
INVITED REVIEW

Tools for phospho- and glycoproteomics of plasma membranes

Jacek R. Wiśniewski
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Abstract Analysis of plasma membrane proteins and

their posttranslational modifications is considered as

important for identification of disease markers and targets

for drug treatment. Due to their insolubility in water,

studying of plasma membrane proteins using mass spec-

trometry has been difficult for a long time. Recent tech-

nological developments in sample preparation together

with important improvements in mass spectrometric anal-

ysis have facilitated analysis of these proteins and their

posttranslational modifications. Now, large scale proteomic

analyses allow identification of thousands of membrane

proteins from minute amounts of sample. Optimized pro-

tocols for affinity enrichment of phosphorylated and

glycosylated peptides have set new dimensions in the depth

of characterization of these posttranslational modifications

of plasma membrane proteins. Here, I summarize recent

advances in proteomic technology for the characterization

of the cell surface proteins and their modifications. In the

focus are approaches allowing large scale mapping rather

than analytical methods suitable for studying individual

proteins or non-complex mixtures.

Keywords Plasma membrane protein � Mass

spectrometry � Glycosylation � Phosphorylation

Introduction

Biological membranes are distinctively ordered arrays of

lipids interacting with proteins, and carbohydrates cova-

lently bound to the lipids and/or the proteins. Proteins

interact with lipids in a variety of ways. Integral mem-

brane proteins (IMP) are embedded, to various extends, in

the lipid bilayer, whereas other proteins associate with

membranes via interactions with polar moieties of the

lipids and IMPs. An additional group comprises proteins

that strongly associate with membranes via covalently

bound lipid ‘‘anchors’’. The protein content in the mem-

branes is variable. Dependent on the cell type and specific

functions proteins constitute 25–75% of the membrane

mass.

Cells use different types of membranes for organization

of subcellular organelles and plasma membrane (PM),

which constitutes the cell surface and separate cytoplasm

from the extracellular environment. PM not only encloses

the cell, but also maintains the essential differences

between the cytoplasm and the cell’s surroundings. It is

also responsible for exclusion of toxic ions and molecules

from the cell, the accumulation of cell nutrients, and

energy transduction. Moreover, PM is involved in cell

motility, cell division, signal transduction, and interactions

with molecules and other cells. Although the basic orga-

nization of the PM is provided by the lipids, the specific

cellular functions are carried out by the proteins.

Despite significant technological advances, identifica-

tion and characterization of PM proteins remains a chal-

lenging task in biology. Since the majority of the proteins

is low abundant, in classical biochemical approaches an

over-expression in heterologous systems and purification of

individual proteins is usually required. Furthermore, these

methods are limited to analysis of single proteins or their
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non-complex mixtures. In contrast, proteomic technology

offers a direct way for characterization of proteins without

any extensive purification. In particular, precision mass

spectrometry based proteomics enables identification and

relative quantitation of thousands of cellular proteins in

large-scale experiments (Aebersold and Mann 2003;

Cravatt et al. 2007; Mann et al. 2001; Mann and Kelleher

2008). Importantly, proteomics has the advantage to char-

acterize proteins and their posttranslational modifications

in their in vivo status without any need for site labeling

with radioisotopes or mutational substitution of residues of

interest.

Plasma membrane proteins belong to extensively mod-

ified proteins. As the consequence of their bipartite extra/

intra cellular localization, PM proteins are glycosylated on

their extracellular domains and phosphorylated on their

cytoplasmic domains. In this article, advances in the

identification and characterization of these modifications

are summarized. Since the use of appropriate methods for

studying membrane proteins is the prerequisite for char-

acterization of posttranslational modifications (PTMs) of

PM proteins, this article also summarizes methods that

have been developed for analysis of membrane proteins.

In advance, I would like to apologize to any author

whose work contributing to PM proteomics was over-

looked or was beyond the scope of this article. I would like

to refer readers, particularly interested in analysis of inte-

gral membrane proteins, to an exhaustive review by Speers

and Wu (Speers and Wu 2007).

Enrichment of plasma membrane proteins

Plasma membrane constitutes only few percent of the total

membranes in the cells. In proteomic analyses of total

lysates, PM proteins represent 10–20% of all identified

proteins (Table 1). Dependent on the instrumentation, this

can allow detection of 100–200 PM proteins in a single-run

experiment (Nagaraj et al. 2008). Since the expected

number of the PM proteins is higher about one order of

magnitude, more information on these proteins can be

obtained either by extensive fractionation and extended

measuring times or by biochemical enrichment of PM.

Alternatively, the content of the PM proteins in sample can

be increased by affinity isolation of glycosylated or

chemically tagged proteins.

Subcellular fractionation

Methods for subcellular fractionation of cells and tissues

were already developed a half century ago. These protocols

involve gentle homogenization of the biological material

that preserves integrity of some organelles, and lead to

formation of vesicles from disrupted ones. In sequential

centrifugation steps, the homogenate is separated in frac-

tions differing in size of the organelles and the vesicles. A

final purification of PM can be accomplished by a density

gradient centrifugation of the fractions in sucrose gradients

or other density media. Although subcellular fractionation

allows several-fold enrichment of PM, this approach usu-

ally requires large amounts of starting material, and

therefore it is almost limited to studies on cultured cells

and tissues which are available in large amounts. Since in

many applications the sample amount is not a limiting

factor, the subcellular fractionation techniques are fre-

quently used for enrichment of PM proteins in proteomic

analyses. They allow isolation of fractions consisting of

40–50% PM proteins (Lund et al. 2009; Olsen et al. 2004;

Zhang et al. 2005).

Phase partitioning

The partitioning of organelles or solubilized proteins have

been frequently used in the past. In aqueous-polymer two-

phase systems using dextran and polyethylene glycol

(PEG), cellular membranes accumulate in the upper PEG-

phase. To increase the content of PM, in a second step, the

PEG phase has to be re-extracted with a lectin–dextran

conjugate. In proteomics, this approach was successfully

applied for purification of PM from the rat brain (Schindler

et al. 2006). In that study, about 500 proteins were iden-

tified and 42% out of them were PM proteins. In another

work, the two phase partitioning was used in combination

with a sucrose density gradient purification of plasma

membranes (Cao et al. 2006). This work resulted in

Table 1 Percentage of integral and plasma membrane proteins

identified by LC–MS/MS in total lysates of human cells and mouse

tissues

GO term Integral to

membrane (%)

Plasma

membrane (%)

HeLa cells 16.9 11.4

MCF7 cells 17.0 9.8

Brain 20.5 20.0

Heart 13.4 11.7

Lung 13.9 14.3

Spleen 10.7 10.8

Thymus 10.8 10.1

Liver 20.2 12.7

FFPE mouse liver 20.1 13.2

FFPE formalin fixed and paraffin embedded tissue

Whole SDS-lysates were processed according to the FASP (filter

aided sample preparation) procedure. Data from Ostasiewicz et al.

(2010), Wisniewski et al. (2009b), and unpublished results
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identification of about 400 proteins out of which 67% were

integral membrane proteins.

Cell surface coating

Chaney and Jacobson (1983) developed a method for

coating of intact cultured cells with colloidal silica. This

method offers a straightforward way for isolation of the

PM fraction by centrifugation. Rahbar and Fenselau (2004,

2005) applied this technique for mapping of PM proteins of

cancer cell lines obtaining fractions containing about 40%

of the PM proteins. Analysis of these fractions led to the

identification of 366 and 540 proteins in two separate

studies. Even though, the colloidal silica coating was ini-

tially considered to be used for PM isolation from cultured

cells, Schnitzler et al. used this technique for isolation of

PM from the rat lung (Durr et al. 2004; Oh et al. 2004). In a

recent report of this group, application of the coating

technique combined with four different mass spectrometry-

based approaches resulted in characterization of 1,833

proteins, including more than 500 integral membrane

proteins in the PM preparations from endothelial cells (Li

et al. 2009).

Isolation and analysis of crude membrane fractions

Preparation of total membrane fractions from animal tissue

or clinical samples by depletion of soluble proteins from

tissue homogenates allows identification of considerable

numbers of PM proteins. Instead of gentle homogenization

of tissue, we have proposed to use a high speed blender for

disintegrating subcellular structures (Nielsen et al. 2005).

Subsequent extraction with high salt, sodium carbonate and

urea results in fractions containing up to 75% membrane

proteins. Analysis of such fractions prepared from different

tissues revealed that about 20% of their content were PM

proteins (Nagaraj et al. 2008). Recently, a combination of

this method with an uncomplicated pipette-tip-SAX frac-

tionation has been applied to analysis of the mouse hip-

pocampus. In this work, 1,604 IMPs and 906 PM proteins

were identified (Wisniewski et al. 2009a).

Surface biotinylation

Biotinylation of surface proteins for PM enrichment from

cultured cells was tested by several groups (Nunomura

et al. 2005; Sostaric et al. 2006; Zhao et al. 2004). This

strategy involves chemical coupling of amine- or thiol-

reactive biotinylation reagents to proteins located on the

cell surface. After solubilization of the membranes and the

protein digestion, biotinylated peptides are affinity purified

on resins with immobilized avidin. Similar to the PM

coating strategy, the surface biotinylation approach is more

suitable for analysis of cells in suspension rather than for

tissues. In addition, possible contaminations by cytoplas-

mic and nuclear proteins originating from broken cells can

seriously affect the results of the analysis.

Making membrane protein analyzable

The key step in the bottom-up proteomics is digestion of

proteins. Most of the cytosolic, nuclear or other soluble

proteins can efficiently be digested in buffers that are

compatible with endoproteinases and do not interfere with

the downstream mass spectrometric protein analysis. In

contrast, IMPs that are embedded in the lipid membrane

are only partially accessible to the enzymes and have to be

released from the membrane for an efficient digestion. For

this purpose, detergents enabling transfer of IMPs into

detergent complexes are almost indispensable reagents.

Unfortunately, detergents are highly susceptible for ioni-

zation, and therefore cannot accompany proteins in mass

spectrometric analysis. To circumvent these analytical

problems, different methods for generation of peptides

from membrane proteins have been developed.

Digestion of methanol solubilized membranes

Since the biological membranes can be partially solubilized

with organic solvents, several groups have developed

‘in-solution’ digestion protocols for analysis of membrane

proteins. Blonder et al. developed a method that uses

buffered 60% methanol for membrane solubilization and

for the tryptic digestion (Blonder et al. 2002). This method

was applied to variety of samples and allowed identifica-

tion of considerable numbers of proteins of which 40–50%

were IMPs (Blonder et al. 2004). In a more complex var-

iation of this method, a two step digestion with trypsin and

chymotrypsin was used for analysis of bacterial membranes

allowing identification of 326 integral membrane proteins

(Fischer et al. 2006). The critical parameter of this

approach is the organic solvent that strongly reduces pro-

tease activities, and therefore its concentration has to be

thoroughly selected.

Surface ‘shaving’

A direct digestion of the soluble parts of the IMP in the

suspension of enriched membranes offers another way for

identification of membrane proteins without the use of

detergents. Two different approaches employing either

Proteinase K (Wu et al. 2003) or LysC and trypsin (Olsen

et al. 2004) for release of the peptides were developed.

Digestion of brain homogenate with Proteinase K followed

by a multidimensional fractionation resulted in mapping of
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about 1,600 proteins out of which 28% were IMPs. The two

step LysC and trypsin-digestion based approaches were

used in several studies to analyze crude (Le Bihan et al.

2006) and enriched plasma membranes (Nielsen et al.

2005; Olsen et al. 2004, 2007) of the mouse brain. In these

studies, about 40% of the identified proteins were IMPs.

‘In-gel’ digestion

The commonly used SDS PAGE technique offers an effi-

cient way to fractionate detergent-solubilized proteins, and

found a great appreciation in proteomics. In this technique,

the in-gel trapped proteins can directly be digested in the

gel, because detergents are removed already during the gel

fixation (Shevchenko et al. 1996).

A variation of the ‘in-gel’ digestion method is the basis for

the ‘Tube Digestion’ approach for analysis of the membrane

proteins in which proteins are solubilized in detergents, and

directly incorporated into a polyacrylamide gel matrix

without electrophoresis (Lu and Zhu 2005). Detergents are

subsequently removed from the gel matrix, whereas proteins

remain trapped in the gel. Although ‘in-gel’ digestion tech-

nique is very popular, its major disadvantage is moderate

peptide-yields when compared to ‘in-solution’ digests

(Katayama et al. 2004; Shevchenko et al. 2006). In addition,

difficulties in scaling-up are an important limitation of the

‘in-gel’ approach making it less suitable for studying PTMs.

In addition, the ‘in-gel’ digestion is practically limited to

trypsin, because other highly specific endoproteinases such

as LysC, GluC, ArgC, and AspN are less efficient likely due

to their inability to penetrate polyacrylamide gels.

Acid labile detergents

Difficulties with the removal of traditional detergents led to

development of acid labile detergents that can be decom-

posed after protein solubilization and digestion. The

applicability of the so called ‘‘mass spectrometry compat-

ible’’ detergents RapiGest and PPS Silent has been tested

by several groups. Indeed, these reagents do not interfere

with the mass spectrometric analysis, but they result in less

PM protein identifications when compared, for example, to

methanol-based extraction procedure (Ye et al. 2009).

Large-scale analyses of brain proteome that employed the

mass spectrometry compatible surfactants did not show

obvious advantages of using these expensive detergents

(Chen et al. 2007, 2008).

Phase transfer surfactants’ approach

Ishihama et al. (Masuda et al. 2008) evaluated about 30

additives in terms of the enhancement of protease activity

and solubilization of membrane proteins. They showed

that deoxycholate which is effective in membrane solu-

bilization, and does not inhibit trypsin can be quantita-

tively extracted (transferred) from the digest with ethyl

acetate. The phase transfer surfactant (PTS) protocol was

applied to an analysis of membrane enriched fraction

from HeLa cells. The digest was analyzed by two-

dimensional LC–MS/MS. In 12-LC–MS/MS runs, 1,450

proteins including 764 membrane proteins were identified.

Direct comparison showed that the PTS protocol is more

efficient than the RapiGest (see above) based one (Ma-

suda et al. 2008). In another PTS based study, 545

membrane proteins were identified in an E. coli lysate

(Masuda et al. 2009).

Filter aided sample preparation

Detergents can be depleted from protein extracts using

organic solvents such as ethanol (Lu et al. 2009).

Unfortunately, removal of the detergent often results in

protein pellets that are not soluble in aqueous solutions,

and even in the presence of strong denaturants such as

8 M urea, a portion of hydrophobic proteins remains in

the pellet. Alternatively, detergents can be dissociated and

removed from proteins on desalting gel filtration columns

equilibrated with 8 M urea (Nagaraj et al. 2008). Since

column desalting leads to sample dilution, the method is

not useful for small amounts of sample. To circumvent

this technical problem, we have developed the filter aided

sample preparation (FASP) method (Wisniewski et al.

2009b). In FASP, a sample solubilized in SDS is retained

and concentrated into microliter volumes in the disposable

protein ultrafiltration unit. The unit then acts as a ‘pro-

teomic reactor’ for detergent removal, buffer exchange,

chemical modification, and protein digestion. Importantly,

depletion of detergent is accompanied with elution of

lipids. During peptide elution, the filter retains high

molecular substances such as undigested protein and

DNA. Advantages of the FASP method for analysis of

membrane proteomes were demonstrated by analysis of

the mouse hippocampus (Wisniewski et al. 2009a) and

mouse N-glycoproteome (Zielinska et al. 2010). These

studies provided the largest reported PM proteome for a

single MS experiment reported to date. The FASP pro-

tocol allows digestion of proteins under conditions that

are optimal for the enzymes, and therefore it is compat-

ible with all commonly used endoproteinases (Wisniewski

et al. 2009b). Importantly, applicability of FASP to wide

range of sample amounts, ranging from one hundred

HeLa cells (Wisniewski and Mann 2009) to 200 mg of

mouse brain tissue (Wisniewski et al. 2010) was

demonstrated.
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Mapping of glycosylation sites

Glycosylation is an abundant covalent modification

occurring on more than half of the proteins in biological

systems (Van den Steen et al. 1998). Typically, the protein

glycosylation is categorized as either N- or O-linked (Spiro

2002). The N-glycosylation, which is by far the most

common cell surface modification, occurs at asparaginyl

residues within the consensus sequence N-!P–S|T, where !P

is any amino acid except for proline. The O-glycosylation

happens on serine and threonine residues. N-galactosamine

(GalNAc) is usually the first sugar attached. Unlike to the

N-glycosylation, for the O-glycosylation no consensus

sequence defining the site was identified. An important

variation of the O-glycosylation is the intracellular

O-GlcNAc (Wells et al. 2001).

The extracellular surface of cells is densely covered with

carbohydrate moieties attached to PM proteins. Glycosyl-

ation confers proteins with specific function on the cell

surface including cell–cell communication, receptor–ligand

interactions, immune response, apoptosis, and pathogenesis

of many diseases (Varki et al. 2009; Woods et al. 1994).

Changes in glycosylation accompany diseases, including

immune deficiencies, neurodegeneration, and cancer

(Dennis et al. 2009; Lowe and Marth 2003).

Proteomic mapping of glycosylation typically starts

with enrichment of proteins or peptides carrying glycans.

Following deglycosylation or chemical substitution of the

glycan, the glycosylation sites are identified by the tandem

mass spectrometry.

Glycan enrichment

Enrichment of proteins or peptides carrying glycan moie-

ties can be achieved by one of the following methods: an

affinity capture, a chemical coupling of the sugar residues

to solid supports, or by chromatographic approaches.

The lectin affinity capturing is the most commonly used

technique that relies on binding sugar moieties to immo-

bilized lectins and subsequent washing-out unbound mol-

ecules. Final elution of the glycoproteins and glycopeptides

is carried out using competing sugars or chaotropic

reagents.

To purify the glycan carrying proteins or peptides,

various lectins can be used. Concanavalin A (ConA), which

binds to mannose and wheat germ agglutinin (WGA),

which binds to sialic acid and to N-acetylglucosamine are

the most commonly used ones. The lectins can either be

used separately to isolate specific glycan moieties

(Bunkenborg et al. 2004; Ghosh et al. 2004; Kaji et al.

2003; Xiong et al. 2003) or as a mixture. For example, to

capture all three classes of N-glycosylated peptides, a

multi-lectin enrichment was employed (Yang et al. 2006).

ConA, WGA and the Ricinus communis agglutinin (RCA,

capturing galactose modified at the 3-0 position, as well as

terminal galactose) were selected for an in-depth mapping

of N-glycosylation sites in mouse tissues (Zielinska et al.

2010). Another lectin, Jancalin was useful for enrichment

of a core-1 O-GalNAca type carbohydrate-carrying gly-

copeptides from bovine serum (Darula and Medzihradszky

2009).

The efficiency of the lectin based enrichments depends

on the composition of samples and the properties of a used

affinity resin. To improve the enrichment quality, double

lectin affinity purification on the protein and on the peptide

level was applied for the analysis of human plasma proteins

(Bunkenborg et al. 2004). Recently, we have introduced an

alternative to column chromatography approach using

ultrafiltration units instead of affinity columns for lectin-

capturing of glycosylated peptides (N-glyco-FASP)

(Zielinska et al. 2010). In the N-glyco-FASP method, lec-

tins do not need to be coupled to a solid support because

they are retained by a filter with a nominal cut-off of

30 kDa, and therefore any lectin or mixture of lectins can

be employed. In this approach, it is important that peptides

applied to the filter are free of the enzyme used for protein

digestion. This can be easily achieved using FASP protocol.

Using N-glyco-FASP, we observed 50-100-fold enrichment

in glycosylated peptides. This high purification degree pre-

sumably reflects both high purity of the peptide mixtures

prepared by the FASP method and the ‘‘homogenic’’, in

solution, separation system free of resin particles. Also high

yields are typical for the N-glyco-FASP method, because

it allows on routine basis mapping of 1,000–2,000 N-gly-

cosylation sites in a single LC–MS/MS run from as low

as 100–200 lg of total protein.

The hydrazide chemistry has been developed for the

selective conjugation and the analysis of the N-linked

glycopeptides (Zhang et al. 2003). This method bases on

the covalent attachment of glycoproteins via their carbo-

hydrate moieties to a solid support, and a subsequent

release of glycopeptides with PNGaseF. An alternative

glycan-capturing method using the hydrazide chemistry for

immobilization of glycopeptides providing higher yields,

and specificity was reported by Sun et al. 2007). This

approach enabled identification of 286 peptides with the

N-!P–S|T consensus sequence from microsomal fraction of

an ovarian cell line.

The hydrazide chemistry is also the basis for the cell sur-

face capturing (CSC) technology (Gundry et al. 2009; Wol-

lscheid et al. 2009). This method promises selective

identification of plasma membrane proteins from native or

cultured cells. The CSC protocol involves covalent tagging of

the carbohydrate containing proteins with biocytin hydra-

zide, digestion of RapiGest solubilized proteins, and affin-

ity isolation of the tagged peptides on streptavidin-beads.
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After the PNGaseF treatment, the released peptides are

analyzed by LC–MS/MS. So far, application of CSC

resulted only in the identification of moderate numbers of

the identified N-glycosylation sites. For example, CSC

enabled mapping of 235 N-glycosylation sites in C2C12

myoblast cells (Gundry et al. 2009).

Approaches to maximize the numbers of N-glycosyla-

tion sites identified by complementary hydrazide and lectin

based experiments did not provide expected improvement.

For example, using such approach, a relatively low number

of 132 N-linked glycosylation sites could be identified in

HeLa cell lysates (McDonald et al. 2009). In addition to the

lectin and the hydrazide based enrichment methods, a few

other techniques were reported. These include reaction

with boronic acid (Sparbier et al. 2005), and a chromato-

graphic enrichment of the glycopeptides by HILIC (Hag-

glund et al. 2004) or the gel filtration (Alvarez-Manilla

et al. 2006). Potential of these methods remains to be

evaluated.

Site detection of N-glycosylation

The deglycosylation with the PNGaseF is commonly used

for the release of N-linked glycans, and allows an iden-

tification of a glycosylation site as deaminated asparagine.

Since deamidation also happens spontaneously in pro-

teins, it would be difficult to discriminate between the

enzymatic and spontaneous deamidation. For this reason,

tagging of the deglycosylation sites appears to be

important. The PNGaseF deglycosylation in 18O-water is

an elegant and a relatively simple way to introduce an

isotope tag (Kuster and Mann 1999). By this procedure,

each deglycosylated site can be easily identified by a

mass shift of 3 Da in respect to its amidated counterpart.

This approach was used for identification of the N-gly-

cosylation sites by Kaji et al. (2003). Their protocol

called ‘Isotope coded glycosylation site-specific tagging’

(IGOT) was successfully applied to analysis of Caeno-

rhabditis elegans (Kaji et al. 2007) providing the first

large scale map of N-glycosylation sites. In total,

1,465 N-glycosylation sites on 829 proteins were mapped.

The 18O-tagging of the deglycosylated sites also was

incorporated into the N-Glyco-FASP approach (Zielinska

et al. 2010). This study mapped 6,367 unique N-glyco-

sylation sites on 2,352 proteins in four mouse tissues and

blood plasma. A total of 31% of the N-linked glycopro-

teome were in the ‘plasma membrane’ Gene Ontology

(GO) category and 25% in ‘extracellular region’ one.

Taking into account non-exclusive localization in GO,

52% of the N-glycoproteome is located at the outside or

beyond the plasma membrane (832 of 1,594 N-glycopro-

teins with GO annotation).

Beside these topological constraints, the vast majority

(96.5%) of N-glycosylated asparagines match the stringent

glycosylation consensus sequence N-!P-[S|T]. Sequence

motif analysis reveals additional constraints on the known

sequence recognition pattern. Both in mouse (Zielinska

et al. 2010) and in C. elegans (Kaji et al. 2007), proline

were found as under represented on the third position rel-

ative to the asparagines. Threonine occurs more often than

serine on the second position, in contrast to non-glycosyl-

ated sites that match the motif by chance. The mouse

N-glycoproteomic study also showed that other motifs such

as N–X–C, N–X–V and N–G are overrepresented among

the sites that do not match with the canonical sequence.

Site detection of O-glycosylation

In contrast to the N-glycosylation, mapping of the O-linked

glycosylation is much more difficult because of the lack of

an efficient deglycosylation enzyme comparable to the

PNGaseF. For this reason, detection of the O-glycosites

frequently relies on chemical derivatization of the sites

(Durham and Regnier 2006; Hanisch et al. 2001; Hanisch

et al. 2009; Li et al. 2003). While applying chemical

methods, it is important to realize that they suffer from a

variety of drawbacks. Harsh conditions used in these

methods can affect polypeptide backbone and some amino

acid moieties and can result in artifacts (Hanisch et al.

2009).

Recent approaches allowing direct localization of the

O-glycosites using alternative to the CID fragmentation

methods might provide novel solutions in analysis of this

type of glycosylation (Darula and Medzihradszky 2009;

Seipert et al. 2009). Darula and Medzihradsky (2009) using

the ETD-fragmentation technique mapped 26 glycosylation

sites in serum proteins. It is noteworthy that no other single

study to date has yielded so much information about

O-linked glycosylation sites. Since the methods for anal-

ysis of the O-glycosylation still are at a development stage,

there are no proteomic studies on this PTM on the PM

proteins.

Cytoplasmic domains of plasma membrane proteins

are extensively phosphorylated

Owing the technical difficulties in studying membrane

proteins, analyses of phosphorylation on the PM proteins

were limited to single proteins. These approaches require

overexpression and/or extensive purification of a protein

of interest. Although they can provide detailed maps

of phosphorylation sites, they cannot provide biological

system-wide insights.
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Protein phosphorylation is the most frequently studied

posttranslational modification using proteomic techniques.

Since digests of total lysates of eukaryotic cells contain

only about 1% of phosphorylated peptides, identification of

phosphorylation sites requires specific phosphopeptide

enrichment. This is usually achieved by TiO2 (Larsen et al.

2005) or metal affinity chromatography (IMAC) (Nuhse

et al. 2003; Stensballe et al. 2001). Identification of less

abundant phosphotyrosine sites can be facilitated by

immunoaffinity capture using anti-phosphotyrosine anti-

bodies (Ballif et al. 2008).

During the recent years, many proteomic studies

focusing on mapping of phosphorylation sites and their

dynamics appeared. Interestingly, these analyses provide

information on relatively high numbers of PM proteins. For

example, the study of the HeLa cell phosphoproteome

revealed that 8.7% out of 6,600 sites were located on PM

proteins (Olsen et al. 2006). Large scale study on Caeno-

rhabditis elegans resulted in the identification of more than

600 (9.5% of total) phosphorylation sites located on PM

proteins (Zielinska et al. 2010).

Alternative to the analysis of phosphoproteomes using

total lysates, enriched PM protein fractions can be used for

focused identification of phosphorylation sites. For exam-

ple, Thingholm et al. (2008) used a two step enrichment

method. First, plasma membranes were purified for stem

cells and then tryptic phosphopeptides were captured on

TiO2 beads. This study allowed identification of 703

phosphorylation sites on 376 proteins. Despite extensive

subcellular fractionation, only 30–40% out of these pro-

teins originated from plasma membrane. In another study,

Tan et al. (2008) using enriched PM fractions identified

217 unique phosphorylation sites corresponding to 158

phosphoproteins from the mouse liver.

Recently, taking advantage of the FASP method for

sample preparation, we have performed an in depth anal-

ysis of phosphorylation sites in mouse brain (Wisniewski

et al. 2010). This study allowed mapping of 12,035 phos-

phorylation sites on 4,579 brain proteins. Gene Ontology

annotation reveals that 23% of identified sites are located

on plasma membrane proteins, including a large number of

ion channels and transporter proteins. An important out-

come of this study was the finding that 95% of phosphor-

ylation sites on PM proteins were localized to predicted

cytosolic domains and 5% to predicted extracellular loca-

tions. Almost all of the latter represent sites on proteins for

which little experimental evidence exists, and therefore it

seems that the predicted extracellular locations are in fact

cytosolic. In another study, Nuhse et al. (2004) also have

demonstrated that high number of predicted cytosolic

domains was incorrectly assigned by prediction programs.

Current bioinformatic tools for analysis of transmembrane

protein topology rely on prediction of transmembrane

segments (TMs). Since structure of the transmembrane

helices is not highly stringent in terms of their amino acid

composition, length, and geometry (deviating from the rod

to loop structure), the prediction of some TMs is difficult.

Several previous proteomic studies also emphasized that

phosphoproteomics data can be used for empirical evi-

dence of the topology of transmembrane proteins (Nuhse

et al. 2004; Wu and Yates 2003). For independent verifi-

cation of membrane topology, N-glycosylation data can be

used because N-glycosylation sites on PM proteins are

exclusively located in the extracellular space. Large scale

proteomic studies providing experimental constraints,

defining cytoplasmic and extracellular domains by phos-

phorylation and glycosylation sites, respectively, will

improve topology prediction algorithms in the future.

Integral plasma membrane proteins often associate with

each other or with cytoplasmic proteins in specific and

functional complexes. For example, high voltage activated

calcium channels (Cav) are composed of the pore forming

1a subunit (Dolphin 2009), membrane anchored extra-

cellular a2d subunit (Davies et al. 2010; Klugbauer et al.

2003) and the cytoplasmic b-subunit (Dolphin 2003).

Large scale phosphoproteomic studies can provide unique

insights in posttranslational modification within such

complexes. In total, our analysis revealed 94 phosphory-

lation sites of the Cav-channels and their auxiliary sub-

units (Wisniewski et al. 2010). Modifications on the 1a
subunit were found in the N and C-terminal polypeptides

and the inter-repeat loops I/II and III/IV (Fig. 1). From

our phosphorylation data, we were able to map up to 13

phosphorylation sites (Cav2.1) to the C-terminal poly-

peptides and up to 11 to the II/III linker of Cav2.2.

Phosphorylation sites on b subunit are located in the

sequences flanking the SH3 and GK domains, and could

modulate binding mediated by them (Fig. 1). Interest-

ingly, these sites conform to Calmodulin kinase II and

PKA motifs, matching with the known involvement of

these kinases in regulation of the calcium channel (Abiria

and Colbran 2010; Gerhardstein et al. 1999). Most of the

phosphorylation sites on 1a and b subunits match con-

sensus motifs of many of different kinases. It is likely that

these kinases are also involved in regulation of the cal-

cium channels. We did not find any phosphorylation sites

on the a2d subunit that is an extracellular, membrane

anchored (Davies et al. 2010) and extensively glycosyl-

ated protein (Zielinska et al. 2010).

Outlook: perspectives and limitations

Proteomic analysis of plasma membrane proteins has been

considered for many years as difficult. This opinion

became common because 2D-PAGE methods were
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ineffective in analysis of hydrophobic membrane proteins.

Recently, Jungblut et al. (2010) have shown that weak

solubility of the membrane proteins in concentrated urea

impede gel-entering of the polypeptides making their sep-

aration impossible. As a consequence, only limited effort

has been made to study posttranslational modifications of

this type of proteins. In contrast, currently having sample

preparation methods making analysis of membrane pro-

teins as easy as that of soluble proteins, high resolution and

high throughput mass-spectrometry has the power to map

thousands of modification sites from minute amount of

sample.

At the time when proteomic analysis was a slow and

cumbersome technique, reduction of sample complexity

before analysis was essential. This was also true for studies

on PM proteins, and therefore a large number of different

biochemical fractionation techniques for isolation of PMs

were tested. Some of these approaches provided convinc-

ing results, and therefore will play important role in future

studies. Other analyses that cannot implement PM frac-

tionation will use an extensive fractionation on the protein

and/or peptide level. For example, PM fractionation

methods are not applicable for studying clinical samples as

these are usually available as formalin fixed and paraffin

embedded (FFPE) material.

Recent studies have shown that posttranslational modi-

fications such as phosphorylation and N-glycosylation are

preserved in FFPE material and can be identified after fix-

ation reversal (Ostasiewicz et al. 2010; Tian et al. 2009).

We have recently shown that phosphoanalysis of FFPE liver

allows identification of thousands of phosphorylation sites

out of which 16% were on PM proteins (Ostasiewicz et al.

2010). Lectin-based enrichment of the same lysate allowed

identification of 1,500 N-linked glycosylation sites. About

one-third of them were mapped to PM proteins. These

results clearly demonstrated that posttranslational modifi-

cations can be analyzed in large-scale fashion from minute

amounts of FFPE sample, and that proteomics has the

potential for exploration of archival clinical samples.

Proteomic mapping of PTMs relies on digestion and

isolation of peptides carrying modifications. There are

obvious limitations in the size and amino acid residue

composition of the peptides that can be resolved by mass

spectrometer. The peptides should be of a length allowing

unequivocal identification of the peptide sequence and the

PTM site. In the most common MS set-ups, the peptide can

carry only a limited number of positive charges. These

constraints exclude identification of many sites. For

example, large-scale phosphoproteomic studies typically

use trypsin or endoproteinase LysC for protein digestion at

R and/or K residues, respectively, and for this reason such

analyses are almost unable to map phosphorylation sites of

protein kinase C because the modified S or T residue is

usually flanked by K and/or R. Digestion with another

proteinase can generate a longer peptide with the phos-

phorylation, but the site-containing peptide may comprise

too many positively charged residues to be identified. To

resolve such peptides, the MS have to be operated in the

opposite charge mode (so called negative mode), that so far

has been rarely used in proteomics. Alternatively, identi-

fication of highly basic peptides can be facilitated using the

ETD/ECD fragmentation.

Low abundance of some proteins and low site occu-

pancy by PTMs are factors limiting identification. Con-

sidering the sensitivity of the mass spectrometry

instrumentation used in routine analysis of complex mix-

tures, identification of a protein occurring at 1,000 copies

per cell precludes an availability of 1,000,000 cells per

experiment (Wisniewski 2008). Already, such amount of

sample can in many cases be difficult to procure. Taking

into account the partial occupancy of PTM sites, the

required quantities of sample can increase to unrealistic

sizes. Furthermore, one-dimensional separation in front of

the mass spectrometer (LC–MS/MS) is not able to deal

with large amounts of sample. Thus, extensive fraction-

ation at protein and/or peptide level appears to be inevi-

table steps in comprehensive characterization of PTMs.

Plasma membrane proteins belong to abundantly post-

translationally modified proteins, and therefore a single

polypeptide can occur in many molecular forms differing in

their chemical composition and biophysical properties. To

manage the diversity of the proteome, a concept of protein

species has been introduced and developed (Jungblut et al.

2008; Schluter et al. 2009). The proposed nomenclature has

the potential for precise protein description and classifica-

tion of PM proteins with their PTMs.

Fig. 1 Subunits 1a and b of the high voltage gated calcium channel

are extensively phosphorylated, whereas extracellular loops of the 1a
and the a1/d subunits are N-glycosylated. Data from Wisniewski et al.

(2010), Zielinska et al. (2010)
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123



nanoparticles for phosphoproteome analysis of the plasma

membrane of mouse liver. J Proteome Res 7:1078–1087

Thingholm TE, Larsen MR, Ingrell CR, Kassem M, Jensen ON

(2008) TiO(2)-based phosphoproteomic analysis of the plasma

membrane and the effects of phosphatase inhibitor treatment.

J Proteome Res 7:3304–3313

Tian Y, Gurley K, Meany DL, Kemp CJ, Zhang H (2009) N-linked

glycoproteomic analysis of formalin-fixed and paraffin-embed-

ded tissues. J Proteome Res 8:1657–1662

Van den Steen P, Rudd PM, Dwek RA, Opdenakker G (1998)

Concepts and principles of O-linked glycosylation. Crit Rev

Biochem Mol Biol 33:151–208

Varki A, Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi

CR, Hart GW, Etzler ME (2009) Essentials of glycobiology.

Cold Spring Harbor Laboratory Press, New York

Wells L, Vosseller K, Hart GW (2001) Glycosylation of nucleocy-

toplasmic proteins: signal transduction and O-GlcNAc. Science

291:2376–2378

Wisniewski JR (2008) Mass spectrometry-based proteomics: princi-

ples, perspectives, and challenges. Arch Pathol Lab Med

132:1566–1569

Wisniewski JR, Mann M (2009) Spin filter-based sample preparation

for shotgun proteomics (Reply). Nat Methods 6:785–786

Wisniewski JR, Zougman A, Mann M (2009a) Combination of FASP

and StageTip-based fractionation allows in-depth analysis of the

hippocampal membrane proteome. J Proteome Res 8:5674–5678

Wisniewski JR, Zougman A, Nagaraj N, Mann M (2009b) Universal

sample preparation method for proteome analysis. Nat Methods

6:359–362

Wisniewski JR, Nagaraj N, Zougman A, Gnad F, Mann M (2010)

Brain phosphoproteome obtained by a FASP-based method

reveals plasma membrane protein topology. J Proteome Res

9:3280–3289

Wollscheid B, Bausch-Fluck D, Henderson C, O’Brien R, Bibel M,

Schiess R, Aebersold R, Watts JD (2009) Mass-spectrometric

identification and relative quantification of N-linked cell surface

glycoproteins. Nat Biotechnol 27:378–386

Woods RJ, Edge CJ, Dwek RA (1994) Protein surface oligosaccha-

rides and protein function. Nat Struct Biol 1:499–501

Wu CC, Yates JR 3rd (2003) The application of mass spectrometry to

membrane proteomics. Nat Biotechnol 21:262–267

Wu CC, MacCoss MJ, Howell KE, Yates JR 3rd (2003) A method for

the comprehensive proteomic analysis of membrane proteins.

Nat Biotechnol 21:532–538

Xiong L, Andrews D, Regnier F (2003) Comparative proteomics of

glycoproteins based on lectin selection and isotope coding.

J Proteome Res 2:618–625

Yang Z, Harris LE, Palmer-Toy DE, Hancock WS (2006) Multilectin

affinity chromatography for characterization of multiple glyco-

protein biomarker candidates in serum from breast cancer

patients. Clin Chem 52:1897–1905

Ye X, Johann DJ Jr, Hakami RM, Xiao Z, Meng Z, Ulrich RG, Issaq

HJ, Veenstra TD, Blonder J (2009) Optimization of protein

solubilization for the analysis of the CD14 human monocyte

membrane proteome using LC–MS/MS. J Proteomics

73:112–122

Zhang H, Li XJ, Martin DB, Aebersold R (2003) Identification and

quantification of N-linked glycoproteins using hydrazide chem-

istry, stable isotope labeling and mass spectrometry. Nat

Biotechnol 21:660–666

Zhang L, Xie J, Wang X, Liu X, Tang X, Cao R, Hu W, Nie S, Fan C,

Liang S (2005) Proteomic analysis of mouse liver plasma

membrane: use of differential extraction to enrich hydrophobic

membrane proteins. Proteomics 5:4510–4524

Zhao Y, Zhang W, Kho Y, Zhao Y (2004) Proteomic analysis of

integral plasma membrane proteins. Anal Chem 76:1817–1823

Zielinska DF, Gnad F, Wisniewski JR, Mann M (2010) Precision

mapping of an in vivo N-glycoproteome reveals rigid topological

and sequence constraints. Cell 141:897–907

Tools for phospho- and glycoproteomics of plasma membranes 233

123


	Tools for phospho- and glycoproteomics of plasma membranes
	Abstract
	Introduction
	Enrichment of plasma membrane proteins
	Subcellular fractionation
	Phase partitioning
	Cell surface coating
	Isolation and analysis of crude membrane fractions
	Surface biotinylation

	Making membrane protein analyzable
	Digestion of methanol solubilized membranes
	Surface ‘shaving’
	‘In-gel’ digestion
	Acid labile detergents
	Phase transfer surfactants’ approach
	Filter aided sample preparation

	Mapping of glycosylation sites
	Glycan enrichment

	Site detection of N-glycosylation
	Site detection of O-glycosylation
	Cytoplasmic domains of plasma membrane proteins are extensively phosphorylated
	Outlook: perspectives and limitations
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


