein breakthrough,
nd cross species binding capacity were measured for this sys-
em. Recovery and carry over were determined for angiotensin I,
ibonuclease A, and phosphorylase B. Prior to depletion, calibration
tandards were prepared with the model proteins, and a calibration
urve was generated using only the second dimension (trap car-
ridge and RPLC column) of the instrument described above. Next,
hree, 250 �g/mL model protein standards spiked into serum were
epleted in series using the 2D-system. Protein recovery during
epletion was quantified using response factors determined for the
WD with the calibration above. In addition, the resulting fractions
ere collected, dried under a stream of N2, and reconstituted in

00 �L of nuclease free water. These fractions were analyzed using
he same system in 1D-mode to compare recovery after sample
andling. Carryover was determined by running a blank depletion
ith a sample of nuclease free water after the three model protein
epletions. Model protein detected in this blank run was carried
ver from the previous three depletions.

Protein breakthrough of the trap cartridge was determined
y comparing the total protein content of the trap waste stream
uring loading to the total protein content of the flow-through frac-
ion. Hamster serum was depleted thrice following the method
escribed above, and the waste stream from the trap cartridge
as collected as the unbound protein fraction flowed through it.

or comparison, three more depletions were performed on ham-
ter serum, and the unbound protein band was captured before it
ntered the trap cartridge. Samples were concentrated with 10 kDa
WCO spin filters, and total protein was measured with a Bradford

ssay. Finally, binding capacity was determined for rat, mouse, and
amster albumin to demonstrate cross-species applicability of the
ystem. 0.5–6.0 mg/mL samples of albumin were depleted, and the
lbumin peak in the depletion chromatogram was measured and
lotted as a function of concentration to estimate binding capacity.

.4. Peptide mass fingerprint

Depleted fractions of hamster serum were separated by 1D-

AGE on a Criterion 10.5–14% Tris–HCl gels from BioRad (Hercules,
A; Part# 3459950). Bands of interest were excised and incubated
ith trypsin at 37 ◦C overnight. Peptides were extracted from the

els with 50% ACN and 0.5% TFA in 25 mM ammonium bicarbon-
te buffer. Peptides remaining in the gel were then extracted with
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0% ACN and 5.0% formic acid in 25 mM ammonium bicarbon-
te buffer. The extracts were pooled and dried in a vacufuge. The
ried peptides were reconstituted in 18 �L of 0.1% aqueous TFA
nd loaded onto a ZiptipTM (Millipore part# ZTC04S960). Peptides
ere eluted off of the ZiptipTM in four fractions: 10% ACN, 25%
CN, 50% ACN, and 75% ACN. 1 �L of each fraction was deposited
n a MALDI plate and allowed to dry. 1 �L of matrix solution
1.0% �-cyano-4-hydroxycinnamic acid, 50% ACN) was spotted on
op of the sample spots and allowed to dry. The protein digests
ere analyzed on a Voyager DE STR MALDI-TOF MS from Applied
iosystems.

All MALDI-TOF MS data were processed manually. The spectra
f each spot were summed, smoothed, and m/z error corrected.
he peptide mass data was searched using the program MAS-
OT against a nonredundant database (NCBlnr) or Swiss-Prot
atabase located at the Matrix Sciences web site (Internet address:
ttp://www.matrixscience.com) [22]. Typical search parameters
ere as follows: consideration of up to one incomplete cleavage site
er peptide, potential for modification (cysteine oxidation, amida-
ion, and acetylation), peptide mass tolerance of 250 ppm, tryptic
eptides, and singly charged monoisotopic peaks.

. Results and discussion

Immunodepletion is a powerful proteomic tool because it can
electively remove HAP’s to enable better detection and identifica-
ion of lower abundant proteins. In addition, resins produced with
olyclonal antibodies can tolerate modest changes in sequence
omology, which enables a single column to maintain good deple-
ion efficiency across a number of species [21]. A primary drawback
f the technology, however, is the dilution of the proteins into
igh salt buffers during the depletion process. The dilution of the
epleted protein fractions necessitates additional handling steps
uch as concentration, but concentration techniques are limited to
hose which can selectively concentrate proteins without increas-
ng the salt content. Ultrafiltration is the recommended process
or concentration, but it is time consuming and there is potential
or sample loss because of the additional handling steps. Instead
f ultrafiltration, protein precipitation, SPE, and off-line RPLC sep-
ration have been used [4,5]. To overcome the aforementioned
imitations and improve automation of subsequent fractionation
echniques, a 2D-LC system was set-up to couple HAP depletion
ith a reversed-phase analytical column to automate desalting,

nable buffer exchange, facilitate concentration, and to fractionate
he proteins.

To enable coupling of depletion with RPLC, two Agilent 1100
PLC’s were plumbed together through a 6-port valve in the second
olumn compartment (Fig. 1). Immunodepletion was performed in
he first dimension following a method which is similar to that rec-
mmended by the manufacturer (Table 1). First 100 �L of sample
s injected onto the column, and low flow rates are employed to
rovide time for HAP binding. The flow rate is then ramped up
o sharpen the peak shape of the unbound fraction as it elutes.
ext, a low pH buffer is applied to strip bound proteins from the
olumn. After stripping the bound proteins, the column is neutral-
zed and then re-equilibrated with dilution buffer. As the proteins
eave the first dimension, they flow through large-pore (4000 Å) C4
artridges which trap the eluting proteins. The trap cartridges are
lumbed as an injection loop in the 6-port valve. After the entire
5 min wide peak is loaded onto the traps, the valve is switched and

ushed with mobile phase A for 1 min to desalt the fraction. Next, an
CN gradient is applied for separation of the proteins in the second
imension. The analytical column is re-equilibrated before elution
f the bound protein fractions from the first-dimension column, so
hat they can be desalted, concentrated, and fractionated as well.

t
a
t
t
m

gr. B 877 (2009) 79–85

ith this method, two separations are performed in the second
imension (one for unbound and one for bound proteins) for every

mmunodepletion in the first dimension.
The depletion technology utilized in this study requires a few

onsiderations for coupling to an additional dimension. Because of
he requirement for three buffers for immunodepletion, an HPLC
ith ternary or quaternary pump capability is required in the first
imension. In addition, the length of time after elution of the
nbound proteins and before application of the stripping buffer was

ncreased by 20 min to facilitate separation and equilibration in the
econd dimension. A similar delay was not provided for the bound
rotein peak because the neutralization and equilibration steps in
he first dimension can be run in parallel with the reversed-phase
eparation of the bound proteins. Because the reversed-phase sep-
ration is performed in parallel, addition of the second dimension
nly increases the time required for depletion by a total of 15 min.
owever, should the reversed-phase separation need lengthened

o increase resolution, the first dimension can accommodate this
hange by increasing the time before stripping the bound proteins,
nd extending the final equilibration with the dilution buffer after
he neutralization step. To preserve the integrity of the column, it
s important to not change the length of the stripping or neutraliza-
ion steps in the first dimension because low and high pH can strip
he antibodies from the column over time. A longer second dimen-
ion separation can also be used if the bound protein fraction is not
f interest. The method can be changed to divert the bound proteins
o waste as they elute from the first dimension thus providing up to
5 min for the reversed-phase separation of the unbound proteins.

In addition to buffer considerations, pressure limits of the
epletion column were taken into consideration. The commercial
epletion column employed for this study is intended for low-
ressure applications. Its maximum operating pressure is rated
t 100 psi, but high performance analytical columns are typically
perated at pressures in excess of 1000 psi. To facilitate 2D sepa-
ations, pressures of the first and second dimension needed to be
ecoupled from one another. A trap cartridge was employed for
his purpose. The traps used were selected for their large parti-
le size, short path length, and HPLC pressure tolerance. The large
articles enabled loading of the protein bands from the first dimen-
ion at ∼75 psi, while its pressure tolerance enabled the use of a
igh efficiency analytical column in the second dimension. The trap
hase was also selected for its efficient protein binding, compatibil-

ty with high salt concentrations, and compatibility with common
eversed-phase solvents. Although ACN and TFA were used here,
he composition of the second dimension mobile phases can be
ltered to improve resolution or to accommodate a third dimension.
ecause the trap desalts the sample, it should be more compatible
ith other orthogonal techniques such as electrophoresis. An ancil-

ary advantage of desalting is that the bound protein fractions do
ot require neutralization (an additional handling step with con-
entional immunodepletion) because they are not eluted in the
cidic stripping buffer.

Before plumbing the second dimension column, feasibility of
oncentration with the trap cartridge was demonstrated. A sam-
le of hamster serum was depleted and the unbound and bound
rotein fractions were concentrated and desalted on the trap car-
ridge. The peak width of the protein fractions was decreased from
6 min to 45 s which decreased the volume of the fraction eightfold
ithout additional concentration steps (Fig. 2). In this automated

oncentration mode, more protein bands are observed when using

he Bioanalyzer (Fig. 3) as expected. Further fractionation with the
ddition of a separation in the second dimension allows detec-
ion of 4-times more protein bands (Fig. 4) than are detected in
he depleted (FT) fraction alone (Fig. 3). These proteins are likely

id-abundant proteins (MAP’s) due to the limited sensitivity of the

http://www.matrixscience.com/
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ioanalyzer. Compared to analysis of undepleted serum, the frac-
ionated samples have greater than 10× more discrete bands which
re separated and detected (Fig. 5). Although the chromatograms
ollected with this system show fair separation over the short gradi-
nt of the second dimension (Fig. 4), resolution could be improved
f necessary by extending the length of the separation as described
bove.
A potential advantage of this technology is that it is appli-
able across at least six mammalian species and a number of
lant species, including: rat, mouse, human, dog, cattle, spinach,
rabidopsis, and canola [21]. Because the binding/stripping
hemistries are similar, many of these columns can be used in

ig. 3. Gel image comparing raw serum with the focused fractions (unbound and
ound) from Fig. 2. This figure illustrates the power of immunodepletion at improv-

ng detection of lower abundance proteins, and the protein trap cartridge enables
epletion without additional desalting and concentration steps which are usually
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s. The top chromatogram is typical of immunodepletion with the IgY columns used
e. The C4 trap cartridge captures these bands as they elute from the first dimension.
hase in the trap. The ∼6 min wide band of unbound proteins is concentrated into a

he first dimension with minor modification to the method as it
s described in Tables 1–3. In addition, these columns have been
hown to be applicable to species which share HAP’s with similar
equence homology. For example, the plant proteomic depletion
olumn was developed for spinach, but it has been shown to work
ell with arabidopsis, canola, corn, and tobacco [21]. Additionally,

he rat HAP depletion column used in this study provided similar
inding capacity for rat, mouse, and hamster albumin (∼300 �g/mL
or each). Mouse and hamster albumin share 89% and 84% sequence
omology with rat albumin, respectively. Due to the dearth of infor-
ation on the hamster proteome, sequence homologies of the other
AP’s depleted with this column are unknown.
To measure trap efficiency, effluent from the trap cartridge was
ollected during protein loading and desalting. Bradford assays
ere performed on the effluent to measure total untrapped pro-

ein. With one trap cartridge, approximately 110 ± 6 �g of protein
n = 3) (or 14% of the depleted band) was detected in the effluent.

ig. 4. Chromatogram showing the second dimension separation. With the 2D-LC
mmunodepletion system, the focused protein bands on the trap cartridge (Fig. 2) are
eparated by polarity. Fractions of eluent collected from this dimension are enriched
n LAP’s and do not require extensive sample clean-up steps before downstream
roteomic analysis.
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ig. 5. Gel image of fractions of hamster serum after depletion and separation in
etected compared to raw serum, and 4× more bands are detected compared to dep
ach of the lanes is not uncommon for this chip-based assay.

his loss was thought to result from overloading of the trap car-
ridge, which is rated to bind approximately 200 �g of protein by
he manufacturer. We have found that the actual capacity of these
artridges is higher as more than 800 �g of protein was retained
y the trap in the above experiment. To improve capacity, two
raps were plumbed in series. With two traps, 1.2 �g of protein was
etected in the trap waste stream during loading, which represents

pproximately 0.1% of the total protein in the depleted fraction. The
ddition of a second trap causes some peak broadening in the sec-
nd dimension separation (Fig. 6). Broadening likely results from
he additional bed volume of the second trap as well as dead vol-

ig. 6. Overlay of the second dimension separation of the flow-through fraction col-
ected by one versus two trap cartridges. Although the additional cartridge improves
rapping efficiency, efficiency of the second dimension separation is sacrificed. The
roadening likely does not impact fractionation to a large extent because relatively

arge fractions (∼1 min) were collected for this study. A larger capacity cartridge or
ess protein loading would likely solve this problem if better resolution is required.

c
o
t
B
s
B
n
a
d
s
t
u
p
R
a

c
b
s
b
t
o
b
t
f
a

cond dimension. After 2D depletion and separation, 10× more protein bands are
serum alone (lane labeled Plasma FT). It should be noted that some shift in MW in

me of the tubing and unions necessary for connection. A larger
apacity trap was unavailable at the time of this study, but it would
ikely enable better separation efficiency in the second dimen-
ion. Although most proteins are captured by the trap cartridges,
mall, polar proteins and peptides may escape due to their lower
apacity factor in polar solvents. These polar molecules would also
scape the MWCO filters used in determination of trap binding effi-
iency. To estimate trapping efficiency of polar peptides, recovery
f angiotensin I was quantified. The trap was found to retain greater
han 98% of angiotensin I. In addition, RNase A and phosphorylase
(14 and 97 kDa, respectively) recoveries were measured. RNase A

hares similar recovery with angiotensin (>97%), but phosphorylase
showed significant loss (∼60% recovery). Although the mecha-

ism of loss is unknown, precipitation in the trap cartridge and/or
nalytical column was a concern. Protein precipitation is known to
egrade column stability over time without special regeneration
teps or measures to limit precipitation [4]. However, the reten-
ion time and detection stability of this method make precipitation
nlikely. In a stability experiment, 30 injections of raw serum were
erformed over two days. Retention times were stable with an
.S.D. of less than 0.1% (15 peaks measured) and an average peak
rea R.S.D. of less than 10.0% (for the same 15 peaks).

In addition to improved peak capacity and detection through
oncentration, traditional peptide mass fingerprinting (PMF) can
e applied after on-line depletion and fractionation. To demon-
trate PMF, fractions of hamster serum were separated by 1D-PAGE,
ands of interest were excised and digested, and the tryptic pep-
ides were identified by MALDI-TOF MS. Tentative identifications

f albumin, immunoglobulin, and transferrin were made from the
ound fractions; and tentative identifications of coagulation fac-
or XIII, ribonuclease, fibrinogen, fibulin, and ferritin were made
rom the unbound fractions. Although good sequence coverage was
ttained and the MW of the protein bands in the gel correlated
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Table 4
Demonstration of protein identifications by PMF after on-line depletion and RPLC. The fraction time refers to the time shown in Figs. 4 and 5. The presence of albumin precursor
in many of the bound fractions demonstrates how much of the separation space is taken by albumin in RPLC. Although good sequence coverage and MW correlations were
observed, all of the identified proteins are from rats or mice. The dearth of information on the hamster proteome limits identification by PMF. Here, identifications assume
that high sequence homology is shared between hamsters, rats, and mice. Identification of fibrinogen in the unbound fraction may indicate that hamster fibrinogen does not
have a strong affinity to the antibodies in the depletion column. However, this would be difficult to test as there is no data on the sequence of hamster fibrinogen nor are
standards available for binding studies. The immunoglobulin identified below is likely a fragment of the larger protein as the spot was excised from a region of the gel near
65 kDa.

Fraction (min) Tentative identification Peptides matched Sequence coverage (%) Known MW (kDa) Gel MW (kDa)

25 Coagulation factor XIII 6 14.5 76.0 75
26 Ribonuclease precursor 4 30.3 17.7 15
28 Fibrinogen gamma chain precursor 10 31.2 49.4 50

Fibulin-5 precursor 6 18.1 50.2
30 Ferritin precursor 7 25.3 27.2 25
50 Serum albumin precursor 15 26.6 68.7 65

Immunoglobulin super family member 12 7.0 285.6
Sero-transferrin precursor 14 21.6 76.7
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51 Sero-transferrin precursor 15
Serum albumin precursor 16

2 Serum albumin precursor 14
3 Serum albumin precursor 10

ith the known MW of each protein (Table 4), all were identified
s either from mouse (mus musculus) or rat (rattus norvegicus).
hese proteins likely share a high degree of sequence conservation
ith hamster (mesocricetus auratus) proteins, but the dearth of

nformation on the hamster proteome prevented species specific
atabase hits. Unfortunately, rat and mouse sera were unavailable
o us for this study. Nevertheless, common PMF procedures such
s 1D-PAGE, tryptic digestion, and MALDI-TOF MS appear to be
uitable after this automated sample enrichment technique.

. Conclusions

Feasibility of a 2D-LC HAP immunodepletion system was
emonstrated for mammalian proteomics. The instrument pro-
ides four advantages which make the depletion technology more
onvenient, including: (1) on-line desalting (2) automatic buffer
xchange (3) facile concentration and (4) further sample fractiona-
ion. Although not demonstrated in this manuscript, the advantages
isted above may enable coupling of this technology to a third
rthogonal technique such as ESI-MS (with on-line digestion) or
EC separation. In addition, the method should be compatible with
ther immunodepletion columns including those for other species.
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