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The analysis of insoluble proteins represents a major technical challenge for the field of proteomics. For example,

membrane proteins are often insoluble in common solvents and represent 20-30% of the proteins encoded by the

human genome. Chemical analysis on an individual basis is often required and is laborious and time-consuming,.

This review presents an overview of methods for purification of expressed proteins using fusion tags as well as meth-

ods for analysis of insoluble proteins by mass spectrometry with a goal of achieving high-throughput analysis.

Introduction
The human genome is estimated to encode

28,913 distinct proteins (1). The research
effort to identify, characterize, and analyze
the proteins encoded by the human genome,
aswell as that of other organisms, represents
the field of proteomics. The complexity of
this task is increased by the need to study
proteins at the level of cells and tissues, as
well as at the organismal level. A variety
of techniques are employed in this effort,
including both computational methods
and biochemical methods. There have
been many technical advances in the field
such as two-dimensional (2-D) gels, mass
spectrometry (MS), and robotics. However,
a significant technical barrier remains in
that many proteins are frequently insoluble
in common solvents. For example, some
proteins such as membrane proteins can
be insoluble because they are hydrophobic.
Moreover, misfolded proteins have exposed
hydrophobic regions and can form insoluble
aggregates. Many recombinant proteins,
when overexpressed in a heterologous host,
become insoluble because of misfolding.
So why study insoluble proteins?
Misfolded proteins can cause diseases such
as the amyloid-f plaques in Alzheimer’s
disease (2). Moreover, many proteins
such as membrane proteins, for example,
are poorly soluble or entirely insoluble if
extracted from their native environment.
It has been estimated that 20-30% of
the human genome encodes membrane
proteins (3,4) but less than 1% of the
proteins of known structure are membrane
proteins (5). Membrane proteins include

receptor proteins and ion channels which
represent important potential targets for
therapeutics. An example from the field of
neurobiology is the synapse, which consists
of more than 2000 proteins (6). At even
higher complexity are tissue samples, which
contain a huge array of compounds, many
of which are insoluble. These samples must
retain their 3-D structure during analysis
because of the importance of elucidating
the location of particular molecular species
within small areas of tissue (an example are
specific brain centers, which can be crucial
for assessing biological function).

The experimental study of insoluble
proteins presents a challenge to the field
of proteomics. While a number of powerful
techniques have been developed for protein
profiling, it is still necessary to purify
individual proteins. Moreover, given the
unique properties of each protein, it is still
necessary to work out individual condi-
tions on a case-by-case basis. For example,
athorough understanding of an individual
protein requires the determination of its
crystal structure, which often requires
expression of recombinant proteins in order
to obtain a sufficient quantity of purified
protein for crystallization. Similarly,
milligram quantities of a purified protein
are required to generate antibodies for use
in subsequent analyses such as antibody
arrays; these quantities are also dependent
upon recombinant protein expression
and purification. This review presents an
overview of available methods useful in
the study of insoluble cellular proteins, as
well as in the expression and purification
of insoluble recombinant proteins.

Expression and purification

of recombinant proteins

Just as the best method for protein purifi-
cation must be determined on an individual
basis, the best method for expression and
purification of recombinant proteins must
also be determined on an individual basis.
Expression systems have been created for
numerous hosts including E. coli, yeast,
insect, and mammalian cells. However, it
is often not clear which host will produce
a sufficient yield of expressed, soluble
protein. In many cases it is necessary to
try various hosts and expression systems.
This task has been greatly facilitated by
the introduction of recombination-based
cloning systems, which are available for
multiple host cell types (7). Once a gene
encoding a protein of interest has been
cloned into the first vector, the gene may
then be transferred by recombination
into multiple additional vectors without
the need for recloning. Although each
expression host offers particular advan-
tages, the first choice for simplicity and
yield is E. coli. However, when heterologous
proteins are expressed in E. coli or other
expression hosts, they often form insoluble
inclusion bodies. Proteins can be purified
from inclusion bodies, but refolding the
protein is required and proteins have var-
iable refolding properties (8).

A valuable tool for recombinant protein
expression and purification is the use of
epitope tagging in which a polypeptide tag
is fused to the target protein in a suitable
expression vector. Again, the process is facil-
itated through the use of recombination-



based cloning vectors as numerous choices
of vectors and epitope tags are available
(9). The expressed protein may then be
purified usinga ligand with affinity for the
epitope tag. One of the first epitope tags
to prove useful for purifying recombinant
proteins was the His tag (10). His-tagged
proteins can be purified by immobilized
metal affinity chromatography and the
method is compatible with chaotropic
agents (urea or guanidine hydrochloride)
so that proteins from inclusion bodies can
be solubilized and bound to the affinity
matrix (11). Furthermore, if the fusion
protein contains the recognition sequence
for a specific protease, the affinity tag can
be removed while the protein is immobi-
lized on the affinity column.

In addition to their utility as tags for
affinity purification, some larger fusion
tags, when fused to an insoluble protein,
can render the fusion protein soluble. The
first fusion tag to be developed specifi-
cally for this purpose was E. coli thiore-
doxin (12). Subsequently, a large fusion
tag of 495 amino acids was created from
the E. coli nusA (nusA) gene followinga
solubility analysis of the E. co/i genome
(13). Other fusion tags reported to
enhance solubility are glutathione-S-
transferase (GST) and maltose binding
protein (MBP). Korf et al. compared the
nusA, His, MBP, and GST fusion tags for
yield of soluble expressed fusion protein
and found that MBP and nusA fusions
were more likely to produce soluble fusion
proteins than His and GST (9).

Another benefit of fusion tags is that
their addition may make protein purifi-
cation amenable to high-throughput
techniques. Many commercial vendors
have developed reagents, kits, and tools for
automated purification of tagged proteins,
including His-tagged proteins. For
example, Sigma-Aldrich (St. Louis, MO,
USA) sells 96-well iLAP Plates pre-coated
with cell lysis reagents and immobilized
metal affinity chromatography (IMAC)
resin. Similarly, Pall Corporation (East
Hills, NY, USA) offers multiwell filter
plates (AcroPrep 96 Filter Plate) for high-
throughput purification of tagged proteins
and Novagen (Gibbstown, NJ, USA) offers
kits (RoboPop) for automated solubility
screening of tagged proteins. Moreover,
Promega Corporation (Madison, W1,
USA) has developed a magnetic purifi-
cation method (MagneHis) for purifi-
cation of His-tagged proteins that is
adapted to several automated workstations.
GE Healthcare (Piscataway, NJ, USA) has
an automated chromatography system
(AKTAxpress) that is compatible with
both His- and GST-tagged proteins.

In addition to the use of fusion tags,
other techniques may be employed for
analysis of insoluble proteins. Klammt et al.
(14) successfully expressed E. coli integral
membrane proteins in an E. coli cell-free
system and solubilized the expressed
proteins with detergent micelles. Roche
Applied Science (Indianapolis, IN, USA)
offers the Rapid Translation System (RTS),
acommercial product for high-throughput
cell-free transcription and translation, and
recently, the development of a microfluidic
device for in vitro transcription and trans-
lation has been reported (15). Another
technique that has been successful in some
instances is co-expression of chaperones.
Sorensen and Mortensen have reviewed
expression strategies in E. coli (16).

Expression profiling and
mass spectrometry

Proteomic analysis aims at profiling the
expression of proteins in a particular
biological compartment (preferably an
easily accessible body fluid) by a compar-
ative analysis of different samples to
identify differentially expressed proteins
among healthy, diseased, and/or drug-
treated populations. The traditional
method for proteomic profiling has been
2-D gel electrophoresis. However, the
technique has limitations for the analysis
of insoluble proteins in that hydrophobic
proteins are not soluble in the first-
dimension isoclectric focusing buffer (5).
An alternative to first-dimension isoelectric
focusing is blue native gel electrophoresis
in which protein complexes are resolved
in native form in the first dimension prior
to denaturing SDS-PAGE in the second
dimension (17). Proteins separated by 2-D
gel electrophoresis can then be identified
by MS. Gel-based MS approaches are more
powerful due to unparalleled resolving
power of the 2-D gel along with the case
of comparison of visualized protein spots.
These protein spots are subjected to tryptic
digestion, eluted from the gel, and analyzed
by MS, MS/MS, and respective database
searches. But this approach can be time-
consuming and cumbersome for protein
analysis with increasing solubility restric-
tions and/or modifications (18-23).
Shotgun proteomics, a solely MS-based
approach, is significantly faster (24,25).
In MS-based proteomics, two general
approaches are used. In the bottom-up
approach, proteins of interest are treated
with a protease (preferentially trypsin
because of its specific cleavage sites at
arginine and lysine residues) to ideally
produce a complete digestion of the

protein. The resulting peptide mixture
is analyzed by MS and individual signals
are mass selected for fragment ion analysis.
Verification of primary sequence and deter-
mination of possible amino acid variations
or modified sites is supported by powerful
databases and search engines (24-26). The
mass information for each peptide is then
combined to characterize the protein.
Quantitative information generally relies
on chemical labeling (27), but label-free
approaches have been explored (28).

In the top-down approach, proteins
of interest are directly subjected to MS
to obtain intact molecular weight infor-
mation. In the same experiment, by a
simple switch of instrumental condi-
tions, fragmentation can be induced using
electron capture dissociation (ECD) (29)
or electron transfer dissociation (ETD)
(30). This then produces the sequence
information and respective modifications
data directly from the protein. Entire
sequence information is often problematic
to achieve because fragmentation preferen-
tially occurs at the C- and N-termini of a
protein. Top-down is fast and promising,
though presently, instrumentation is
expensive and the information describing
the protein is often considerably more
limited than with the bottom-up approach.
Nevertheless, this is an area which will no
doubt improve, making this the standard
method in the future.

In addition to its usefulness for the
analysis of complex mixtures, MS has
the power to detect solubilized materials
present in attomole amounts (11,32).
However, for many types of compounds
(e.g., peptides), this is possible only when
the higher-abundance compounds in
complex mixtures have been removed.
As a consequence, the primary focus of
MS-based materials analysis, in particular
shotgun approaches, has shifted toward
powerful technological marriages. For
example, condensed-phase chromato-
graphic methods such asliquid chromatog-
raphy (LC) and capillary electrophoresis
(CE) have become increasingly important
as protein and peptide separation technol-
ogies for proteomic analysis of plasma and
other complex biological samples. However,
multidimensional separation techniques
are only applicable for materials that can
be solubilized in solvents suitable for the
analysis. Unfortunately, multidimen-
sional separations dramatically increase
the number of fractions produced with a
concomitant increase in the analysis time
(33,34). An additional disadvantage of
condensed phase chromatography methods
is the limited reproducibility, particu-
larly for those materials near the fraction



boundaries. The eluting molecules at the
boundaries are analyzed multiple times,
increasing the amount of data acquired and
stored without gaining additional infor-
mation and while reducing the sample
concentration. This causes a bottleneck
in data acquisition, interpretation, and
storage; and limits accurate quantitative
materials measurements using these tradi-
tional separation technologies.

These advances in proteomics were
only possible because of the introduction
of electrospray ionization (ESI) (35) and
matrix-assisted laser desorption/ionization
(MALDI) (36,37) for providing high MS
sensitivity for protein characterization.
Both ionization methods are soft in that
primarily molecular ions are formed from
proteins of any size. More recently, MALDI
MS has shown great promise as a mass-
specific means of tissue imaging (38-43)
offering to further chemical analysis in
such diverse areas as drug-dosing studies
and cancer boundary detection (38,44,45).
Perhaps the most rewarding advantage of
MALDI s its capability of observing singly
charged ions over a wide mass range (less
than 100 Da to over 1,000,000), which
contributes to its ability to analyze small
and large constituents of tissue materials.
Consequently, current imaging applica-
tions aim at examining changes in the
proteome to attain a better understanding
of molecular diseases, such as Parkinson’s
(40,46) and cancer (47,48). Thus, analysis
of hundreds of proteins directly from tissue
slices along with their spatial distributions
is possible (47).

Major challenges associated with this
imaging method include the need to
analyze the tissue under vacuum condi-
tions, interference and suppression caused
by the multitude of compounds in these
complex samples, degradation of the
spatial resolution upon deposition of the
MALDI matrix, insufficient detection
sensitivity, and limited dynamic range of
a purely MS-based approach. Quantitation
is problematic because of the poorly under-
stood and controllable nature of ablated
and ionized molecules from a given sample
spot. Additionally, the matrix background
can interfere in the analysis of small
molecules. In spite of the superb inherent
sensitivity of MALDIMS (31), the extreme
complexity of the tissue composition and
the limited dynamic range of the detector
relative to the concentration range of
the most abundant to least abundant
proteins makes tissue imaging challenging.
Additional problemsarise from factors such
as ion suppression. Furthermore, with a
MS approach, isomeric compounds are not
distinguished, even using high-resolution

Fourier transform ion cyclotron resonance
(FT-ICR) MS instrumentation (49,50), a
drawback that is especially problematic in
studying modified peptides carrying the
same post translational modifications, but
on different amino acids (38,51,52).

Solvent-free sample prepar-
ation and ionization: a
logical method for insoluble

proteins

Many biological materials either cannot
or should not undergo condensed phase
separation analysis. A promising avenue
for analysis of poorly soluble biological
materials is an approach for chemical
analyses that avoids the use of solvents to
the greatest extent possible (53,54). This
new area of research has yielded novel
methods in sample preparation (55-57),
ionization (58—60) and separation (61-64)
in conjunction with MS analysis. Solvent-
based MALDI applications often involve
considerable effort to produce the homo-
gencous coverage necessary for quantitative
or even reproducible qualitative results. For
these and related reasons (e.g., migration
and segregation upon the use of solvent),
applications requiring throughput and
quantitation can be extremely limited
with conventional solvent-based MALDI
methods (34,65,66). Consequently,
solvent-free methods are currently finding
use in applications (67-72).

Solvent-free MALDI analysis on
cytochrome ¢ showed that very homo-
geneous coverage can be obtained in a
straightforward manner. The resultant
homogencous sample consequently
produces icons from literally every laser
spot, using less laser power because of the
absence of variability in crystal sizes (73),
thus effectively reducing undesired analyte
fragmentation and chemical background
(matrix signals) (74). Additionally, the
loss of sample during protein downstream
handling can be as large as 50% (75-77).
This limitation is mostly avoided in the
solvent-free MALDI method because the
sample is effectively recovered from the
wall of the vial during the required step
of mixing the analyte and MALDI matrix
using beads mechanically (58).

Another example of the solvent-
free MALDI method is the analysis of
amyloid peptides. The amyloid peptide
(1-42) is pivotal in the pathogenesis of
Alzheimer’s disease, promoting oxidative
stress and converting to insoluble neuro-
toxic B-amyloid fibril forms (78-83).
Besides changes in protein modifications
related to acetylations and phosphory-

lations relevant to Alzheimer’s disease
(84), abundant evidence suggests crucial
involvement of His-6, His-13, His-14
and Met-35. Oxidation of Met-35 is
also discussed as a cause of the onset
of misfolding the amlyloid precursor
protein (APP) and Alzheimer’s disease.
Recent work shows that artifacts occur
(oxidation of tryptophan and methionine
residues) that are related to solvent-based
MS sample preparation (85,86). These
artifacts are produced in the same time
period in which the solutions of sample
and matrix are combined; the reaction
stops when the MALDI sample is dry.
Thus, solvent-based MS, in applications
related to understanding oxidative stress,
is invalid at the moment. However, hydro-
phobic components of amyloid peptides
showed that solvent-free MALDI analyses
overcome these oxidation artifacts, as well
as solubility issues, without use of MS-
incompatible detergents (58). Ionization
suppression of hydrophobic peptides along
with shot-to-shot irreproducibility are also
greatly reduced improving quantitative
aspects of analysis (58,73). The tryptic
digested amyloid peptide (1-42) gave
100% sequence coverage with a solvent-free
approach, whereas solvent-based MALDI
did not detect the hydrophobic peptides
due to solubility and ionization issues (58).
Similar improvements were found for the
analysis of bacteriorhodopsin, a membrane
protein (59).

Solvent-free MALDI methods utilizing
respective sample holders (e.g., micro-
titre plates) with simultaneous prepa-
ration, homogenization, and deposition
directly onto the MALDI plate (87-89)
have enhanced the prospect of high-
throughput analysis. Current limita-
tions of the solvent-free MALDI method
for protein/peptide analysis are a higher
material requirement relative to solvent-
based methods and a greater tendency for
metal adduction which may increase the
analysis time. It is, however, the ability to
attach a metal cation (Na+*) that makes the
analysis of hydrophobic peptides reliable
using solvent-free MALDI analysis (58).
Hydrophobic peptides are frequently not
sufficiently basic to be protonated. Future
research will address these issues, as well as
others, perhaps enabling high-throughput

analysis of insoluble proteins.

Solvent-free gas phase sepa-
ration: IMS, a natural part-
ner to solvent-free ionization

Solvent-free sample preparation and
ionization are only part of what is required



for total solvent-free analysis by mass spectrometry of complex
systems. Separation methods are critical in reducing complexity,
but condensed phase separations are, by definition, problematic
with poorly soluble and insoluble materials in addition to sample
loss and oxidation issues. Clemmer and colleagues (61-63,90-92)
as well as others (93) developed ion mobility (IMS) interfaced with
MS as a powerful gas phase separation technology, enabling the
analysis of many complex materials including those with isomeric
compositions (62—64). IMS-MS provides a means of solvent-free
separation and analysis.

An example of the power of IMS-MS was demonstrated by
online coupling of liquid phase separation with ESI-IMS-MS for
the analysis of fractions of plasma proteins (61) that were similar
to those created for interlaboratory analysis efforts coordinated
through the Human Proteome Organization (HUPO) Plasma
Proteome Project (94). The HUPO endeavor—the work of eighteen
laboratories around the world—resulted in more than 3020 high-
confidence protein identifications by incorporating multidimen-
sional condensed-phase separation and MS technologies [e.g.,
SCX-reverse phase LC (RPLC)-MS] (94). In comparison, the
finding using SCX-LC-IMS-MS from the plasma of five healthy
people resulted in 2928 high-confidence assignments (61). Hence,
the number of plasma proteins identified by a single laboratory with
only a few samples equaled that identified by a large team effort, an
accomplishment made possible by the addition of IMS-MS. More
recently, attomole sensitivities were achieved using ESI-IMS-MS
(95). In the future, the combination of solvent-free MALDI sample
preparation (53-60,73,74,87-89) with solvent-free separation
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(61,62,64) and MS detection methods will provide a powerful total
solvent-free MS approach for the analysis of solubility-restricted
materials.

Methods that are needed
in the future

The insoluble portion of the proteome is vast and mostly unexplored.
Significant advances in analytical methodologies will be required
to fully explore this landscape. The prospects are bright, however,
considering advances made in the past 25 years for soluble proteins.
Without advances in characterization of the insoluble compo-
nents of living organisms, our knowledge of biological processes
is compromised. Perhaps the most daunting of all challenges is
the determination not just of structure-function relationships
involving protein-protein, protein-drug, and other cell signaling
molecules, but determining how all the various cellular and intra-
cellular systems interact. Certainly, this will require the character-
ization of unadulterated tissue material, and superior technology
with increased sensitivity, dynamic range, spatial resolution, and
high-throughput capability. A macroscopic view of the molecular
makeup including the 3-D arrangements of components can only
be achieved by powerful technological marriages within MS and
beyond. Some of these may include top-down total solvent-free
proteomics analysis requiring enhancements in efficient fragmen-
tation (ECD, ETD) of unadulterated proteins directly from the
tissue materials, ideally providing (nearly) complete sequence
coverage and thus unraveling all protein modifications present in
asingle experiment. Finally, finding faster and more efficient ways
to store and process the vast amounts of data produced by these
analytical methods remains a significant challenge.
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