UCLA
UCLA Previously Published Works

Title

Combining high-throughput MALDI-TOF mass spectrometry and isoelectric focusing gel
electrophoresis for virtual 2D gel-based proteomics

Permalink

https://escholarship.org/uc/item/4{64v8kd

Authors

Lohnes, Karen
Quebbemann, Neil R
Liu, Kate

Publication Date
2016-07-01

DOI
10.1016/j.ymeth.2016.01.013

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4j64v8kc
https://escholarship.org/uc/item/4j64v8kc#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Methods. Author manuscript; available in PMC 2017 July 15.

-, HHS Public Access
«

Published in final edited form as:
Methods. 2016 July 15; 104: 163-169. doi:10.1016/j.ymeth.2016.01.013.

Combining High-throughput MALDI-TOF Mass Spectrometry and
Isoelectric Focusing Gel Electrophoresis for Virtual 2DGel-based
Proteomics

Karen Lohnes?!, Neil Quebbemann?, Kate Liu?, Fred Kobzeff2, Joseph A. Loo12:3* and
Rachel R. Ogorzalek Loo13"

1Department of Biological Chemistry, University of California, Los Angeles, Los Angeles, CA
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Abstract

The virtual two-dimensional gel electrophoresis/mass spectrometry (virtual 2D gel/MS)
technology combines the premier, high-resolution capabilities of 2D gel electrophoresis with the
sensitivity and high mass accuracy of mass spectrometry (MS). Intact proteins separated by
isoelectric focusing (IEF) gel electrophoresis are imaged from immobilized pH gradient (IPG)
polyacrylamide gels (the first dimension of classic 2D-PAGE) by matrix-assisted laser desorption/
ionization (MALDI) MS. Obtaining accurate intact masses from sub-picomole-level proteins
embedded in 2D-PAGE gels or in IPG strips is desirable to elucidate how the protein of one spot
identified as protein ‘A’ on a 2D gel differs from the protein of another spot identified as the same
protein, whenever tryptic peptide maps fail to resolve the issue. This task, however, has been
extremely challenging and is, in fact, rarely attempted. Virtual 2D gel/MS provides access to these
intact masses.

Modifications to our matrix deposition procedure improve the reliability with which IPG gels can
be prepared; the new procedure is described. Development of this MALDI MS imaging (MSI)
method for high-throughput with integrated ‘top-down’ MS to elucidate protein isoforms from
complex biological samples is described and it is demonstrated that a 4-cm IPG gel segment can
now be imaged in approximately 5 minutes. Gel-wide chemical and enzymatic methods with
further interrogation by MALDIMS/MS provide identifications, sequence-related information, and
post-translational/transcriptional modification information. The MSI-based virtual 2D gel/MS
platform may potentially link the benefits of ‘top-down’ and ‘bottom-up’ proteomics.
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1. Introduction

1.1. Top-down and bottom-up proteomics; top-down and bottom-up mass spectrometry

High-sensitivity, high-throughput protein analysis (/.e., proteomics) is essential in the post-
genome world to complement advances in DNA and RNA sequencing and genetic
engineering. Great strides have been made in identifying proteins from complex mixtures,
supported by two decades of developments in mass spectrometry (MS) and ultra-small-scale
high performance liquid chromatography (HPLC). These achievements in protein
identification rely on the free availability of stockpiled nucleic acid sequences from a
multitude of organisms. Beyond DNA, RNA, and protein sequence, lies an invaluable fourth
dimension of information regarding the architecture of life:protein processing and
modification. That fourth dimension is important because modifications to thousands of
component proteins in a cell may change with the cell cycle, environmental conditions,
developmental stage, and metabolic state. Markers reflecting health, environmental
exposure, and disease can be encoded in this fourth dimension of information. Modifications
can alter protein localization, activity, lifetime, and how that protein interacts with other
molecules. Modifications are not necessarily homogeneously distributed in a protein
population, making the discovery and quantification of each modification an almost
insurmountable task and one that depends on many factors including protein concentration
and dynamic range of the sample under investigation[1].

For complex mixtures, we classify experimental approaches that sort (separate) intact
proteins prior to analysis as ‘top-down’ proteomics and approaches that cleave proteins
within a complex mixture, prior to analysis, as ‘bottom-up’ proteomics. We shall apply ‘top-
down’ MS and ‘bottom-up’ MS to describe the nature of the analyte introduced to the mass
spectrometer. Hence, the reversed phase HPLC delivery of intact proteins from a ribosome
mixture to a mass spectrometer for mass analysis, precursor ion selection, electron capture
dissociation (ECD), and analysis of the product ions (MS/MS) would constitute top-down
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proteomics and'top-down MS, but collecting HPLC fractions from the ribosomal preparation
and subjecting each fraction (isolated protein) to trypsin digestion followed by liquid
chromatography-tandem MS(LC-MS/MS) of the peptides would, in our usage, constitute
top-down proteomics and bottom-up MS. Bottom-upproteomics integrates the cleaved
products detected from all protein forms (proteoforms[2]) produced by a gene into a single
peptide map of the full-length gene product (potentially revealing, but not eliminating, any
splice variants that might be present) to tabulate and quantify expressed proteins efficiently.
Bottom-up proteomics avoids the difficulties (e.g., sample losses, extreme diversity in
solubility and chromatographic properties) inherent in handling intact proteins by
separating/analyzing smaller, easier to handle peptides, instead. In exchange for sensitivity
and speed, however, bottom-up proteomic methods sever links to the protein fragments’
heritage, erasing much of the means to characterize splicing variants, and co- and post-
translational modifications. Thus, bottom-up proteomics tends to assume that prior to the
analysis, proteins existed as predicted by the genome sequence, /.e., full-length and
unmodified, or with a small number of predictable modifications. Bottom-up proteomic
approaches to globally analyze post-translational modifications usually seek evidence for a
small number of modifications from the proteome, sometimes pre-enriching in advance for
select modifications (e.g., with antibodies). In these globalanalyses it is rarely possible to
establish that a//instances of a particular modification have been detected in a given protein,
to determine how many proteoforms are present, or even to establish whether all abundant
proteoforms have been detected. Error-tolerant or unrestricted searches have some ability to
reveal unanticipated modifications, but are challenged by the extraordinarily large search
space of all proteins/all modifications in concert with the finite information content of
tandem mass spectra. The vagaries of undersampling (too many peptides to measure for the
instrument duty cycle) limit even the ability to establish that certain modifications are not
abundantly present (failure to detect a peptide does not necessarily allow us to conclude that
it is absent). Nevertheless, valuable lists of (some) modified proteins with (some) modified
sites are generated. Quantifying the levels of modified versus unmodified proteins is more
challenging.

Top-down proteomics, particularly when pursued with polyacrylamide gel electrophoresis
(PAGE)-based platforms, can complement the bottom-up proteomic approaches for
addressing the problems described above. By revealing the minimum number of proteoforms
present in a sample, and separating many distinct forms for individual analyses, an analyst is
better able to differentiate splice variants that are present from those that are not present and
to quickly estimate the number of distinct species present. Error-tolerant searches can be
more sensitive than in bottom-up proteomics, because they must query only a small number
of candidate proteins. Top-down proteomic methods can expose large deviations from
predictions, e.g., migration in the SDS-PAGE size dimension inconsistent with a given
molecular weight, focusing far from the predicted isoelectric point (p/), or non-binding of
appropriate antibodies. Deviant products can be flagged for additional analyses likely to
yield new discoveries, while products found to be consistent with predictions (e.g.,
molecular masses matching theoretical) can be considered characterized. The ability to
quantitatively trackone or more proteoforms (by staining intensity or autoradiography) from
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multiplesamples and to excise these proteoforms for chemical analysis (e.g., protein
identification or carbohydrate composition) is a strength of top-down proteomics.

Top-down proteomics/top-down mass spectrometry has been very successfully pursued by
combining Gel Elution Liquid-based Fractionation Entrapment Electrophoresis (GELFrEE)
fractionation, protein precipitation, and reversed phase HPLC with electrospray ionization
(ESI) and MS/MSJ[3]. GELFrEE fractionates proteins on a preparative scale by continuous
electrophoresis in polyacrylamide tube gels. The method is compatible with hydrophilic and
hydrophobic proteins, although ultimately the top-down platform’s protein compatibility is
limited by its reversed phase HPLC dimension downstream.

Our interest lies in linking accurate molecular masses to denaturing isoelectric focusing
(IEF)and to two-dimensional (2D)-PAGE analyses (of which IEF constitutes the first
dimension). With the advent of immobilized pH gradient (IPG) gels, IEF offers the highest
resolution available in the proteomics toolbox, capable of separating protein isoforms whose
isoelectric points differ by only 0.001 pH units [4]. IPGs, which are commercially available,
stable, and highly reproducible, have been produced to span only 0.1 pA unit and can
successfully separate proteins that differ by only one amino acid substitution [5].

1.2. The virtual 2Dgel

In the ‘virtual 2Dgel” MS platform [6-8], complex protein mixtures are separated by high
resolution IEF using IPG gels, incubated with MALDI matrix, and dried. Resolved proteins
are laser-desorbed and ionized directly from the “xerogel’ for mass measurement. Proteins
over 100 kDa have been measured by this method, as well as small polypeptides (<10 kDa),
which are often lost in the second dimension of the SDS gel[6, 9]. The term ‘virtual
2Dgel/MS’[8] is appropriate because denaturing IEF also comprises the first dimension of
traditional 2D gels, with protein size (by SDS-PAGE) as the second dimension. Indeed, the
IEF separations for virtual 2D gel analysis have been performed under /identical conditions
to those employed for 2DPAGE (/.e., employing urea, thiourea, CHAPS or Triton X-100
detergent, carrier ampholytes, efc.) to ensure that the information provided relates directly to
classical 2D gels. MALDIMS replaces SDS-PAGE as the second dimension, but the mass
accuracy for protein intact masses provided by MS is superior to SDS gels. The common
IEF axis links classical and virtual 2D gels such that an intact mass and other MS-derived
information can be permanently associated with particular 2Dgel spots (Figure 1)[7] and
with other analyses linked to that spot (e.g., glycan analysis, radioactivity to elucidate
synthesis or degradation rate, antibody binding, lectin binding, protein identity from in-gel
digestion, efc.). We consider the most important capability of virtual 2D gels to be revealing
the intact molecular masses of proteins focusing at each isoelectric point for comparison to
classical 2D gel images and the corresponding protein identities of spots (generally obtained
by trypsin digestion and LC-MS/MS analyses). Combining protein identity with intact mass
readily highlights modified, processed, or otherwise unexpected protein forms. It enables
researchers to triage which spots of interest contain proteins in expected forms (ho
additional characterization effort needed) and which differ (with the mass perhaps
suggesting possibilities for those differences; e.g., +42 Da suggests an acetylation or
trimethylation). Protein-level quantitation, provided by staining or radiography via classical
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2D gels, provides a useful complement to any peptide-level quantitation available from in-
gel digests or bottom-up proteomics.

The early work that developed the concept of the virtual 2D gel/MS platform was performed
using MALDI-time-of-flight (MALDI-TOF) instruments utilizing 20Hz-UV lasers for
desorption/ionization. Today’s availability of high-speed MALDI-TOF MSI instruments
equipped with kHz-repetition rate lasers along with improvements in preparing matrix-
embedded dry gels (xerogels) pave the way for the virtual 2D gel/MS platform to become
easier to implement. Methods for establishing this platform are discussed in this article.

2. Methods

2.1. Protein extract preparation

Sample preparation for IEF[10-18] differs from that for SDS-PAGE, primarily by avoiding
ionic salts and anionic or cationic detergents. Here, pelleted cells were stored at —80°C until
lysis and extract preparation. At that time, cells were thawed and rapidly resuspended in 300
uL of 0.3% SDS (w/A), 10 mM Tris, pH 7.5, and 0.2 M dithiothreitol (DTT). Solutions were
incubated in a boiling water bath for 2 minutes and subsequently cooled on ice. To the
cooled solutions were added 30 puL of DNAse/RNAse cocktail and the mixtures were
incubated on ice for 10 min. Following incubation, 1200 uL of lysis buffer, 138 mg urea, and
50 mg thiourea were added to the solutions and the mixtures were vortexed extensively. The
lysis buffer contained 7 M urea, 2 M thiourea, 50 mM DTT, 1.54% Pharmalyte™ 3-10
carrier ampholytes (VV,GE Healthcare, Piscataway, NJ), and 2.55% CHAPS (w/1). Protein
extract concentrations, assessed with the N1™ (Non-Interfering™) Protein Assay (G-
Biosciences), were typically 1-5 mg/mL. Extracts were aliquoted for storage at —80°C.

2.2. IEF with IPG gels

Isoelectric focusing employed precast IPG strips (ReadyStrip™, Bio-Rad, Hercules, CA or
Immobiline™ DryStrip, GE Healthcare) spanning p/H 4-7 or 3-10 in 18 cm. Samples (20-200
ug) were loaded by passive in-gel rehydration or by cup-loading[12, 19-22]. For the former
method, the desired load of extract was mixed with sufficient rehydration buffer (6 M urea,
1.7 M thiourea, 12mM DTT, 1% Pharmalyte™ 3-10 (v/1), 0.5% CHAPS (w/V), 5% glycerol,
and 10% isopropanol) to yield a 350 pL volume in which to swell each dehydrated gel
overnight. For cup-loading, each IPG strip was incubated overnight in 350 L of rehydration
buffer; extract was applied the next day during focusing.

Gels were focused for 65-80 kilovolt-hours on a Multiphor 11 flatbed electrophoresis
assembly[12, 23-25] (GE Healthcare) equipped with an EPS 3501XL power supply (GE
Healthcare). Following IEF, polyacrylamide gels were stored at —80°C, until processed for
direct MS, whole-gel trypsin digestion, or SDS-PAGE second dimension electrophoresis.

2.3. Washing focused IPG gels and Applying MALDI matrix

Focused IPG gels were removed from the freezer and allowed to rest for a few minutes at
room temperature. Once thawed, the gels were removed from the storage container with
tweezers and placed ge/ side up on damp paper towels. Excess mineral oil (remaining from
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the IEF) was drained off the gels by lifting an edge of the polyester Mylarbacking with
tweezers. Each gel surface was blotted once, gently, with a damp paper towel. Scissor cuts
were made at the edges of each gel support/backing to provide unique identifiers. Gel strips
were incubated for 15 minutes in a glass tray containing 200 mL of wash solution (49.9%
H,0 /50% acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA)), mixing slowly on a lab
rocker. The large volume of liquid removes or reduces the amounts of several substances
essential to high-resolution electrophoresis but detrimental to MALDIMS:detergents, urea,
thiourea, ampholytes, and residual mineral oil [26]. Despite this washing, CHAPS detergent
clusters often appeared below /25000 [26]. After incubation, each gel was with drawn
from the wash solution with tweezers and placed ge/ sideup atop a clean surface. Each gel
surface was gently blotted with damp, water-moistened filter paper (Whatman grade 4) to
remove mineral oil residue remaining on the surface. Often, fibers from the filter paper stuck
to portions of the gel after blotting, but these did not hinder analysis.

Sinapinic acid solutions were prepared at least 2 days in advance to ensure saturation. Liquid
solutions were with drawn from any undissolved matrix immediately before they were
dispensed for gel incubation. Two saturated sinapinic acid/1.5% sorbitol (v/i#) matrix
formulations were prepared in quantities sufficient to ensure availability of 15 mL of each
per IPG strip. The solvent for the first solution was 25% ACN/74.9% H»0/0.1% TFA (v/w/Vv,
henceforth referred to as 1:3 matrix solution), while the second solution solvent was 33.3%
ACN/66.6% H,0/0.1% TFA (henceforth referred to as 1:2 matrix solution).

Each filter paper-blotted gel was placed, gel side up, in an individual plastictray (220 mm x
15 mm x 5 mm, length x width x depth) atop a laboratory rotating platform. About 13-15
mL of 1:3 matrix was dispensed to each tray and gel incubation proceeded for 10 minutes,
mixing at low speed. With tweezers, gels were removed from the matrix solutions and
transferred to empty trays, covered, and left overnight (12 hours or greater) at room
temperature.

The next day, the dry, matrix-treated gels were placed in clean trays atop the rotating
platform and ~15 mL of the 1:2 matrix solution was dispensed. Gels incubated in the
solutions for 10 minutes, rotating at low speed, after which the gels were removed from the
solutions with tweezers and transferred to empty trays, covered to prevent dust from settling
on them, and left overnight for the matrix to crystallize and the gels to dry thoroughly.

Whole gel trypsin digestions were performed employing protocols described previously[7].

2.4 Mounting dry, matrix-treated IEF strips and MALDI MS

Dry IEF strips were cut into two 9cm-long pieces and secured to the sample stage with
electrically conductive, double-sided transfer tape (Adhesives Research, Glen Rock, PA),
cognizant of anode/cathode orientation (Figure 2). Positions of the crystallized gel segments
(not the Mylar support) and their cathode/anode orientation were recorded. Isoelectric points
may be calculated at various distances along the IPG strip from manufacturer-provided plots
of pHvs. distance along the gel [27, 28]. Dried gels trap considerable moisture and air
greatly extending the time for vacuum pump-down. Thus, gels newly attached to sample
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targets were placed in a vacuum desiccator and exposed to vacuum for at least 20 minutes
prior to loading the min the mass spectrometer.

Mass spectra were acquired with UV irradiation on Bruker Daltonics AutoFlex " Speed and
Ultraflex™ MALDI time-of-flight mass spectrometers with accompanying software (e.g.,
FlexControl™, FlexImaging™ and FlexAnalysis™). Gels were imaged by acquiring data at
raster sizes of 200-600um.

3. Results and discussion

3.1. Processing IEF gelstrips for MALDIMS

In previous efforts [6, 7, 26, 29, 30], focused, washed IEF strips (Immobiline™ DryStrip)
had been incubated in saturated matrix dissolved in 50% ACN/49.9% H,0/0.1% TFA or
33.3% ACN/66.6% H>0/0.1% TFA (/.e., 1:1 or 1:2 matrix solution). Initial dried gels
produced by this matrix-deposition method were stable under vacuum and laser irradiation
for extended time periods. However, later many of the Immobiline™ DryStrip gels for which
matrix had been deposited by these methods were found to be unstable (as were
ReadyStrip™ gels); those xerogels detached from the Mylar backing after several hours
under vacuum. The source of the newly reduced stability was unclear, although we suspected
that it arose from differences in the manufacturing processes. Because producing gels that
remain attached to their backing (or that can be reliably detached without cracking) was
essential, we explored additives for inclusion in matrix solutions to improve xerogel
flexibility without degrading MS resolution and sensitivity.

Glycerol is a well-known stabilizer for polyacrylamide gels, minimizing their shrinkage and
curling during drying, but high concentrations also degrade MALDIMS. We explored
glycerol addition from 1-10% v/, but found that amounts sufficient to maintain xerogel
adherence to the Mylar backing rendered the matrix crystallization unreliable. Next, we
considered saccharide additives, because they are known plasticizers and their presence in
analyte solutions is often innocuous, or even helpful to protein analyses. Fucose additives
have some history of benefitting MALDI MS analyses[31-34], but we selected, instead, the
monosaccharide sorbitol to avoid potential covalent modifications. As a non-reducing sugar,
sorbitol cannot form Schiff bases with amines. Also, sorbitol addition to a few percent does
not hinder (and sometimes improves) MALDIMS analyses [30].

Experience preparing and analyzing matrix-deposited xerogels led us to consider what
properties accounted for gels delivering good ion intensities at many spatial positions versus
poorer performing gels. One property appeared to be the type and speed of matrix
crystallization. Inspections of many crystallized gels yielding good and poor ion intensities
for 20 kDa proteins suggested that clear, ‘chopstick’-shaped crystals obtained by slow
crystallization seemed to have a higher success rate, and that employing ACN:H,0 solvent
ratios below 1:1 (v/V) provided some advantage, although matrix crystallization is
notoriously hard to control. Gel incubation in 1:3ACN:H,0, was more likely to deliver the
desired crystal form than 1:2, but crystals from the former were typically deposited sparsely
(or not at all) across the gel. These observations led to the double matrix incubation
described in the Methods section. Microcrystals from a first incubation in the 1:3 matrix
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solution (with lower sinapinic acid solubility) serve as seeds for the second crystallization
from the 1:2 solution.

3.2. pl Resolution and Sensitivity

An optical image of a sinapinic acid-treated gel segment spanning ~1 pH unit, a spectral
image generated by averaging individual mass spectra acquired across that pH span, and
spectra acquired at discrete isoelectric points are illustrated in Figure 3 for a cell lysate from
the archaeon Methanosarcina mazei. The 26 most intense ion signals over that segment are
indicated by colored lines (Fig. 3B) with their corresponding p/s (gel positions) indicated by
color highlights (Fig. 3A). From the colored regions in Fig. 3A, an indication of spatial
resolution in the p/dimension can be gleaned, suggesting that the most abundant proteins
were detected across regions up to 3.5 mm wide. From silver-stained IPG gels, we expect
well-behaved proteins to focus to < 1 mm; hence, we conclude that the washing and matrix
treatments employed here reduced the resolution of the separation, albeit to a manageable
level. Because the colored bands in Fig. 3 do not scale with intensity, the FWHM of the MS-
detected bands may be somewhat narrower.

Electrostatic spray ionization (ESTASI), an ambient ionization method [35] was previously
applied to analyses from IPG gels, although that work is not directly comparable, in so far as
the IEF was performed under native conditions; 7.e., without the urea, thiourea, surfactants,
and ampholytes important to denaturing IEF and, correspondingly, to 2D-PAGE and
theoretically predictable isoelectric points. For ESTASI, a spatial resolution of ~3 mm was
calculated, based on modeling the electric field for the ESTASI assembly; the resolution
attainable experimentally was not reported.

Available high repetition rate lasers and automation packages designed for MSI simplify and
speed up data acquisition compared to our previous efforts in imaging IEF gels [6, 7, 26, 29,
30]. Now, a 4cm x 0.3cm section of a gel can be imaged in 5 min or less. Figure 4 illustrates
the pHrange of ~5.4-6.1 from an IPG strip loaded with 200 ug of a whole cell lysate of
Syntrophus aciditrophicus. Spectra were acquired with 1000 shots per position at a 500 um
step size (x and y). Five spectra were obtained at each isoelectric point (at discrete positions
along the 0.3cm strip width) and summed. The resulting 2D gel-like image is shown in Fig.
4, generated with the Bruker WARP-LC application. Data for the image was acquired in
approximately 5min.

It is clear from Fig. 4 that many protein masses in addition to the 5 highlighted ones are
revealed by MS and that multiple species often appear at the same p/, as expected from
classically stained 2D gels prepared with the same sample load of 200 pg.

Previous ESTASI analyses from IPG strips loaded with a mixture of 4 pug of myoglobin, 4 ug
of cytochrome ¢, and 400 ug of Escherichia colisoluble proteins revealed multiply charged
ions for myoglobin and cytochrome c at their migration positions, with charge state
envelopes suitable for calculating their molecular mass. For the loaded £. coli proteins,
however, it was not clear if molecular weights could be determined from the 3 spectra
presented, but ion signals were observed. This comparison suggests that, at present, MALDI
interrogation of IPG-1EF gels may be more sensitive than ESTASI.
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3.3. Protein identifications from virtual 2D gel/MS

Trypsin digestions of IEF-separated proteins (reduced and alkylated in gel after focusing)
can be performed gel-wide by depositing enzyme solution onto the gel surface[7]. Diffusion
of the proteolytic products is limited by scoring the wet gel with a knife or razor blade prior
to depositing the enzyme. Each gel segment remains attached to the polyester strip, but
diffusion is limited to the section length. Preliminary experiments demonstrated the
feasibility of obtaining in-gel digestion products in this manner[7]. Here, we applied the
approach to a richer region of an IEF gel, to assess whether protein identification remained
feasible from mixtures with higher complexity.

Figure 5 illustrates a classical, stained 2D gel from Syntrophus aciditrophicus with the pH
5.30 region boxed. Analysis of the corresponding region from a trypsin-treated, matrix-
embedded IPG strip yielded the complicated peptide map (multiplex mass map) shown on
the right side of Fig. 5. The proteins identified from this map were SYN0546, RSYN1909,
RSYNO0983, and RSYN2636 with sequence coverages of 34%, 22%, 18%, and 17%
respectively. Observing these proteins together at this position on the digested IPG strip
recapitulates their vertical position (o/5.30) on the fluorescently stained 2D gel, and allows
observed peptides to be correlated to proteoform intact masses, 2D gel staining intensities,
and any additional information derived from excised spots.

At present, the sensitivity for analyzing peptides from these whole-gel digests trails that
from in-gel digestion of excised bands by about two orders of magnitude. Nevertheless,
detected peptides can be subjected to further analysis by MS/MS, as shown in the Fig. 5
inset, for an 1146.6 Da peptide from RSYN2636. Correlating the intact masses measured for
selected isoelectric points to protein identities, peptide maps, and MS/MS spectra has been
fruitful in revealing protein heterogeneity, as in the case of RSYN2636, which migrates as
multiple 2D gel spots and appears at sizes ranging from 30 to 70 kDa. The many variations,
potentially reflecting read-through events, are nearly invisible to analyses employing only
bottom-up proteomics. However, data linking intact protein separations to intact and
proteolytic peptide mass analyses can not only begin to characterize these proteoforms, but
should also provide means to monitor changes in their relative abundance with changes in
cultivation conditions.

Another example of useful information accessible to virtual 2D gel electrophoresis is its
elucidation of protein heterogeneity as illustrated in Figure 6. This mass spectrum was
obtained at p/4.66 from an IEF separation of human saliva in which 30 pg of protein had
been loaded onto the gel. The spectrum reveals several distinct proteins, including a quite
heterogeneous 17 kDa species. Based on corresponding analyses from 2D gel spots and
comparisons to previous 2D gel studies, the protein is identified as prolactin-inducible
protein (PIP). The spacing between the 17 kDa peaks is ~144 Da, indicating the presence of
repeated deoxyhexose saccharides, consistent with the rich fucosylation of this
protein[36-38].
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4. Conclusions and future directions

Gel-free, bottom-up proteomics is exquisitely powerful, but the information that it provides
often stands alone, because most biological studies examine proteins rather than peptides.
Certainly much can be inferred about proteins from their peptides, but direct protein
analyses provide a means to check those inferences, and can alert us to unexpected mass
discrepancies (that can lead to new discoveries). Developments in faster data acquisition and
gel preparation presented here should make virtual 2D gel electrophoresis better able to
complement previous, current, and future proteomic studies of the same or similar samples,
by matching accurate protein masses to all of the other accumulated information on 2D-
PAGE-separated proteins. This MALDIMS approach remains one of the most sensitive
means to obtain intact masses for proteins embedded in polyacrylamide.
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HIGHLIGHTS

High resolution IEF protein separation combined with the mass accuracy of
MALDI-MS

MALDI-MS imaging of IEF gels can allow for high-throughput protein
profiling

Protein identifications are accessible by the virtual 2-D gel/MS approach
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Figure 1.
Virtual 2D gel/MS scheme. Protein mixtures are separated in the first dimension by

isoelectric focusing (IEF) electrophoresis on an immobilized pH gradient (IPG) gel. Matrix-
deposited, dried gels are analyzed by MALDI MS to provide intact masses for proteins
focused at each isoelectric point. Protein identifications can be obtained from existing
information for the corresponding positions on classical 2D gels (IEF/SDS-PAGE), can be
proposed from accurate MW and p/ information, or can be obtained by in-gel digestion and
MALDI-TOF/TOF MS/MS analysis. Applying alternative protein chemistries with MS/MS
analysis can provide additional modification information.
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Figure 2.
Sinapinic acid-crystallized IPG gels on a MALDI target. (A) Crystallized gels adhered to the

MALDI target with double sided adhesive tape. Gel segments are aligned to a row of target
spots for easier navigation. The highlighted area is magnified in (B) to better display the
surface-distribution of sinapinic acid crystals. Image (C) reveals that matrix deposits are
present not only on the gel surface, but also embedded in the gel. The highest signal
intensity and largest number of proteoforms are usually obtained from IPG gels with matrix
deposited throughout the length and thickness of the dried gel.
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Figure 3.

(A) Image of an IPG-IEF gel section that was analyzed by MALDIMS. The gel was loaded
with a whoel cell lysate of Methanosarcina mazei. Colored highlights reflect regions where
specific ion signals were detected. (B) Integrated mass spectrum obtained by summing all
spectra acquired across the complete gel segment. The 26 most intense ion signals are
indicated by lines, the colors of which correspond to the regions highlighted in (A). (C)-(E)

MALDI mass spectra from selected regions of the gel segment.
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Figure 4.
From a 40-mm section of a 17-cm IPG gel strip (p/ 4-7) of a Syntrophus aciditrophicus

bacterial lysate, spectra were acquired (1000 shots per position) at step sizes (x and y) of 500
um. Five spectra were obtained per isoelectric point and summed. The resulting 2D gel-like
image was acquired in approximately 5min.
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Figure 5.
(left) Sypro-Ruby-stained 2D-gel of a lysate of Syntrophus aciditrophicus. The region of pH

5.30 lies within the box indicated. (right) Multiplex virtual 2D gel/MS peptide map obtained
from an in-gel tryptic digest of proteins at p/5.30 on the IPG strip. Calibration with internal
standards achieved rms mass accuracies of <25 ppm. Proteins identified include RSYN0546
(+, 34% coverage), RSYN1909 (4, 22% coverage), RSYN0983 (M, 18% coverage), and
RSYN2636 (®, 17% coverage). (inset) MALDIMS/MS of an 1146.6 Da tryptic peptide for
protein RSYN2636, the B-subunit of an electron transfer flavoprotein, obtained directly from
the IPG gel.
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Figure 6.
Prolactin-inducible protein (17 kDa) from human saliva reveals heterogeneity due to

glycosylation. Spectrum acquired from a position corresponding to p/4.66 on an IPG gel(pH
4-7) loaded with 30 pg of protein.
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