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Abstract
This study describes a new protein digestion protocol in which a variety of detergents can be used
to solubilize membrane proteins and facilitate trypsin digestion with higher efficiency. In this
protocol, proteins are dissolved in solutions containing various detergents and directly incorporated
into a polyacrylamide gel matrix without electrophoresis. Detergents are subsequently eliminated
from the gel matrix while proteins are still immobilized in the gel matrix. After in-gel digestion of
proteins, LC-MS/MS is used to analyze the extracted peptides for protein identification. The
uniqueness of the protocol is that it allows usage of a variety of detergents in the starting solution
without interfering with LC-MS/MS analysis. We hereby demonstrate that different detergents,
including ionic SDS, non-ionic Triton X-100 and n-octyl β-D-glucopyranoside, and zwitterionic
CHAPS, can be used to achieve maximum solubilization of membrane proteins with minimal
interference with LC-MS/MS analysis. Enhanced digestions, i.e. improved number and intensity of
detected peptides, are also demonstrated for digestion-resistant proteins such as myoglobin,
ubiquitin, and bacteriorhodopsin. An additional advantage of the Tube-Gel digestion protocol is that,
even without electrophoresis separation, it allows high throughput analysis of complex protein
mixtures when coupled with LC-MS/MS. The protocol was used to analyze a complex membrane
protein mixture prepared from prostate cancer cells. The protocol involves only a single digestion
and 2.5 h of LC-MS/MS analysis and identified 178 membrane proteins. In comparison, the same
membrane fraction was resolved by SDS-PAGE, and 20 gel slices were excised and individually
digested and analyzed by LC-MS/MS. The more elaborate effort demanded more than 50 h of LC-
MS/MS analysis and identified 268 proteins. The new Tube-Gel digestion protocol is an alternative
method for high throughput analysis of membrane proteins.

Membrane proteins participate in many important biological processes including cell adhesion,
signal transduction, nutrient uptake, transportation, and endocytosis (1–3). There is an
increasing level of interest in comprehensive and high throughput analysis of membrane
proteins (4–8). MS-based proteomics has rapidly developed in recent years as a powerful
approach for the large scale identification and characterization of proteins. The commonly used
bottom-up proteomic approach involves proteolytic digestion of proteins to peptides followed
by mass spectrometric measurement of peptide masses and sequences (9–14). Both MS and
tandem MS data are subsequently subjected to database search for identification of unknown
proteins and protein post-translational modifications. The confidence of protein identification
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is highly dependent on the number of peptides derived from each protein, which is determined
by the efficiency of the proteolytic digestion as well as the coverage and accuracy of subsequent
mass spectrometric analysis. However, there are substantial technical difficulties associated
with both steps when analyzing membrane proteins. The proteolytic digestion of membrane
proteins usually results in low sequence coverage because of their low solubility and high
hydrophobicity, which render the cleavage sites less accessible to a proteolytic agent.
Detergents and organic solvents can be used to improve the solubility of membrane proteins,
but they interfere with subsequent MS measurement, particularly LC-MS/MS analysis, and
generate poor MS data.

Several methods have been reported for the solubilization and digestion of membrane proteins.
Blonder et al. (15) used a high percentage (e.g. 60%) of methanol for the solubilization of
Halobacterium purple membrane. Trypsin, a proteolytic enzyme commonly used in
proteomics, retained ~20% activity in 60% methanol and was reported to be able to effectively
digest bacteriorhodopsin, one of the major components of the purple membrane. Washburn et
al. (16) tested the combination of 90% formic acid and cyanogen bromide, a compound that
cleaves after methionine residues in proteins and remains active at acidic pH. This approach
was used to analyze the membrane fraction isolated from yeast and identified 1,484 proteins,
131 of which were membrane proteins. The concerns of the above methods are the toxic
reagents used as well as the compromised proteolytic enzymatic activity in organic solvents.

Detergents have been widely used for solubilizing membrane proteins. Critical disadvantages
of using detergents are that, even at low levels such as 0.1%, they significantly reduce the
activity of proteolytic enzymes, interfere with HPLC separation, and yield strong MS
background masking peptide signals. After proteins are initially solubilized in a buffer
containing high detergent concentrations, detergents are diluted to a low concentration
(typically less than 0.05%) prior to trypsin digestion and LC-MS/MS analysis. The diluted low
concentration of detergent introduces some but manageable background in LC-MS analysis.
Han et al. (17) solubilized microsomal proteins with Tris buffer containing 0.5% SDS and
performed tryptic digestion after diluting SDS to 0.05%. The tryptic peptides were subjected
to cation-exchange chromatography to remove interfering SDS prior to the reverse phase HPLC
MS analysis. It was unclear how efficiently the authors were able to eliminate the SDS. An
acid-labile detergent was recently reported to be able to assist in solubilizing membrane
proteins and then degrade spontaneously when the sample is acidified (18). The usefulness of
the acid-labile detergent remains to be further evaluated.

In-gel digestion has been commonly used after proteins are resolved by SDS-PAGE (9). This
protocol has been proven to be compatible with the usage of detergents in protein samples.
Typically membrane proteins are solubilized with loading buffer containing 1% SDS and
separated into multiple bands by SDS-PAGE with a running buffer containing 0.1% SDS.
Protein bands are stained for several hours or longer, visualized, and sliced from the gel into
multiple gel pieces. The gel slices are subsequently washed thoroughly by acetonitrile to
remove SDS and other detergents or compounds that may interfere with subsequent procedures.
Gel slices are subsequently subjected to in-gel digestion using trypsin, and the resulting tryptic
peptides are extracted and subjected to LC-MS/MS analysis. In-gel digestion usually gives a
clean LC-MS/MS base line as interfering substances such as SDS are effectively removed
during washing steps. This approach has been effective for soluble proteins and is widely used.
However, it has several limitations when applied to analyzing membrane proteins. First, it is
limited to relatively low concentrations of SDS (up to 1%) because other detergents or higher
concentrations of detergents distort electrophoresis separation. This limits the types and
concentrations of detergents available for optimal solubilization of membrane proteins.
Second, multiple protein bands are generated from SDS-PAGE and have to be analyzed
individually, thus requiring significantly longer analysis time and lower throughput.
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Alternatively it was reported that proteins were concentrated to a band between the stacking
and the separating gels by stopping electrophoresis (19,20). This method can avoid working
with multiple gel bands, but it still has the limitation of the detergents that can be used.

In this work, we developed a new digestion protocol in which membrane proteins are directly
incorporated into a polyacrylamide gel without electrophoresis. This allows us to use various
types of detergents at high concentrations for effective solubilization of membrane proteins.
The high concentrations of detergents also effectively denature the membrane proteins and
make more enzymatic cleavage sites accessible, thus increasing protein digestion efficiency
and improving sequence coverage and sensitivity. Detergents are removed prior to protein
digestion and will not interfere with the subsequent reverse phase or two-dimensional LC-MS/
MS analysis. Another advantage of this protocol over the conventional SDS-PAGE and in-gel
digestion method is that it requires significantly less LC-MS/MS analysis time, thus allowing
high throughput proteomic studies. The workflow of the new protocol named Tube-Gel
digestion is illustrated in Scheme 1.

EXPERIMENTAL PROCEDURES
Materials

Monomeric acrylamide solution (40%, 29:1) was purchased from Bio-Rad. Protein standards
including BSA (99%), ubiquitin (from bovine erythrocytes, 90%), and myoglobin (from horse
skeletal muscle, 95–100%) were obtained from Sigma. Bacteriorhodopsin of 75% purity from
Halobacterium halobium was provided by Fluka (Milwaukee, WI). Trypsin (modified,
sequencing grade) was purchased from Promega (Madison, WI). CHAPS, Triton X-100, n-
octyl β-D-glucopyranoside (NOG)1 (>98%), ammonium bicarbonate (AMBIC), DTT, and
protease inhibitor mixture were also from Sigma. Formic acid (>98%) was made by Merck
KGaA. SDS (electrophoresis grade), heptafluorobutyric acid (HFBA), TFA, water, and ACN
as well as other common reagents were obtained from Fisher.

Protein Sample Preparation
BSA, ubiquitin, and myoglobin were individually dissolved in 25 mM AMBIC (pH 8.0) at a
concentration of 1 μg/μl and used as stock solutions. Bacteriorhodopsin could not be dissolved
in 25 mM AMBIC but was suspended at the same concentration of 1 μg/μl so that protein
quantity in this study could be accurately controlled. The protein samples used for the
experiments were made by diluting the stock solution/suspension to the desired concentration
with 25 mM AMBIC in the presence or absence of detergents. The protein samples were
subjected to the new Tube-Gel digestion protocol as described below or other digestion
methods.

Tube-Gel Protein Digestion
The above protein solutions, or the membrane fraction isolated from cell culture as described
under the “Membrane Protein Isolation from PC3 Cells” section, were incorporated into a
polyacrylamide gel matrix without electrophoresis. The shape of the polymerized gel matrix
is a miniaturized tube, thus named “Tube-Gel,” and the protein digestion protocol described
in this study is called “Tube-Gel digestion.” A 20-μl polyacrylamide gel was typically made
as described below. 14 μl of the protein solution, 5 μl of acrylamide (40%, 29:1) solution, 0.7
μl of 1% ammonium persulfate, and 0.3 μl of TEMED were mixed and immediately transferred
to a small glass tube with inner diameter of 1–2 mm (Fisher). The polymerization reaction was
carried out for 30 min at room temperature. A gel strip, typically 6–10 mm long for a 20-μl gel

1The abbreviations used are: NOG, n-octyl β-D-glucopyranoside; AMBIC, ammonium bicarbonate; HFBA, heptafluorobutyric acid; TE-
MED, N,N,N′,N′-tetramethylethylenediamine; IAA, iodoacetamide.
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mixture, formed in the glass tube, and ~1 μl of liquid remained on top of the gel strip. The 1
μl of liquid was analyzed by SDS-PAGE to assess the amount of protein that was not
incorporated into the gel matrix. The gel strip was removed, cut into small pieces, and washed
with 25 mM AMBIC (pH 8.0) containing 50% ACN for 15 min three times with vortexing.
After being dried using a SpeedVac, the gel pieces were subjected to the standard in-gel
digestion protocol as described previously (21) with minor modifications. Proteins were
reduced by 10 mM DTT at 60 °C for 30 min and alkylated by 55 mM iodoacetamide (IAA) at
room temperature in the dark for 30 min. Gel pieces were washed with 25 mM AMBIC,
dehydrated with ACN, and dried using a SpeedVac. Proteolytic digestion was performed with
10 ng/μl trypsin dissolved in 25 mM AMBIC and was incubated at 37 °C overnight.
Alternatively chymotrypsin digestion was incubated at 25 °C for 4 h. The peptides were
extracted from the gel using 50 μl of 25 mM AMBIC, 100 μl of 0.02% HFBA in water, 150 μl
of 0.02% HFBA in 50% ACN, and 50 μl of 100% ACN. The peptides extracted in the four
steps were combined together, concentrated by SpeedVac to a desired volume (~20 μl), and
subjected to LC-MS/MS analysis.

Protein Solution Digestion
Proteins were alternatively digested in solution to compare the digestion efficiency. The
proteins were dissolved in 25 mM AMBIC without detergent, reduced with 5 mM DTT at 60 °
C for 30 min, and alkylated with 25 mM IAA at room temperature in the dark for 30 min. Tryptic
digestions were performed at a protein/trypsin ratio of 20:1 at 37 °C overnight. The protein
digest was concentrated to ~20 μl.

Membrane Protein Isolation from PC3 Cells
The membrane proteins were isolated from PC3 cells, a prostate cancer cell line, by differential
centrifugation. PC3 cells were generously provided by Dr. Natasha Kyprianou in the Division
of Urology at the University of Kentucky and were originally obtained from ATCC. PC3 cells
were cultured in RPMI 1640 medium until approaching 90% confluence. After being washed
with ice-cold PBS containing 1 mM MgCl2, the cells were harvested by gently scraping the
dishes and subsequently centrifuged at 400 × g for 5 min using an Eppendorf 5810R refrigerated
centrifuge. Cells were incubated on ice for 15 min in hypotonic buffer (10 mM HEPES (pH
7.5), 1.5 mM MgCl2, 10 mM KCl, 1× protease inhibitor mixture, 1 mM NaF, and 1 mM

Na3VO4) and lysed using a Dounce homogenizer for 30 strokes. The lysate was centrifuged
in a 1.5-ml tube at 1000 × g for 5 min to remove the pellet nuclear fraction. The postnuclear
supernatant was transferred to a 4-ml ultracentrifuge tube and centrifuged at 100,000 × g for
20 min using a TL-100 ultracentrifuge (Beckman) with a TLA-100.3 fixed angle rotor (22).
The supernatant was discarded, and the pellet microsome fraction was resuspended in 0.1 M

Na2CO3 (pH 11.5) and kept on ice for 1 h (8,23,24). The suspension was ultracentrifuged again
at 100,000 × g for 35 min to pellet the membrane. The supernatant was discarded, and the pellet
(membrane) was gently washed by pipetting with ice-cold Na2CO3 several times. The
membrane was solubilized with 2% SDS in 25 mM AMBIC (pH 8.0) and subjected to Tube-
Gel digestion as described above. The protein concentration was assayed using Bradford
reagent at 595 nm wavelength. Approximately 500 μg of membrane proteins were consistently
obtained from 10 dishes (10 cm) of PC3 cells.

Nano-LC-MS/MS and Data Analysis
Nano-flow reverse phase LC-MS/MS was performed using a capillary HPLC system (LC
Packings, Amsterdam, Netherlands) coupled with a QSTAR XL quadruple time-of-flight mass
spectrometer (ABI/MDS Sciex) through a nano-electrospray ionization source (Protana).
Analyst QS software was used for system control and data collection. The desired volume of
protein solution was injected by the autosampler and desalted on a C18 trap column (300 μm
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× 1 mm, LC Packings) for 6 min at a flow rate 10 μl/min. The sample was subsequently
separated by a C18 reverse phase column (75 μm × 15 cm, Vydac, Columbia, MD) at a flow
rate of 220 nl/min. The mobile phases consisted of water with 0.1% formic acid (A) and 90%
acetonitrile with 0.1% formic acid (B), respectively. A 90-min linear gradient from 5 to 50%
B was typically used. After LC separation the sample was introduced into the mass
spectrometer through a 10-μm silica tip (New Objective) adapted with a nanoelectrospray
source(Protana).Data were acquired in information-dependent acquisition mode. Each cycle
typically consisted of a 1-s TOF MS survey from 400 to 1600 (m/z) and two 2-s MS/MS scans
with mass range of 65–1600 (m/z).

The LC-MS/MS data of the membrane fraction of PC3 cells were submitted to a local
MASCOT server for MS/MS ion search. The peak lists from the LC-MS/MS spectra were
generated by the MASCOT script embedded in the Analyst QS software using the following
parameters: no smoothing, charge state determined from the MS scan, precursor ion charge
states of 2+ and 3+, centroid MS/MS data, height percentage of 50%, and merge distance of
0.02 Da. The typical parameters used in the MASCOT MS/MS ion search were: Homo
sapiens, maximum of two trypsin miscleavages, cysteine carbamidomethylation, methionine
oxidation, a maximum of 100-ppm MS error tolerance, and a maximum of 0.15-Da MS/MS
error tolerance. In light of potential ambiguous protein identifications results, rigorous
identification criteria were used according to the published guideline (25). For the MS/MS ion
search, proteins with two or more peptides and a score of each peptide higher than 30 were
considered unambiguous identifications without manual inspection. Proteins identified with
one peptide with a score higher than 45 were manually inspected and confirmed. Proteins with
one peptide with a score lower than 45 were considered ambiguous and discarded. For the
chymotrypsin digestion experiment, the enzyme specificity was defined in the local MASCOT
server as cleaving the C termini of Pro, Phe, Tyr, Leu, or Met.

RESULTS AND DISCUSSION
Protein Incorporation into Tube-Gel

A protein solution was mixed with acrylamide monomer solution and incorporated into the
polyacrylamide gel matrix (Tube-Gel) during the polymerization process without
electrophoresis. It was necessary to assess the protein incorporation efficiency. A capillary
glass tube (inner diameter, ~1–2 mm) was used to limit gel condensation, thus minimizing the
volume of solution that was excluded from the gel matrix. 5 μg of BSA (66 kDa), myoglobin
(17 kDa), and ubiquitin (8.6 kDa) were incubated in a total of 20 μl of acrylamide mixture.
After gel polymerization, it was observed that ~1 μl of liquid remained on top of the gel matrix.
The liquid was removed and subjected to SDS-PAGE analysis. As shown in Fig. 1, proteins
excluded from the gel matrix from three independent experiments (lanes 3–5) were less than
10% of the original amount of each protein in the mixture (lane 2). The amount of protein
excluded was independent of the size of the protein. In summary, more than 90% of proteins
can be incorporated into the 20-μl Tube-Gel.

It is noted that the Tube-Gel preparation can be scaled up to accommodate larger quantities of
proteins. Up to 100 μl of protein/acrylamide mixture was tested using a 0.6-ml Eppendorf tube.
The proteins excluded from the gel matrix were slightly higher than 10% of the original amount
of proteins in the acrylamide mixture (lanes 6–8). Gel density analysis estimated that the protein
excluded from the gel matrix was ~15–20% of the original protein quantity; therefore more
than 80% of proteins can be incorporated into a larger (100 μl) Tube-Gel.

The optimal protein quantity for the Tube-Gel digestion protocol depends on the volume of
the Tube-Gel and the concentration of trypsin. For a 20-μl Tube-Gel and trypsin concentration
of 10 ng/μl as typically used in this study, the total protein quantity should be ~20 μg. This
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will maintain the protein/trypsin ratio at ~100:1. However, if the amount of protein is more
than 20 μg, this protocol can be easily scaled up by increasing the volume of the Tube-Gel
matrix and/or trypsin concentration.

Compatibility of Detergents Used in the Tube-Gel Digestion Protocol with LC-MS/MS
A significant advantage of the Tube-Gel digestion protocol is that it is tolerant of a variety of
detergents, salt, or other interfering substances of small molecular mass (<1000 Da). After
proteins are incorporated into the Tube-Gel, the detergents and other interfering substances are
eliminated by extensive washing. We tested four different detergents, SDS (ionic), NOG (non-
ionic), Triton X-100 (non-ionic), and CHAPS (zwitterionic), at various concentrations (0.1–
2%) in the starting BSA solutions. 1.3 μg of BSA (~20 pmol) in 25 mM AMBIC containing 2%
of one of the four detergents was subjected to the Tube-Gel digestion. An aliquot of the yielded
tryptic peptides containing 200 fmol of peptides was analyzed by LC-MS/MS. Fig. 2 shows
the base peak HPLC chromatogram of the tryptic peptides of BSA in the presence of 2%
detergent. Table I summarizes the number of peptides and sequence coverage obtained by
Tube-Gel digestion of BSA in the absence and presence of detergents. It is clear from the results
that the detergents were effectively removed and did not interfere with HPLC separation and
MS/MS measurements. Therefore, using detergents in the initial protein sample preparation is
perfectly compatible with the Tube-Gel digestion protocol. In contrast, when 10 mM NOG was
present in the BSA in-solution tryptic digestion sample, the detergent dominated the mass
spectrometry signals when the sample was directly infused to the mass spectrometer (data not
shown). Moreover the detergent interferes with HPLC separation; thus the detergent-
containing sample was not subjected to LC-MS analysis.

In addition, up to 5% SDS was used to solubilize bacteriorhodopsin, a membrane protein with
seven transmembrane domains. The intensities of three representative tryptic peptides (m/z
values of 494.31 (2+), 726.85 (2+), and 959.92 (2+)) in the LC-MS/MS analyses of the Tube-
Gel digestion samples containing different concentrations of SDS are plotted in Fig. 3. In the
absence of SDS, these three peptides were undetectable. In the presence of 0.1% SDS, a
significant intensity of each of the three peptides was recorded. Maximal intensities of the
peptides were observed when 2% SDS was added to bacteriorhodopsin sample. Higher
concentrations of SDS up to 5% in the starting protein sample did not improve Tube-Gel
digestion or LC-MS/MS of bacteriorhodopsin. More importantly, 5% SDS in the starting
sample was still tolerated and compatible with the Tube-Gel digestion protocol and subsequent
mass spectrometric analysis. The tolerance of high concentrations of detergents can be critical
to applications requiring such conditions.

It is noted that all 35 cysteine residues in BSA were identified in the carbamidomethyl form
in the above experiments using the Tube-Gel protocol, suggesting that the DTT reduction and
IAA alkylation steps were highly effective in the Tube-Gel protocol. It is important to maintain
the cysteine residues in a uniform form so that better sample homogeneity will be achieved
and the sensitivity of the overall analysis will be improved.

Enhanced Digestion Efficiency Using Detergents in the Tube-Gel Protocol
To test whether detergents used in the Tube-Gel protocol can significantly enhance the
proteolytic digestion efficiency, three standard proteins were subjected to three different
digestion protocols and subsequent LC-MS/MS analysis. Myoglobin, ubiquitin, and
bacteriorhodopsin were selected in this study because they have been reported to be moderately
or highly resistant to tryptic digestion (18). The proteins were subjected to Tube-Gel digestion
in the presence of SDS, Tube-Gel digestion in the absence of SDS, or in-solution digestion
with SDS. The resulting tryptic peptides were analyzed by LC-MS/MS using identical LC and
MS parameters.
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The standard proteins were first prepared in 25 mM AMBIC (pH 8.0) at 1 μg/μl as stock. Each
individual protein stock was divided into two parts: one was diluted with 2% SDS in 25 mM

AMBIC, and the other was diluted to the same concentration with 25 mM AMBIC without SDS.
It should be noted that bacteriorhodopsin was insoluble in 25 mM AMBIC, and the stock was
vortexed for 1 min prior to dilution; thus the protein stock sample was homogenous, and the
dilution was accurate and consistent among different aliquots. Equal quantities of proteins were
subjected to trypsin digestion using the Tube-Gel protocol in the presence of SDS, the Tube-
Gel protocol in the absence of SDS, or an in-solution digestion method in the absence of SDS.
All reactions were performed at 37 °C overnight using approximately the same protein/trypsin
ratio (50:1). The tryptic peptides were extracted in parallel, and the same quantities of peptides
were subjected to the subsequent LC-MS/MS analyses using identical LC and MS/MS
parameters as described under “Experimental Procedures.”

Table II summarizes the protein sequence coverage results obtained from the three different
digestion methods. It is clearly evident that, compared with the two other protocols, the usage
of detergent in the Tube-Gel digestion protocol greatly enhanced the digestion efficiency, thus
resulting in more observed peptides and higher sequence coverage. The sequence coverage of
myoglobin was improved from ~50% (without SDS) to 84% (with SDS). Moreover the
intensities of the detected tryptic peptides using Tube-Gel with SDS were at least 4 times greater
than those of corresponding peptides using protocols without SDS. The data are shown in Fig.
S1 in the supplemental results.

The most significant improvements were achieved for ubiquitin and bacteriorhodopsin. No
peptides were detected for either protein when SDS was not used. In contrast, 86% (10 peptides)
and 21% (five peptides) sequence coverage was accomplished for ubiquitin and
bacteriorhodopsin, respectively, when they were subjected to Tube-Gel digestion in the
presence of 2% SDS.

The LC-MS/MS results of ubiquitin tryptic digestion using the above three protocols are shown
in Fig. 4. No peptides from ubiquitin were detected in LC-MS/MS analysis of 300 fmol of
ubiquitin when SDS was not used (Fig. 4, B and C). When 2% SDS was used in the protein
solubilization step, the subsequent Tube-Gel digestion and LC-MS/MS analysis yielded 10
peptides with intense peptide signals in TOF MS scans (Fig. 4A) and high quality MS/MS
spectra in MS/MS scans.

Bacteriorhodopsin is a membrane protein with seven trans-membrane domains (26). It is
insoluble in 25 mM AMBIC in the absence of SDS or other detergents. It was not surprising
that no peptides were detected no matter how the bacteriorhodopsin suspension was digested.
When 2% SDS was used to solubilize bacteriorhodopsin, the subsequent Tube-Gel digestion
and LC-MS/MS analysis yielded five peptides with high quality MS/MS spectra (see Fig. S2
in the supplemental results). Although the sequence coverage is relatively low at 21%, it is a
significant improvement compared with the other two methods in which no peptides were
detected. The relatively low sequence coverage is likely because of the limited number of
trypsin cleavage sites (lysine and arginine residues) present in the protein sequence, resulting
in a low number of tryptic peptides that are suitable to be extracted from the gel matrix and be
analyzed by LC-MS/MS. Other proteolytic enzymes such as chymotrypsin can be used to solve
this problem, which will be described in the next section.

The above experiments demonstrate that the inclusion of detergents in the Tube-Gel digestion
protocol significantly enhances the proteolytic digestion efficiency, thus improving the
sequence coverage of proteins analyzed. The unique feature of the Tube-Gel digestion protocol
is its compatibility with high concentrations of detergents; for instance 2% SDS was used in
the above experiments. Detergents have two functions in this protocol: improving the solubility
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of hydrophobic proteins and denaturing proteins. Greater solubility will result in larger
quantities of proteins incorporated into the gel matrix and subjected to digestion. More
denatured proteins will yield greater accessibility to cleavage sites in the protein structure. The
combination of both will significantly enhance the efficiency of proteolytic digestion using the
new Tube-Gel digestion protocol.

Tube-Gel Digestion of Bacteriorhodopsin with Chymotrypsin
To improve the sequence coverage of the Tube-Gel digestion and subsequent LC-MS/MS
analysis of bacteriorhodopsin, chymotrypsin was used to produce more proteolytic peptides.
Chymotrypsin is a proteolytic enzyme with preferential cleavage sites at the C terminus of Trp,
Phe, and Tyr. Bacteriorhodopsin was solubilized in 25 mM AMBIC containing 2% SDS and
subjected to Tube-Gel digestion using chymotrypsin at 37 °C for 4 h. For the same quantity of
bacteriorhodopsin as used in trypsin digestion (700 fmol, 20 ng), 42 proteolytic peptides were
detected in the LC-MS/MS analysis, covering 83% of the bacteriorhodopsin sequence. Fig. 5
shows the base peak chromatogram of the LC-MS/MS analysis of the chymotrypsin Tube-Gel
digestion of bacteriorhodopsin and the sequence coverage of the analysis. The results
demonstrate that chymotrypsin is suitable for digestion of membrane proteins because it can
digest highly hydrophobic proteins more completely, yielding a greater number of proteolytic
peptides. It also proves that the Tube-Gel digestion protocol is versatile and that different
proteolytic enzymes can be used in the method.

More interestingly, 26 of a total of 42 identified chymotryptic peptides contain amino acid
residues from all seven transmembrane domains. The transmembrane domains are illustrated
by shading in Fig. 5B, and the shaded sequences are obviously overlapped with the
underlined sequences. The numbers of animo acid residues from each transmembrane domain
that were identified in the LC-MS/MS analysis of chymotryptic peptides are shown in Fig.
5C. Overall the sequence coverage of the seven transmembrane domains is 82.5%. The results
demonstrate that the Tube-Gel is an efficient method to analyze membrane proteins with
significant coverage of transmembrane domains.

To examine the efficiency and sensitivity of the Tube-Gel digestion protocol, lower quantities
of bacteriorhodopsin, including 400, 120, 40, 10, and 4 fmol, were digested using the Tube-
Gel protocol as described above and analyzed by LC-MS/MS. When 400 fmol of
bacteriorhodopsin were subjected to digestion, the same number of peptides (42 peptides, 83%
sequence coverage) were observed in the subsequent LC-MS/MS analysis. 22 peptides (61%
coverage) and 16 peptides (46% coverage) were observed when 120 and 40 fmol of
bacteriorhodopsin were subjected to digestion, respectively. No peptides were identified at 10
fmol or lower. It should be noted that the detected peptide number and sequence coverage are
also determined by the detection limit of LC-MS and the performance of database searching
algorithm. With our system, QSTAR XL and MASCOT database searching algorithm, the
detection limit of standard peptides such as [Glu1]-fibrinopeptide B (EGVNDNEEGFFSAR)
is typically at 10 fmol. The results of the Tube-Gel chymotrypsin digestion of
bacteriorhodopsin were close to the detection limit of LC-MS/MS system used in the study;
thus the Tube-Gel digestion protocol is highly efficient.

Application of Tube-Gel Digestion Protocol to Analyzing Prostate Cell Membrane Proteins
The Tube-Gel digestion protocol and subsequent LC-MS/MS analysis were applied to
characterizing membrane proteins isolated from PC3 cells (a prostate cancer cell line). The
membrane fraction was prepared by 100,000 × g centrifugation of the postnuclear supernatant.
The pellet was further treated with 0.1 M Na2CO3 (pH 11.5) for 1 h on ice. This isolation method
can produce a highly enriched membrane fraction (8,23,24), including proteins that are usually
difficult to solubilize and digest. The membrane pellet was dissolved in 25 mM AMBIC (pH
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8.0) containing 2% SDS until no pellet was observed after gentle mixing. The solubilized
membrane proteins were subjected to 15,000 × g centrifugation for 20 min, and no particulate
objects were observed. Protein quantity was estimated using the Bradford assay.
Approximately 20 μg of the membrane proteins were incorporated into a 20-μl Tube-Gel and
subjected to trypsin digestion as described above. The tryptic peptides were extracted and
subjected to reverse phase LC-MS/MS analysis.

A representative LC-MS/MS chromatogram and MS and MS/MS spectra are shown in Fig. 6.
In this 2.5-h LC-MS/MS experiment, 2757 MS/MS spectra were acquired. In total 178 proteins
were identified using the LC-MS/MS data and MASCOT MS/MS ion search. Of these, 96
proteins (54%) have at least one transmembrane domain as assessed by TMHMM server
(prediction of transmembrane helices in proteins) (27). Of the 96 proteins containing at least
one transmembrane domain, 83 (86%) proteins were identified with more than three unique
peptides with MASOCT peptide ion scores greater than 20. In particular, a sequence coverage
of 54% was achieved for solute carrier family 25, member 5 (NCBInr accession number gi|
33525218), a protein with two transmembrane domains. The results demonstrate that the Tube-
Gel protocol is well suited for digesting complex membrane proteins and that the combination
of this protocol with LC-MS/MS can produce a high throughput analysis of a complex mixture
of membrane proteins.

In comparison, the same quantity (20 μg) of membrane proteins was subjected to SDS-PAGE
separation using an 8.3 × 7.3-cm polyacrylamide gel, and 20 gel slices of 1–2-mm width were
cut and subjected to in-gel digestion by trypsin. Tryptic peptides from the 20 gel slices were
extracted, and each of them was subjected to LC-MS/MS analysis using the same instrument
settings. The experiment was accomplished in 50 h using an autosampler in the automated
mode. The data from 20 LC-MS/MS experiments were pooled and subjected to MASCOT MS/
MS ion search. From the much more extensive effort, 268 proteins were identified. Fig. 7
summarizes the number of proteins identified using these two approaches: Tube-Gel digestion
followed by one LC-MS/MS analysis and SDS-PAGE followed by 20 LC-MS/MS analyses.
All proteins identified in both methods are listed in Supplemental Table S1. 115 proteins were
commonly identified in both approaches. The sequence coverages of the 115 commonly
identified proteins are also compared in Supplemental Table S1. The Tube-Gel protocol
produced slightly better sequence coverage even though it is a much simpler method requiring
much less analysis time. It is true that the SDS-PAGE and 20 LC-MS/MS analyses identified
~50% more proteins. However, the Tube-Gel digestion followed by a single LC-MS/MS run
took only 1/20 of the LC-MS/MS analysis time as the other approach. Therefore, the Tube-Gel
digestion protocol provides a significantly better high throughput approach for proteomic
characterization of membrane proteins.

It is noted that the resulting proteolytic peptides can be subjected to different types of LC
separation and mass spectrometric analysis. Reverse phase LC-MS/MS was mainly used in
this study, but other separation and mass spectrometric strategies can be readily used as
necessary. For instance, MALDI mass spectrometry can be used for analyzing relatively simple
samples containing membrane proteins. Alternatively if the sample is highly complex, more
sophisticated separation such as two-dimensional HPLC can be used and coupled with tandem
MS to achieve comprehensive characterization of complex samples.

Conclusion
A novel Tube-Gel digestion protocol was developed in this study to allow the usage of various
detergents at different concentrations to assist the characterization of membrane proteins. Four
detergents (SDS, NOG, CHAPS, and Triton X-100) were tested at concentrations up to 5%
with no interference being observed in the LC-MS/MS analysis. In addition to solubilizing
membrane proteins, the inclusion of detergents in the protocol significantly enhances the
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proteolytic digestion efficiency, thus the sequence coverage of the analysis. Different
proteolytic enzymes can be used in the Tube-Gel digestion protocol. The resulting proteolytic
peptides can be subjected to different separation and mass spectrometric methods, allowing
flexibility for further analysis. Reverse phase LC-MS/MS was used in this study, and two-
dimensional LC-MS/MS analysis certainly can be used if necessary. Moreover, when analyzing
complex mixtures, this novel protocol offers significantly higher throughput compared with
conventional SDS-PAGE separation and multiple LC-MS/MS analyses. This Tube-Gel
digestion provides a novel and better approach for high throughput proteomic studies of
membrane proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. The efficiency of protein incorporation into the Tube-Gel
5 μg each of BSA, myoglobin, and ubiquitin were incorporated into the Tube-Gel as described
under “Experimental Procedures,” and the minute portion of proteins that were excluded from
the gel matrix was examined by SDS-PAGE. Lane 1 is 5 μg of each protein, and lane 2 is 0.5
μg of each protein (10% of the protein quantity in lane 1). Lanes 3–5 are proteins excluded
from a 20-μl Tube-Gel in three independent experiments. Lanes 6–8 are proteins excluded
from a 100-μl Tube-Gel in three independent experiments. The intensities of each band in
lanes 3–5 are less than those in lane 2. The intensities of each band in lanes 6–8 are slightly
greater than those in lane 2.
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Fig 2. Base peak chromatography of the tryptic peptides of BSA using Tube-Gel digestion in the
presence of 2% SDS (A), n-octyl β-D-glucopyranoside (B), CHAPS (C), and Triton X-100 (D)
1.3 μg of BSA (69 kDa, ~20 pmol) in 25 mM AMBIC containing 2% of one of the four detergents
was subjected to Tube-Gel digestion. An aliquot containing 200 fmol of the yielded tryptic
peptides was subjected to the LC-MS/MS analysis. Despite 2% detergent in the starting
samples, no detergent signals were observed in LC-MS/MS, and the base peaks of BSA tryptic
peptides were well separated in HPLC. cps, counts per second.
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Fig 3. Mass spectrometry intensities of three representative tryptic peptides prepared by the Tube-
Gel digestion of bacteriorhodopsin samples containing different concentrations of SDS
Up to 5% SDS was added in the starting bacteriorhodopsin sample, which was then subjected
to Tube-Gel digestion. Equal amounts (700 fmol) of the yielded peptides were subjected to
LC-MS/MS analysis in each experiment. The intensities of three representative peptides from
the starting samples containing different SDS concentrations are shown in this figure. A,
AESMRPEVASTFK, 2+, m/z = 726.85; B, VGFGLILLR, 2+, m/z = 494.31; C,
AIFGEAEAPEPSAGDGAAATS, 2+, m/z = 959.92.
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Fig 4. Comparison of base peak chromatography of the tryptic peptides of ubiquitin prepared by
Tube-Gel digestion with 2% SDS (A), Tube-Gel digestion without SDS (B), and in-solution digestion
without SDS (C)
Equal amounts of ubiquitin were subjected to trypsin digestion using the three different
protocols, and equal amounts of digestion products were subjected to further LC-MS/MS
analysis. No tryptic peptides from ubiquitin were detected using the methods in B or C. 10
unique tryptic peptides from ubiquitin were observed using the Tube-Gel digestion in the
presence of 2% SDS. They are as follows: 1, EGIPPDQQR (m/z 520.26, 2+); 2, IQD-
KEGIPPDQQR (m/z 508.58, 3+); 3, TLSDYNIQK (m/z 541.27, 2+); 4, WQIFVK (m/z 410.71,
2+); 5, ESTLHLVLR (m/z 534.29, 2+); 6, TI-TLEVEPSDTIENVKAK (m/z 663.01, 3+); 7,
TITLEVEPSDTIENVK (m/z 894.45, 2+); 8, TLTGKTITLEVEPSDTIENVK (m/z 763.38, 3
+); 9, TLS-DYNIQKESTLHLVLR (m/z 533.28, 4+; m/z 710.70, 3+); 10,
QLEDGRTLSDYNIQKESTLHLVLR (m/z 707.85, 4+; m/z 566.47, 5+). cps, counts per
second.

Lu and Zhu Page 15

Mol Cell Proteomics. Author manuscript; available in PMC 2007 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5. Chymotrypsin digestion of bacteriorhodopsin using the Tube-Gel protocol in the presence
of 2% SDS
A, base peak chromatography of LC-MS/MS. B, sequence coverage of chymotrypsin peptides
detected by LC-MS/MS. Digestion and analysis of 20 ng (700 fmol) of bacteriorhodopsin
yielded 42 observed chymotrypsin peptides (underlined) with 83% sequence coverage. The
transmembrane domains are shaded, and it is obvious that all seven transmembrane domains
are represented in the identified chymotryptic peptides. C, sequence coverage of the
transmembrane domains in Tube-Gel chymotryptic digestion of bacteriorhodopsin. cps, counts
per second; TMD, transmembrane domain.
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Fig 6. Representative LC-MS/MS of the Tube-Gel digestion products of the membrane fraction
isolated from prostate cancer cells
A, total ion count chromatography. B, base peak chromatography. C, a representative TOF MS
survey scan at 102.3 min. D, a representative MS/MS spectrum of selected ion 873.45 (2+).
The sequence of this particular peptide is SAFSNLFGGEPLSYTR, and the protein was
identified as transferrin receptor (NCBInr accession number gi|4507457). Approximately 20
μg of membrane proteins prepared from prostate cancer cells were subjected to the Tube-Gel
digestion protocol as described under “Experimental Procedures.” Half of the Tube-Gel
digestion products (~10 μg) was analyzed by LC-MS/MS. The HPLC gradient was linear from
5 to 40% B (0.1% formic acid in 90% ACN) over 100 min and further increased to 80% at 120
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min. The information-dependent acquisition experiments were composed of a 1-s TOF MS
survey and three 2-s MS/MS experiments. cps, counts per second.
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Fig 7. Summary of the proteins identified by two different approaches
A, Tube-Gel digestion followed by only one Tube-Gel/LC-MS/MS analysis. B, SDS-PAGE
followed by 20 LC-MS/MS analyses. 178 and 268 proteins were identified in each method,
respectively, 115 of which are proteins that were commonly identified in both approaches.
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Scheme 1. Workflow of the Tube-Gel digestion protocol
AP, ammonium persulfate.
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Table I
Tryptic peptides observed in LC-MS/MS analysis of Tube-Gel digestion products of BSA in the presence of 2%
of different detergents

Digestion conditions Peptide number detected Sequence coverage

%
No detergent 36 66
2% SDS 46 74
2% CHAPS 42 69
2% Triton X-100 39 73
2% NOG 43 74
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