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Abstract

The phosphorylation of proteins is a central paradigm of signal transduction. The substitution of neutral hydroxyl groups of serine, threonine and
tyrosine with a negatively charged phosphate group alters the physicochemical and immunogenic properties of the protein, which then can be used
to isolate these isoforms. In the last decades several different techniques were applied, attempting to selectively enrich protein populations with
this post-translational modification. This review aims to give an overview on the arsenal of available methods to extract phosphoproteins focusing
on chromatographic approaches.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well accepted that protein phosphorylation is one of the
most important post-translational modifications of proteins. Pro-
teins can be phosphorylated on specific amino acid residues by
the action of protein kinases. Hereby, serine, threonine and tyro-
sine are the most common residues in eukaryotes whereas in
prokaryotes His, Asp and Glu are also found to be phosphory-
lated [1].

Approximately one third of all proteins in eukaryotes
are estimated to be phosphorylated. Protein phosphorylation—
dephosphorylation is one of the major signalling mechanisms
for modulating the functional properties of proteins involved in
gene expression, cell adhesion, cell cycle, cell proliferation, and
differentiation [2].

A typical example where phosphorylation is responsible for
function and structure is the control of eukaryotic cell cycle
by numerous cyclin dependent kinases (CDKs). This process is
highly dynamic and therefore the relative abundance of phos-
phorylated proteins involved is low, combined with a relatively
short half-life. Aberrant phosphorylation is one of the underlying
mechanisms for cancer or can be a sign for metabolic diseases.
Therefore, phosphorylated proteins are important drug discov-
ery targets for therapeutic intervention.

To understand these processes, structural information about
the involved phosphorylated isoforms is highly desired. The
purification of certain phosphoisoforms in sufficient amounts
is very often a major obstacle. Technologies to purify phospho-
isoforms of proteins are of great relevance for the production of
specific antibodies, or for the separation of an active phospho-
protein from its inactive, non-phosphorylated counterpart [3].

During the last 45 years, several chromatographic techniques
have been applied to purify or selectively enrich phosphory-
lated proteins. The purification of phosphoproteins can been
seen under many different aspects. Isolation in a larger scale
or for analytical purposes, purification for proteomic studies or
extraction of a protein pool from cell extracts are only some
examples. Further, many studies are describing the selective
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isolation of phosphopeptides from complex mixtures. All meth-
ods take advantage of several unique features resulting from the
addition of a phosphate group to amino acids. In general three
different effects can be distinguished and applied as selection
principle (Fig. 1.). The first is the alteration of the isoelec-
tric point (p/) or the net charge of the protein. This enables
the separation by ion exchange chromatography (IEX) or chro-
matofocusing (CF). Second, the phosphate group can chelate
metal ions caged in immobilized metal affinity chromatography
(IMAC) resins or Ca2* as part of hydroxyapatite (HTP). Finally,
a change of the immunogenic properties of the protein after
phosphorylation allows the generation of antibodies, which in
turn can be used for immunoprecipitations. Methods that cova-
lently and permanently modify phosphate groups are not covered
in this review, although they have been successfully applied to
isolate phosphopeptides in several cases [4].

In the following, we are focusing on phosphoproteins, giving
an overview on the current repertoire of methods.

2. Sample pre-treatment

Protein phosphorylation is a highly dynamic event controlled
by the activity of kinases and phosphatases. Cell lysates con-
tain a number of active phosphatases that can dephosphorylate
very efficiently. Therefore, these enzymes must be inhibited to
avoid the loss of phosphorylation during sample preparation and
cell lysis. A number of chemical compounds have been applied
for that task. Vanadate is a highly potent inhibitor of tyrosine
phosphatases [5]. Serine and threonine phosphatases can be
blocked by ocadaic acid [6]. Additionally, several broad-acting
or non-specific reagents can be used to inhibit protein phos-
phatases. These include sodium fluoride and sodium pyrophos-
phate or glycerophosphate [7]. Other techniques to suppress
protein dephosphorylation in cell lysates and fractions include
the denaturation of samples by adding urea [8] or the elution by
an electrophoresis sample buffer [9]. In certain cases a specific
pre-adsorption of highly abundant proteins can be necessary to
be able to enrich the phosphoprotein of interest. It might also

Amino acid
epitope

p-Ser/p-Thr
antibodies

Fig. 1. Overview on different chromatographic isolation strategies for phosphoproteins.
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be favourable to increase the accessibility of phosphorylated
epitopes by partial or total denaturation if immunoaffinity purifi-
cation is applied [10-12].

3. Separation on the basis of charge differences

The phosphate esters of serine, threonine and tyrosine have
two acidic protons, with pK; values in HyO of <2 and about 5.8,
respectively. Effects on the p/ of a protein upon phosphorylation
are essential for purification strategies based on ion exchange or
chromatofocusing. The measurable p/ effects upon phosphory-
lation strongly depend on the primary and secondary structure
of the protein. The reduction of the pI can vary, from almost no
shift at all up to more than one pH unit towards the acidic per
introduced phosphate group.

Various algorithms have been developed in the past to cal-
culate a theoretical p/ of a protein [13,14]. But these calcula-
tions are not capable to predict a p/ shift upon phosphorylation
[15,16]. Recently a new algorithm was presented to calculate
these effects [17]. Zhu et al. studied the effect of phosphoryla-
tion on the p/ shift and found, on the one hand, very good match
with the theoretical model, on the other hand, still considerable
differences for certain proteins [16].

Deviations from the theoretical p/ can be observed in cases
where the protein is post-translationally modified. In that con-
text phosphorylation contributes to drastic charge changes when
neutral hydroxyl groups of serine, threonine and tyrosine are
substituted with a negatively charged phosphate group. Thus,
phosphorylation at one site can cause an acidic shift of p/, which
can be decreased by 1-2 pH units. The effect of multiple phos-
phorylations can even be higher.

3.1. Chromatofocusing

3.1.1. Principle

The technique of chromatofocusing was invented several
decades ago to separate complex protein mixtures, and is still
attractive due to its powerful resolution [18,19].

Proteins are separated according to their p/ on a liquid chro-
matography column. CF uses the buffering of the charged group
on the ion exchanger and the pH gradient is created as the
eluting buffer titrates the ion exchanger. A typical amphoteric
buffer (polybuffer) contains a variety of charged species to allow
an even buffering capacity. CF creates a linear pH gradient, a
feature, which cannot be achieved by similar techniques like
gel based isoelectric focusing. CF is performed in solution,
simplifying downstream applications. Other advantages are the
continuous on-line control of the pH and the mild elution condi-
tions at the p/ of the proteins. No protein is exposed to a higher
pH than its own approximate p/. Even membrane proteins can be
separated in their native conformation by addition of detergents.
CF also tolerates the addition of strong denaturants like urea.
However, CF is sometimes limited by poor yields, difficulties in
scaling up and the need to remove ampholytes form proteins. In
some cases a very tight binding of phosphorylated proteins can
be observed which requires then an acidic wash to elute those
proteins.

3.1.2. Examples

Recently the effect of phosphorylation on CF was assessed
more systematically [16]. Whole cell lysate was fractionated
under denaturing conditions by CF. It could be observed, that the
acidic shift can vary depending on the initial p/ of the unmodified
protein and the amount of phosphorylation. For proteins having
apl above 6.4 the change is larger than for those with a p/ of 5.0
and lower. CF was also applied in a proteomics study to frac-
tionate the mouse liver phosphoproteome by two-dimensional
chromatography. A pool of unfractionated phosphoproteins was
initially extracted from the lysate by metal affinity chromatogra-
phy. Then CF in the first dimension was combined with reversed
phase chromatography, again demonstrating the huge resolving
power of CF [20]. A protein whose phosphorylation has been
studied in detail is rhodopsin. Rhodopsin kinase transfers several
phosphates to serine or threonine residues in the carboxyl ter-
minus of freshly bleached rhodopsin. All these isoforms can be
differentiated by their p/. Six different isoforms could be eluted
in a pH gradient from 6.4 to 4.0. The observed stoichiometry was
0, 2,4, 5, 6 or 8 phosphate molecules per molecule rhodopsin.
The variants having a higher degree of substitution with phos-
phate eluted later in the gradient at a lower pH. This example
shows that CF is capable to resolve differences of only a single
phosphate group [21]. In another experiment with phosphory-
lated rhodopsin, some isoforms with more phosphate groups
bound so tightly to the column matrix, that an elution with a salt
gradient became necessary [22]. However, in spite of the high
resolution CF does not discriminate against different positions
of the phosphate group, it only separates according to the alter-
ation of p/. Although CF reliably resolves different rhodopsin
isoforms according to their stoichiometry, two monophosphory-
lated rhodopsin species with phosphorylation at different sites
could not be fractioned [23]. CF can also be applied to separate
a phosphorylated protein from its native unmodified counter-
part. This was done for prolactin. Immunopurified prolactin was
loaded to a standard CF column and a typical pH gradient from
7.0 to 4.0 was applied, eluting only unphosphorylated prolactin.
The phosphorylated prolactin required much harsher conditions
to come off the column. Only an injection of 70% acetic acid (pH
2.7) quantitatively released the monophosphorylated prolactin.
That unexpected behaviour could be caused by a conformational
change in the phosphoisoform, now exposing substantially dif-
ferent surface charge properties [24]. In another example CF
was used to separate the phosphorylated pyruvate kinase from its
inactive, non-phoshorylated isoform [25]. Table 1 summarises
the examples.

3.2. Ion exchange

3.2.1. Principle

Differences in the net surface charge of molecules are the
basis of separation by ion exchange chromatography. These
charge properties vary considerably between molecules and
therefore they will interact differently with charged chromatog-
raphy media according to differences in their surface charge
distribution, charge density and overall charge. The chemical
microenvironment and the structure influences the pK, values



S.R. Schmidt et al. / J. Chromatogr. B 849 (2007) 154—-162

157

Table 1
Overview of examples applying chromatofocusing

Matrix Chemistry Buffer (dilution) pH-range Proteins Ref.
1 ProteoSep (Eprogen) n.a. Polybuffer 74 (1:10) pH 7.4-4.0 Epithelial cell lysate [16]
2 PBE 94 Crosslinked agarose Polybuffer 74 (1:8) pH 6.4-4.0 Rhodopsin [21]
3 Mono P Polystyrene/divinyl benzene Polybuffer 74 (1:10) pH 7.4-4.0 and 0-0.4 M KCI Rhodopsin [22]
4 Mono P Polystyrene/divinyl benzene Polybuffer 74 (1:12.5) pH 7.4-4.0 and 0-0.4 M NaCl Rhodopsin [23]
5 Mono P Polystyrene/divinyl benzene Polybuffer 74 (1:10) pH 7.0-4.0 and 70% acetic acid Prolactin [24]
6 PBE%4 Crosslinked agarose Polybuffer 74 (1:10) pH 7.4-4.0 Pyruvate kinase [25]

of charged groups within a molecule and contribute to its net
surface charge.

The net charge of a protein is highly pH-dependent because
all amino acids with ionisable groups can contribute differently
to the overall charge. These ionisable groups can change their
charge depending on the pH of the environment. The relationship
between net surface charge and pH is unique for a specific pro-
tein and this principle is exploited in IEX. Reversible interactions
between charged IEX media and oppositely charged molecules
are controlled to favour binding or elution of specific molecules
and achieve separation in an IEX experiment. At a pH equiv-
alent to its p/ a protein has no net charge at will not interact
with a charged sorbent. However, at a pH below its p/, a pro-
tein will bind to a cation exchanger and at a pH above its pl,
a protein will bind to an anion exchanger. Bound proteins are
either eluted by a pH shift or by ion displacement, e.g. by adding
salt.

The substitution of neutral hydroxyl groups of serine, thre-
onine and tyrosine by a negatively charged phosphate group
causes an acidic shift of p/. This alteration in p/ is the underlying
principle of separating phosphorylated proteins from unphos-
phorylated by IEX. It even allows the gradual elution of multi-
phosphorylated isoforms if the elution is performed in a very
long, shallow gradient.

3.2.2. Examples

IEX played a major role in the prefractionation of an 80 kDa
bone protein into three isoforms that differed in their p-Ser
content. Higher phosphorylated versions of that protein had
a longer retention time and eluted later in the gradient [26].
The separation of prolactin was also performed using IEX. As

already observed during CF, the phosphorylated isoform bound
so tight, that elution with acetic acid was necessary [27]. Acid
cystatins from human saliva were separated by IEX into three
isoforms having an identical amino acid sequence but differing
in their phosphorylation. The non-phosphorylated protein eluted
first, followed by the mono- and later the bi-phosphorylated
form, eluting last from a strong anion exchanger column [28].
One of the typical examples is the capture of radioactively
labelled phosphoproteins from human fibroblasts on a strong
anion exchanger column and the elution with a very shallow
NaCl gradient from 0 to 0.8 M over 100 column volumes [29].
Anion IEX was also applied to isolate a non-phosphorylated
65 kDa protein from its phosphorylated isoform after stimula-
tion of human peripheral blood monocytes with interleukin 1. As
in most other cases the phosphorylated form eluted later at higher
salt concentrations [30]. Applying DEAE as IEX matrix could
separate three different myosin light chain isoforms. One of them
was phosphorylated and eluted last in a relatively short gradient
of only seven column volumes [31]. IEX was also used to purify
rhodopsin. Here a rather unconventional method was applied.
Instead of 1 large column, up to 20 mini columns of ECTEOLA
cellulose were arranged in series in form of a column cascade.
As expected, highly phosphorylated rhodopsin bound stronger
to the matrix. The capacity of the individual mini columns was
adjusted so that the first columns, which bound the heavily phos-
phorylated rhodopsin, were smaller than the last columns. After
loading, the columns were separated and eluted in one step of
300 mM NacCl. Although not a complete separation of isoforms
could be achieved, at least a quantitative gradual enrichment of
up to nine different isoforms was observed [32]. Table 2 sum-
marises the examples.

Table 2
Overview of examples applying ion exchange chromatography
Matrix Chemistry Gradient Length Protein Isoforms Ref.
1 DE-52 Cellulose 0.1-0.5M NaCl 18 CV 80kDa protein 3 [26]
2 DEAE-2025 Methacrylate 0.5 M NaCl 20% acetic n.a. Prolactin 2 [27]
acid (step-wise)

3 MonoQ Polystyrene/divinyl 0-0.5M NaCl 46 CV Cystatins 3 [28]
benzene

4 MonoQ Polystyrene/divinyl 0-0.8M NaCl 100 CV Fibroblast phosphoproteins Multiple [29]
benzene

5 AX300 Crosslinked 0-0.3M NaCl 46 CV 65 kDa protein 2 [30]
polyethyleneimine

6 DEAE-sepharose Crosslinked 0.05-0.25 M KC1 7CV Myosin light chain 3 [31]
agarose

7 ECTEOLA cellulose Cellulose 0.3M NaCl (step-wise) n.a Rhodopsin 9 [32]
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4. Separation on the basis of chelated metal ions

Phosphoproteins exhibit a strong tendency to chelate metal
ions. For chromatographic purposes these metal ions are often
caged in IMAC resins. Other matrices suitable for the enrichment
of phosphoproteins are hydroxyapatite or metal oxide particles.
In the following sections an overview on current techniques is
given.

4.1. Immobilised metal ion affinity chromatography

4.1.1. Principle

It was originally observed by Andersson and Porath that
phosphorylated amino acids and proteins selectively bind to
Fe(Ill)-charged iminodiacetic acid (IDA) agarose [33]. They
also showed that other metal ions (Lu(III), Sc(IlT) and Th(IV))
had similar properties and that phosphorylated proteins could be
eluted either by the addition of free phosphate or by a shift in
pH. In a later study a wider range of metal ions were screened
for their affinity towards phosphoproteins/peptides and it was
shown that Ga(IIl) and Zr(IV) bind phosphoproteins/peptides
with good retention and elution properties [34].

The two most commonly applied chelating groups are imin-
odiacetic acid or nitrilotriacetic acid (NTA), which are immobi-
lized to chromatographic resins, membranes or magnetic beads
(Fig.2aandb). The number of coordination sites available for the
metal ion—phosphate interaction varies depending on the chelat-
ing group used. The IDA moiety forms a tri-dentate complex
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Fig. 2. Chemical structures of metal ion chelating molecules. (a) Iminodiacetic
acid (IDA); (b) nitrilotriacetic acid (NTA); (c) phos-tag.

with the metal ion leaving three coordination sites unoccupied
for phosphate binding. The NTA moiety is a tetradentate ligand
having two free coordination sites at the immobilized metal ion.

In a recent attempt to develop a more efficient IMAC resin
for phosphoprotein separation a new type of chelating group
was designed that forms an alkoxide-bridged di-nuclear Zn(II)
centre (termed phos-tag) (Fig. 2c) [35]. This was shown to be
able to selectively bind phosphorylated proteins at physiological
pH as opposed to IMAC resins using Ga(Ill) or Fe(III), where
the optimum pH for binding is reported to be in the range of
2.0-3.5 [34].

The strategy for elution of phosphoprotein/peptides from the
IMAC matrix is similar to those in purification of his-tagged
proteins, either by the addition of excess amount of free ligand
(e.g. by use of a phosphate buffer), or by pH elution. In the
latter case an increase in pH promotes the dissociation of the
phosphoprotein/peptide from the IMAC matrix [34].

These attractive properties (the selective affinity for phos-
phorylated proteins/peptides and the reversible nature of the
binding) are exploited in several variants of IMAC applications
to enrich phosphoproteins and phosphopeptides from complex
samples.

Some drawbacks do exist when using IMAC to enrich phos-
phorylated proteins/peptides. The major drawback is that little
or no binding to Fe(Ill) or Ga(Ill) charged resins is observed
at neutral pH [33]. Therefore, low pH is normally used in the
binding buffers [34]. Some proteins will not withstand such con-
ditions but may denature or precipitate on the column. This will
either cause the protein not to be recovered in its native form, or
not to be recovered at all.

Another drawback is the non-specific binding of acidic pro-
teins and peptides to the IMAC matrix. This can be, at least
partly, circumvented by addition of acetate to the sample, or in
the case of phosphopeptide isolation, by methyl-esterification of
the carboxyl groups in the sample prior to IMAC [36].

4.1.2. Examples

There are reports of IMAC being used not only to enrich
phosphoproteins/peptides but also to separate different phos-
phoisoforms of the same protein. This was first reported by
Andersson and Porath, who separated different phosphoiso-
forms of ovalbumin on a Fe(III)-IDA matrix by gradient elution
from pH 5.7-7.2 [33]. Three phosphoisoforms of tomato sucrose
synthase could be isolated by applying a very basic gradient from
pH 6.3-9.5 on a Fe(IIl)-IDA matrix [37]. Another example is
the separation of different forms of pepsinogen, also performed
on Fe(III)-IDA by elution with a pH gradient (pH 5.6-7.0) or
increasing concentrations of malic or tartaric acid [38]. IMAC
was also applied to extract large numbers of phosphoproteins
for proteomic studies. In one case cloned fusion proteins were
captured by a Fe(III)-NTA matrix and eluted with a mixture of
high pH and competition of phosphate ions [39]. In a similar
procedure the phosphoproteome of Jurkat T cells was captured
on a Fe(IIT)-NTA matrix at acidic pH and eluted at pH 8.5. This
study also exemplifies some limitation of that method which can
result in protein loss, very dilute eluates and contamination with
non-phosphorylated proteins [40]. Fe(III)-NTA was also used
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Table 3
Overview of examples applying IMAC
Chelator Metal Binding buffer Elution buffer Phosphoprotein Isoforms Ref.
1 IDA Fe(IID) 0.1 M acetic acid pH 5.0 0.05M MES/PIPES pH Hen ovalbumin 3 [33]
5.7-7.2
2 IDA Fe(III) 0.2M MES pH 6.3 0.1 M MES-Tris pH 6.3-9.5 Tomato sucrose synthase 3 [37]
3 IDA Fe(III) 0.1 M sodium acetate pH 5.6 0.05M MES pH 5.6-7.0 or Human and pig pepsinogen 3 [38]
or 0.1 M MES pH 5.6 0.001-0.02 M malic or tartaric
acid pH 5.6
4 NTA Fe(III) Lysate pH 3.0 0.2M NaH,PO4 pH 8.4 Pig testis fusion proteins n.a. [39]
5 NTA Fe(II) 0.05M acetate pH 5.6 0.05M Tris pH 8.5 Jurkat T cell proteins n.a. [40]
6 NTA Fe(IID) 1% Triton X 100, 0.15M 0.1 M DTT, 2% SDS, 0.05M Human breast epithelial cell n.a. [9]
NaCl, 0.01 M Tirs pH 8.0 Tris pH 6.8 (95°C) proteins
7 Phos-tag Zn(II) 0.1M Tris-acetate pH 7.4 0.01- 0.5M NaH,PO4 pH 7.0 Hen ovalbumin, bovine casein n.a. [35]
8 IDA or NTA Ga(IIl) 6 M urea, 0.05M Tris acetate 6 M urea, 0.05M Tris acetate Mouse synaptic proteins n.a. [8]

0.1 M EDTA, 0.1 M EGTA

as enrichment step for phosphoproteins from human epithelial
cells. Phosphoproteins were eluted with electrophoresis sample
buffer, thus simplifying the subsequent gel electrophoresis [9].
In an attempt to isolate phosphorylated peptides from synaptic
proteins a number of approaches were evaluated to establish a
protocol to isolate as many phosphorylated peptides as possible
[8]. The most successful approach started with an enrichment
of phosphorylated proteins using IMAC under denaturing con-
ditions (6 M urea), followed by tryptic digestion and a second
IMAC step to enrich for phosphorylated peptides. The success of
this approach is partly because the urea extraction allows for the
isolation of peptides from phosphorylated membrane proteins
as well as phosphorylated soluble proteins. Another factor is
probably the rapid denaturation and inactivation of contaminat-
ing phosphatases by the urea buffer, thereby capturing a larger
fraction of the phosphorylated proteins/peptides. Table 3 sum-
marises these examples.

4.2. Hydroxyapatite

4.2.1. Principle

Hydroxyapatite is a form of calcium phosphate with the for-
mula Cajo(PO4)e¢(OH), which can be used as chromatographic
matrix. HTP chromatography is considered to be a “mixed-
mode” ion exchange or a “pseudo-affinity” chromatography. It
can effectively be applied as purification mechanism in a variety
of processes, providing biological molecule selectivity com-
plementary to more traditional ion exchange or hydrophobic
interaction techniques. The HTP interactions with biomolecules
are complex. Generally, it is thought that amino groups are
attracted to negatively charged phosphate sites and repelled by
positively charged calcium sites. The opposite is true for nega-
tively charged, phosphorylated residues of proteins. The more
phosphates are present, the more dominating is the calcium site
binding and thus the tighter is the binding of the protein to
the matrix. A competitive elution is achieved by increasing the
phosphate concentration in the buffer. HTP was a very popular
method between the 1960s to 1980s when few alternative chro-
matography matrices were available. It has primarily been used

to enrich phosphoproteins although a separation of isoforms can
be achieved. In the last decades new, more stable formulations
of HTP have been prepared which might support a renaissance
of this formerly well-established technique.

4.2.2. Examples

One of the earliest descriptions of the resolving power of HTP
is from 1960. Here the separation and characterization of two
lipovitellin isoforms was performed with a home-made HTP
matrix [41]. Almost 30 years ago, phosphofructokinase from
rabbit skeletal muscle was fractionated into two differently phos-
phorylated species by HTP chromatography [42]. Obviously
HTP was applied, as most other classical methods, in purification
procedures for rhodopsin derivatives. The most highly phospho-
rylated rhodopsin was most strongly adsorbed to the HTP matrix
and eluted last [43]. The same effect could be observed during
the purification of the glucocorticoid receptor. Here the higher
phosphorylated isoform also required a higher phosphate con-
centration of 0.4 M KH;PO4 and the addition of up to 0.9M
NacCl for elution [44]. HTP has been frequently applied to sepa-
rate identical proteins that only differ in their post-translational
modifications, e.g. phosphorylation. One of those examples is
a 64 kDa protein that could be isolated as two isoforms from
stimulated, human leukocytes. Again the phosphorylated protein
eluted slightly later than its unmodified counterpart from a HTP
column in a phosphate gradient [45]. Many studies have been
performed on bone proteins that naturally have a high affinity to
bone structure and thus to HTP as well. One of those, an 80 kDa
protein from calf bone was separated into four isoforms by HTP
chromatography. Two of those isoforms differed strongly in their
content of p-Ser and could be eluted with increasing KH,PO4
concentrations [26]. Recently a combination of HTP chromatog-
raphy and 2D SDS-PAGE was used to characterize low abundant
phosphoproteins involved in cellular responses to a growth fac-
tor, demonstrating the specificity of that matrix [46]. However,
HTP is not always applicable, as it was shown in the purification
of phosvitins. Here the phosphoproteins adhered too tightly and
could only be eluted with concentrations above 1.5 M phosphate
buffer [47]. Table 4 summarises the examples.
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Table 4
Overview of examples applying HTP

Matrix Gradient Phosphoprotein Isoforms Ref.
1 Hydroxyapatite 50-150 mM KH,POy4 o,B-Lipovitellin 2 [41]
2 Bio-Gel HTP 50-250 mM KH;PO4 Phosphofructokinase 2 [42]
3 Hydroxyapatite 5-300 mM KH,PO4 Rhodopsin 2 [43]
4 Hydroxyapatite 10400 mM KH;,PO4 Glucocorticoid receptor 2 [44]
5 Hydroxyapatite MP 5-500 mM NaH,PO4 64 kDa protein 2 [45]
6 Hydroxyapatite 0-200 mM KH,PO4 80 kDa protein 4 [26]
7 CHT-II 10-400 mM NaH,;POg4 Cell extract n.a. [46]

4.3. Metal oxides

One of these techniques is based on the ability of TiO; to
absorb water-soluble phosphate [48]. Ikeguchi used this method
already in 1990 for the selective binding of phospholipids [49].
Titanium dioxide in form of HPLC microspheres was described
by Jiang and Zuo [50]. The characteristics of the material are
described as an amphoteric ionexchanger with a basic surface.
The exact mechanism of the phosphate binding is not yet under-
stood. In contrast to the IMAC principle, no additional metal ions
are required. Sano and Nakamura applied this concept on phos-
phopeptides successfully [51,52]. Phosphopeptides are adsorbed
under slightly acidic conditions (0.015% TFA) and eluted with
a 50 mM borate buffer, pH 8.0 containing 100 mM LiCl [52].
Pinkse et al. could identify eight phosphorylation sites in cGMP-
dependent kinase by using a TiO, microcolumn for the isolation
of the phosphopeptides [53]. Recent work describes improved
chromatographic material with higher loading capacity [54] and
TiO, material with a magnetic core [55]. The binding of phos-
phopeptides to TiO; and ZrO, was compared in pipette tips [56].
Zr0O; showed a higher selectivity for singly phosphorylated pep-
tides and TiO, showed preference for multiply phosphorylated
compounds. A proof of this concept for the purification of phos-
phoproteins remains to be done.

Another technique called metal oxide affinity chromatogra-
phy, MOAC, utilizes AI(OH);3 to selectively adsorb phosphory-
lated compounds. Wolschin et al. studied in a systematic way the
adsorption of several standard phosphoproteins, as well as phos-
phorylated proteins and peptides of Arabidopsis thaliana leaf
protein extracts [57]. Proteins can be adsorbed in several phys-
iological buffer systems whereas a phosphate or pyrophosphate
buffer was used for the elution. An early study on the interac-
tion between different phosphate esters and phosphonates and
the AI(OH);3 tried to enlighten the absorption process, but the
exact binding mechanism remains unclear [58].

5. Immunoaffinity techniques

Immunoaffinity isolation of phosphoproteins with antibod-
ies directed against p-Ser, p-Thr and p-Tyr has been performed
since many years. The first use of antibodies to purify p-Tyr
containing proteins was published by Ross et al. in 1981 [59].
Since then, several polyclonal and monoclonal antibodies have
been developed, both specifically against primary structure ele-
ments of phosphorylated protein isoforms and to p-Ser, p-Thr

and p-Tyr as such. To reach the necessary immunogenicity the
phosphoamino acids, or phosphopeptides, have been coupled
to keyhole limpet hemocyanin (p-Ser/p-Thr) or bovine serum
albumin (p-Tyr) [60,61]. The cross reactivity among the differ-
ent phosphoamino acids was hereby found to be low or absent.
Phosphotyrosine antibodies are far more frequently used for
immunoprecipitation than anti p-Ser and anti p-Thr antibod-
ies, mainly due to the higher efficiency. Antibodies generated
against p-Ser and p-Thr are very often dependent on a consen-
sus sequence flanking the phosphorylated residue. This might
be a consequence of the lower immunogenicity of p-Ser/p-Thr
compared to p-Tyr. So far, only anti p-Tyr antibodies are used in
a generic way.

Although antibodies appear to be an ideal tool for purify-
ing phosphorylated proteins, today, no application can be found
describing a protein purification process in a multi milligram
scale. One reason is certainly the relatively high costs of appro-
priate affinity media. On the other side, many studies are pub-
lished describing the enrichment of phosphoproteins out of cell
extracts in small scale, mostly for analytical purposes.

Many authors apply an anti p-Tyr antibody for the selective
enrichment of pools of p-Tyr containing proteins [10,11,62,63].
The isolated phosphoproteins have all been subjected to further
analysis under denaturing conditions. In 2002, Palomo-Jimenez
et al. isolated active phosphocalmodulin, free of the unphospho-
rylated variant, by using anti p-Tyr antibody in a 1-2 pg scale
[64]. Anti p-Tyr antibodies show variations in binding efficiency
between different suppliers and clones. Some are tolerant against
0.1% SDS; others fail to bind p-Tyr under this condition [62].
Another difference is the influence of sterical factors on binding.
The recovery of an immunoaffinity purification can be increased
by partial or total denaturation of the protein structure [10-12].
Alternatively a mix of several antibodies from several clones or
suppliers can be advantageous to improve the results. Gronborg
et al. have investigated the use of different anti p-Ser, anti p-Thr
and anti p-Thr-Pro (threonine flanked by a proline) antibodies
for immunoprecipitation in cell lysates of HeLa and 293T cells
[65]. The lysates were incubated with the respective antibody
overnight. Immunoprecipitated proteins were further analyzed
by Western blotting and mass spectrometry. This study showed
that p-Ser and p-Thr antibodies initially designed for Western
blotting were also suitable and efficient for selective enrichment
of phosphoproteins. Many different antibodies are commercially
available today. Even generic antibodies against p-Ser/p-Thr and
p-Tyrexistin a high number comprising polyclonal, monoclonal,
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Table 5
Overview of immunoaffinity applications
Protein sample Antibody Antigen Application Year Ref.
1 RSV-transformed CEF and 3Y1 cells Two different rabbit pTyr Immunoprecipitation, 1988 [12]
polyclonal custom made
2 6-10 p-proteins from rat-1 and primary Rabbit polyclonal pTyr Immunoprecipitation 1989 [11]
chicken embryo cells expressing src
oncogene
3 p-Thr coupled to KLH or BSA as antigen Rabbit polyclonal pThr Antibody generation 1989 [60]
4 pTyr conjugates with keyhole limpet 1G2 mouse monoclonal pTyr Antibody generation 1991 [61]
hemocyanin as antigen
5 Activitated Ball7 murine B lymphocytes PY20 monoclonal pTyr Immunoprecipitation affinity 1994 [10]
chromatography on
AB-agarose beads
6 Active phosphocalmodulin PT66 mouse monoclonal pTyr Purification antibody coupled 1999 [64]
to agarose beads
7 EGF receptor signal transduction pathway 4G10 monoclonal pTyr Immunoprecipitation, 2002 [63]
antibody coupled to agarose
beads
9 Cell lysates of HeLa and 293T cells pSer 7F12, 1C8 mouse pSer/pThr Immunoprecipitation, 2002 [65]
monoclonal pThr 1E11 antibody coupled to agarose
mouse monoclonal beads
Table 6
Comparison of different enrichment technologies
Method Scale Elution Resolution Drawbacks Sample
1 Chromatofocusing Limited scale pH gradient Isoform separation Removal of ampholytes Low conductivity
2 Anion exchange Fully scalable Salt gradient Isoform separation Very flat and long gradient Low conductivity
3 Immobilised metal Fully scalable pH or phosphate Isoform separation Low pH for binding, dilute eluate No phosphate buffer
affinity gradient
4 Hydroxyapatite Fully scalable Phosphate gradient Isoform separation Mechanical instability, No phosphate buffer
sometimes too tight binding
5 Immunoaffinity Limited scale Denaturation Phosphoamino acids High costs for larger scale, loss Low volume

and small epitopes

of structure and activity

different host, different clones, formulations and conjugations.
Newly developed antibodies appear on the market continuously.
Search engines on the internet that are specialized on commer-
cially available antibodies are helpful tools for the researcher
to follow this dynamic field [66—68]. Table 5 summarises these
examples.

6. Conclusions and future prospects

All the above-cited methods offer specific advantages or suf-
fer from certain drawbacks. A comparison of these technologies
is given in Table 6. Some of them require sample of low ionic
strength or the absence of phosphate. Most of the techniques
are not totally selective for phosphoproteins and co-purification
of non-phosphorylated proteins may occur. Additionally, not all
scales are recommended for all techniques.

In the context of phosphoprotein purification not much
progress was made regarding classical techniques like ion
exchange and chromatofocusing during the last decades.
Although the physical stability of hydroxyapatite matrices has
improved, they have only rarely been used. Interestingly the
greatest potential for improvements is covered by affinity chro-
matography. The most dynamic development can be observed
for the variations of immobilised metal ion affinity chromatog-

raphy, where novel chelating groups or metals have been applied
recently. Similarly the number of available phosphospecific anti-
bodies has increased drastically.

Both affinity techniques share the advantage to be able to
selectively enrich phosphoproteins from very complex, crude
samples. This is very attractive for proteomics studies. How-
ever, the separation on the basis of charge difference offers a
very high resolution of isoforms, distinguishing between the
numbers of attached phosphate groups. Therefore, a combina-
tion of different methods in the right order is advisable. Starting
with IMAC as first enrichment step, followed by CF or IEX to
separate isoforms and applying immunoaffinity as final selective
step to distinguish between the phosphorylated amino acid epi-
topes could be the most favourable logical sequence of methods
to achieve very pure, well defined single isoforms of phospho-
proteins. Generally, the above-cited approaches should enable
the researcher to efficiently and specifically enrich or isolate
phosphoproteins even from complex mixtures. For the analysis
of phosphorylation status and stoichiometry of certain protein
isoforms, a successful enrichment or isolation is an essential
prerequisite. Since protein phosphorylation is a highly dynamic
process and almost never reach complete stoichiometry, there is
an additional challenge to enrich and analyze phosphopeptides
for suitable analysis methods. These strategies follow in general



162 S.R. Schmidt et al. / J. Chromatogr. B 849 (2007) 154—-162

the same guidelines and principles as for proteins, but are very
likely condemned to fail without successful enrichment work at
the protein level.
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