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Abstract

Due to their complexity, the separation of intact proteins from complex mixtures is an important step
to comparative proteomics and the identification and characterization of the proteins by mass
spectrometry (MS). In the study reported, we evaluated the use of non-porous-reversed-phase (np-
RP) HPLC for intact protein separation prior to MS analyses. The separation system was
characterized and compared to 1D-SDS-PAGE electrophoresis in terms of resolution and sensitivity.
We demonstrate that np-RP HPLC protein separation is highly reproducible and provides intact
protein fractions which can be directly analyzed by MALDI-TOF MS for intact molecular weight
determination. An in-well digestion protocol was developed, allowing for rapid protein identification
by peptide mass fingerprinting (PMF) and resulted in comparable or improved peptide recovery
compared with in-gel digestion. The np-RP sensitivity of detection by UV absorbance at 214 nm for
intact proteins was at the low ng level and the sensitivity of peptide analysis by MALDI-TOF MS
was in the 10-50 pg level. A membrane protein fraction was characterized to demonstrate application
of this methodology. Among the identified proteins, multiple forms of vimentin were observed.
Overall we demonstrate that np-RP HPLC followed by MALDI-TOF MS allows for rapid, sensitive
and reproducible protein fractionation and very specific protein characterization by integration of
PMF analysis with MS intact molecular weight information.
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non-porous reversed phase HPLC; protein liquid chromatography; peptide mass fingerprint; intact
protein mass spectrometry

INTRODUCTION

In the developing field of proteomics, the rapid separation, identification and characterization
of proteins from complex samples is a challenging goal to ensure study of how changes in
protein expression and their post-translational modifications (PTMs) can be correlated to a
change at the genomic level, a particular disease or development state or a specific signaling
pathway.[1][2] Proteomics has thus emerged as one of the most important “post-genomics”
approaches to better understand gene and protein function since the completion of sequencing
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of the human genome.[3,4] Proteome profiling has been used to directly study a disease at the
protein level and represents a powerful means to investigate and to better understand the
molecular etiology and phenotype of the disease and correlate the disease to the genome.
Technologies such as mass spectrometry (MS) based proteomics allow for the direct
comparison of proteome profiles and thus are utilized as importanttools for identifying proteins
and protein biomarkers, which are necessary for study, characterization and disease diagnosis.
[5] Numerous proteomics studies involve analysis of extremely complex protein mixtures like
serum, plasma, tissue homogenates or cellular lysates.[6,7] These biological samples may
contain large numbers of very diverse types of proteins expressed at very different
concentrations, for example, plasma proteins which may span up to 10 orders of magnitude.
[6] While these biological samples contain a wealth of information at the protein level, their
complexity requires a substantial amount of sample processing, including fractionation,
purification and multi-dimensional separation prior to MS and comparative proteomics
analyses.[8,9]

The most common technique to separate proteins prior to mass spectrometric analysis makes
use of sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) running either
inal-or 2-dimensional format (1DE, 2DE).[10][11] The 2-dimensional electrophoresis (2DE)
strategy was invented and published simultaneously by Klose [12], O’Farrell [13] and Scheele
[14] in 1975. In this technology, proteins are separated on the basis their isoelectric point (pl)
by isoelectrofocusing (IEF) in the first dimension and then separated based on their molecular
mass by gel electrophoresis in the second dimension. After locating a spot within the gel, it
may be excised, digested and subjected for analysis, typically by matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF) MS. [15] [16] The fractionation of the
protein mixture leads to a decrease in the sample complexity and thus to more accurate MS
identification of the proteins and identification of their PTMs. It also facilitates the detection
of lower abundance proteins by reducing MS ion suppression effects of abundant species.
[17] While 1DE and 2DE offer high resolution separations the technique remains labor
intensive, requires significant operator skill and it is difficult to automate the fractionation,
excision and digestion processes. Moreover, although 1DE and 2DE provide an estimate of
molecular weight information, or protein pl information (2DE), this information is lost during
the digestion process used to extract the protein from the gel.

Alternatives to 2DE separation have been investigated as a means to resolve proteins prior to
MS characterization. Liquid chromatography techniques can be used for protein or peptide
separations and have recently been improved to handle proteomic analyses of complex
samples.[18] Diverse chromatography techniques have been extensively described in the
literature as methods for protein/peptide separation. Cation exchange [19], anion exchange
[20], reversed phase [21-27], biphasic ion-exchange [28], chromatofocusing [29-31] or size-
exclusion [32] are all used for protein separation. As with electrophoresis, complex samples
often need to be pre-fractionated [30] or separated by two dimensions of chromatography (2D
HPLC), to obtain appropriately simplified samples for MS analysis.[28,29,32] These 2D HPLC
technologies typically combine two of the chromatography techniques previously listed. Other
two-dimensional approaches to protein fractionation have also been proposed combining, for
example, continuous-elution gel electrophoresis and reversed phase HPLC [33] or anion
exchange chromatography and 1D SDS-PAGE electrophoresis.[20,28]

Another 2D chromatographic strategy termed multidimensional protein identification
technology (MudPIT) has been extensively applied to proteomics analyses, although at a
peptide level. It consists in, first, digesting the whole protein sample and then separating the
peptide mixture by one or two dimensions of chromatography prior to LC-MS analysis.[34,
35] Like SDS-PAGE electrophoresis, MudPIT strategies when applied to mixtures of proteins
also result in a loss of intrinsic information about the intact proteins, this information, which
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could be used to facilitate the protein identification and a more complete characterization
disappears in this case because digestion precedes the separation and the MS analyses of the
proteins. Moreover, low abundance proteins from a complex mixture may be more difficult to
identify because the ion suppression effect prevents the MS detection of low abundance ions.
[17] Finally, the simultaneous presence of peptides originating from a multitude of proteins
makes the identification and characterization of PTMs and their relationship with a specific
protein very difficult.

The separation of intact proteins by liquid chromatography offers many advantages over the
MudPIT strategy and the use of gel based methods. Proteins are kept intact throughout the
separation and collection, so that several MS-based methods of analysis can be applied, such
as the digestion of fractions for protein identification by PMF or the direct analysis of intact
proteins by MS. In both cases, it is possible to more adequately characterize the PTMs of a
protein when dealing with an intact protein as the starting point. The use of in-solution protein
digestion is more facile and faster than in-gel digestion and can be easily automated. HPLC
fractions can also be lyophilized and kept for further analysis and detector traces (usually UV
absorbance) may be used for comparative proteomics and targeting interesting proteins. This
strategy, however, requires the chromatographic separation to be highly reproducible, achieve
adequate resolution and offer a method of detection sensitive enough to detect low abundance
species.

In this report, we evaluate the use of np-RP HPLC for the fractionation of intact proteins as a
separation technique coupled with intact protein characterization and PMF by MALDI-TOF
MS for proteomics analysis of mixtures of proteins. We have compared the resolution of np-
RP HPLC separation and the sensitivity of its associated UV detection at 214 nm with those
of SDS-PAGE gel and Coomassie staining. Reproducibility of protein separation and linearity
of detection were also measured in order to integrate this intact protein separation technology
into our high-throughput proteomic workflow. Intact protein masses were determined for each
fraction collected from the np-RP column by MALDI-TOF MS. Peptide recovery and
sensitivity of analysis by MS after in-well digestion of the separated fractions was measured
and compared with results obtained from in-gel digestion. As an application of this
methodology, proteins obtained from a membrane fraction of bovine aortic endothelial cellular
lysate were characterized.

MATERIALS AND METHODS

Protein standard mixture preparation

A protein mixture was prepared for use within the laboratory as a test standard for method and
protocol development and quality control. The standard mixture was composed of nine proteins
of varying molecular mass, pl and other physicochemical proprieties. Bovine insulin (Sigma,
St. Louis, MO, 15500), bovine cytochrome (Sigma C3131), equine myoglobin (Sigma M0630),
bovine B-lactoglobulin (Sigma L3908), glycine max trypsin inhibitor (Sigma T9003), rabbit
GAPDH (Sigma G5262), bovine catalase (Sigma C40), aspergillus niger glucose oxidase
(Sigma 49180) and equine ferritin (Calbiochem 341476) were first prepared as individual 1
mg/mL solutions in acetonitrile (ACN) (30%), isopropanol (5%), TFA (0.1%) and formic acid
(3%). Five mL of each solution was pooled and the protein concentration was adjusted to 100
pg/mL of each protein. Aliquots of 100 puL were prepared (10 pg/protein/tube) and dried down
for storage at —50 °C.

Cell culture and Membrane fractionation

Bovine Aortic Endothelial Cells (BAEC) were grown until confluence in an endothelial growth
medium (Cambrex Bioproducts, Walkersville, MD) and made quiescent in basal medium for
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24 h before lysis. Cells were harvested in a sucrose buffer (Tris HCI 10 mM and sucrose 0.3
M) and sonicated on ice four times for 10 s. The lysate was centrifuged 15 min at 15,000 x g
at 4 °C, and the supernatant was subjected to ultra-centrifugation for 1 h at 100,000 x g at 4 °
C. The supernatant constituted the cytosolic fraction. The pellets constituting the membrane
fraction were dissolved in a detergent buffer (Tris HCI 25 mM pH 7.4, NaCl 150 mM,
MgCl, 5 mM, 0.1% octyl-p-D-glucopyranoside) to constitute the membrane fraction. Both
fractions were purified on PD-10 Sephadex-G25 columns (Amersham Biosciences,
Piscataway, NJ) and membrane fractions were delipidated by methanol/chloroform extraction.

Non porous reversed phase HPLC

Different amounts of the protein standard mixture or 100 pg of bovine endothelial cell
membrane fraction were analyzed by HPLC, System Gold™, controlled by 32 Karat™
software and equipped with UV detection at 214 nm (Beckman Coulter, CA). Proteins were
suspended in ACN 3% / TFA 0.1% and separated on a C18 non-porous reversed phase column
(MICRA-Platinum ODS-I, Eprogen, Darien, IL). The separation was performed via gradient
elution of two solvents: water / TFA 0.1% (A) and ACN / TFA 0.08% (B) at the constant flow
rate of 0.75 mL/min and proteins were monitored by UV at 214 nm. Unless noted otherwise
the gradient profile used for solvent B was the following: 0% for 2 min: 0 to 100 % in 30 min:
100% for 4 min: 100 to 0% in 2 min and 0% for 8 min, with a total run time of 45 min. The
np-RP column was maintained at 50 °C with a column heater. The fractions were collected
into 96-well plates using a FC 204 fraction collector (Gilson, Middleton, WI). Different
manufacturers’ 96-well plates were tested and twin.tec PCR plates (Eppendorf®, Hamburg,
Germany) were chosen for their low protein binding and low polymer contamination
proprieties. Fractions were dried using a Speed-Vac® (SPD-1010, Thermo Electron
Corporation, Waltham, MA) for 2 h without the application of heating. Proteins were then re-
suspended in 200 pL of ACN 85% / TFA 0.1% and concentrated at the bottom of the wells in
the Speed-Vac® for an additional 2 h. At this stage, proteins could be directly digested in-well
or preserved dry at —80 °C for later analysis.

1D SDS-PAGE separation

SDS-PAGE separation of the protein standard mixture was performed to compare the
resolution and the sensitivity of the two separation techniques (np-RP versus SDS-PAGE).
Each protein of the standard mixture (100 ng and 1 pug) was suspended in 15 puL of 1x NuPAGE
LDS Sample Buffer (Invitrogen, Carlsbad, CA) containing 1mM B-mercaptoethanol and the
solution was boiled for 5 min. Samples were then loaded on a 10% Bis-Tris SDS-PAGE gel
(Invitrogen) and separated at 150 V until the dye front reached the opposite side of the gel.
Proteins were stained with Imperial Protein Stain (Pierce Biotechnology, Inc., Rockford, IL)
for 4 h and destained overnight in distilled water.

In-well protein digestion

Fractions of the proteins from the np-RP HPLC were digested with modified trypsin (Promega,
Madison, W1, Trypsin Gold TPCK treated) added directly to the collection well to simplify the
process and obtain peptide mixtures ready for MS analysis. Proteins were re-suspended in 5
pL of ACN (30%) and 10 pL of the trypsin solution in 30 mM NH4HCO3 (pH 9) was added
to each well, resulting in a solution of 20 mM NH4HCO3/ACN (10%). Approximate ratios of
1:10 trypsin were used for the in-well digests. Plates were incubated at 37 °C for 6 h and dried
without heating in a Speed-Vac®. Plates were preserved dried at —80 °C. Prior to MALDI-
TOF MS analysis, peptides were suspended into 10 pL of ACN (85%) / TFA (0.1%).
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In-gel proteins digestion

The protein bands of interest were excised using a fresh scalpel and diced into 1 mm3 pieces.
Gel pieces were further de-stained in 3x100 pL of 100 mM NH4HCO3/ ACN 50% (pH 9) and
then washed three times with first 100 pL of 100 mM NH4HCO3 (pH 9), then 100 pL of 100
mM NH4HCO3 (pH 9) / ACN 50% and finally 100 pL of ACN . Proteins were then reduced
by 20mM DTT, 100 MM NH4HCO3and ACN 5% for 1 hour at 55 °C. Cysteines were alkylated
by 100 mM iodoacetamide in 100 mM NH4HCO3. Another washing process (same as after the
destaining) was performed before the digestion. An approximate ratio of 1:10 of trypsin to
protein (Promega Trypsin Gold, TPCK treated) was used to digest the proteins. Trypsin in 25
pL of 50 mM NH4HCO3 / ACN 5% was added to the gel pieces in an Eppendorf tube and the
enzymatic reaction was carried overnight at 37 °C. Peptides were extracted in 100 pL of 20
mM NH4HCO3 by gentle vortexing for 20 min, then in 2x100 pL of TFA (1%) / ACN (50%),
and 1x in 100 pL of ACN. Supernatants were collected and pooled at each step and the entire
extraction process was performed in duplicate. Supernatants were then dried with a Speed-
Vac® without heat. Peptides were suspended in 2 puL of ACN 15% / TFA 1% and 13 pL of
distilled water prior to desalting by ZipTips™ (Millipore, Billerica, MA) purification.
ZipTips™ were cleaned with 3x10 pL of ACN 50% / TFA 0.1%, then equilibrated with 3x10
pL of ACN 2%/ TFA 0.1%. Peptides were adsorbed by pipetting the sample solution 20 times,
then washed with 3x10 pL of ACN 2% / TFA 0.1%. Peptides were eluted with 10 pL of ACN
50% / TFA 0.1%, dried using the Speed-Vac® without heating and preserved dried at —80 °C.
Prior to MALDI-TOF MS analysis, peptides were suspended into ACN 50% / TFA 0.1%.

MALDI-TOF MS analysis

MALDI-TOF MS analyses were used to determine both intact protein molecular weights and
protein identities by PMF. Analysis was performed using a Reflex IV MALDI-TOF mass
spectrometer (Bruker Daltonics, Billerica, MA). The sample was spotted on an AnchorChip™
target (Bruker Daltonics) with 1 pL of freshly prepared matrix solution. Sinapinic acid (Bruker
Daltonics, part #201345) matrix was used for intact protein analysis and 2,5-dihydroxybenzoic
acid (DHB) (Bruker Daltonics, part #201346) for PMF. External calibration was performed in
each case using protein and peptide calibrants (Bruker Daltonics, part #202570). Signals from
100 to 200 laser shots were summed per mass spectrum. Mass accuracy was estimated at +/—
0.15 Da. Intact protein mass spectra were acquired using 2 separate sets of instrument
parameters in order to achieve an expanded spectral range: m/z 1,000 to 30,000 or 60,000 (low
to medium intact mass range) and m/z 5,000 to 90,000 m/z (medium to high intact mass range).
Peptide masses were acquired with a range of ca. m/z 800 to 8,000.

Database search parameters

Singly charged monoisotopic peptide lists were generated and used as inputs for database
searching using MoverZ software (ProteoMetrics, LCC, New York, NY), after external and
internal calibration of spectra. Searches were performed against NCBInr and SwissProt
database using MASCOT Peptide Mass Fingerprint database search software
(www.matrixscience.com). The oxidation of methionine was included as possible modification
as well as the alkylation of cysteines when appropriate. Up to two missed tryptic cleavages
were considered, and the mass tolerance for the monoisotopic peptide masses was set to +/—
0.15 Da.

RESULTS AND DISCUSSION

This work focused on the evaluation and application of non-porous reversed phase (np-RP)

HPLC for protein separation prior to intact protein characterization and peptide mass mapping
by MS analyses. Np-RP HPLC material takes advantage of fast mass transfer kinetics to provide
efficient separation of peptides and proteins, whereas traditional porous packing is often limited
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by a slow diffusion of biomacromolecules. [25] Non-porous stationary phases were developed
in the 1980s [24,36—38] and have been previously applied for the separation of proteins and
peptides by reversed phase chromatography [23,25-27,39,40] but no extensive
characterization and comparison to existing separation techniques have been completed. For
this purpose, a group of nine proteins exhibiting a wide range of isoelectric point (pl) and
molecular mass was chosen to be used as a standard for the np-RP column characterization.
Intact protein separation reproducibility and linearity of detection were investigated. Protein
separation by np-RP HPLC was then compared to SDS-PAGE electrophoresis, in terms of
resolution and the sensitivity of their associated detection technique (UV detection at 214 nm
Coomassie stain respectively). Intact protein masses were determined for np-RP separated
proteins by MALDI-TOF MS. Peptide recovery and sensitivity of analysis by MS after in-well
digestion of the separated proteins was measured and compared with results obtained from in-
gel digestion.

Separation of a protein standard mixture by np-RP HPLC

Each protein to be incorporated into the protein standard mixture was first run individually for
verification of its identity and purity and measurement of its retention time. Mixtures containing
1 pg of each protein were then separated under the same conditions on the np-RP column
(Figure 1). The same mixture was run five times consecutively, on the same column and under
the same conditions, to evaluate the reproducibility of the separation (Figure 1B). Retention
time and peak area averages, as well as standard deviations, were calculated for each protein
and the retention time of each protein in the mixture was then compared to the individual runs
(Table 1). Excellent reproducibility was observed for the retention time with generally less
than 0.2% relative standard deviation for the entire set of proteins when run as a mixture. Peak
area reproducibility was overall quite good with variations of less than 10 % RSD for the group
of proteins. However, myoglobin (E), catalase (F) and ferritin (1) exhibited a higher variability
of their peak area with 15.98, 17.08 and 10.18 % RSD respectively. This increase in variability
may be the result of the lower degree of resolution of separation of the proteins and peak
broadening of these proteins which made the peak area measurement more difficult. It is noted
that the proteins analyzed may be made up of multiple isoforms, e.g. trypsin inhibitor and f3-
lactoglobulin, and/or may be post-translationally modified, e.g. ferritin and glucose oxidase,
or contain a heme-group, e.g. catalase and myoglobin, all of these factors also may contribute
to the heterogeneity of the protein and thus peak broadening and would make the peak area
measurements more difficult.

Shifts in retention times were also observed for some of the proteins when run as a mixture,
especially insulin, which shifted from 14.25 min to 13.90 min (Table 1). While up to 100 pg
of proteins could be loaded onto the column without a decrease in the resolution of separation,
fronting of the peak shape was observed when increasing amounts of proteins were loaded.
This phenomenon has been discussed in the literature and is associated with the reaction
kinetics of the sample with the stationary phase of the column during the separation. [41][42]

We also observed that the peaks from GAPDH (D), myoglobin (E), catalase (F) and -
lactoglobulin (G) were less well defined when run as a mixture. We postulated that this
phenomenon may be due to interactions of the proteins with one another, perhaps because they
were not denatured before injection onto the column, as we suspended the standard protein
mixture in a non-denaturing buffer (3% ACN /0.1% TFA). Denaturation of the proteins prior
to their separation by np-RP was achieved by incubating the mixture in 8M urea or 6M
guanidine/HCI at room temperature and 37 °C, but no real changes in the separation pattern
were observed, indicating that the column itself contributes to unfolding of the proteins by
hydrophobic interactions and that prior denaturing did not enhance protein separation by np-
RP HPLC.
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Sensitivity of detection by UV at 214 nm

Decreasing amounts of the protein mixture were analyzed to investigate the sensitivity of UV
detection at 214 nm (Figure 1C). Insulin, with a sharp well resolved peak, was detected with
a sensitivity of 5 ng of protein. The linearity of the peak area for insulin spanned the range
from 5 ng to 5 pg of protein (3 orders of magnitude) with an R-squared value of 0.999,
demonstrating that the UV-detector’s response was quantitative and that the signal may be used
to compare protein profiles of two distinct samples providing that sufficiently reproducible and
resolved peaks are obtained. Cytochrome C also yielded good results as a well resolved peak
was observed in the chromatogram. However, as the sensitivity of measurement by UV was
proportional to the proteins’ resolution and peak shape, higher molecular weight proteins which
were less than fully resolved due to peak broadening were visible by UV with a sensitivity in
the high 10s of ng to the 100s of ng range.

Comparison of np-RP with SDS-PAGE

The resolution and reproducibility of separation and sensitivity of detection via np-RP HPLC
was compared with the separation of the protein standard mixture using 1D SDS-PAGE. The
protein standard mixture (1 pg or 100 ng of each protein) was separated by 1D SDS-PAGE
electrophoresis and stained by Coomassie blue dye (Figure 2). It was observed that the order
of the migration in the gel was different from the elution from the np-RP column. For instance,
GAPDH (146 kDa) eluted relatively early from the np-RP column as a complex (Figure 1A)
while it migrated within the gel respective of its 36-kDa monomer weight (Figure 2). Protein
migration by SDS-PAGE electrophoresis is proportional to its molecular weight, whereas the
reversed phase column separates proteins based on their hydrophobicity. Thus myoglobin (17.5
kDa) and catalase (60 kDa) are separated by only 0.26 minutes on the np-RP whereas trypsin
inhibitor (20.1 kDa) and B-lactoglobulin (18.4 kDa) are resolved by more than one minute
(Table 1). Ferritin (450 kDa), which is composed of 24 subunits of 2 kinds (heavy and light
subunit), was not observed on the gel because the presence of the reducing agent in the sample
buffer caused the disruption of ferritin disulfide bonds and its breakage into small polypeptides.
However intact ferritin was observed and well resolved by the np-RP with a retention time of
19.39 minutes (Figure 1 and Table 1). Np-RP HPLC can thus be applied for the separation and
characterization of large protein complexes which may not be resolved by SDS-PAGE
electrophoresis, unless a non reducing conditions “native gel” is used.

The resolution of protein separation was generally better using 1DE electrophoresis, due to the
high resolving power of SDS-PAGE. In an attempt to improve the resolution of separation by
np-RP HPLC, different solvent profiles were tested. Increasing the separation time and the
application of shallow gradients were shown to improve the resolution for some of the proteins
(data not shown) but the increase in the separation time proved to be less favorable for adapting
to high-throughput analyses. Additionally we explored several reversed phase columns from
a variety of manufacturers, none of which resulted in improved resolution compared with the
columns used for these experiments using the same separation time.

The sensitivity of detection via Coomassie stain was evaluated and compared with the
sensitivity of detection of UV measured at 214 nm. When 100 ng of each protein were run on
the SDS-PAGE gel, the staining method used was just sensitive enough to detect proteins larger
than 10 kDa but not sufficient to detect the insulin band around 5700 Da. Small proteins are
known to be difficult to detect by SDS-PAGE. Other stains, e.g. silver stain, may be
commercially available and provide a better sensitivity, but may also be less compatible with
further MS analysis. Sensitivity of detection using UV at 214 nm after np-RP HPLC is thus
more sensitive than traditional Coomassie blue stain for low molecular mass species and can
detect down to 5 ng of protein when the peak is sufficiently resolved (Figure 1C).
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MALDI-TOF MS analysis of proteins separated by np-RP HPLC

MALDI-TOF MS is commonly used for PMF analysis of proteolytic digests of proteins in
order to identify proteins via database searches. MALDI-TOF MS may also be used to
characterize a protein by intact mass measurement. Post separation by np-RP HPLC, proteins
were collected into fractions in 96 well plates, and then subjected to intact protein MS analysis.
Because the proteins were separated under liquid conditions, they could be directly
characterized as an intact entity by MS without the need of the proteolytic digestion which is
necessary after SDS-PAGE electrophoresis to efficiently recover the proteins from a gel.

Intact molecular masses were obtained on the protein fractions obtained from np-RP HPLC
(Figure 3A). Seven of the 9 proteins were detected with a mass corresponding to the theoretical
mass of the protein or their respective sub-units (Table 2). This use of MALDI-TOF MS protein
mass information acts as a means of analysis at the intact protein level and may be considered
to represent a “second dimension” of protein separation within the vacuum phase of the mass
spectrometer. By using intact protein MS analysis, we were able to resolve GAPDH, myoglobin
and catalase which did not fully resolve when measured by UV at 214 nm in the
chromatographic separation. This demonstrates the benefit of performing intact protein MS in
order to characterize more efficiently the proteins before performing further analyses.
Additionally, more complete information is gained when the chromatography results are taken
in conjunction with the intact protein MS results. Proteins were observed to elute from the np-
RP based on their hydrophobicity which is an intrinsic propriety of the protein or a protein-
complex. Theoretical masses were obtained from the UniProt Knowledgebase (ca.expasy.org)
and correspond well to the observed protein masses. Deviations in the observed mass compared
with the theoretical mass values are due to isoforms, truncation and post-processing and, or
post-translational modifications of the proteins; modifications which also will influence the
np-RP HPLC analyses. Thus, when characterizing a protein using this methodology one may
observe changes in the np-RP HPLC chromatogram and within the protein mass spectrum.

The proteins were also subjected to MALDI-TOF MS peptide mass fingerprint analysis after
tryptic digestion of the collected fraction, following the protocol developed for this project.
Figure 3B displays the compilation of the MALDI-TOF peptide mass spectra. Protein retention
times observed by np-RP HPLC with UV absorbance at 214 nm correlated well with PMF
identification of the proteins obtained from the fractions. Although some protein overlap
between different fractions was observed, the PMF results from this experiment, presented in
Table 2, show sufficient sequence coverage for protein identification using this methodology.

An estimate of the sensitivity of detection by intact protein MALDI-TOF MS was obtained on
fractions corresponding to decreasing amounts of insulin separated by np-RP HPLC (Figure
4). Good MS signal was obtained on amounts of insulin varying over 5 orders of magnitude
and sensitivity down to 50 pg (10 fmol) of insulin could be detected - improved results
compared with detection limits and dynamic range typically observed with separations by 1DE
methodology. These results also demonstrated that the absence of UV absorbance signal at 214
nm for protein amounts under 5 ng in Figure 1C is due to a lack of sensitivity of the detector
and not to the loss of protein on the column.

Peptide detection sensitivity by MS after protein separation and in-well digestion was then
evaluated. Fractions corresponding to decreasing amounts of cytochrome C separated by np-
RP HPLC were digested by trypsin in the 96-well plates used for the fraction collection.
Resulting peptides were analyzed by MALDI-TOF MS. Cytochrome C-related peptides were
detected at concentrations of 500 pg (50 fmol) of protein (Figure 5), showing very good
sensitivity of MS analysis. This result further demonstrates that even in the absence of detection
by UV at 214 nm, proteins can be identified by MS and that the MS sensitivity is the limiting
factor for protein identification using the np-RP HPLC MALDI-TOF MS instrumentation and
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methodology employed in this study. On the contrary, the reproducibility of SDS-PAGE
electrophoresis is not sufficient to know exactly where a protein migrates, such that if the
amount of protein within a gel is below the detection limit of the stain used, identifying proteins
by MS after in-gel digestion may be very difficult.

In-well versus in-gel digestion of separated proteins

To characterize our in-solution digestion protocol in terms of peptide recovery and sensitivity,
we compared results from in-well digestion and in-gel digestion. For this purpose, 1 pug and
100 ng aliquots of protein standard were separated by 1D SDS-PAGE. Bands of interest were
excised and processed following the in-gel digestion protocol. Peak lists were generated for
all the spectra and submitted to database search using Mascot. Peptide mass fingerprinting
results are presented in Table 2. Because insulin possesses only two sites for tryptic cleavage,
the percentage of coverage was not informative enough to be displayed. No results were
obtained for ferritin by in-gel digestion as ferritin was not observed in-gel. The percentage of
sequence coverage for the in-well digestion of ferritin is provided for the ferritin light chain
form of the protein.

Bovine insulin was detected with poor S/N by MS after in-gel digestion of the 1 g insulin
band. On the contrary, the same amount of insulin collected after separation by np-RP HPLC
produced very clear peaks by MALDI-TOF MS (Figure 3), showing that the relative recovery
by in-well digestion after liquid separation was better that that obtained after in-gel separation.
Large polypeptides like insulin tend to remain trapped in the gel and are difficult to extract.
Moreover, we tested the protein recovery of the np-RP column by re-analyzing the standard
mixture after a first separation by np-RP HPLC and obtained better than 80% recovery of the
proteins. Several methods have been attempted to increase the recovery of intact proteins
extracted from polyacrylamide gels. For example, sonication [43] or NaOH extraction [44]
have been used, but recovery rates remained low (about 50%) and were limited to the range of
about 30 ng, which is higher than the results which we obtained for insulin by np-RP HPLC.
In general, the quality of mass spectra from the in-well digested proteins were superior to those
of the spectra obtained from the in-gel digests of the proteins. Slightly improved sequence
coverage was observed for myoglobin and trypsin inhibitor by in-well digestion, however, for
glucose oxidase and GAPDH very similar results were obtained using the two methodologies
(Table 2). The use of np-RP HPLC for protein separation did facilitate the identification of the
multimeric protein complex ferritin as well as bovine insulin , a protein which is be too small
to be adequately detected by SDS-PAGE electrophoresis and as shown here, too large to be
extracted efficiently from the gel.

Separation and characterization of bovine endothelial membrane proteins

To demonstrate an application of the protein characterization methodology by np-RP HPLC
MALDI-TOF MS using a real biological system, 100 pg of an endothelial cell membrane
protein fraction were characterized (Figure 7A). Twenty-four fractions were collected and
analyzed by PMF, in addition to analysis of the intact protein molecular weights by MALDI-
TOF MS (Figure 7B, 7C). This use of intact protein MS as a second dimension of protein
separation revealed that a large number of proteins were present in each fraction collected from
the np-RP column due to the original sample complexity (Figure 7C). Even though this sample
was quite complex, minimal overlap was observed between the adjacent fractions showing
sufficient separation and resolution of the method and any such overlap was clearly resolved
via the intact mass measurement of the protein fractions.

The collected proteins were then digested by trypsin and PMF analysis was performed using
MALDI-TOF MS. Peak lists for each fraction were generated and submitted to MASCOT
database search software. Correlating the PMF results with the intact mass measurements
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obtained on each of the fractions greatly improved protein identification (Table 3). Generally,
PMF results showed good sequence coverage and good Mascot scores for the first protein
identified within each fraction. However, the PMF analyses was limited to the identification
of a restricted number of proteins within one sample, usually 2 or 3 of the top scoring proteins
obtained from the database search. In these cases, the intact protein measurements allowed us
to further characterize the proteins that differed in mass from one to another. Thus, some of
the lower abundance proteins which were detected by intact MALDI-TOF MS were not
identified by PMF because of the ion suppression effect of higher abundance species within
the fraction. In other cases, identification of proteins with poorer Mascot scores, due of the
complexity of each fraction, was facilitated and confirmed by the intact mass analysis. Intact
proteins were observed varying in molecular mass from 8 kDa for mitochondrial ATP synthase
e-chain, to 71 kDa for HSP70 (Table 3). The observed masses differed sometimes by several
kDa from the identified protein’s theoretical mass because each expressed protein may exist
in several isoforms and may undergo post processing such as truncation and, or may be post-
translationally modified.

Figure 7B shows a schematic of the overlap of the most abundant proteins identified. Vimentin,
a regulated intermediate filament protein which is known to interact strongly with the plasma
membrane [45], was observed in abundance and was eluted from the np-RP column between
20 and 22 minutes (Figure 7A). The detected molecular mass of vimentin was observed to
increase through the fractions (Table 3), indicating differences in the proteins mass due to
isoforms and, or PTMs.

Several histones were also identified in the sample based on good Mascot scores obtained from
PMF results and the correlated molecular weights of measured on the intact proteins (Table3).
Histones are abundant nuclear proteins which were co-purified during the membrane isolation
process. Histones are interesting proteins which have already been found to be present in the
surface of lymphocytes [46], suggesting a possible role of these proteins in cellular recognition.
Interestingly, we were able to separate and identify several different forms of histones: H2B,
H4 and H2A.z, H2A.1b and H3.1 by np-RP HPLC. Similar to membrane proteins, histones
have a very basic pl (around 10-12) and are difficult to separate and analyze by gel
electrophoresis. Proteins from the ribosomal membrane were also largely represented due to
their very high abundance within the sample. The larger peak width of some identified proteins
reflects the separation of different isoforms or post-translationally modified forms of the
protein. Full characterization of these species will require further analysis, including MALDI-
MS/ MS analysis at the peptide level, and are the subject of future research.

CONCLUSIONS

This study focused on evaluating the use of non-porous reversed phase protein chromatography
coupled with MALDI-TOF MS as an alternative to SDS-PAGE methodology for protein
identification via intact protein mass measurement and PMF. The np-RP HPLC MALDI TOF
MS methodology developed here was proven to be very reproducible in terms of protein
separation and to exhibit an linearity of UV detection up to 3 orders of magnitude. The detection
limit of the UV detector was estimated at 5 ng for well-resolved proteins. Intact proteins were
analyzed by MALDI-TOF MS for molecular weight estimation and a sensitivity of 50 pg (10
fmol) of intact protein was achieved by MALDI-TOF MS after np-RP HPLC separation.
Protein fractions were also digested by trypsin following a rapid and robust protocol which
enabled us to detect peptides at concentrations of 500 pg (50 fmol) and provided for high quality
mass spectra which yielded good database search results. The integrated np-RP HPLC MALDI-
TOF-MS methodology developed here was shown to be as efficient, or better than 1D-SDS-
PAGE separation and in-gel digestion in terms of peptide recovery and sequence coverage via
database search. Characterization of a membrane protein sample obtained from a biological
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sample was used as an application of this proteomics methodology. The intact masses of the
proteins present within each fraction were measured and correlated well with the results of
protein identification obtained from PMF analysis of the digested proteins. Overall, we
demonstrated that the np-RP HPLC MALDI-TOF-MS system allows proteins from a complex
sample to be rapidly fractionated and characterized through a combination of the intact
molecular weight information obtained by MS and the information obtained from PMF
database search after in-solution digestion.

ABBREVIATIONS

np-RP, non-porous reversed phase; MALDI, matrix-assisted laser desorption ionization; TOF,
time-of-flight; MS, mass spectrometry; PMF, peptide mass fingerprint; 1D SDS-PAGE, one-
dimensional sodium-dodecyl sulfate polyacrylamide gel electrophoresis.
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Figure 1. Separation of a protein standard mixture by np-RP HPLC

Individual protein chromatograms, 1 ug each, (A) from a protein standard were analyzed by a

high pressure liquid chromatography System Gold, controlled by 32 Karat software and

equipped with UV detection at 214 nm (Beckman Coulter, CA). Proteins were suspended in

ACN 3% / TFA 0.1% and separated on a C18 non-porous reversed phase column. The

separation was performed via different gradient elution of two solvents: distilled water/TFA

0.1% and ACN / TFA 0.08% at a constant flow rate of 0.75 mL/min and proteins were

monitored at 214 nm. Values correspond to results shown in Table 1. (B) The protein mixture
(1 pg of each protein) was separated five times consecutively on the same column and under
the same conditions to evaluate the reproducibility of the system. Values correspond to results
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shown in Table 1. (C) UV214nm detection sensitivity from 5 pg to 100 ng of a 9 protein mixture;
from 50 ng to 5 ng of bovine insulin shown in inset.
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Figure 2. Separation of a protein standard mixture by SDS-PAGE electrophoresis

Samples containing 1 pug and 100 ng of each protein standard were separated on a 10% Bis-
Tris SDS-PAGE electrophoresis gel at 150 V until complete. Proteins were stained with
Imperial Protein Stain for 4 h and de-stained overnight in distilled water. Proteins correspond
to those analyzed by np-RP HPLC shown in Figure 1 and Table 1.
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Figure 3. MALDI-TOF MS analyses of the 9 protein mixture after np-RP HPLC separation

The protein mixture (1 pg of each protein) was separated by np-RP HPLC. 24 fractions were
collected from 14 to 20 min into a 96-well plate and subjected either to intact MALDI-TOF
MS (A) or to peptide mass mapping after tryptic digestion (B). Each MALDI-TOF spectrum
corresponds to an individual fraction. Table 2 provides intact molecular weight information
and PMF database search results and sequence coverage for each protein.
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Figure 4. MALDI-TOF MS analyses of np-RP HPLC separated intact insulin

Decreasing amounts of the protein standard were separated by np-RP HPLC and fractions
corresponding to insulin (13.75 to 14 min) were dried and analyzed by MALDI-TOF MS.
Sensitivity of detection as shown was of the order of 50 pg.
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Figure 5. MALDI-TOF MS analyses of tryptic peptides from the np-RP HPLC fraction
corresponding to cytochrome C
Decreasing amounts of the protein standard were separated by np-RP HPLC and fractions
corresponding to cytochrome C were collected, dried and digested with trypsin. Resulting
peptides were analyzed by MALDI-TOF MS. Mass values shown correspond to theoretical
peptides of cytochrome C; numbers indicate sequence. Inset shows m/z values for decreasing
amounts of tryptic peptides from cytochrome C (50 ng-500 pg).
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Figure 6. In-well versus in-gel digestion of separated proteins
Cytochrome C (A and B) and catalase (C and D) (1 ug or 100 ng) were separated from the
whole protein standard by either by np-RP HPLC or by SDS-PAGE electrophoresis.
Corresponding fractions or bands were respectively in-well or in-gel digested with trypsin and
resulting peptides were analyzed by MALDI-TOF MS. Spectra corresponding to peptides from
cytochrome C and catalase were aligned and peaks which matched the theoretical digest of the
protein are highlighted (e) for each protein. Values correspond to results shown in Table 2.
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Figure 7. Endothelial cell membrane protein fraction separation by np-RP HPLC: UV214 nm and
intact protein MS results

100 ug of bovine endothelial cell membrane mixture were separated by np-RP HPLC. (A)
Chromatogram from HPLC: UV>514 nm. Twenty four fractions were analyzed either by intact
MALDI-TOF MS or by peptide mass mapping. In-well trypsin digested fractions were spotted
on a MALDI target and analyzed by MALDI-TOF MS. A list of the peaks corresponding to
each spectrum was generated by MoverZ software (ProteoMetrics) and then submitted to
Mascot (Matrixscience) database search software for protein identification. (B) MALDI-TOF
MS results. The most abundant proteins are plotted following the retention time of the fractions
where they were identified, corresponding to the HPLC UV-trace. (C) Intact endothelial cell
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membrane proteins observed by MALDI-TOF MS. Twenty four fractions collected after np-
RP HPLC from 16 to 24 minutes were spotted on a MALDI target and analyzed by intact
protein MALDI-TOF MS. Spectra are presented using SigmaPlot software (Systat Software
Inc.). (i) Spectra recorded over the range m/z 5,000 to 25,000. (ii) Spectra recorded over the
range m/z 25,000 to 80,000. Peptide mass fingerprint database search results and intact protein
mass values are found in Table 3.
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