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Chapter

Precipitation of DetergentContaining Samples for Top-Down
and Bottom-Up Proteomics
Alan Doucette and Andrew Crowell

Abstract
Prior to proteome analysis by mass spectrometry (MS), protein mixtures must
first be subject to various sample preparation steps. The goal is to isolate proteins
in high yield, and with high purity. Liquid chromatography (LC) separation is also
integral to comprehensive proteome characterization, and so a key component
of sample preparation is simply to solubilize the proteome in LC-MS compatible
solvents. Hydrophobic proteins (membrane proteins) represent a greater challenge to maintain protein solubility during sample preparation. Sodium dodecyl
sulfate (SDS) is a favored detergent to solubilize proteins, and also is used to impart
mass-based fractionation (i.e., SDS PAGE, GELFrEE). However, SDS is incompatible with downstream LC-MS analysis. Fortunately, effective strategies for SDS
removal do exist, which permits the use of this surfactant in proteomics workflows.
Here we highlight an approach that is grounded in the classic technique—protein
precipitation. The technique has been updated and has recently seen a revival as a
strategy permitting high protein recovery, with exceptional purity. Moreover, with
aid of simple disposable spin cartridges, protein precipitation can meet the needs of
high throughput, automated, and reproducible proteome purification, enabling the
analysis of SDS-containing samples in both top-down and bottom-up formats.
Keywords: sample preparation, mass spectrometry, sodium dodecyl sulfate,
GELFrEE, acetone precipitation, ion pairing, protein modification, ProTrap XG

1. Introduction
In proteomics, mass spectrometry (MS) is the tool of choice for comprehensive analytical characterization. Both qualitative identification and quantitative
profiling of individual proteins in the mixture are made possible through MS,
noting that distinct detection workflows are available to characterize the system.
Acknowledging the multiple advances in MS instrumentation as primary contributors to the tremendous growth in proteome characterization, it is essential to realize
that MS represents but one component in a complex proteome workflow. Successful
proteome characterization ultimately depends on the proper isolation and delivery
of purely resolved proteins in high yield to the analytical detection platform. The
establishment of consistent “front-end” approaches which can ensure the removal
of MS interferences, with unbiased recovery of all protein components, in LC-MS
compatible format is an essential first step of the detection platform.
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1.1 Top-down versus bottom-up proteomics
Two distinct and complementary workflows exist to characterize proteome
samples by mass spectrometry: the bottom-up proteomics (BUP) and top-down
proteomics (TDP) methods [1]. BUP is considered the more classical and also most
widely used approach to MS-based proteome characterization. In BUP, proteins are
first hydrolyzed into smaller peptide segments, typically using an enzyme such as
trypsin. Trypsin cleaves at specific amino acid residues, namely on the C-terminal
side of lysine and arginine [2], giving rise to predictable peptides possessing a favorable mass range (~1–2 kDa) and charge state (+2 or higher), both of which encourage
optimal MS detection. These smaller peptide chains are separated by liquid chromatography (LC), which can be directly coupled to MS by way of electrospray ionization
(ESI). Small peptides are readily resolved through reversed phase liquid chromatography. If necessary, they can even be further fractionated by way of orthogonal modes
of separation such as ion exchange chromatography [3]. As the peptides elute from
the LC column and are directed to the gas phase by ESI, the resulting ions are first
profiled by MS to determine the molecular weight of the precursor (intact) peptide
molecule. These gas phase molecules are then fragmented, and through a second
dimension of mass spectrometry (i.e., tandem MS, or MS/MS), the resulting spectra
reveal the mass of the fragments. With aid of computer programs, the tandem MS
spectra ultimately carry the mass information to decipher the amino acid sequence of
the peptides, which are correlated back to the original protein. BUP offers the potential for deep proteome coverage; using state-of-the-art MS instrumentation, coupled
with appropriate separation, it is essentially possible to detect “all” unique proteins of
simple proteome systems [4, 5]. Further to this, quantitative analysis is readily possible, using internal [6] or external [7] calibration standards often generated through
isotope labelling to correlate MS intensity date with sample concentration.
While BUP is a widespread approach, several researchers have recognized the
limitations of the strategy to attain the goals of proteome profiling. In particular,
while the detection of multiple peptides stemming from distinct proteins of a
proteome mixture does demonstrate the presence of a protein, it is rarely possible
to observe “all” peptides stemming from a given protein. In other words, protein
sequence coverage is often incomplete. It is possible that important regions of a protein, for example, one containing a post translational modification, may go undetected. Post-translational modifications are but one of the factors leading to greater
protein diversity that would be describe by a simple translation of the genome into
a proteome. As such, researchers have used the word “proteoform” to describe
the distinct chemical entities generated from slight variations in proteins [8]. For
example, consider hypothetical protein which might carry 10 possible post-translational modifications. Even if these modifications are binary in nature (i.e., present
or not), this would lead to 210 (1024) distinctly modified forms (modforms) for this
one protein [9]. Though this simple example may be an over-estimation of protein
diversity, it is clear that the proteome carries with it a greater chemical diversity than
the genome from which it is derived. Together with dynamic changes in expression,
the functional diversity of an organism is only captured through characterization of
distinct proteoforms. Given the importance of complete proteome characterization,
MS detection workflows should be cognizant of providing data which captures this
increased diversity in the sample. BUP methods are generally not suited to profile
distinct proteoforms, since the digestion process will not retain the combination of
protein modifications that would be retained at the intact molecular level.
By contrast to BUP, with top-down proteomics, proteins are detected by mass
spectrometry without subjecting them to enzymatic digestion. Thus, the gas phase
protein ions are generally of much higher molecular weight (~10–100 kDa), and
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also of higher charge state (~+5 to +50). These higher masses demand higher resolution MS platforms, as well as fragmentation approaches suited to generate tandem
MS spectra for the intact proteins [10]. Like BUP, the TDP approach also necessitates front-end separation, as well as computational tools to interpret the resulting
spectra. Given that the TDP approach begins with the entire protein molecule, it is
theoretically possible to localize all possible modifications present on the molecule
[11]. In practice, localization of these modifications depends on the quality of the
resulting fragmentation spectrum. TDP has grown steadily in its ability to detect
an increasing number of proteins and proteoforms in a system. Nonetheless, TDP
is still considered to be more technically challenging. Several of these challenges
stem from issues related to front-end sample preparation. These include greater
challenges related to maintaining protein solubility, both during and after proteome
fractionation, together with issues surrounding protein purity which impacts MS
sensitivity. In short, while TDP offers greater potential for proteoform characterization, proper sample preparation is even more critical to the success of the approach.
1.2 Protein solubility
The digestion of a protein into peptide fragments offers immediate advantages
in terms of easier sample handling. Peptides are generally more soluble than their
intact protein counterparts. Certainly, there is likely to be at least one portion of
the digested protein that is more soluble and also more readily detected by MS (the
proteotypic peptide) [12]. In sharp contrast, the chemical diversity existing at the
level of intact proteins is far greater. Proteins vary more greatly in size, charge,
and polarity [13]. They also adopt various folding states and therefore can behave
unpredictably throughout the various stages of sample preparation.
The solubility of an intact protein is highly influenced by the tertiary structure
of the protein. In aqueous systems, proteins adopt a folded structure which shields
the more hydrophobic amino acids, while exposing polar or charged residues on
their outside surface. This favors the formation of an ordered hydration layer in
order to shield the electrostatic regions of the protein; therefore decreasing electrostatic protein-protein interactions. At low ionic strength the shielding of the protein
by the hydration layer can be described by the Debye-Huckel theory, which assumes
that the protein is surrounded by ions of opposite charge [14]. This causes a reduction in the electrostatic free energy of the protein, resulting in a decrease in activity.
This solubility can be described by the equation:
ln (s2 / s2,w) = Z2 ε 2 N𝜅 ⁄ [2DRT(1 + 𝜅a)]

(1)

where Z is the overall net charge, ε is the electronic charge, N is Avogadro’s
number, D is the dielectric constant, R is the universal gas constant, T is the temperature, a is the radius of the ionic cloud, I is the ionic strength and κ is given by:
________________ _

κ = √ 8𝜋N ε 2 / 1000DkT √ I

(2)

I = _1 ∑ Ci Zi2

(3)

2

i

This description of protein solubility only accounts for the electrostatic forces
of the protein and not the hydrophobic interactions. Protein solubility in aqueous
systems has been further described by two mathematical models, the osmotic
second virial coefficient and the preferential binding parameter which are reviewed
by Ruckenstein and Shulgin [15].
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1.3 SDS in proteomics
Many proteins are poorly soluble in aqueous solution due to the presence of
hydrophobic amino acids. Membrane proteins are a class of proteins that are
associated with the cell lipid bilayer; these proteins tend to have more hydrophobic
regions which can interact more favorably with the lipid membrane than the surround water molecules. Integral (transmembrane) proteins are permanently bound
to the membrane, with highly hydrophobic segments of the protein often spanning
the membrane itself. Peripheral membrane proteins are temporarily bound to the
lipid membrane surface, or to integral membrane proteins. The importance of
membrane proteins comes from their role in cell signaling, and regulation of cellular communication. It is estimated that out of all the proteins the in the mammalian
genome, 30% are classified as membrane proteins [16]. Membrane proteins represent two thirds of protein targets for potential drugs due to their accessibility [17].
However, these protein targets are often underrepresented in proteomics analysis,
owing to reduced solubility.
To improve protein solubility, particularly for membrane proteins, sodium
dodecyl sulfate (SDS) may be added [18]. SDS monomers bind to the protein via electrostatic and hydrophobic interactions. The hydrophobic binding of SDS to proteins
is caused by the relative increase in entropy for interaction of the aliphatic chain of
the SDS monomer with hydrophobic regions of the protein, relative to that of interactions between these same respective regions with water molecules. In other words,
hydrophobic molecules prefer to come together in aqueous solution. Simultaneously,
the electrostatic interactions of SDS with protein are readily recognized; electrostatic
attraction between opposing charged ions are a direct result of Coulombic forces. The
negatively charged head group of the SDS monomer attracts to cationic side chains
of the protein (e.g., deprotonated glutamic and aspartic acid). At SDS concentrations
above the critical micelle concentration (CMC), SDS micelles begin to form on the
protein around the original monomer. The protein becomes denatured, causing loss
of secondary, quaternary and tertiary structure due to replacement of previously
favored intra-protein hydrophobic attraction to the more favored SDS-protein interaction [19]. The overall increase in protein solubility is related to the incorporation
of the insoluble portions of the protein into the core of the soluble SDS micelle that
forms upon these regions. Reynolds and Tanford showed that above 0.5 mM, SDS and
protein bind together at a 1.4–1 mass ratio of SDS monomer to protein [20].
Surfactants such as SDS can also be used to disrupt cell membranes which will
extract proteins from biologically relevant samples. Lipid membrane disruption
and protein solubilization results in the removal of lipid monomers and effective
solubilization of membrane proteins [18].
Further to the benefits of membrane extraction and protein solubilization, SDS
also has important uses for enhancing protein solubility. Specifically, SDS is a key
component of mass-based protein separation by polyacrylamide gel electrophoresis (SDS PAGE). More recently, the introduction of a related technology termed
GELFrEE allows for intact protein separation with recovery of fractions sorted by size
in the solution phase [21]. Unfortunately, with GELFrEE, samples are collected in the
running buffer. Just as in SDS PAGE, the GELFrEE running buffer contains significant quantities of SDS. Therefore, for GELFrEE fractionated proteins to be amenable
to LC-MS analysis, the samples must first be purified to remove the surfactant to
levels that no longer interfere with ESI-MS sensitivity. A maximal level of 100 ppm
SDS is often quoted to permit LC-MS analysis [22]. However, optimal MS sensitivity
is only achieved when SDS is reduced to ~10 ppm or less [23]. For a sample initially
containing 0.1% SDS, this would constitute >99% removal of SDS from the sample.
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2. Protein purification strategies
A number of methods have been reported for the removal of SDS from
proteomics samples, both at the peptide and at the intact protein level. These
include classical dialysis [20], ultrafiltration [24], solid phase extraction [25],
electrophoretic approaches [23], and protein precipitation [22]. These methods
vary greatly in terms of their expected protein yield, level of purity, as well as
their throughput and relative ease of use. The ideal SDS removal technique would
provide quantitative recovery, with completely SDS removal from protein or peptide samples. While such a technique does not currently exist, some techniques
have proven to be very close.
A promising approach to SDS removal was proposed by Wiśniewski et al.,
being described initially as a “universal” protocol for protein sample preparation
[24]. The technique, known as filter aided sample preparation (FASP), relies on
molecular weight cut off (MWCO) filters (~3 to 10 kDa in porosity) to selectively
remove low molecular weight containments including SDS, while retaining the
high mass proteins. Following purification by filtration, proteins are enzymatically
digested on the filter to liberate peptides which are collected for MS analysis. While
the technique is generally very effective at depleting SDS to levels permitting MS
analysis, several researchers have noted the variable, if not poor recovery of proteins when processed by FASP, which may fall below 50% [26–29]. Protein loss can
be attributed to the poor retention of low-mass proteins (<5 kDa), peptide fragments that do not readily pass through the filter (>5 kDa), or protein interactions
with the filter giving rise to poor protein/peptide solubility. Nonetheless, FASP
remains a favored approach to handle SDS-containing samples, owing perhaps
to the ease of using disposable filter cartridges which generally provide positive
proteome results. Perhaps the popularity of this technique also falls to a perceived
lack of favorable alternative.
Consider dialysis as an alternative SDS depletion strategy; it should be recognized that this classic protein purification approach is, in fact, ineffective for the
purpose of SDS depletion ahead of LC-MS analysis. With conventional dialysis,
low molecular weight components may be eliminated by passive diffusion across a
molecular weight cut-off membrane. Given an appropriate concentration gradient,
and sufficient time one would assume the technique could eventually deplete SDS
from a sample. However, the tight binding interaction between SDS and protein
implies a significant portion of the SDS will remain complexed to the larger protein
molecules. These bound surfactants will not be eliminated, even with exhaustive dialysis. For optimal MS analysis, both free and protein-bound SDS must be
removed. Therefore, to fully deplete SDS from the sample, the interaction between
SDS and protein must be overcome. FASP facilitates this depletion by adding
compounds which weaken the SDS-protein interactions (e.g., urea, sodium deoxycholate) [30].
Similar to dialysis, several chromatographic approaches only offer partial depletion of SDS. Size exclusion chromatography for example, exploits the size difference between SDS and protein, but would not intrinsically separate SDS-protein
complexes. Similarly, ion exchange chromatography can be used to selectively
capture negatively charged SDS (strong anion exchange) [31], or positively charged
proteins (strong cation exchange) [25], while allowing the opposing compound to
flush through. While recognizing that multiple chromatographic approaches have
been successfully incorporated into detergent-based workflows, it is noted that the
existence of SDS-protein complexes implies that residual SDS is likely, and thus MS
analysis is below optimal performance.
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3. Protein precipitation
As with all purification strategies, maintain high protein recovery is of utmost
importance. Biased sample loss can lead to incomplete proteome characterization, or may skew quantitative analysis by mass spectrometry. With this in mind,
consider protein precipitation as a potential means for detergent purification ahead
of LC-MS. Precipitation is recognized as a classic approach, predating chromatography and even electrophoresis. It has been used to isolate specific proteins, generally
through the addition of a precipitating agent which acts to lower the solubility
of the protein. Common precipitating agents include salts [32], organic solvents
[22], acids [33], or polymers [34]. Heat and mechanical agitation may also lead to
precipitation. In all cases, precipitating agents act to alter the interaction between
protein and the solvent system (typically water). Often this occurs in parallel with
modifying the tertiary structure of the protein. Once the proteins are made insoluble, they will aggregate and can be isolated from the supernatant solvent, which still
contains the interfering contaminants.
Early scientific reports of protein precipitation focused on the isolation of
specific proteins from sources including milk or plasma. The classic work by
Hofmeister and his student Lewis in 1888 [35], measured the ability of a variety of
salts to precipitate proteins from egg albumin and other sources. It was found that
the precipitating ability of a salt was dependent on (1) the type of salt/precipitating
agent used, (2) the type of protein, and (3) the concentration of protein. These factors seem to play a role in other forms of protein precipitation. Today, ammonium
sulfate is still commonly used to precipitate and concentrate proteins from solution.
An advantage of salt precipitation is its ability to selectively precipitate proteins
from a solution, thus lending a form of separation. For example, Jiang et al. applied
ammonium sulfate precipitation to deplete the highly abundant albumin protein
from plasma [36]. In their report, 30% NH4SO4 was used to precipitate proteins
from plasma while leaving albumin in solution.
By contrast to salt, organic solvents can be used to induce precipitation of
proteins. Precipitation has been seen through the use of a verity of water miscible
solvents such as ethanol, acetonitrile, methanol, and acetone. Focusing on acetone
precipitation, the solvent was first reported a century ago as a method to remove
water from blood in an attempt to obtain a possible blood alternative [37]. Since
then acetone has been applied in a number of applications including protein concentration, metabolite isolation and SDS detergent removal. Protein precipitation
as a whole is a very common sample preparation strategy; in 1990 it was estimated
that 80% of all proteomic experiments contained a protein precipitation step
[38]. However, focusing on proteome analysis with MS, the popularity of protein
precipitation did not keep pace with alternative strategies including chromatographic approaches. This is most likely due to two factors: (1) the apparent variable
protein recovery, as reported across different labs and for different proteins, (2) a
perceived difficulty in isolating the protein pellet through manual pipetting. As is
described below, both of these shortcomings of solvent precipitation have now been
overcome.
3.1 Acetone precipitation mechanism
Protein solubility is a physiochemical property which describes the amount of
protein that can be solvated and therefore dissolved by a given solvent. As has been
already described, sample additives such as SDS can influence protein solubility,
as can protein specific factors include the amino acid sequence, molecular weight,
and protein conformation. Altering the solvent conditions will have an influence on
6
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protein solubility, noting particularly the solution pH, ionic strength, temperature,
and solvent polarity. The addition of organic solvent to a water soluble protein
generally lends a reduction in protein solubility, leading to protein aggregation. This
ultimately is caused by increasing the protein-protein interactions (electrostatic or
hydrophobic attractions) while decreasing the solvation ability of the solvent.
As a starting point, consider that it is possible to induce selective protein precipitation by using a modestly low concentration of organic solvent (if not a purely
aqueous system) and controlling the pH of the solution. Proteins are known to
have reduced solubility at their intrinsic isoelectric point (pI) due to the decrease of
electrostatic charge on the surface of the protein; this decrease charge results in a
decrease in interaction between water and the macromolecule and protein-protein
interactions dominated. Although proteins have a reduced solubility at their pI, they
are not necessarily insoluble. Through the addition of low concentrations of organic
solvent the reduced solubility can be further reduced causing precipitation. This
allows for the selective removal of proteins according to isoelectric point. This is the
basis of a technique known as Cohn fractionation of blood plasma, where proteins
such as human serum albumin, serum gamma globulin, fibrinogen, thrombin, and
a few others are isolated from plasma [39].
Precipitation induced through the addition of organic solvent is thought to
be caused by the decrease in the dielectric constant of the solution (water has a
dielectric ~70 while most organic solvents are ~20). As the amount of organic
solvent is increased, the solvating power of water will decrease. It has been shown
that ethanol binds water more strongly than it does proteins [40]. This is thought
to extend to other organic solvents. The decrease in solvation causes the hydration
sphere around the proteins to shrink. The overall shielding of charged region is
therefore decreased. Following this, it is thought that the increased electrostatic
interaction between opposing charged regions on distinct protein molecules will
cause the proteins to aggregate. As described below:
|q q |

1 2
|F| = ke _____

(4)

ke = 1 ⁄(4πε 0 ε)

(5)

r2

F is the magnitude of the force between the charges (for like charges, this is a
repulsive force; opposing charged species attract), qi is the magnitude of charge, r
is the distance between the two charges, εo is the permittivity of free space, and ε
is the relative permittivity of the solution. As can be seen, the dielectric constant is
in the denominator of the equation, meaning that the magnitude of the Coulombic
force increases as the dielectric decreases [41, 14]. Water has a high dielectric,
while organic solvents have lower dielectrics. Therefore, charged species are more
strongly attracted in organic solvent. Also, it is noted that electrostatic interactions
are not the only force to consider. Dipolar van der Walls forces are thought to play an
important role as well in bringing proteins together. However, as presented below,
there are issues with the underlying assumption of this model, which bring to question the validity of this model.
The addition of acetone to protein samples is generally performed at low temperature. This is done to prevent protein denaturation which has been found to
occur quickly above 10°C [41]. The denaturation effect of organic solvent is due to
the interaction of the more favorable interaction of the hydrophobic regions of the
protein compared to water. This decreases the entropic loss which occurs when the
protein unfolds, promoting denaturation. The use of cold temperatures is thought
to reduce the conformational flexibility of proteins preventing the organic solvent
7
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from accessing the hidden hydrophobic regions. Acetone has been found to be less
denaturing than ethanol for protein precipitation.
3.2 The role of salt in acetone precipitation
The current theory of solvent precipitation described above is limited in its
ability to explain a more recent finding related to organic solvent precipitation.
Specifically, experimental evidence has brought to question the validity of electrostatic attraction between proteins as a fundamental premise of protein precipitation
in organic solvent.
Work in our lab has shown that for a series of protein standards, as well as for
complex protein mixtures, the addition of 80% acetone does not in itself induce
the precipitation of proteins [42]. In other words, it has been shown that all
proteins are in fact completely soluble in 80% acetone! Such a finding is certainly
surprising, as 80% acetone. However, upon addition of even minimal amounts
of salt (sodium chloride, or other ionic species), these proteins will immediately
precipitate from the organic solvent system [42]. Figure 1 depicts this trend for
the protein bovine serum albumin (BSA) precipitated in the presence of increasing
concentrations of SDS.
While it may be easy to assume that the phenomenon is related to the solubilizing or denaturing properties of SDS, this assumption does not explain why the
absence of SDS prevents the protein from precipitating. In fact, it was discovered
that it was the ionic character of SDS that gave rise to this trend. Identical plots can
be produced using NaCl in the precipitating solvent system; only above a threshold
level will the protein begin to precipitate.
In this study, it was shown that the amount of salt required to induce quantitative protein precipitation was dependent on (1) the concentration of acetone in
the solvent system, (2) the type of protein in the sample, (3) the concentration of
protein in the sample [42].
To explain why traces of salt are needed to induce near-quantitative precipitation of proteins in acetone, we propose a theory of ion pairing in organic solvent.
This theory is only a slight perturbation of the prevailing theory that protein aggregation is related to electrostatic attraction. The primary difference simply relates to
the identity of the species being attracted.

Figure 1.
The recovery of bovine serum albumin (initially 1 g/L) following precipitation in 80% acetone with inclusion
of increasing concentrations of SDS in the initial solution. When low concentrations of SDS are present, poor
recovery is obtained, implying that the protein is still soluble in 80% acetone.
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In aqueous systems, ionic species exist in solution as hydrated spheres, the
water acting to partially shield the charge of the ion. This shielding prevents
opposing charged ions to attract (pair) as they otherwise would. This is essentially
the premise of Coulomb’s law. Likewise, it is understood that proteins also carry
surface charge (both positive and negative charges can exist simultaneously). As has
already been described when considering protein solubility at its isoelectric point,
the primary reason for protein solubility in water relates to electrostatic repulsions.
This is of course why proteins are least soluble at a pH equal to their respective
isoelectric point.
Suppose now that a protein is placed in a solvent system of lower dielectric
strength, such as acetone. The hydration spheres surrounding the charges will
be reduced, allowing the exposed ions of opposing charge to experience a higher
attractive force—according to Coulombs law. What is essential to realize is that it is
the attraction between protein and salt that are of interest during solvent precipitation. Whereas in water, the salt ions are hydrated, in organic solvent the lower
dielectric allows these ions to pair with opposing charged residues on the proteins
[43]. The net result is to effectively neutralize the surface charge of the protein.
Adding salt in organic solvent essentially performs the same task as titrating the
solution pH to the protein’s isoelectric point. Once the protein’s surface charge is
neutralized, the repulsive electrostatic forces between proteins are minimized. This
allows van der Waals forces to take over, allowing the hydrophobic portions of proteins to aggregate. Precipitation is therefore intrinsically connected to electrostatic
effects. However, these specific interactions are also tied to the presence of ionic
species (salts) in the system.
3.3 Protein recovery and purity from acetone precipitation
Throughout the literature, variable protein recovery has been reported through
acetone precipitation. Certainly, in light of the more recent findings that salt is
required for protein recovery in acetone, low yield may potentially be explained
by a lack of understanding of the variables influencing protein recovery. It has
been suggested that recovery through acetone precipitation is protein specific, and
also depends on sample concentration, as well as the presence of sample additives
(beyond salt). Reported recoveries from acetone precipitation have ranged from
extremely low to near quantitative.
Thongboonkerd et al. measured the protein recovery from urine using acetone
precipitation [44]. Increasing the percentage of acetone (from 10 to 90%) improved
protein recovery, though only 40% yield was obtained in 90% acetone. Barritault
et al. found acetone precipitation provided high (>95%) in a short period of time
for high concentrations of samples but required a far greater time (overnight) to
provide similar yield to more dilute samples [45].
Srivastava and Srivastava employed 50% acetone to enrich gamma-crystallin
from human eye lenses [46]. The hydrophobic, low molecular weight (20 kDa)
protein remains soluble in a 50% acetone solution. Ashri et al. examined the effect
of acetone concentration on removing proteins from plasma and report that only
70% acetone is required to induce near quantitative precipitation of proteins [47].
As concentration was decreased, yield too decreased. Lin et al. determined that an
85% acetone solution produced optimal precipitation, however it is noted that 80%
was only marginally lower in efficiency [48].
Low recovery ranging from 40 to 50% was obtained by Sickmann et al. when
purifying human cerebrospinal fluid [29]. However, Yuan et al. found recoveries
of 94% when applying acetone to a similar sample of human cerebrospinal fluid
[49]. No significant difference in protocol was reported, implying that recovery
9
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differences are either related to an unreported difference, or are perhaps related to
accidental sample loss contributed through manual sample pipetting.
Using the newly established principle of including sufficient quantities of salt
(10–100 mM) to ensure maximal protein recovery, our group has consistently
reported protein recovery above 90%. Often times, recovery is statistically considered to be quantitative (>99%). Under appropriate conditions, high protein
recovery is obtained for all sample types (soluble/hydrophobic, high/low molecular
weight) and over a range of protein concentrations (sub microgram to high milligram per milliliter starting amounts). Furthermore, the ability of acetone precipitation to eliminate SDS has been examined by Botelho et al. [22]. In this report, a
sample initially containing 2% SDS can be depleted below 0.005% with inclusion of
an additional washing step to rinse the protein pellet. Still, to obtain high recovery
and purity, the pipetting step must be performed with great precision.
3.4 Issues with protein precipitation
While a so-called “universal” strategy for front-end sample preparation does
not exist, it can be suggested that acetone precipitation presents a powerful starting point. Despite the potential for high yield and purity, a number of potential
disadvantages exist. Here we focus attention on the potential of acetone to induce
chemical modifications in the sample, as well as difficulties in pipetting the sample.
3.4.1 Protein modification by acetone
Simpson et al. described a +40 Da peptide modification induced by the presence
of acetone in solution [50]. They correlate this modification to peptide sequences
which contain a glycine residue as the second amino acid in the sequence. They
found modifications to exist within 1 hour of reaction and a rate constant of
0.29 ± 0.01 h−1 for a number of different peptides. There was no evidence to suggest
that acetone can modify at the protein level. However this is still an issue in bottomup proteomics as any unknown peptide modification would skew results through
the splitting of signal intensity leading to incorrect conclusions. The complete
removal of acetone after precipitation is required to prevent this modification,
therefore proper steps should be taken to guarantee complete removal such as
allowing significant time for the pellets to air dry, or drying under vacuum.
In an independent study, it was shown that acetone may induce modifications at
the intact protein level, manifesting as a +98 u mass shift in the mass spectrum of
acetone-precipitated proteins [51]. The +98 u artifact was speculated to originate
from the aldol condensation of acetone to form diacetone alcohol and mesityl oxide,
which in turn reacts by nucleophilic attack. The degree of protein modification was
temperature and time sensitive, wherein over 90% of cytochrome c was detected in
the modified form following 1 hour incubation in acetone at 0°C. However, it was
also shown that this modification was highly dependent on solution pH. By precipitated the protein in an acidic environment, any possibility of modifying the protein
was eliminated.
3.4.2 Technical difficulties of protein precipitation
The second disadvantage of acetone precipitation over competing sample
preparation techniques such as filtration or chromatography involves the technical
difficulty in separating the protein pellet from the organic solvent. If one removes
too little solvent, contaminants will remain in the protein sample which may
interfere with subsequent analysis. However if too much supernatant is removed,
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disruption and loss of the protein pellet can occur which will cause reduce protein
yield. This is especially the case when precipitating dilute protein samples; here
the protein pellet may not even be visible to the naked eye. Protein losses due to
accidental pipetting of the pellet are almost unavoidable, without considerable care,
and a strong familiarity of the technique. Botelho et al. suggest the use of a wash
step to allow one to leave behind larger portions of acetone; however each wash
implies another manipulation which takes time, and introduces the possibility of
error [22]. Improper formation of the protein pellet after the wash may also cause
protein loss. The pellet is not necessarily strongly bound to itself, or to the vial surface. Regardless of the inherent ability of acetone precipitation to aggregate protein,
the method is not useful without a simple means of isolating the pellet.
3.5 The ProTrap XG
Filtration cartridges are commonly used in multiple applications such as DNA
isolation, trapping cells, and of course for protein isolation. A number of microcentrifuge filtration devices are currently available on the market. However, these
devices are not inherently designed to recover precipitated precipitation. With
precipitation, a certain period of time is required to allow the protein to aggregate.
Thus, filtration should not be initiated until after the pellet has properly formed.
However, once the protein has aggregated, the macroscopic structure should enable
filtration as a reliable means of isolating the pellet. Following precipitation, the
protein pellet must now be resolubilized, which again requires the absence of filtration during this stage.
The ProTrap XG is a disposable spin cartridge used to recover precipitated protein. As shown in Figure 2, the cartridge includes a detachable plug at the base of a
Teflon membrane filter. Compared to molecular weight cutoff cartridges (seen in
dialysis or FASP), the ProTrap XG membrane is of relatively large porosity, allowing
rapid flow of solvent through the cartridge. However, the membrane is still sufficient to recover aggregated protein in high yield. As demonstrated, the ProTrap XG
allows near quantitative recovery of proteins (Figure 3), including sub microgram
levels [52].
The ProTrap XG also includes a solid phase extraction cartridge which can be
attached to the base of the filter. Such cartridge enables downstream cleanup or
separation of proteins or peptides following the precipitation step.

Figure 2.
The ProTrap XG is a two-stage cartridge combining an upper membrane filtration cartridge (I) with a
detachable plug (II) to capture precipitated proteins. Acetone precipitation of proteins with the ProTrap XG
allows for recovery in high yield and with high purity.
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Figure 3.
Acetone precipitation of a proteome mixture using the ProTrap XG demonstrated high recovery of the
aggregated protein above the membrane filter.

3.6 How to resolubilize proteins after precipitation
Perhaps the main disadvantage of protein precipitation is that the resulting solid
protein pellet is not directly amenable to MS analysis. Specifically, the protein must
first be resolubilized prior to further analysis. Although a number of strategies exist,
currently there are no “perfect methods” to allow for resolubilization of the protein
pellet. Any solubilization method must be compatible with downstream analysis.
Naturally, this means that SDS is not available as a solubilizing additive. The simplest
approach is to simply use water, or more specifically the solvent system used for LC-MS
analysis (typically 5% acetonitrile, 0.1% formic acid in water). The addition of 5%
acetonitrile does little to aid protein dissolution, though pH is an important addition.
A number of MS-compatible “cleavable” surfactants have been proposed
to resolubilize proteins [53]. But they are generally quite expensive. High concentrations of urea (8 M) are common to resolubilize proteins. This additive is
readily removed through reversed phase, so it can be considered compatible with
LC-MS. Also, the addition of digestive enzymes including trypsin will aid in the dissolution of proteins, by liberating the more soluble peptide counterparts into solution. As a disadvantage, such an approach is only suited to bottom-up proteomics.
An effective strategy to dissolve intact proteins is to use high concentrations
of the organic acid, including formic acid (50–80% acid by volume). This solvent
system is shown to dissolve proteins as effectively as high concentrations of SDS
[54]. A concern with formic acid is its propensity to rapidly modify the protein,
causing the addition of +28 u adducts in the resulting mass spectrum (28 = CO
modification). However, this reaction can be reduced, if not entirely eliminated by
maintaining a low temperature during incubation of the protein in concentrated
formic acid [55]. At −20°C, no protein modifications are detected. At the same time,
the reduced temperature does not deter proteome resolubilization. Finally, formic
acid is compatible with LC-MS analysis, as the proteins are retained on the reversed
phase column while the acid flushes through.

4. Conclusions
Proteome analysis by LC-MS demands isolation of proteins in high purity,
particularly when the sample is contaminated with known MS interferences such
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as SDS. While several options are available for protein purification, only some are
suited to remove the SDS that is tightly associated with protein. Solvent precipitation with high concentrations of acetone shows promise as a high recovery, high
purity approach for proteome sample preparation. The requirement to include ionic
species (salt) in the precipitating solvent lends knew knowledge to the underlying mechanism controlling solvent precipitation. So long as the supernatant can
be removed without disturbing the protein pellet, exceptional high recovery and
purity can be expected. This is facilitated by filtering the sample using disposable
spin cartridges. The resulting pellet can be resolubilized in MS compatible solvents
such as concentrated formic acid. This workflow presents an effective approach
to detergent-based proteome analysis in both top-down and bottom-up formats.
As such, acetone precipitation should see increased use as researchers exploit the
advantages of SDS for protein extraction and separation.

Acknowledgements
Work cited in this chapter by the author has been funded by a Discovery Grant
from the National Sciences and Engineering Research Council of Canada (NSERC).

Conflict of interest
A.D. holds a patent on the ProTrap XG, and is affiliated with Proteoform
Scientific, the company who holds license to commercialize and distribute the
ProTrap XG. All results presented in this chapter have been verified through independent peer review and the original scientific articles have been cited accordingly.

Author details
Alan Doucette1* and Andrew Crowell2
1 Department of Chemistry, Dalhousie University, Halifax, Canada
2 Verschuren Center, Sydney, Canada
*Address all correspondence to: alan.doucette@dal.ca

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
13

Proteomics Technologies and Applications

References
[1] Resing KA, Ahn NG. Proteomics

strategies for protein identification.
FEBS Letters. 2005;579:885-889. DOI:
10.1016/J.FEBSLET.2004.12.001
[2] Olsen JV, Ong S-E, Mann M. Trypsin

cleaves exclusively C-terminal to
arginine and lysine residues. Molecular
& Cellular Proteomics. 2004;3:608-614.
DOI: 10.1074/mcp.T400003-MCP200
[3] Washburn MP, Wolters D, Yates

JR. Large-scale analysis of the yeast
proteome by multidimensional protein
identification technology. Nature
Biotechnology. 2001;19:242-247. DOI:
10.1038/85686
[4] Hebert AS, Richards AL, Bailey DJ,

et al. The one hour yeast proteome.
Molecular & Cellular Proteomics.
2014;13:339-347. DOI: 10.1074/mcp.
M113.034769
[5] Picotti P, Clément-Ziza M, Lam H, et al.

A complete mass-spectrometric map of
the yeast proteome applied to quantitative
trait analysis. Nature. 2013;494:266-270.
DOI: 10.1038/nature11835
[6] Ong S-E, Blagoev B, Kratchmarova

I, et al. Stable isotope labeling by amino
acids in cell culture, SILAC, as a simple
and accurate approach to expression
proteomics. Molecular & Cellular
Proteomics. 2002;1:376-386. DOI:
10.1074/mcp.M200025-MCP200
[7] Oda Y, Huang K, Cross FR,

et al. Accurate quantitation of
protein expression and site-specific
phosphorylation. Proceedings of the
National Academy of Sciences of the
United States of America. 1999;96:
6591-6596. DOI: 10.1073/pnas.96.12.6591
[8] Smith LM, Kelleher NL, Proteomics

TC for TD, et al. Proteoform: A single
term describing protein complexity.
Nature Methods. 2013;10:186-187. DOI:
10.1038/nmeth.2369
14

[9] Compton PD, Kelleher NL,

Gunawardena J. Estimating the
distribution of protein posttranslational modification states by
mass spectrometry. Journal of Proteome
Research. 2018;17:2727-2734. DOI:
10.1021/acs.jproteome.8b00150
[10] Anderson LC, DeHart CJ,

Kaiser NK, et al. Identification and
characterization of human proteoforms
by top-down LC-21 Tesla FT-ICR mass
spectrometry. Journal of Proteome
Research. 2017;16:1087-1096. DOI:
10.1021/acs.jproteome.6b00696
[11] Siuti N, Kelleher NL. Decoding

protein modifications using top-down
mass spectrometry. Nature Methods.
2007;4:817-821. DOI: 10.1038/
nmeth1097
[12] Kuster B, Schirle M, Mallick P, et al.

Scoring proteomes with proteotypic
peptide probes. Nature Reviews.
Molecular Cell Biology. 2005;6:577-583.
DOI: 10.1038/nrm1683
[13] Doucette AA, Tran JC, Wall MJ,

et al. Intact proteome fractionation
strategies compatible with mass
spectrometry. Expert Review of
Proteomics. 2011;8:787-800. DOI:
10.1586/epr.11.67
[14] Arakawa T, Timasheff SN. Theory

of protein solubility. Methods in
Enzymology. 1985;114:49-77. DOI:
10.1016/0076-6879(85)14005-X
[15] Ruckenstein E, Shulgin IL. Effect

of salts and organic additives on the
solubility of proteins in aqueous
solutions. Advances in Colloid and
Interface Science. 2006;123-126:97-103.
DOI: 10.1016/J.CIS.2006.05.018
[16] Almén M, Nordström KJ,

Fredriksson R, et al. Mapping the
human membrane proteome: A majority
of the human membrane proteins can

Precipitation of Detergent-Containing Samples for Top-Down and Bottom-Up Proteomics
DOI: http://dx.doi.org/10.5772/intechopen.85547

be classified according to function and
evolutionary origin. BMC Biology.
2009;7:50. DOI: 10.1186/1741-7007-7-50
[17] Kohnke PL, Mulligan SP,

Christopherson RI. Membrane
proteomics for leukemia classification
and drug target identification. Current
Opinion in Molecular Therapeutics.
2009;11:603-610
[18] le Maire M, Champeil P, Moller

JV. Interaction of membrane proteins
and lipids with solubilizing detergents.
Biochimica et Biophysica Acta.
2000;1508:86-111. DOI: 10.1016/
S0304-4157(00)00010-1
[19] Bhuyan AK. On the mechanism

of SDS-induced protein denaturation.
Biopolymers. 2010;93:186-199. DOI:
10.1002/bip.21318
[20] Reynolds JA, Tanford C. Binding

of dodecyl sulfate to proteins at high
binding ratios. Possible implications
for the state of proteins in biological
membranes. Proceedings of the
National Academy of Sciences
of the United States of America.
1970;66:1002-1007. DOI: 10.1073/
pnas.66.3.1002
[21] Tran JC, Doucette AA. Gel-

eluted liquid fraction entrapment
electrophoresis: An electrophoretic
method for broad molecular weight
range proteome separation. Analytical
Chemistry. 2008;80:1568-1573. DOI:
10.1021/ac702197w
[22] Botelho D, Wall MJ, Vieira DB, et al.

Top-down and bottom-up proteomics
of SDS-containing solutions following
mass-based separation. Journal of
Proteome Research. 2010;9:2863-2870.
DOI: 10.1021/pr900949p
[23] Kachuk C, Faulkner M, Liu F, et al.

Automated SDS depletion for mass
spectrometry of intact membrane
proteins though transmembrane
electrophoresis. Journal of Proteome
15

Research. 2016;15:2634-2642. DOI:
10.1021/acs.jproteome.6b00199
[24] Wiśniewski JR, Zougman A,
Nagaraj N, et al. Universal sample
preparation method for proteome
analysis. Nature Methods. 2009;6:
359-362. DOI: 10.1038/nmeth.1322
[25] Sun D, Wang N, Li L. Integrated

SDS removal and peptide separation
by strong-cation exchange liquid
chromatography for SDS-assisted
shotgun proteome analysis. Journal of
Proteome Research. 2012;11:818-828.
DOI: 10.1021/pr200676v
[26] Wiśniewski JR, Zielinska DF, Mann
M. Comparison of ultrafiltration units
for proteomic and N-glycoproteomic
analysis by the filter-aided sample
preparation method. Analytical
Biochemistry. 2011;410:307-309. DOI:
10.1016/j.ab.2010.12.004
[27] Kachuk C, Stephen K,

Doucette A. Comparison of
sodium dodecyl sulfate depletion
techniques for proteome analysis
by mass spectrometry. Journal of
Chromatography. A. 2015;1418:158-166.
DOI: 10.1016/j.chroma.2015.09.042
[28] Manza LL, Stamer SL, Ham A-JL,

et al. Sample preparation and digestion
for proteomic analyses using spin filters.
Proteomics. 2005;5:1742-1745. DOI:
10.1002/pmic.200401063
[29] Sickmann A, Dormeyer W,

Wortelkamp S, et al. Identification
of proteins from human
cerebrospinal fluid, separated by
two-dimensional polyacrylamide
gel electrophoresis. Electrophoresis.
2000;21:2721-2728. DOI:
13<2721::AID-ELPS2721>3.0.CO;2-3
[30] Erde J, Loo RRO, Loo JA. Enhanced

FASP (eFASP) to increase proteome
coverage and sample recovery for
quantitative proteomic experiments.

Proteomics Technologies and Applications

Journal of Proteome Research.
2014;13:1885-1895. DOI: 10.1021/
pr4010019
[31] Vissers JPC, Chervet J-P, Salzmann

[38] Englard S, Seifter S. Precipitation

techniques. Methods in Enzymology.
1990;182:285-300. DOI:
10.1016/0076-6879(90)82024-V

J-P. Sodium dodecyl sulphate removal
from tryptic digest samples for on-line
capillary liquid chromatography/
electrospray mass spectrometry. Journal
of Mass Spectrometry. 1996;31:
1021-1027. DOI: 10.1002/(SICI)
1096-9888(199609)31:9<1021::AIDJMS384>3.0.CO;2-G

[39] Cohn EJ, Gurd FRN, Surgenor

[32] Chick H, Martin CJ. The precipitation

[40] van Oss CJ. On the mechanism of

DM, et al. A system for the separation
of the components of human blood:
Quantitative procedures for the
separation of the protein components of
human plasma. Journal of the American
Chemical Society. 1950;72:465-474.
DOI: 10.1021/ja01157a122

of egg-albumin by ammonium
sulphate. A contribution to the theory
of the “salting-out” of proteins. The
Biochemical Journal. 1913;7:380-398

the cold ethanol precipitation method
of plasma protein fractionation. Journal
of Protein Chemistry. 1989;8:661-668.
DOI: 10.1007/BF01025606

[33] Sivaraman T, Kumar TKS,

[41] Scopes RK. Protein purification.

Jayaraman G, et al. The mechanism
of 2,2,2-trichloroacetic acid-induced
protein precipitation. Journal of Protein
Chemistry. 1997;16:291-297. DOI:
10.1023/A:1026357009886
[34] Zeppezauer M, Brishammar

S. Protein precipitation by
uncharged water-soluble polymers.
Biochimica et Biophysica Acta
(BBA): Biophysics including
Photosynthesis. 1965;94:581-583. DOI:
10.1016/0926-6585(65)90069-5
[35] Kunz W, Henle J, Ninham BW.

In: Principles and Practice. New
York: Springer-Verlag; 1994. DOI:
10.1007/978-1-4757-2333-5
[42] Crowell AMJ, Wall MJ, Doucette AA.

Maximizing recovery of water-soluble
proteins through acetone precipitation.
Analytica Chimica Acta. 2013;796:48-54.
DOI: 10.1016/j.aca.2013.08.005
[43] Marcus Y, Hefter G. Ion pairing.

Chemical Reviews. 2006;106:4585-4621.
DOI: 10.1021/CR040087X
[44] Thongboonkerd V, Chutipongtanate

‘Zur Lehre von der Wirkung der Salze’
(about the science of the effect of salts):
Franz Hofmeister’s historical papers.
Current Opinion in Colloid & Interface
Science. 2004;9:19-37. DOI: 10.1016/j.
cocis.2004.05.005

S, Kanlaya R. Systematic evaluation
of sample preparation methods for
gel-based human urinary proteomics:
Quantity, quality, and variability.
Journal of Proteome Research.
2006;5:183-191. DOI: 10.1021/pr0502525

[36] Jiang L, He L, Fountoulakis M.

[45] Barritault D, Expert-Bezancon A,

Comparison of protein precipitation
methods for sample preparation prior
to proteomic analysis. Journal of
Chromatography. A. 2004;1023:317-320.
DOI: 10.1016/J.CHROMA.2003.10.029

Guérin MF, et al. The use of acetone
precipitation in the isolation of
ribosomal proteins. European Journal
of Biochemistry. 1976;63:131-135. DOI:
10.1111/j.1432-1033.1976.tb10215.x

[37] Piettre VA. On the separation

[46] Srivastava OP, Srivastava K.

of proteins of the serum. Comptes
Rendus de l'Académie des Sciences.
1920;170:1466-1468
16

Purification of gamma-crystallin from
human lenses by acetone precipitation
method. Current Eye Research.

Precipitation of Detergent-Containing Samples for Top-Down and Bottom-Up Proteomics
DOI: http://dx.doi.org/10.5772/intechopen.85547

1998;17:1074-1081. DOI: 10.1076/
ceyr.17.11.1074.5228
[47] Ashri NY, Abdel-Rehim M. Sample

treatment based on extraction
techniques in biological matrices.
Bioanalysis. 2011;3:2003-2018. DOI:
10.4155/bio.11.201
[48] Lin Y, Liu H, Liu Z, et al. Shotgun

analysis of membrane proteomes
using a novel combinative strategy of
solution-based sample preparation
coupled with liquid chromatography–
tandem mass spectrometry. Journal of
Chromatography B. 2012;901:18-24.
DOI: 10.1016/j.jchromb.2012.05.035
[49] Yuan X, Russell T, Wood G,

et al. Analysis of the human lumbar
cerebrospinal fluid proteome.
Electrophoresis. 2002;23:1185-1196.
DOI: 10.1002/1522-2683(200204)
23:7/8<1185::AID-ELPS1185>3.0.CO;2-G
[50] Simpson DM, Beynon RJ. Acetone

precipitation of proteins and the
modification of peptides. Journal of
Proteome Research. 2010;9:444-450.
DOI: 10.1021/pr900806x
[51] Güray MZ, Zheng S, Doucette

AA. Mass spectrometry of intact
proteins reveals +98 u chemical
artifacts following precipitation in
acetone. Journal of Proteome Research.
2017;16:889-897. DOI: 10.1021/acs.
jproteome.6b00841
[52] Crowell AMJ, MacLellan DL,

Doucette AA. A two-stage spin cartridge
for integrated protein precipitation,
digestion and SDS removal in a
comparative bottom-up proteomics
workflow. Journal of Proteomics.
2015;118:140-150. DOI: 10.1016/j.
jprot.2014.09.030
[53] Hellberg P-E, Bergström K,

Holmberg K. Cleavable surfactants.
Journal of Surfactants and Detergents.
2000;3:81-91. DOI: 10.1007/
s11743-000-0118-z
17

[54] Doucette AA, Vieira DB, Orton DJ,

et al. Resolubilization of precipitated
intact membrane proteins with cold
formic acid for analysis by mass
spectrometry. Journal of Proteome
Research. 2014;13:6001-6012. DOI:
10.1021/pr500864a
[55] Zheng S, Doucette AA. Preventing

N- and O-formylation of proteins when
incubated in concentrated formic acid.
Proteomics. 2016;16:1059-1068. DOI:
10.1002/pmic.201500366

