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Chapter 14 Sialic Acids
Ajit Varki and Roland Schauer.

This chapter describes the sialic acid family of monosaccharides , with respect to their biosynthesis, structural
diversity, and linkage to the underlying glycan chain. Also mentioned are the general principles behind different
methods for their study. The biological and pathophysiological roles of sialic acids are briefly considered, particularly
the functional significance of lectins that recognize sialic acids.
HISTORICAL BACKGROUND
About 70 years ago, Gunnar Blix, Ernst Klenk, and other investigators discovered sialic acid as a major product
released by mild acid hydrolysis of brain glycolipids or salivary mucins. The structure, chemistry, and biosynthesis of
the compound that they obtained (Nacetylneuraminic acid or Neu5Ac, a 9carbon, acidic αketo sugar; see Figure
14.1) were elucidated in the 1950s and 1960s by multiple groups. Sialic acid had already been shown to be the
cellular receptor for influenza viruses by George Hirst and Frank Macfarlane Burnet in the 1940s. Erwin Chargaff’s
group then discovered that the “receptordestroying enzyme” (RDE, a term coined by Burnet) of influenza viruses
acts as a sialidase, releasing sialic acids from macromolecules, and Karl Meyer’s group found a similar activity in
bacteria. Alfred Gottschalk suggested the name “neuraminidase” for this activity in 1957. The pathways for
biosynthesis of Neu5Ac were then worked out, largely by the groups led by Saul Roseman and Leonard Warren. From
the earliest days, it was apparent that Neu5Ac was the most common member of a large family of related molecules
derived from neuraminic acid. Partly because of its discovery in salivary mucins (Greek: sialos), this family was
christened the “sialic acids.” By the 1980s, more than 30 types of sialic acid had been described. The discovery of 2
keto3deoxynononic acid (Kdn; also called 3deoxynon2ulosonic acid, a desamino form of neuraminic acid; see
Figure 14.1) further expanded the family of sialic acids, which now contains more than 50 members.
DIVERSITY IN STRUCTURE AND LINKAGE
Sialic acids (Sias) are typically found to be terminating branches of Nglycans, Oglycans, and glycosphingolipids
(gangliosides) (and occasionally capping side chains of GPI anchors) (see Chapter 1, Figure 1.6). Their remarkable
potential for biologically significant diversity justifies a separate chapter devoted to this one type of monosaccharide.
The first level of diversity results from the different α linkages (Figure 14.2) that may be formed between the C2 of
Sias and underlying sugars by specific sialyltransferases, using CMPSias as highenergy donors (see also Chapters 5
and 13). The most common linkages are to the C3 or C6 positions of galactose residues or to the C6 position of N
acetylgalactosamine residues. Sialic acids can also occupy internal positions within glycans, the most common being
when one Sia residue is attached to another, often at C8 position (see the section on oligosialic and polysialic acids
below). In addition, internal Sias can occur in the repeating units of some bacterial polysaccharides and echinodermal
oligosaccharides. In echinoderms, other monosaccharides (e.g., fucose and galactose) can be linked to C4 of
glycosidically bound Sia residues (see Figure 14.2).
The second level of diversity arises from a variety of natural modifications (Figure 14.2). As mentioned above, C5
position can have an Nacetyl group (giving Neu5Ac) or a hydroxyl group (as in Kdn). The 5Nacetyl group can also
be hydroxylated, giving Nglycolylneuraminic acid (Neu5Gc). Less commonly, the 5amino group is not Nacylated,
giving neuraminic acid (Neu). These four “core” Sia molecules (Neu5Ac, Neu5Gc, Kdn, and Neu) can carry one or
more additional substitutions at the hydroxyl groups on C4, C7, C8, and C9 (Oacetyl, Omethyl, Osulfate, O
lactyl, or phosphate groups). The carboxylate group at the C1 is typically ionized at physiological pH, but can also be
condensed into a lactone with hydroxyl groups of adjacent saccharides or into a lactam with a free amino group at C
5. Combinations of different glycosidic linkages with the multitude of possible modifications generate hundreds of
ways in which Sias can present themselves. Unsaturated and anhydro forms of free Sias also exist; 2deoxy2,3
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didehydroNeu5Ac (Neu2en5Ac) is the most common. This pronounced chemical diversity of Sias contributes to the
enormous variety of glycan structures on cell surfaces and the distinctive makeup of different cell types. This, in turn,
can determine and/or modify recognition by antibodies and by a variety of Siabinding lectins of intrinsic or extrinsic
origin (see below). Despite this complexity, it may be sufficient in some biological studies to simply know that a sialic
acid residue is present at the terminal position, and just label it with the generic abbreviation “Sia.”
THE EXTENDED 2KETO3DEOXYNONONIC ACID FAMILY
The number and diversity of 2keto3deoxynononic acids that have been identified in eukaryotic and prokaryotic
cells are increasing. However, these molecules are not identical with regard to their configuration. Legionaminic acid
(Leg) from the lipopolysaccharide (LPS) of Legionella pneumophila has recently been determined to be a member of
the Sia family. This 5,7diamino3,5,7,9tetradeoxynon2ulosonic acid is a true Sia, because it has the same D
glyceroDgalacto configuration found in Neu5Ac and Kdn (see Figure 14.1). The amino groups are substituted in the
native LPS, yielding 5acetimidoylamino7acetamidoLeg, and 8Oacetylation can also occur. The superficially
similar ninecarbon pseudaminic acid (Pse) found in the LPS of Pseudomonas species is actually in the LglyceroL
manno configuration and therefore isomeric to Sia. There also exist other epilegionaminic acids in bacteria that do not
fit this rule. However, all of these keto acids use phosphoenolpyruvate (PEP) for initial biosynthesis, and catalysis
proceeds through a mechanism similar to Neu5Ac synthase. Furthermore, Pse synthase is evolutionarily homologous
to Kdn, Leg, and Neu5Ac synthases. Finally, in all cases studied so far, the highenergy donor form is a CMP
glycoside. It is therefore possible to redefine the Sia family as 2keto3deoxynononic acids of various configurations,
all of which are the products of an evolutionarily related synthase family. However, according to the presently
accepted IUPAC carbohydrate nomenclature, only a nonulosonic acid with the DglyceroDgalacto configuration
should be defined as a Sia.
Also structurally related to Sias are eight and sevencarbon 2keto3deoxyoctonic acids and heptonic acids. Kdo
belongs to the former group, although because of its different configuration it cannot be considered a true eight
carbon analog of the Sia Kdn. The biosynthetic pathways of Kdn and Kdo are also similar and they appear to share
common ancestral genetic origins.
NOMENCLATURE AND ABBREVIATIONS
The complete chemical names of Sias are too cumbersome for routine use. A uniform and simple nomenclature
system is being increasingly used, in which the abbreviation Neu denotes the core structure neuraminic acid, and Kdn
denotes the core structure 2keto3deoxynononic acid. Various substitutions are then designated by letter codes (Ac =
acetyl, Gc = glycolyl, Me = methyl, Lt = lactyl, S = sulfate), and these are listed along with numbers indicating their
location relative to the carbon positions. For example, Nglycolylneuraminic acid is Neu5Gc, 9Oacetyl8Omethyl
Nacetylneuraminic acid is Neu5,9Ac28Me, and 7,8,9triOacetylNglycolylneuraminic acid is Neu5Gc7,8,9Ac3. If
one is uncertain of the type of the Sia present at a particular location, the generic abbreviation Sia should be used. If
other partial information is available, this can be incorporated, for example, a Sia of otherwise unknown type with an
acetyl substitution at the C9 position could be written as Sia9Ac.
OLIGOSIALIC AND POLYSIALIC ACIDS
Polysialic acid (polySia) is an extended homopolymer of Sia found on only a few animal glycoproteins (e.g., the N
glycans of the neural cell adhesion molecule [NCAM] and Oglycans of fish egg glycoproteins), as well as in the
capsular polysaccharides of certain pathogenic bacteria (e.g., colominic acid in K1 Escherichia coli) (Figure 14.3).
The expression of polySia on NCAM decreases markedly during postnatal development and apparently plays a part in
maintaining developmental plasticity by interfering with both homotypic and heterotypic interactions involving
neuronal cells. In keeping with this role, increases in polySia expression are correlated with “neural plasticity,” that is,
neurite sprouting and other situations involving neuronal damage repair or axonal migration, as well as the regulation
of circadian rhythms. PolySia is often “primed” on an initiating α23linked sialic acid residue. PolySia structures
based on Neu5Gc, Neu5Ac, Kdn, or Leg have been reported. The linkages between the Sia units in a polySia chain
can vary; the most common is an α28 linkage. Such a polySia polymer can also be Oacetylated at the C7 or C9. A
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bacteriophage that attacks polySiaexpressing bacteria produces a highly specific endosialidase that is also a powerful
tool for studying polySia biology. Shorter oligosialic acids (Figure 14.3) consisting of two to three Sia units can
terminate the Nglycans of glycoconjugates, particularly in the brain or in milk, but much less is known about their
significance. The biosynthesis and enzymology of oligosialic and polysialic acids are discussed briefly in Chapters 5
and 13.
TISSUE AND MOLECULESPECIFIC EXPRESSION OF LINKAGES AND MODIFICATIONS
Certain linkages and modifications of Sias typically show tissuespecific and developmentally regulated expression.
Some linkages and modifications are even moleculespecific, that is, they are found only on certain types of
glycoconjugates in a given cell type. Even within a particular glycoconjugate group, a modification such as O
acetylation may be restricted to certain Sia residues at particular positions on a glycan. Such findings indicate the
occurrence of specific enzymatic mechanisms for the generation and regulation of Sias (see below); they also suggest
specific roles for these linkages and modifications. On the other hand, available evidence indicates substantial
speciesspecific variations in the cell and tissuetype distribution of different Sia linkages and modifications. Thus, at
least some of this regulated expression may be unrelated to intrinsic functions of Sias. Rather, it may be the signature
of the evolutionary history of a species in relation to the Siabinding preferences of its pathogens and/or symbionts.
Effectively, each species expresses a distinct “sialome,” a term defined as the total array of sialic acid types and
linkages expressed by a particular organelle, cell, tissue, organ, or organism. Of course, unlike the genome, which is
the same in every cell type of an organism and undergoes very few changes during the lifetime of the organism, the
sialome differs among cell types and varies markedly with regard to time, space, and environmental cues.
METABOLISM
Synthesis of Sialic Acids

Neu5Ac and Kdn appear to be the metabolic precursors for all known animal Sias (see Figure 14.4). In vertebrate
systems, they are derived by condensation of ManNAc6P (for Neu5Ac) or Man6P (for Kdn) with
phosphoenolpyruvate. The ManNAc6P is produced by a bifunctional enzyme (encoded by GNE) that converts UDP
GlcNAc to ManNAc6P and UDP in two steps. Missense mutations in this gene give rise to hereditary inclusion
body myopathy (HIBM) in humans (see Chapter 42), and inactivation causes embryonic lethality in the mouse.
Condensation of the sugar phosphates with phosphoenolpyruvate yields the corresponding Sia9phosphates, which
must be dephosphorylated by a specific phosphatase (encoded by NANP), giving free Sias in the cytoplasm. In
contrast, Neu5Ac biosynthesis in prokaryotes involves condensation of ManNAc with phosphoenolpyruvate, giving
nonphosphorylated Neu5Ac (Figure 14.4). Notably, various synthetic unnatural mannosamine derivatives can be
utilized by the Sia biosynthetic machinery, allowing manipulation of the chemical structures of cellsurface sialic
acids (see Chapters 49 and 50).
Activation to Form CMP–Sialic Acids

Free Sia derived from biosynthesis (or recycled/recovered from the lysosome; see below) can be used for glycan
biosynthesis only after activation into the nucleotide donor CMPSia, a reaction catalyzed by CMPSia synthases
(encoded by CMAS) using CTP as a donor. For reasons that are unclear, in all eukaryotic cells studied so far, this
particular reaction takes place within the nucleus. The CMPSia products then return to the cytoplasm, where they are
delivered into the lumen of Golgi compartments by the action of a specific antiporter (balanced by the export of
CMP), which allows the generation of a higher concentration of CMPSias within the Golgi lumen than would be
possible with passive transport (see Figure 14.4 and Chapter 4). These topological issues do not apply in prokaryotes,
where CMPSias are synthesized in the cytoplasm and directly used in the coordinated assembly of cellsurface
glycans, before their delivery to the surface. In eukaryotes, the levels of cytoplasmic free CMPSia can also cause
feedback inhibition of UDPGlcNAc 2′epimerase (encoded by GNE), the ratelimiting enzyme in the endogenous
synthesis of the Sia precursor ManNAc. A genetic disease called “sialuria” arises from the failure of feedback
regulation of this enzyme, which results in overproduction and excretion of sialic acids.
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Transfer of Sialic Acids to Glycans

The transfer of Sias from CMPSias onto newly synthesized glycoconjugates passing through eukaryotic Golgi
compartments is catalyzed by a family of linkagespecific sialyltransferases (STs), most of which have been cloned
and characterized from multiple species. As with most other glycosyltransferases, STs are type II membrane proteins
with complex signals dictating Golgi localization. Shared amino acid sequence motifs (called sialylmotifs) were found
in the first STs cloned and were then used to clone new family members (see also Chapters 5 and 7). These
evolutionarily conserved regions seem to represent substratebinding sites, especially for CMPSia recognition. In
striking contrast, prokaryotic STs do not have sialylmotifs, and in several instances they do not even show homology
to one another. This suggests that prokaryotic STs have arisen independently on more than one occasion.
Regarding substrate specificity, several eukaryotic STs exhibit distinct preferences for glycolipids, glycoproteins, or
poly/oligosaccharides, the structure of the acceptor glycan, the nature of the accepting terminal monosaccharide, or
the type of Sia linkage formed. Interestingly, the specificity of prokaryotic STs is less pronounced. Modified Sias,
such as Neu5Gc or Oacetylated species, are also transferred after activation to the CMP form. Some mammalian STs
transfer both Neu5Ac and Kdn, but others transfer only one or the other. A “transsialidase” activity is present in
some pathogenic trypanosome species and some bacteria, which directly transfers Sia from one glycosidic linkage to
another (on galactose), without using CMPactivated Sia (see below and Chapter 40). Although transsialidases are
specific with regard to the glycosidic linkage they generate (α23), they are rather promiscuous with regard to the
nature of donor or acceptor substrates.
Modification of Sialic Acids

The remarkable chemical diversity of Sias is generated by multiple enzymatic mechanisms. The synthesis of Neu5Gc
occurs by conversion of CMPNeu5Ac to CMPNeu5Gc in the cytoplasm (Figure 14.4). The CMPNeu5Ac
hydroxylase (encoded by the CMAH gene) responsible for this reaction is a cytoplasmic, irondependent enzyme that
uses molecular oxygen and the common electron transport chain of cytochrome b5 and b5 reductase. Alternative
pathways for generation of Neu5Gc are being explored, because Neu5Gc has been found in low quantities even in
species such as humans that lack the hydroxylase (but see discussion below). Once a Neu5Ac residue has been
converted into Neu5Gc, there is no known way to reverse the reaction, perhaps accounting for the accumulation of
Neu5Gc in cells that do express it (for the cellular pathways involving Neu5Gc, see Figure 14.4). In contrast to this
cytoplasmic conversion reaction, the addition of Oacetyl esters and other hydroxyl group modifications seem to
occur mostly in the lumen of the Golgi or in Golgirelated organelles, either onto the CMPSia precursor or after the
transfer of Sias to glycoconjugates. Regarding Oacetyltransferases, there is evidence for distinct enzymatic activities
catalyzing Oacetylation of specific positions on Sias (e.g., C4 vs. C9), as well as specificity for Oacetylation of
Sias on different linkages on different classes of glycoconjugates (e.g., gangliosides vs. Nglycans). Sidechain (C
7/8/9) Oacetyl groups appear to be initially added to C7, followed by nonenzymatic migration to C9 under
physiological conditions, perhaps assisted by a “migrase” enzyme. The purification and cloning of these labile
eukaryotic Oacetyltransferases has proven to be an intractable problem. OAcetyltransferase genes from a few
microorganisms were recently identified, but they show no homology to any eukaryotic gene. In mammalian systems,
a protein complex in Golgi membranes is thought to be involved.
Other substitutions of the hydroxyl groups arise from use of the appropriate donors (e.g., Sadenosylmethionine for
methylated Sias or 3′phosphoadenosine 5′phosphosulfate for sulfated molecules). With 9Olactyl groups, even the
donor is still unknown. Appropriate enzymes should also exist to permit the turnover of each of these substitutions.
Notably, with the exception of Neu5Gc, the other modified Sias studied so far do not appear to be effective substrates
for reactivation by most CMPSia synthases. Thus, Oacetyl esters need to be removed at some point in the life cycle
of the parent molecule, either for terminal degradation or as part of an acetylation/ deacetylation cycle (see below).
The deNacetylated form of Neu5Ac (neuraminic acid, Neu) is unstable in the free state and thus had been assumed
not to exist in nature. However, the glycosidically bound form of Neu is stable, and there is evidence that small
amounts do exist in nature and that these molecules can be reNacetylated. The search is underway for enzymes that
presumably remove and add back the Nacetyl group. In some instances, such a free amino group can react with the
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carboxylate at C2, giving an intramolecular lactam ring. Various dehydrated or unsaturated Sias also occur in nature,
including 2,7anhydro Sias released following cleavage of bound Sias by certain unusual sialidases; 4,8anhydro
compounds formed during release or deacetylation of 4Oacetylated Sias; and the 2deoxy2,3didehydro Sias
resulting from mild alkalicatalyzed breakdown of CMPSias or as products from sialidase reactions. Although many
of these substances have been detected in free form in biological fluids, their biological significance is not known.
Interestingly, the 2,3didehydro forms are inhibitors of microbial sialidases and led to the development of potent anti
influenza drugs (see below and Chapter 50).
Release of Sialic Acids

Sialic acids attached to a glycoconjugate must eventually be removed at some point in the life cycle of the molecule
(Figure 14.4). In eukaryotic systems, this occurs by the action of specific sialidases (encoded by NEUs; the term
“sialidase” is now preferred over the older term “neuraminidase,” which is now used only in reference to viral
enzymes, for historical reasons). Glycoconjugates are desialylated in endosomal/lysosomal compartments during
recycling of cellsurface molecules and can sometimes return to the Golgi to undergo resialylation. In addition to
endosomal/lysosomal sialidases, mammalian cells also have cellsurface (plasma membrane) and cytoplasmic
sialidases. Cellsurface sialidases were originally thought to be involved in the abrupt shedding of cellsurface Sias
that occurs upon activation of certain cell types (e.g., leukocytes). However, direct evidence for this is still lacking,
and the plasma membrane sialidase appears to be specific for gangliosides, with claims for its involvement in
signalling processes, apoptosis, and cell–cell contacts. The functions of cytoplasmic sialidases also remain quite
obscure, because there is as yet no convincing evidence for glycosidically bound Sias in the cytoplasm nor on the
cytoplasmfacing leaflet of cellular membranes. Recently, another sialidase was reported in human mitochondria.
These enzymes are claimed to be involved in many cell biological processes, such as differentiation and cancer cell
metastasis.
Many microorganisms also express sialidases, several of which have been cloned and characterized. Whereas the viral
sialidases represent two distinct families, the bacterial, fungal, and invertebrate enzymes are evolutionarily related to
mammalian families (in this instance, horizontal gene transfer between animals and pathogens seems possible). Most
sialidases share a set of common “Asp boxes” (SerXAspXGlyXThrTyr) that are probably involved in the
maintenance of the enzyme protein conformation, together with a number of other highly conserved amino acids. The
threedimensional structures of several viral and bacterial sialidases have been elucidated, some in a complex with
their substrates or with transitionstate analogs. Interestingly, some have additional lectin domains that recognize
underlying sugar chains and appear to direct the action of the enzyme.
Most sialidases exhibit substrate specificity regarding Sia linkage or the presence of substituents. Generally, α23
linkages are hydrolyzed more easily than α26 bonds, with the hydrolysis rate of α28Sia being intermediate. A
known exception is the enzyme from Arthrobacter ureafaciens, which acts best on α26 bonds. OMethylation and O
acetylation of Sias can hinder (or even prevent, in the case of 4Oacetyl groups) hydrolysis of the glycosidic bond by
sialidases. These properties are both biologically and practically significant. The only known βsialidase is CMPSia
hydrolase, a poorly studied enzyme of unknown function, localized in the plasma membrane of some cell types.
A different type of sialidase is the “transsialidase” expressed by certain pathogenic protozoa (e.g., trypanosomes).
These novel enzymes remove Sias from mammalian cell surfaces and transfer the sugar directly onto the parasite’s
own cellsurface acceptors, apparently providing protection from the host immune system (see Chapter 40). Microbial
sialidases and transsialidases are powerful virulence factors that may assist invasion, unmask potential binding sites,
and, in addition, provide nutrients for some bacteria. Viral neuraminidases (“receptordestroying enzymes”) are
thought to assist viral entry by cleaving interfering sialic acids on inappropriate targets. They also facilitate release
and spreading of newly formed viruses. Neuraminidase inhibitors are already in practical use as antiviral drugs (see
Chapters 50 and 51).
Recycling of Sialic Acids

Once a Sia is released into the lysosome of a vertebrate cell, it is delivered back to the cytoplasm by a specific
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exporter called “Sialin” (see Chapter 4). This allows Sias to be either efficiently reutilized or degraded (Figure 14.4).
Genetic defects in Sialin cause Salla disease and infantile sialic acid storage disease, resulting in accumulation of Sia
in lysosomes and excretion of excess Sia in the urine. Some microorganisms can also directly scavenge Sias from the
extracellular space, using highefficiency transporters. In contrast, there is no evidence for plasma membrane Sia
transporters in eukaryotic cells. However, free Sias can be relatively efficiently taken up into mammalian cells via
fluidphase macropinocytosis, eventually arriving in the lysosomes, from which they are exported into the cytoplasm
by Sialin. Sialic acids that are glycosidically bound to soluble extracellular glycoproteins can be similarly transported
to the lysosomes, where lysosomal sialidases can release them for delivery to the cytoplasm and eventual utilization
by the cellular CMPSia synthase. The extent to which various eukaryotic cell types rely on such exogenous sources
of Sias and/or on internal recycling is unknown. As discussed above, Oacetylated Sias probably need to be deO
acetylated by specific 9Oacetylesterases before they can be reutilized by cells. The acylmannosamines derived from
the degradative activity of lyases (see next section) may also be reused for Sia synthesis. At the wholebody level, free
Sias in the bloodstream (derived from cellular sources or digestive processes in the intestine) are rapidly excreted in
the urine.
Degradation of Sialic Acids

If Sias are not reused in eukaryotic cells, degradation can occur, catalyzed by cytoplasmic Siaspecific pyruvate lyases
(encoded by NPL) that cleave the molecule into Nacetylmannosamine and pyruvate. Similar pyruvate lyases exist in
various microorganisms, and some can therefore use Sias as a food source. Current data suggest that there are at least
two Sia9Oacetylesterases in mammalian systems. One is a cytoplasmic activity that may facilitate “recycling” of
Oacetylated Sias that are exported from lysosomes into the cytoplasm. The other is a glycoprotein that traverses the
ERGolgi pathway and is targeted to lysosomal and endosomal compartments. However, this enzyme has a relatively
high Km value for its substrate, and unlike classic lysosomal enzymes, it has a neutral pH optimum. At present, it is
not possible to reconcile these properties with a specific role for this enzyme in the lysosomal turnover of O
acetylated Sias. Enzymes with Siaspecific 9Oacetylesterase activity have also been reported from bacterial and
viral sources. The esterases from influenza C virus and coronaviruses are better characterized and act as receptor
destroying activities that are incorporated into the hemagglutinin molecule of the virus. Notably, all of these O
acetylesterases are specific for esters at C9 and are incapable of releasing Oacetyl esters from C7. However, 7O
acetyl groups can migrate to C9 under physiological conditions and thus become substrates for these enzymes.
Esterases specific for 4Oacetyl groups are present in horse liver and some coronaviruses. The mechanisms for
removal and turnover of other Sia modifications (including the Gc group of Neu5Gc) remain unknown.
METHODS FOR STUDYING SIALIC ACIDS
Linkagespecific sialidases, esterases, Sia lyases, and/or lectins can all help to define some aspects of the Sias on a
given glycan of a glycoconjugate. Monoclonal antibodies, lectins, and combinations of mild periodate oxidation with
saponification have also been used to identify Sias and/or Oacetyl groups histochemically on tissue sections. A
recombinant soluble form of the 9Oacetylspecific hemagglutinin of influenza C virus can probe for such molecules
on thinlayer chromatograms, microwells, cells, and tissues. In some instances, information derived from such simple
analyses is sufficient to reach biologically relevant conclusions. Various mass spectrometric (MS) and nuclear
magnetic resonance (NMR) methods allow Sias to be more precisely characterized while they are still attached to the
underlying glycan. The most accurate analysis of Sias from biological sources requires complete release and
purification, with their modifications intact. However, some methods used to release, purify, or characterize the
glycans can result in loss of labile Sia modifications (see below). Released and purified Sias can be analyzed by
spectrophotometry, thinlayer chromatography (TLC), gasliquid chromatography, MS, or NMR spectroscopy.
Derivatization with 1,2diamino4,5methylenedioxybenzene dihydrochloride (DMB) followed by highpressure
liquid chromatography analysis with fluorescent detection has proven to be particularly sensitive, specific, and
applicable to most Sias. The adaptation of this technique to online electrospray mass spectrometry has been a
powerful enhancement. Several techniques have also been developed for the detailed analysis of substitutions on
metabolically labeled Sias.
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For technical reasons, studies of sialoglycoconjugates continue to miss the extent of naturally occurring Sia structural
complexity. Some Sia linkages may be partially or completely resistant to certain sialidases. Some substitutions are
particularly labile (e.g., Oacetylation) and/or can alter the behavior of Sias during release, purification, and analysis.
In addition, substitutions can slow down or even completely prevent release of Sias by commonly used sialidases or
by acid hydrolysis. On the other hand, when stronger acidic conditions are used, destruction of some substitutions and
of Sias themselves occurs. Furthermore, many methods used in structural analysis of intact glycans (e.g., alkaline
conditions) cause the destruction of Sia modifications. Additionally, the presence of sialidases or esterases in crude
cell extracts can alter the natural spectrum of sialoglycoconjugates. Because Sia modifications can affect size, shape,
hydrophilicity, net charge, and biological properties of a glycoconjugate, a careful analysis for their presence is
worthwhile in situations in which Sias are thought to have biological roles. With regard to sidechain Oacetylation,
chemical and enzymatic improvements now allow nearquantitative release and purification of such molecules,
without loss or migration of the ester groups. With rarer molecules such as Olactylated, Omethylated, or sulfated
Sias, much less is known about their susceptibility to sialidases or their optimal release with acid, and other methods
for their direct detection are not available. It is evident that much needs to be done to improve methods for the
detection, release, and purification of Sias from biological sources.
GENERAL FUNCTIONS OF SIALIC ACIDS
The high expression of Sias on outer cell membranes (e.g., more than 10 million molecules per human erythrocyte) on
the interior of lysosomal membranes and on secreted glycoproteins (such as blood proteins and mucins) suggests that
they have roles in the stabilization of molecules and membranes, as well as in modulating interactions with the
environment. Some functions arise from the relatively strong electronegative charge of Sias, for example, binding and
transport of ions and drugs, stabilizing the conformation of proteins including enzymes, and enhancing the viscosity
of mucins. Sias can also protect molecules and cells from attack by proteases or glycosidases, extending their lifetime
and function. Furthermore, Sias can regulate the affinity of receptors and are reported to modulate processes involved
in transmembrane signaling, fertilization, growth, and differentiation. In one system, apoptosis was reported to be
inhibited by Sia Oacetylation. A recently described general property of Sias seems to be their freeradical scavenging
antioxidative effect, which could be particularly significant on endothelia of blood vessels.
Another prominent role of Sias is dualistic; they act either as masks or recognition sites. In the first case, they mask
antigenic sites, receptors, and, most importantly, penultimate galactose residues. After Sia loss, molecules and cells
can be bound, for example, by macrophages and hepatocytes, via Galrecognizing receptors, and can even be taken up
and degraded. This phenomenon has been most extensively studied with serum glycoproteins and blood cells. On the
other hand, Sias themselves can serve as ligands for a variety of microbial and animal lectins, as is discussed in the
following section.
Chemical modification of Sias can strongly influence all of these properties, in particular ligand functions. For
example, 9Oacetylation or Nacetylhydroxylation of Neu5Ac can create new receptor functions or decrease the
affinity of binding.
SIALICACIDRECOGNIZING LECTINS
Sias can be critical components of glycan ligands recognized by specific lectins. Table 14.1 lists examples of Sia
binding lectins from a variety of animal, plant, and microbial origins (see also Chapters 29, 31, and 32). Some of these
lectins were first discovered in viruses because of their ability to agglutinate red blood cells in vitro and by the
observation that this hemagglutination capacity was lost upon sialidase treatment of target cells. Others were
discovered during investigations of cell–cell interactions when it was noted that binding was sensitive to sialidase
treatments. In recent times, Siabinding lectins have been found purely by virtue of their sequence homology. The
threedimensional structures of some of these molecules have been elucidated, sometimes in a complex with a
sialylated oligosaccharide. In most examples studied, the negatively charged carboxylate group at C1 of the Sia has
proven critical for recognition. The role of divalent cations and the underlying oligosaccharide can range from being
absolutely essential to being unimportant. The linkage of the Sia is recognized specifically by most of the lectins,
http://www.ncbi.nlm.nih.gov/books/NBK1920/?report=printable
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sometimes in the context of the underlying sugar chain (for some examples, see Figure 14.5). This selectivity in
recognition provides a “biological readout” for some of the complex pathways of Golgi glycosylation that terminate
in sialylation. The structural diversity in the Sias mentioned above also affects lectin recognition. The role of various
linkages and substitutions is highly variable, ranging from being completely unimportant to being crucial for
recognition. Various combinations of treatments with sialidases, 9Oacetylesterases, and mild periodate oxidation can
be used to explore lectin specificities.
Intrinsic Lectins in Vertebrates

Elimination of Sia production in mice causes embryonic lethality, suggesting that there are critical endogenous
functions for Sias in development. Nevertheless, so far relatively few examples of Siaspecific lectins are intrinsic to
an organism that synthesizes its own ias. Lectins that bind Sias include Siglecs (for sialicacidbinding
immunoglobulinlike lectins; see Chapter 32), factor H (a regulatory molecule of the alternate complement pathway),
selectins (see Chapter 31), L1CAM in the nervous system, a uterine agglutinin that has yet to be cloned, and possibly
the Gdomain of some laminins, which recognize the heavily glycosylated mucintype domain of αdystroglycan. The
relative rarity of such molecules could be due to ascertainment bias. The first mammalian Siabinding protein reported
was the complement regulatory molecule factor H, a soluble serum factor that binds to cellsurface Sias and restricts
alternative pathway activation on that surface, effectively providing a recognition of “self.” The addition of a 9O
acetyl group to the side chain of cellsurface Sias (or the oxidation of the unsubstituted side chain with mild periodate)
blocks the binding of factor H and abrogates its function as a negative regulator. Discussed elsewhere are the
biological roles of the other vertebrate Siabinding lectins including the selectins (see Chapter 31) and the Siglec
subset of Itype lectins (see Chapter 32). The interaction between αdystroglycan and certain laminins in muscle has
been suggested to involve a Siabinding site on the Gdomain of the latter and sialylated OManlinked glycans on the
former. Analysis of such functions is complicated by the fact that the cognate glycan sequences for some of these
lectins are commonly found on a variety of glycoconjugates. Thus, these lectins sometimes function by specifically
recognizing a few highaffinity ligands within a milieu of lowaffinity inhibitors. Further complexity arises because
some of these lectins (e.g., the Siglecs) can be occupied by binding to sialylated ligands present on the same cell
surface as the lectin itself (cis interactions). These cis interactions could have an important role in receptor functions
and organization at the cell surface.
Extrinsic Lectins on Pathogens and Toxins

Siaspecific lectins extrinsic to the organisms that synthesize Sias are widespread in nature and include numerous viral
hemagglutinins, bacterial adhesions, and toxins (see Table 14.1 for a very limited listing). This should not be
surprising, given the location of Sias at the outermost reaches of the cell surface, where pathogens make first contact
with target cells. A large number of microbialhost interactions are dependent on recognition of specific sialylated
ligands (see Table 14.1 and Chapter 9). Examples of medical relevance include the recognition of airway epithelial
Sias by influenza viruses, binding of Helicobacter pylori (the cause of peptic ulcer disease) to gastric mucins and
glycosphingolipids via at least two different Siadependent mechanisms, interaction of cholera and tetanus toxins with
target gangliosides on mammalian cells, and binding of the merozoite stage of the malarial parasite Plasmodium
falciparum to erythrocyte sialoglycophorins. The interactions of some of these lectins with Sias can be abolished by
substitutions such as Oacetyl and Nglycolyl groups that are found on mammalian mucosal surfaces. Thus, it has
been suggested that such modifications serve a specific protective purpose in this location. Indeed, it is possible that
many of the complexities of Sia diversification are the outcome of the ongoing evolutionary “arms race” between
animals and microbial pathogens (see Chapter 19). In this regard, expression of Oacetyl and Nglycolyl groups on
cell surfaces can also limit the action of bacterial sialidases and block the binding of some pathogenic viruses.
Alternately, such modifications can facilitate binding of viruses that have adapted to them. With regard to the
unsaturated Sias found in free form in biological fluids, it is possible that they provide protection by virtue of their
powerful inhibition of microbial sialidases. Of course, the evolutionary persistence of modified Sias in some cell
types suggest that these glycans have critical structural roles and/or are required for recognition by endogenous
lectins.
http://www.ncbi.nlm.nih.gov/books/NBK1920/?report=printable
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Lectins in Organisms without Sialic Acids

Many Siabinding lectins are found in organisms that do not themselves seem to express Sias (see Table 14.1 for
examples). One explanation is that their primary function is defense against exogenous sialylated pathogens. In
keeping with this, limulin in the hemolymph of the horseshoe crab can trigger foreign cell hemolysis. Siabinding
lectins may also protect plants from being eaten by mammals, for example, elderberry shrubs. Of course, some of
these Siabinding properties might be serendipitous, with the real lectin ligands being other similar anionic glycans,
such as 3deoxyoctulosonic acid (Kdo, Pse, or Leg) found in prokaryotes and in some plants.
PRACTICAL USES OF SIALICACIDBINDING LECTINS
Regardless of the nature of their natural ligands, some Siabinding lectins have proven to be powerful tools for
studying the biology of Sias (see Chapter 45). For example, wheatgerm agglutinin and Limax flavus agglutinin have
been used as general tools to detect sialylated glycoconjugates, and combinations of Sambucus nigra, Polyporus
squamosus, and Maackia amurensis agglutinins can distinguish among different types of Sia linkages on terminal N
acetyllactosamines. Caution is needed in the case of Maackia amurensis, because this seed has multiple lectins with
differing specificity (see legend of Figure 14.5). Recombinant soluble forms of the Siglecs can also be used for this
purpose. A recombinant soluble form of the influenza C hemagglutinin–esterase can specifically probe for 9O
acetylated Sias, which can also be detected by the Achatinin H lectin from the snail Achatina fulica. Of course, in all
situations in which a lectin is used as a detection tool, the absence of binding does not necessarily imply the absence
of the expected glycan structure, and false positive results are possible as well.
EVOLUTIONARY HISTORY OF SIALIC ACIDS
Early studies suggested species specificity in the occurrence of different types of Sias. However, with improvements
in detection and analysis techniques, it is evident that most Sia types are widely expressed and simply occur at
differing levels of detectability. As a group, Sias became prominent late in evolution, primarily in animals of
deuterostome lineage (see Chapter 25), which comprises the vertebrates and some “higher” invertebrates (such as
echinoderms) that emerged at the Cambrian expansion (~530 million years ago). Indeed, with rare exceptions (some
that remain controversial), Sias are not generally found in plants or in most prokaryotes or invertebrates. However,
there have been a few credible reports of Sias in mollusks, such as octopus and squid, and insects such as Drosophila.
Also, genes structurally related to those involved in vertebrate Sia metabolism have been reported in insects and
plants, and even in Archaea. With improved analysis techniques, Sias are now often found in membrane
macromolecules of microorganisms. Overall, it appears that Sias may be a more ancient Precambrian invention, but
they were then either eliminated or used only sparingly in many lineages—finally “flowering” into prominence only
in deuterostome lineage. In this regard, genetic evidence also suggests that the original invention of Sias may have
derived from homologous gene products that synthesize ketodeoxyoctulosonic acid (Kdo). Meanwhile, certain strains
of bacteria can contain large amounts of Sias or other 2keto3deoxynononic acids in their capsular polysaccharides
and/or lipooligosaccharides. Some of these bacteria are pathogenic and cellsurface sialic acids protect them from
complement activation and/or antibody production. Thus, although definitive proof has not been obtained, the
possibility of gene transfer from host eukaryotes exists. However, it does seem that many of the bacterial enzymes
involved in synthesizing and metabolizing Sias have evolved independently, possibly being “reinvented” from the
Kdo pathway. Interestingly, there is wide variation in Sia expression and complexity within deuterostome lineage,
with the sialome of echinoderms appearing very complex and that of humans being more simple. However,
expression of Neu5Gc and Oacetylated Sias is highly conserved in deuterostomes, although exceptions exist, such as
the lack of Neu5Gc in man, chicken, and some other birds.
LOSS OF NGLYCOLYLNEURAMINIC ACID PRODUCTION IN HUMANS
The common mammalian Sia Neu5Gc was once thought to be an oncofetal antigen in humans, being apparently
absent from normal adult human tissues but expressed in fetal samples and certain human tumors and tumor cell lines.
Indeed, upon human intravenous exposure to horse antiserum (still sometimes used in situations such as snake bite),
the resulting “serum sickness” (Hanganutziu–Deicher or “HD”) antibodies are prominently directed against Neu5Gc.
http://www.ncbi.nlm.nih.gov/books/NBK1920/?report=printable
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Spontaneously appearing HD antibodies were also reported in patients with cancer and certain infectious diseases, as
well as in chickens with Marek’s disease, a malignant herpesvirus infection. In humans, the explanation is
homozygosity for an inactivating exon deletion in the CMAH gene that occurred after our last common ancestor with
the African great apes. Meanwhile, using sensitive techniques, traces of Neu5Gc have been found in normal human
tissues. This, as well as the higher level of reexpression of Neu5Gc reported in malignant tissues, seems to represent
incorporation from dietary sources such as red meats and milk products. However, an alternate pathway for Neu5Gc
synthesis in tumor cells has not been conclusively ruled out. With the discovery that most or all healthy humans have
some levels of circulating antiNeu5Gc antibodies, the possibility has been raised that this might account for the high
frequency of atherosclerosis and epithelial cancers in humans, diseases that seem uncommon in the great apes and
have been correlated with red meat consumption in humans.
A potentially related observation is the suppression of CMAH/Neu5Gc expression in the brains of all animals studied,
including those that have high levels expressed in other tissues. Because the loss of Neu5Gc in human lineage may
have predated the appearance of the genus Homo, it is possible that the complete elimination of Neu5Gc may have
somehow facilitated human brain evolution; however, no testable hypothesis has been advanced. Additional
consequences for the evolution of humans may relate to the ancestral condition of many CD33related Siglecs (see
Chapter 32), which selectively bind to Neu5Gc. Thus, loss of Neu5Gc during human evolution would have caused a
temporary loss of ligands for these inhibitory molecules of the innate immune system, a situation that has apparently
been corrected by multiple humanspecific changes in this family of receptors, leading to better binding to Neu5Ac.
Other possible consequences include human resistance to veterinary microbial pathogens such as Escherichia coli
K99, and the successful emergence of Neu5Acpreferring pathogens such as the humanspecific malarial parasite P.
falciparum.
SIALIC ACIDS IN DEVELOPMENT AND MALIGNANCY
Cultured cell lines that are grossly deficient in sialylated glycans show generally normal growth patterns. Thus, more
critical biological roles of Sias may only be evident in multicellular or intact vertebrate systems. Indeed, as already
mentioned, Sias are critically required for early mammalian development. However, apart from the function of
polySias in allowing “neural plasticity,” the exact roles of Sias during development remain uncertain. The role of
Neu5Ac expression in the larvae of the insects Drosophila and the cicada Philaenus spumarius is also unknown.
Several examples of Sia regulation have been reported in living animals. Certain classes of T lymphocytes have O
acetylated Sias, whereas others do not. The expression of polysialylation and Oacetylation in neural gangliosides
varies with developmental stage and location, and differences in Oacetylation of brain gangliosides have been
reported between cold and warmblooded species, and between awake and hibernating animals. Developmental
regulation of Neu5Gc expression and Oacetylation expression in the gut mucosa may occur in response to microbial
colonization and has been suggested to have a role in protecting against certain microorganisms. Similarly, although
adult bovine submandibular glands produce large amounts of highly Oacetylated mucins, this Sia modification is
scarcely expressed in the corresponding fetal tissue. The type and linkages of endothelial, plasma protein, and
erythrocyte Sias can undergo marked changes in responses to inflammatory stimuli. Interesting abnormalities have
also been reported in transgenic mice expressing influenza C 9Oacetylesterase and following genetic inactivation of
various sialyltransferases in the intact mouse. A variety of sialyltransferasenull mice have been produced that show
interesting and specific phenotypes, ranging from altered Siglec2/CD22 function (ST6GalI null) to defects in Tcell
maturation (ST3GalI null) and changes in brain development (ST8SiaII and ST8SiaIV null).
In addition to the accumulation of Neu5Gc, several other specific changes in Sias occur in malignancy (see Chapter
44). In general, the total amount of Sia increases and switches occur in linkages, with α26 linkages becoming
particularly prominent. OAcetylation at C9 can either disappear (as occurs in colon carcinomas) or become
prominent (as in 9OacetylGD3, which is much increased in melanomas and basal cell carcinomas). With the
exception of the role of Sia in selectin ligands (see Chapter 31), the precise mechanisms by which these Sia changes
enhance tumorigenesis and/or invasive behavior remain uncertain. Increased sialylation may also enhance the
masking effect of Sia on antigenic sites of tumor cells, which become more like “self” and therefore more invasive.
Regardless of the mechanisms involved, certain sialylated molecules are specific markers for some cancers and
http://www.ncbi.nlm.nih.gov/books/NBK1920/?report=printable
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potential ligands for targeted therapies (see Chapter 44).
SIALIC ACIDS IN PATHOLOGY AND PHARMACOLOGY
Because Sias are involved in so many cellular functions, disturbances of their biosynthesis or degradation can lead to
medical problems. Because of their exposed position, Sias are vulnerable to the action of microbial esterases,
sialidases, and lyases. The actions of these enzymes can affect the amount of ligand present, masking of antigenic
sites, stabilization of membranes, and immunological and other functions of Sias. In this regard, microbial lectins,
sialidases, and transsialidases are potent virulence factors. Many bacterial toxins (e.g., cholera, tetanus, and pertussis
toxins) and species of virus (e.g., influenza viruses) bind to sialylated glycoconjugates (see Chapter 34). Bacteria may
also create new binding sites by sialidasemediated unmasking of penultimate galactose residues. Transsialidases of
some pathogenic trypanosome species make these parasites fitter for survival in the vector or host, and they strongly
disturb the host’s immune system by compromising the cytokine network and influencing signaling processes.
Changes in Sias have also been found to be involved in degenerative diseases such as artherosclerosis and diabetes as
well as neurological disorders such as Alzheimer’s disease and alcoholism. Mucins also have to be properly and
highly sialylated in order to exert their physiological functions as lubricants and in innate immunity. Selectins
recognize sialyl Lewisx glycans that generally contain a terminal Sia, and Sias are thus involved in rolling and
extravasation of leukocytes during inflammation (see Chapter 31).
Several human genetic Sia disorders are known: for example, hereditary inclusion body myopathy (HIBM) (caused by
missense mutations of the UDPGlcNAc2epimerase/ManNAc kinase [GNE] gene), sialuria (a defect of GNE
feedback inhibition by CMPNeu5Ac), Salla disease (a defect in the lysosomal Sia transporter Sialin), and
galactosialidosis (galactosidasepeptidasesialidase complex deficiency). Many of the congenital disorders of
glycosylation (CDGs) may also lead to altered sialylation (see Chapter 42), but less is known regarding the molecular
basis of phenotypic consequences.
On the basis of these diverse pathophysiological roles of Sias, many efforts have been undertaken to create
appropriate pharmacologically active agents. Best known are the competitive inhibitors of sialidases, derived from the
natural sialidase inhibitor Neu2en5Ac (2deoxy2,3didehydroNeu5Ac), which hinder budding and spreading of
influenza A and B viruses (see Chapter 50). Inhibitors of bacterial sialidases and trypanosomal transsialidases are
urgently needed. Although sialyltransferase inhibitors could be useful in cancer, potent agents are not yet available.
Many attempts have been made to generate agents derived from sialyl Lewisx (sLex) to compete with the selectins
and to affect inflammatory processes, reperfusion injury, or tumor cell metastasis. Antiadhesive sialylated molecules
could also be potentially useful for the treatment of bacterial and viral infections; for example, corresponding
sialylated glycodendrimers can inhibit binding of the influenza virus hemagglutinin. Sialylated milk oligosaccharides
are claimed to fulfill this task in a natural way in the intestine and stomach, perhaps reducing H. pylori infection.
Sulfated polysialic acid has been found to suppress human immunodeficiency virus (HIV). Strategies for attacking
cancer cells include vaccination with sialoglycoconjugates (e.g., gangliosides) in the case of melanoma or vaccination
with polysialic acid modified with unnatural Sia in other cancers.
Manipulation and control of sialylation levels are also important in biotechnology (see Chapter 51). Engineering of
erythropoietin to a hypersialylated form gives better pharmacokinetic properties, especially a longer lifetime in the
bloodstream. The same strategy is presently being investigated with other naturally carbohydratefree peptide
hormones such as insulin or cytokines by adding Nglycosylation sites. These procedures require sophisticated
chemical, recombinant, and other methods in order to achieve proper and possibly variable sialylation with Neu5Ac
(Neu5Gc should be avoided because of its antigenicity in man). The production of recombinant glycoproteins of
pharmaceutical value in large quantities is most promising in yeast, insect, and plant cells that do not express Sia, but
these are now being engineered by transfection of the appropriate enzymes so they can make “humanized”
glycoproteins with complex sialylated Nglycans (see Chapter 51).
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Figures

FIGURE 14.1

Two common “primary” sialic acids. Shown are 5acetamido2keto3,5dideoxyDglyceroDgalactonononic
acid (Nacetylneuraminic acid, Neu5Ac; a) and 2keto3deoxyDglyceroDgalactonononic acid (2keto3
deoxynononic acid, Kdn; b). The only difference is the substitution at the C5 position. All other sialic acids are
apparently metabolically derived from these two, with the exception of some bacterial molecules such as
legionaminic acid (not shown; see text for discussion). Neu5Ac is more common than Kdn in most vertebrate cell
types. The bonds of the anomeric center (C2) are drawn to indicate mutarotation between α and βanomeric
forms in solution. Glycosidically bound sialic acids in naturally occurring glycans are in the α form, and free sialic
acids in solution are mainly in the β form.
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FIGURE 14.2

Diversity in the sialic acids. The ninecarbon backbone common to all known Sias is shown, in the α
configuration. The following variations can occur at the carbon positions indicated:
R1 = H (on dissociation at physiological pH, gives the negative charge of Sia); can form lactones with hydroxyl
groups on the same molecule or on other glycans; can form lactams with a free amino group at C5; tauryl group.
R2 = H; alpha linkage to Gal(3/4/6), GalNAc(6), GlcNAc(4/6), Sia (8/9), or 5ONeu5Gc; oxygen linked to C7 in
2,7anhydro molecule; anomeric hydroxyl eliminated in Neu2en5Ac (double bond to C3).
R4 = H; acetyl; anhydro to C8; Fuc; Gal.
R5 = Amino; Nacetyl; Nglycolyl; hydroxyl; Nacetimidoyl; NglycolylOacetyl; NglycolylOmethyl; N
glycolylO2Neu5Gc.
R7 = H; acetyl; anhydro to C2; substituted by amino and Nacetyl in Leg.
R8 = H; acetyl; anhydro to C4; methyl; sulfate; Sia; Glc.
R9 = H; acetyl; lactyl; phosphate; sulfate; Sia; OH substituted by H in Leg.
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FIGURE 14.3

Terminal sialic, oligosialic, and polysialic acids, and the enzymes that can degrade them. (Arrows) Typical
cleavage points for the action of the enzymes. Bacteria can also express some forms of sialic acids, but the linkage
to the underlying core region is not always the same; in some instances, it is unknown (e.g., colominic acid, a
bacterial polysialic acid that can also be cleaved by endosialidase).
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FIGURE 14.4

Genes and pathways involved in the biology of animal sialic acids. The general pathways for biosynthesis,
activation, transfer, and recycling of the three common core sialic acids are shown in the context of two cells, one
including the relevant organelles such as the Golgi apparatus, the nucleus, and the lysosome. Details on each gene
product can be found by searching the gene name given for each reaction at the website of the Human Gene
Nomenclature Committee, and related links. Pathways for Sia modification other than CMPNeu5Gc production
and Oacetylation/deOacetylation reactions are not shown (see text for discussion). (Question marks) Unknown
or hypothetical pathways. (Modified and redrawn, with permission, from Altheide T.K. et al. 2006. J. Biol. Chem.
281: 25689–25702, ©American Society for Biochemistry and Molecular Biology.)
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FIGURE 14.5

Examples of terminal glycan sequences recognized by some sialicacidbinding proteins. Nacetylglucosamine
(GlcNAc) or Nacetylgalactosamine (GalNAc) residues on glycoproteins and/or glycosphingolipids can be
extended by several biosynthetic pathways, some examples of which are shown. The sialylated sequences
recognized by various binding proteins are based on published literature and/or reasonable predictions based on
known specificities. The sequences shown are the minimal structural motifs necessary for binding, and relative
differences in binding strength are not shown. Natural highaffinity ligands may be more complex. Recognition
can be affected by modifications of sialic acid other than Oacetylation or by sulfation of adjacent
monosaccharides (not shown). (ST) Sialyltransferase; (OAT) Oacetyltransferase; (CD22) Siglec2; (Sn)
Sialoadhesin/Siglec1; (SNA) Sambucus nigra agglutinin; (MAA) Maackia amurensis agglutinin; (LFA) Limax
flavus agglutinin; (Inf A HA) influenza A hemagglutinin; (Inf C HA) influenza C hemagglutinin. With Inf A HA,
the relative preference for α23 and α26 Sia linkages can vary with the viral strain. Note that “MAA” is typically
a mixure of at least two lectins, Maackia amurensis hemagglutinin (MAH) and Maackia amurensis leukogglutinin
(MAL), each with somewhat different preferences for the glycan underlying the α23linked Sia. The latter (MAL)
can also recognize 3Osulfated LacNAc termini.
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Tables
TABLE 14.1

Examples of naturally occurring sialicacidbinding lectins
Vertebrate
Ctype: Selectins (see Chapter 31)
Itype: Siglecs (see Chapter 32)
Unclassified: Complement factor H
Arthropod
Crab lectins: Limulin (American horseshoe crab, Limulus polyphemus)
Lobster and prawn lectins: Lagglutinin (lobster, Homarus americanus)
Scorpion lectins: Whip scorpion lectin (Mastigoproctus giganteus)
Insect lectins: Allo AII (beetle lectin, Allomyrina dichotoma)
Mollusk
Slug lectins: Limax flavus agglutinin (LFA) (Limax flavus)
Mussel and oyster lectins: Pacific oyster lectin (Crassostrea gigas)
Snail lectins: AchatininH (Achatina fulica)
Protozoa
Parasite lectins: Merozoite erythrocytebinding antigens (EBAs) (Plasmodium falciparum)
Plant
SN agglutinin (SNA) (elderberry bark lectin, Sambucus nigra), PS agglutinin (Polyporus squamosus), MA
agglutinin (MAH) (Maackia amurensis), wheatgerm agglutinin (Triticum vulgaris)
Bacteria
Bacterial adhesins: Sadhesin (Escherichia coli K99), SabA and SabB (Helicobacter pylori)
Bacterial toxins: Cholera toxin (Vibrio cholerae), tetanus toxin (Clostridium tetani), botulinum toxin (Clostridium
botulinum), pertussis toxin (Bordetella pertussis)
Mycoplasma lectins: Mycoplasma pneumoniae hemagglutinin
Viruses
Hemagglutinins: Influenza A and B viruses, primate polyomaviruses, rotaviruses
Hemagglutinin neuraminidases: Newcastle disease virus, Sendai virus, fowl plague virus
Hemagglutinin esterases: Influenza C viruses, human and bovine coronaviruses
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antigens. TLRs are patternrecognition receptors (PRRs) that interact with “pathogenassociated molecular patterns”
(PAMPs). TLRs, unlike CLRs, cannot directly promote phagocytosis of bound ligands. Ligation of TLRs can lead to
DC maturation in a pathogenspecific manner. In contrast, DC interaction with pathogens through CLRs, in the
absence of TLR activation, leads to internalization and processing of antigens and can result in DCs remaining
immature. Interactions of T cells with antigens presented by immature DCs may lead to tolerogenic, rather than
pathogenic, responses. However, if both TLRs and CLRs are activated and “crosstalk” ensues, DCs mature in
different ways. For example, mycobacteria interact with DCs via TLR2 and TLR4, resulting in strong Thelper 1
(Th1) responses by the activated DCs. However, some virulent strains of mycobacteria secrete glycosylated factors
(e.g., ManLAM) that are bound by CLRs, but not by TLRs, which lead to downregulation of TLR activation and
limitation of DC maturation.
Dectin1 is a type of natural killer (NK) cell Ctype lectin (group V; see Figure 31.3) that binds ligands independently
of Ca++. Dectin1, which is also expressed on human neutrophils and macrophages, is a major PRR that recognizes
glycan antigens such as βglucans. When dectin1 and TLR2 are coligated by PAMPs, they coordinate the secretion
of proinflammatory cytokines (interleukin12 and tumor necrosis factorα [TNFα]) and the production of reactive
oxygen species. Dectin1 is degraded intracellularly upon internalization of largesized βglucans, but it can recycle
upon internalizing smallsized βglucans. Dectin1 carries an immunoreceptor tyrosinebased activation motif (ITAM)
in the cytoplasmic domain, which is involved in cell signaling through Syk family tyrosine kinases. DCSIGN in
human cells has been of special interest because it binds to the oligomannosetype Nglycans in the envelope
glycoprotein of HIV1. This protein also recognizes fucosylated ligands expressed by parasites such as the helminth
Schistosoma mansoni.
Langerhans cells are a special type of DC and represent immature DCs found in the epidermis and mucosal tissues.
These cells probably do not commonly coexpress the macrophage mannose receptor, but they do express many other
Ctype lectins, including langerin, which is a Ctype lectin that largely recognizes glycans rich in mannose.
Internalization of ligands by langerin leads to accumulation in Birbeck granules, which are subdomains of endosomes
specifically found in Langerhans cells. Interestingly, polymorphisms in the gene encoding langerin are associated with
changes in ligand specificity and loss of Birbeck granules.
THE SELECTINS
The selectins are perhaps the bestcharacterized family of Ctype lectins because of their extensively documented
roles as celladhesion molecules that mediate the earliest stages of leukocyte trafficking. The selectins are type1
membrane proteins that are expressed on endothelial cells, leukocytes, and platelets. Interactions between the selectins
and cellsurface glycoconjugate ligands play key roles in adhesive interactions among these cells (Figure 31.6). These
interactions promote tethering and rolling of leukocytes and platelets on vascular surfaces, and are important for
lymphocyte homing to secondary lymphoid organs and for leukocyte recruitment to sites of inflammation and injury.
Rolling is a form of adhesion that requires rapid formation and dissociation of bonds between selectins and their
ligands. Rolling adhesion enables leukocytes to encounter endotheliumbound chemokines. Signaling through
chemokine receptors cooperates with signaling through selectin ligands to activate leukocyte integrins, which bind to
immunoglobulin superfamily ligands on endothelial cells to slow rolling velocities and arrest leukocytes on vascular
surfaces. The arrested leukocytes then emigrate across the vascular wall into the underlying tissues.
The three selectins are Lselectin, which is expressed on all leukocytes; Eselectin, which is expressed by cytokine
activated endothelial cells; and Pselectin, which is expressed constitutively in αgranules of platelets, in Weibel–
Palade bodies of endothelial cells, and on the surfaces of activated platelets and endothelial cells (Figure 31.7). Each
selectin has a Ctype CRD at the amino terminus followed by a consensus epidermal growth factor (EGF)like domain
and a number of short consensus repeats composed of sushi domains (also called complement control protein [CCP]
modules). The proteins have a single transmembrane domain (TM) and a cytoplasmic domain and are relatively rigid,
extended molecules. The Ctype CRD of each selectin has modest affinity for the sialylated, fucosylated structure
known as the sialyl Lewisx antigen NeuAcα23Galβ14(Fucα13)GlcNAcβ1R (SLex). In addition, P and Lselectin,
but not Eselectin, bind to some forms of heparin/heparan sulfate. However, each of the selectins binds with higher
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affinity to specific macromolecular ligands. Many of the known ligands are mucins containing sialylated, fucosylated
Oglycans. The major ligand for Pselectin, termed Pselectin glycoprotein ligand1 (PSGL1), has sulfated tyrosine
residues adjacent to a core2based Oglycan expressing SLex. Ligands for Lselectin that occur within specialized
endothelia termed high endothelial venules (HEV) contain 6sulfoSLex antigens on mucintype Oglycans and on N
glycans.
PSelectin

PSelectin (CD62P) was discovered as an antigen expressed on the surface of activated platelets. It is constitutively
expressed in megakaryocytes, where it is packaged into the membranes of αgranules of circulating platelets. It is also
expressed in the Weibel–Palade bodies of vascular endothelial cells. Within minutes following activation of either
platelets or endothelial cells by proinflammatory secretagogues such as histamine, thrombin, or complement
components, Pselectin is expressed on the cell surface because of fusion of the intracellular storage membranes with
the plasma membrane. Sequences within the cytoplasmic domain of Pselectin mediate its sorting to secretory
granules as well as its rapid endocytosis from the plasma membrane and movement from endosomes to lysosomes,
where it is degraded. Splice variants of human Pselectin transcripts yield forms of Pselectin that lack a
transmembrane domain, thus contributing to lowlevel soluble forms of Pselectin in the circulation. Leukocyte
adhesion also stimulates proteolytic cleavage of the ectodomain of Pselectin from the plasma membrane, releasing it
into the circulation. The inflammatory mediators TNFα, interleukin 1β (IL1β), and lipopolysaccharide (LPS)
augment transcription of mRNA for Pselectin in endothelial cells in mice but not in humans.
PSelectin contributes to leukocyte recruitment in both acute and chronic inflammation. Mice that lack Pselectin
exhibit defective rolling on endothelial cells of postcapillary venules, diminished recruitment of neutrophils or
monocytes into tissues following injection of inflammatory mediators, and impaired recruitment of T cells into skin or
other tissues following challenge with specific antigens. Mobilization of Pselectin to the surfaces of activated
endothelial cells is important for all these responses. In addition, Pselectin expressed on the surfaces of activated
platelets contributes to inflammation as well as to hemostasis and thrombosis. Activated platelets adhere through P
selectin to neutrophils, monocytes, NK cells, and some subsets of T lymphocytes. This adhesion augments the
recruitment of leukocytes and platelets to sites of vascular injury. Expression of Pselectin on both platelets and
endothelial cells contributes to experimental atherosclerosis in mice. Plateletexpressed Pselectin also stimulates
monocytes to synthesize tissue factor, a key cofactor of blood coagulation that facilitates fibrin deposition during clot
formation.
As discussed below, the major leukocyte counterreceptor for Pselectin is PSGL1. PSelectin binds weakly to some
forms of heparin/heparan sulfate and to some glycoproteins that bear the SLex determinant. The physiological
significance of this binding is unclear, but the levels of heparin that are clinically prescribed might be able to block P
selectin functions. In addition, Pselectin can interact with mucins containing highly clustered glycans bearing SLex
antigens, which might be important in metastasis of tumors bearing such ligands (see Chapters 43 and 44). Heparin
might be therapeutically useful in blocking cancer metastases through blocking adhesion of tumor cells to Pselectin.
PSGL1

PSGL1 (CD162) is a homodimeric, disulfidebonded mucin with subunits with a molecular mass of approximately
120 kD (351 amino acids). It is the major physiological ligand on leukocytes for P and Lselectin and is also an
important ligand for Eselectin (Figure 31.7). The precursor to the PSGL1 monomer has 402 amino acids, including
an 18aminoacid signal sequence. Maturation of the protein occurs following cleavage at residues 38–41 by a paired
basic aminoacidconverting enzyme in leukocytes. There are 16 decapeptide repeating units with the consensus
sequence spanning residues 118–277 in the ectodomain of the long form of the protein, which is the major form
expressed in humans. Murine PSGL1 has 397 amino acids with recognizable sequence similarity to the human
sequence, but the mouse protein has only 10 decameric repeats with the consensus sequence ETSQ/KPAPT/M
EA, which is different from human PSGL1. The highest homology between human and murine PSGL1 occurs in
the transmembrane and cytoplasmic domains.
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PSGL1 is primarily expressed in hematopoietic cells (including some hematopoietic stem cells), all neutrophils,
monocytes, eosinophils, and basophils and certain subsets of T cells. PSGL1 is also expressed in some activated
endothelial cells, most notably the inflamed microvessels of the ileum in a spontaneous model of chronic ileitis in
mice. When it undergoes the appropriate posttranslational modifications (see below), PSGL1 interacts with each of
the three selectins to support leukocyte rolling under flow. Engagement of PSGL1 during rolling also transduces
signals into leukocytes that activate leukocyte integrins to slow rolling velocities. Signaling through PSGL1 also
cooperates with signaling through chemokine receptors to elicit other effector responses in leukocytes.
PSGL1 is heavily glycosylated; each subunit of human PSGL1 has three potential sites for Nglycosylation and 70
serine and threonine residues in the extracellular domain that are potential sites for Oglycosylation. In addition,
human PSGL1 has three aminoterminal Tyr residues and murine PSGL1 has two tyrosine residues that are
potentially sulfated. Like most mucins, PSGL1 has an extended structure (Figure 31.7).
Most of the Oglycans of native PSGL1 purified from human HL60 cells are core2 structures, of which only a
subset are fucosylated. Optimal binding of Pselectin to PSGL1 requires that the latter presents SLex on a specific,
aminoterminal core2 Oglycan and sulfate esters on specific aminoterminal tyrosine residues. Tyrosine sulfate
residues are generated by two tyrosylprotein sulfotransferases (TPST1 and 2), which transfer sulfate from the sulfate
donor (phosphoadenosine phosphosulfate) to exposed tyrosine residues. Thus, the key binding domain of PSGL1
resides in its aminoterminal region. There are many lines of evidence that support this conclusion. Antibodies to this
region block binding of PSGL1 to P and Lselectin (but not to Eselectin, which interacts with more than one site on
PSGL1 and does not interact with sulfated tyrosines). Treatment of neutrophils with a cobra venom metalloproteinase
that removes the first ten amino acids from the amino terminus of PSGL1 abrogates its binding to P and Lselectin.
Sitedirected mutagenesis of a specific Oglycosylated aminoterminal threonine and/or the three tyrosine residues in
the amino terminus of PSGL1 prevents binding to P and Lselectin. Finally, synthetic glycosulfopeptides with the
structure shown in Figure 31.8 bind to Pselectin with the same high affinity (~300 nM) as that of native PSGL1.
The data point to a model in which the combination of tyrosine sulfate residues and oligosaccharides on the protein
are required for highaffinity binding to Pselectin (Figure 31.7). The cocrystal structure of a PSGL1derived
glycosulfopeptide with Pselectin confirms the complex and tight association between these binding partners. The
interactions between the glycosulfopeptide and Pselectin result from a combination of hydrophobic and electrostatic
contacts. These include contacts of at least two of the three tyrosine sulfate residues as well as other PSGL1 amino
acids with multiple residues within the Pselectin CRD. In addition, two hydroxyl groups in the fucose residue of
SLex ligate the lectin domainbound Ca++, and there are additional binding interactions with the hydroxyl groups of
galactose and the –COOH group of Neu5Ac.
ESelectin

ESelectin (CD62E) was discovered as a leukocyte adhesion molecule expressed by activated vascular endothelial
cells. In most tissues (the bone marrow and skin may be exceptions), endothelial cells do not constitutively express E
selectin. Cytokinedependent transcriptional processes lead to an inducible expression of Eselectin on the surface of
the endothelium. Inducible transcription of the Eselectin locus by TNFα, IL1β, and LPS is mediated at least in part
through NFκBdependent events. In vitro, cytokinedependent regulation of the Eselectin locus yields Eselectin
expression beginning about 2 hours after cytokine treatment, with maximal expression at about 4 hours. ESelectin
expression then declines to basal levels within 12–24 hours in vitro, but Eselectin may be expressed chronically at
sites of inflammation in vivo. Decline of Eselectin expression is associated with decreased transcription of the E
selectin locus, degradation of Eselectin transcripts, and internalization and turnover of Eselectin protein. Acute and
chronic inflammatory conditions associated with Eselectin expression include sepsis, rheumatoid arthritis, and organ
transplantation. ESelectin cooperates with P and Lselectin to recruit leukocytes to sites of inflammation.
Physiological ligands for Eselectin contain the SLex antigen and occur on neutrophils, monocytes, eosinophils,
memory/effector T cells, and NK cells. Each of these cell types is found in acute and chronic inflammatory sites in
association with the expression of Eselectin, which implicates Eselectin in the recruitment of these cells to such
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inflammatory sites. PSGL1 is one of the physiological ligands for Eselectin, but Eselectin can also interact with
several other glycoproteins that express the SLex antigen on either N or Oglycans, including the Eselectin ligand1,
CD44, Lselectin (in humans), and possibly longchain glycosphingolipids expressing the SLex antigen. These
interactions may have a potential role in cancer metastasis (see Chapter 44).
LSelectin

LSelectin (CD62L) is expressed on the microvilli of most leukocytes, including all myeloid cells, naïve T and B
cells, and some memory/effector T cells. LSelectin was discovered through efforts to define molecules that facilitate
recirculation of lymphoid cells from the intravascular compartment to the secondary lymphoid organs, including
lymph nodes and Peyer’s patches, from which the lymphoid cells then return to the circulation through the lymphatic
system. This recirculation process provides lymphocytes with the opportunity to encounter foreign antigens displayed
by antigenpresenting cells within secondary lymphoid organs. Early studies indicated that blood lymphocytes enter
lymph nodes in postcapillary venules within these organs. These postcapillary venules are lined with a specialized
endothelium (HEV). Cells in the HEV are cuboid in shape and their surfaces are decorated with certain glycoproteins
required for adhesion of lymphocytes to the HEV, leading to subsequent transmigration. LSelectin also cooperates
with P and Eselectins to promote leukocyte recruitment of myeloid cells and memory/effector T cells to sites of
infection or injury during acute or chronic inflammation. LSelectin is proteolytically shed from the surface of
activated leukocytes by a metalloproteinase TNFαconverting enzyme (TACE).
Rolling mediated by Lselectin exhibits a counterintuitive “shear threshold” requirement (e.g., a minimum flow rate is
required for leukocytes to roll). As the flow rate drops below this threshold, leukocytes roll faster and more unstably
and then detach. Flowenhanced rolling operates through a forcedependent mechanism. As the flow rate increases,
the force applied to adhesive bonds between Lselectin and its ligands increases. At threshold levels, the force actually
strengthens the bonds, which prolongs their lifetimes. These are called “catch bonds.” As the flow rate increases
further, the applied force begins to weaken the bonds, which shortens their lifetimes. These are called“slip
bonds.”Catch bonds are regulated by forcedependent straightening of the angle between the lectin and EGF domains
of Lselectin, which affects how ligand dissociates from the binding interface on the lectin domain. Transitions
between catch and slip bonds are also seen for interactions between Pselectin and PSGL1 and probably also occur
between Eselectin and its ligands. However, the Eselectin transitions occur at lower forces with less dramatic effects
at physiologically relevant shear forces in the circulation.
Lymphocytes home to secondary lymphoid organs where they may encounter antigens. Lymphocytes can return to the
blood through the thoracic duct. This process is termed lymphocyte recirculation or homing. Entry to the lymph
occurs in these organs through the HEV, where cuboid cells express ligands for lymphocyte Lselectin. These ligands
are called peripheral node addressins, a group of mucins expressed on the HEV of lymph nodes. They include the
mucins CD34, Sgp200, GlyCAM1, MAdCAM1, endoglycan, endomucin, and the podocalyxinlike protein (PCLP).
A unique feature of the Lselectin ligands on HEV is the requirement for sulfated glycans, such as 6sulfoSLex on
both core2 Oglycans and on extended core1 Oglycans. The 6sulfoSLex determinant is associated with the
MECA79 epitope on Oglycans (Figure 31.9), an antibody that binds to 6sulfoNacetyllactosamine on extended
core1 Oglycans. The biosynthesis of the 6sulfoSLex determinant depends on two key α13 fucosyltransferases,
FucTVII and FucTIV, along with at least four different sulfotransferases that may form the 6sulfoSLex
determinant. Two of these sulfotransferases, GlcNAc6ST1 and GlcNAc6ST2, are both expressed in HEV and appear
to be most important. Mice lacking FucTVII or both FucTVII and FucTIV have dramatically reduced homing of
lymphocytes to lymph nodes. Mice lacking both GlcNAc6ST1 and GlcNAc6ST2 do not express 6sulfoSLex or the
MECA79 epitope and exhibit markedly diminished lymphocyte homing to lymph nodes. A unique β13GlcNAcT
generates the extended core1 Oglycan; mice lacking both this β13GlcNAcT and the β16GlcNAcT branching
enzyme for core2 Oglycan biosynthesis do not express the MECA79 antigen, but they have residual lymphocyte
rolling on HEV and only a minimal decrease in lymphocyte numbers in peripheral and mesenteric lymph nodes. The
residual Lselectindependent lymphocyte homing appears to result from 6sulfoSLex on Nglycans, suggesting that
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both N and Oglycans on HEV glycoproteins contribute to Lselectindependent lymphocyte recirculation through
lymph nodes.
LSelectin also plays a role in adhesion of neutrophils, eosinophils, and monocytes to nonlymphoid vascular
endothelium (see Figure 31.6). The major ligand for Lselectin in these inflammatory settings is PSGL1 (see Figure
31.7), which is expressed on adherent leukocytes and may also be deposited on inflamed endothelial cells as
fragments left behind by previously rolling leukocytes. Unlike the HEV ligands, PSGL1 interacts with Lselectin
through cooperative binding of its aminoterminal core2 Oglycan capped with SLex and its aminoterminal sulfated
tyrosines, analogous to but not identical to its interactions with Pselectin. In addition, an alternate ligand on
endothelial cells is heparan sulfate. Mice lacking Lselectin have defects in neutrophil recruitment in the context of
inflammation as well as defects in homing of naïve lymphocytes to secondary lymphoid organs.
THE NATURAL KILLER LYMPHOCYTE PROTEINS WITH CTYPE LECTIN DOMAINS
The immunoglobulinlike receptors and NK cell receptors containing a CTLD are two families of major
histocompatibility complex (MHC) classIspecific receptors found on NK cells. NK receptors with the CTLD are
largely in group V and are represented by the Ly49 family of receptors in mice and the NK complex (NKC) in
humans (see Figure 31.3). The human NKC proteins include CD69, CD94, activationinduced Ctype lectin (AICL),
and mastcellfunctionassociated antigen (MAFA). The murine Ly49 family includes the Ly49 group of about a
dozen proteins, including CD94, NKG2A, C, D, and E.
NK receptors with a CTLD are either activating or inhibitory to immune responses. For the most part, these proteins
function in targeting lymphocytes to cells that lack MHC class I antigens. The Ly49 and NKC proteins are disulfide
bonded, type II, homodimeric transmembrane proteins. Most of these proteins express immunoreceptor tyrosine
based inhibitory motif (ITIM) motifs in their cytoplasmic domain. Dectin1, which is not considered to be part of the
Ly49 or NKC complex, is exceptional in that it contains an activating ITAMlike motif. In human NK cells, CD94
forms MHC classIspecific, disulfidelinked, heterodimers with NKG2 family members, which also contain a CTLD.
Ligand binding to the CTLDs of these NK receptors can trigger or inhibit target cell lysis by NK cells or can activate
various hematopoietic cells.
Most of the NK receptors with CTLDs are not known to bind carbohydrate ligands and lack the conserved Ca++
binding residues and amino residues in most Ctype lectins that bind glycans. In humans, it is known that Ca++ is not
required for CD94/NKG2 interactions with HLAE. The CTLD in the NK receptor has a somewhat different structure
from typical Ctype lectins and may have evolved to promote interactions with MHC class I glycoproteins. However,
some recent studies suggest that murine CD69 may bind some sulfated glycans; in addition, another protein in the NK
family, the osteoclast inhibitory lectin (OCIL) from humans and mice, also binds some sulfated polysaccharides in a
Ca++independent fashion. Thus, the possibility that the NK receptors with CTLDs bind to some types of glycan
ligands should be explored. As discussed above, dectin1 lacks the canonical residues for Ca++ binding and
monosaccharide binding but nevertheless binds βglucans. Thus, the CTLDs in the NK receptors may have evolved to
recognize glycans by novel mechanisms.
The Bcell differentiation antigen (CD72) interacts with the Bcell receptor (BCR) and modulates BCRmediated
signals. CD72 is a type II membrane proteins with a CTLD that lacks the residues associated with Ca++ and
monosaccharide binding. It has been speculated that CD72 might recognize BCR or other glycoprotein ligands by
corecognizing glycan and protein determinants. The lowaffinity IgE receptor, CD23, also contains a CTLD that
interacts with CD21 and other ligands, but it may bind these ligands in a manner that depends on their correct
glycosylation, perhaps a combination of glycan and peptide determinants.
PROTEOGLYCANS WITH CTYPE LECTIN DOMAINS
The CTLD has also been identified in several proteoglycans (or lecticans) that lack transmembrane domains and
occur in the extracellular matrix (group I; see Figure 31.3). These include aggregan, brevican, versican, and neurocan.
Like the selectins, each of these core proteins contains a CTLD, an EGFlike domain, and a CCP domain, but their
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Chapter 35 Proteins that Bind Sulfated Glycosaminoglycans
Jeffrey D Esko and Robert J Linhardt.

Sulfated glycosaminoglycans (Chapter 16) interact with a variety of proteins. This chapter focuses on examples of
binding proteins, methods for measuring glycosaminoglycanprotein interaction, and information about three
dimensional structures of the complexes. Hyaluronan, a nonsulfated glycosaminoglycan, also engages in biologically
important protein interactions, and this subject is covered in Chapter 15.
GLYCOSAMINOGLYCANBINDING PROTEINS ARE COMMON
More than 100 glycosaminoglycan (GAG)binding proteins have been described in the literature, falling into the
broad classes presented in Table 35.1. To a large extent, these studies have focused on protein interactions with
heparin, which is a more highly sulfated, iduronic acid (IdoA)rich form of heparan sulfate (HS; Chapter 16). This
bias may reflect the commercial availability of heparin, which is frequently used for fractionation studies and heparin
Sepharose affinity chromatography. The binding of protein ligands to heparin is thought to mimic the physiological
interaction of proteins with the HSs present on cell surfaces and in the extracellular matrix. In comparison, relatively
few proteins are known to interact with chondroitin sulfate (CS) or keratan sulfate (KS) with comparable avidity and
affinity. In some cases, CS and the related GAG dermatan sulfate (DS) may be physiologically relevant binding
partners because these GAGs predominate in many tissues. Determining the physiological relevance of these
interactions is a major area of research.
The interaction between GAGs and proteins can have profound physiological effects on processes such as hemostasis,
lipid transport and absorption, cell growth and migration, and development. Binding to GAGs can result in
immobilization of proteins at their sites of production and in the matrix for future mobilization, regulation of enzyme
activity, binding of ligands to their receptors, and protection of proteins against degradation. In some cases, the
interaction may reflect complementarity of charge (e.g., histoneheparin interactions) rather than any specific
biologically relevant interaction. In other cases, the interaction has been shown to depend on rare but very specific
sequences of modified sugars in the GAG chain (e.g., antithrombin binding).
METHODS FOR MEASURING GLYCOSAMINOGLYCANPROTEIN BINDING
Numerous methods are available for analyzing GAGprotein interactions, and some provide direct measurement of Kd
values. A common method involves affinity fractionation of proteins on Sepharose columns containing covalently
linked GAG chains, usually heparin. The bound proteins are eluted with different concentrations of NaCl, and the
concentration required for elution is generally proportional to the Kd. Highaffinity interactions require at least 1 M
NaCl to displace bound ligand, which translates into Kd values of 10−7–10−9 M (determined under physiological salt
concentrations by equilibrium binding). Proteins with low affinity (10−4–10−6 M) either do not bind under normal
conditions (0.15 M NaCl) or require only 0.3–0.5 M NaCl to elute. This method is based on the assumption that
GAGprotein interaction is entirely ionic, which may not be entirely correct. Nevertheless, it can provide an
assessment of relative affinity compared to other proteins.
A number of more sophisticated methods are now in use that provide detailed thermodynamic data (ΔH [change in
enthalpy], ΔS [change in entropy], ΔCp [change in molar specific heat], etc.), kinetic data (on rate, off rate), and high
resolution data on atomic contacts in GAGprotein interactions (Table 35.2). Regardless of the technique one uses, it
must be kept in mind that in vitro binding measurements are not likely to be the same as those of binding to
proteoglycans on the cell surface or in the extracellular matrix, where the density of ligands, receptors, and other
interacting factors varies greatly. To determine the physiological relevance of the interaction, one should consider
measuring binding under conditions that can lead to a biological response. For example, one can measure binding to
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cells with altered GAG composition (Chapter 46) or after treatment with specific lyases to remove GAG chains from
the cell surface (Chapter 16) and then determine whether the same response occurs as that in the presence of GAG
chains. The interaction can then be studied more intensively using the in vitro assays described above.
CONFORMATIONAL AND SEQUENCE CONSIDERATIONS
As mentioned above, most GAGbinding proteins interact with HS or heparin. The likely basis for this preference is
greater sequence heterogeneity and highly sulfated domains in HS and heparin. The unusual conformational flexibility
of iduronic acid (IdoA) found in heparin, HS, and DS also has a role in their ability to bind proteins. GAGs are linear
helical structures, consisting of alternating residues of Nacetylglucosamine or Nacetylgalactosamine with glucuronic
acid or iduronic acid (except for keratan sulfates, which consist of alternating Nacetylglucosamine and galactose
residues; see Chapter 16). Inspection of heparin oligosaccharides containing highly modified domains ([GlcNS6S
IdoA2S]n) shows that the Nsulfo and 6Osulfo groups of each disaccharide repeat lie on opposite sides of the helix
from the 2Osulfo and carboxyl groups (Figure 35.1). Because of rotational restrictions about the anomeric linkages
from the Nacetyl and carboxyl groups, the chains are relatively rigid with limited endtoend bending possible
compared to polypeptides. Analysis of the conformation of individual sugars shows that Nacetylglucosamine and
glucuronic acid residues assume a preferred conformation in solution, designated 4C1 (indicating that carbon 4 is
above the plane defined by carbons 2, 3, and 5 and the ring oxygen, and that carbon 1 is below the plane). In contrast,
IdoA2S assumes the 1C4 or the 2S0 conformation (Figure 35.1), which reorients the position of the sulfo substituents
and therefore creates a different orientation of charged groups. In many cases when a protein binds to an HS chain, it
induces a change in conformation of the IdoA2S residue resulting in a better fit and enhanced binding. IdoA2S
residues are always found in domains rich in Nsulfo and Osulfo groups (for biosynthetic reasons; see Chapter 16),
which is also where proteins usually bind. Thus, the greater degree of conformational flexibility in these modified
regions may explain why so many more proteins bind with high affinity to heparin, HS, and DS than to other GAGs.
The presence of an Nacetyl group in an Nacetylglucosamine residue changes the preferred conformation of the
neighboring IdoA2S residue, showing that even minor modifications can influence conformation and chain flexibility.
The evolution of GAGbinding proteins may be directed toward closely approximating the structures of their GAG
ligands. Binding to GAGs that have a low degree of sulfation may require larger domains in the protein to interact
with longer stretches of oligosaccharide. Molecular dynamic simulations on large heparin oligosaccharides have
recently become possible with the availability of supercomputers (see Simulation 35.1 on the accompanying Web
site). Such simulations can be used to predict the conformational flexibility of different domains within the chain,
providing additional insights into GAGprotein interactions.
HOW SPECIFIC ARE GLYCOSAMINOGLYCANPROTEIN INTERACTIONS?
The discovery of multiple GAGbinding proteins led a number of investigators to examine whether a consensus
amino acid sequence for GAG binding exists. In retrospect, this strategy was overly simplistic because it assumed that
all GAGbinding proteins would recognize the same oligosaccharide sequence within heparin, or at least, sequences
that would share many common features. We now know that some GAGbinding proteins interact with different
oligosaccharide sequences (Table 35.3). The binding sites in the protein always contain basic amino acids (Lys and
Arg) whose positive charges presumably interact with the negatively charged sulfates and carboxylates of the GAG
chains. However, the arrangement of these basic amino acids can be quite variable, consistent with the variable
positioning of sulfo groups in the GAG partner.
Most proteins are formed from αhelices, βstrands, and loops. Therefore, to engage a linear GAG chain, the
positively charged amino acid residues would have to line up along the same side of the protein segment. αHelices
have periodicities of 3.4 residues per turn, which would require the basic residues to occur every third or fourth
position along the helix in order to align with an oligosaccharide. In βstrands, the side chains alternate sides every
other residue. Thus, positively charged residues should be located very differently if the peptide chain folds into a β
strand.
On the basis of the structure of several heparinbinding proteins that were available in 1991, Alan Cardin and
http://www.ncbi.nlm.nih.gov/books/NBK1948/?report=printable

2/13

3/21/2016

Proteins that Bind Sulfated Glycosaminoglycans - Essentials of Glycobiology - NCBI Bookshelf

Herschel Weintraub proposed that typical heparinbinding sites had the sequence XBBXBX or XBBBXXBX, where
B is lysine or arginine and X is any other amino acid. From the structural arguments provided above, it should be
obvious that only some of the basic residues in these sequences could participate in GAG binding, the actual number
being determined by whether the peptide sequence exists as an αhelix or a βsheet. We now know that the presence of
these sequences in a protein merely suggests a possible interaction with heparin (or another GAG chain), but it does
not prove that the interaction occurs under physiological conditions. In fact, the predicted binding sites for heparin in
fibroblast growth factor 2 (FGF2) turned out to be incorrect once the crystal structure was determined. It is likely that
binding involves multiple protein segments that juxtapose positively charged residues into a threedimensional turn
rich recognition site. The specific arrangement of residues should vary according to the type and fine structure of
those oligosaccharides involved in binding.
In plant and animal lectins and antibodies that recognize glycans, the glycan recognition domains are typically
shallow pockets that engage the terminal sugars of the oligosaccharide chain (Chapters 27 and 34). In GAGbinding
proteins, the protein usually binds to sugar residues that lie within the chain or near the terminus. Therefore, the
binding sites in GAGbinding proteins consist of clefts or sets of juxtaposed surface residues rather than pockets.
Given that GAG chains generally exist in a helical conformation, only those residues on the face toward the protein
interact with amino acid residues; the ones on the other side of the helix might be free to interact with a second ligand.
Alternatively, residues in a binding cleft could interact with both sides of the helix. Finally, one should keep in mind
that the oligosaccharides that bind represent only a small segment of the GAG chain. Thus, a single glycan chain can
bind multiple protein ligands.
Using phage display technology, a library of antiheparin and antiheparan sulfate antibodies was prepared. These
antibodies are unreactive with other GAGs, showing specificity toward heparin and HS. Furthermore, they recognize
specific structural features, such as heparin’s antithrombinbinding site, and show tissue and organ specificity. These
antibodies will undoubtedly be useful in future studies aimed at understanding the specificity of GAGprotein
interactions.
ANTITHROMBINHEPARIN: A PARADIGM FOR STUDYING GLYCOSAMINOGLYCANBINDING
PROTEINS
The beststudied example of proteinGAG interaction is the binding of antithrombin to heparin and HS. This
interaction is of great pharmacological importance in hemostasis because heparin is used clinically as an
anticoagulant. Antithrombin is a member of the serpin family of protease inhibitors, many of which bind to heparin.
Binding has a twofold effect: First, it causes a conformational change in the protein and activation of the protease
inhibiting action, resulting in a 1000fold enhancement in the rate at which it inactivates thrombin and Factor Xa.
Second, the heparin chain acts as a template, enhancing the physical approximation of thrombin and antithrombin.
Thus, both the protease (thrombin) and the inhibitor have GAGbinding sites.
Heparin acts as a catalyst in these reactions by enhancing the rate of the reaction through approximation of substrates
and conformational change. After the inactivation of thrombin by antithrombin occurs, the complex loses affinity for
heparin and dissociates. The heparin is then available to participate in another activation/inactivation cycle.
Early studies using affinity fractionation schemes showed that only about one third of the chains in a heparin
preparation actually bind with high affinity to antithrombin. Comparing the sequence of the bound chains with those
that did not bind failed to reveal any substantial differences in structure, consistent with the later discovery that the
binding site consists of only five sugar residues (Figure 35.2) (the average heparin chain is about 50 sugar residues).
This observation can be extended to virtually all GAGbinding proteins, inferring that the binding sites represent a
very small segment of the chains (Table 35.3).
Crystals of antithrombin were prepared and analyzed by Xray diffraction to 2.6Å resolution. The docking site for the
heparin pentasaccharide is formed by the apposition of helices A and D, which both contain critical arginine and
lysine residues at the interface. The sequence in the D helix (124AKLNCRLYRKANKSSKLVSANR145) places many
of the positively charged residues on one face of the helix, in proximity to the arginine residues in the A helix
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(41PEATNRRVW49) (Figure 35.2). The pentasaccharide is sufficient to activate antithrombin binding toward Factor
Xa, but it will not facilitate the inactivation of thrombin. For this to occur, a larger oligosaccharide of at least 18
residues is needed. As mentioned above, thrombin also contains a heparinbinding site, and the larger heparin
oligosaccharide is thought to act as a template for the formation of a ternary complex with thrombin and antithrombin.
In contrast to antithrombin, thrombin exhibits little oligosaccharide specificity. As might be expected, adding high
concentrations of heparin actually inhibits the reaction, because the formation of binary complexes of heparin and
thrombin or heparin and antithrombin predominate. This important principle of “activation at low concentrations and
inhibition at high concentrations” also occurs in other systems where ternary complexes form (Chapter 27).
Heparin is a pharmaceutical formulation produced by partial fractionation of natural GAGs derived primarily from
porcine intestines (Chapter 16). Mast cells are known to produce a highly sulfated version of HS resembling heparin,
although highly sulfated, iduronic acid–rich heparin oligosaccharides are present in HS isolated from other tissues,
especially the liver. Although heparin has proven to be of great therapeutic use, its role in vivo remains unclear. Mast
cells degranulate in response to specific antigen stimulation, resulting in release of stored heparin, histamine, and
proteases. When this occurs, local anticoagulation might occur, but localized coagulation defects have not been
described in animals bearing mutations that alter mast cells or heparin. Antithrombinbinding sequences are also
found in ovarian granulosa cell HS, where they may have a role in regulating extravascular coagulation around
ovulatory follicles. A small percentage of endothelial cell HS contains antithrombinbinding sequences as well.
However, these binding sites appear to be located on the ablumenal side of blood vessels, and mice lacking the central
3Osulfated GlcNS unit, a hallmark of the antithrombinbinding sequence (Figure 35.2), do not exhibit any systemic
coagulopathy after birth. Nevertheless, antithrombin deficiency causes massive disseminated coagulopathy. Perhaps
these findings indicate that loweraffinity binding sequences are sufficient to activate antithrombin. This system
illustrates an important caveat: One cannot necessarily ascribe functions to endogenous proteoglycans based on the
effects of GAGs added to experimental systems.
Heparin cofactor II (HCII), another thrombin inhibitor, will bind to DS as well as heparin, albeit to different sites on
the protein. The structure of HCII and its thrombin complex is very similar to antithrombin and its kinetically
competent complex. However, unlike antithrombin, HCII is the only serpin known to associate with DS. As shown in
Table 35.3, the DS that binds HCII consists of a repeating structure rich in 2Osulfoiduronic acid. Furthermore, the
kinetic mechanism of inactivating thrombin differs in HCII and antithrombin. HCII function as an anticoagulant is
believed to be restricted to damaged tissue in which DS proteoglycans in the matrix become exposed.
FGFHEPARIN INTERACTIONS ENHANCE STIMULATION OF FGF RECEPTOR SIGNAL
TRANSDUCTION
A large number of growth factors can be purified based on their affinity for heparin. The heparinbinding family of
fibroblast growth factors has grown to more than 22 members and includes the prototype FGF2, otherwise known as
basic fibroblast growth factor. FGF2 has a very high affinity for heparin (Kd ~ 10−9 M) and requires 1.5–2 M NaCl to
elute from heparinSepharose. FGF2 has potent mitogenic activity in cells that express one of the FGF signaling
receptors (four FGFR genes are known and multiple splice variants exist). Cellsurface HS binds to both FGF2 and
FGFR, facilitating the formation of a ternary complex. Both binding and the mitogenic response are greatly stimulated
by heparin or HS, which promote dimerization of the ligandreceptor complex.
The costimulatory role of HS (and heparin) in this system is reminiscent of the heparin/antithrombin/thrombin story.
Indeed, the minimal binding sequence for FGF2 also consists of a pentasaccharide (Table 35.3). However, this
pentasaccharide is not sufficient to trigger a biological response (mitogenesis). For this to occur, a longer
oligosaccharide (10 mer) containing the minimal sequence and additional 6Osulfo groups are needed to bind FGFR.
The sequence that binds to both FGF2 and FGFR is prevalent in heparin but rare in HS. The requirement for this rare
binding sequence reduces the probability of finding this particular arrangement in naturally occurring HSs. Thus,
some preparations of HS are inactive in mitogenesis, and those containing only one half of the bipartite binding
sequence are actually inhibitory.
The structure of FGF2 cocrystallized with a heparin hexasaccharide has been obtained (Figure 35.3). The heparin
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fragment ([GlcNS6Sα14IdoA2Sα14]3) was helical and bound to a turnrich heparinbinding site on the surface of
FGF2. Only one Nsulfo group and the 2Osulfo group from the adjacent iduronic acid are bound to the growth
factor in the turnrich binding domain, and the next GlcNS residue is bound to a second site, consistent with the
minimal binding sequence determined with oligosaccharide fragments (Table 35.3). No significant conformational
change in FGF2 occurs upon heparin binding, consistent with the idea that heparin primarily serves to dimerize FGF2
and juxtapose components of the FGF signaltransduction pathway. The crystal structure of acidic FGF (FGF1) has
also been solved and shows similar sequences on its surface. However, the oligosaccharide sequence that binds with
high affinity to FGF1 contains 6Osulfo groups.
The cocrystal structure of the complex of (FGF2FGFR)2, first solved in the absence of heparin/HS ligand, showed a
canyon of positively charged amino acid residues, suggestive of an unoccupied heparinbinding site. Subsequently,
the heparinoligosaccharidecontaining complex was solved. The stoichiometry is still controversial, but recent
biochemical evidence supports a 2:2:2 complex of HS: FGF2:FGFR for signaling (Figure 35.4).
OTHER ATTRIBUTES OF GLYCOSAMINOGLYCANPROTEIN INTERACTIONS
Chapters 34 and 39 discuss how sulfated GAGs can serve as receptors for microbes, viruses, and parasites. Chapters
38–44 discuss how GAG deficiencies can affect physiology and how aberrations in GAG composition can cause
disease.
In some cases, the interaction of GAG chains with proteins may depend on metal cofactors. For example, L and P
selectins have been shown to bind to a subfraction of HS chains and heparin in a divalentcationdependent manner.
This observation raises the possibility that other types of cationdependent receptors for GAG chains may exist.
Recent studies show that GAG binding to Lselectin helps in leukocyte rolling. Furthermore, the interaction can be
pharmacologically manipulated by exogenous heparin, including chemically modified derivatives that lack
anticoagulant activity.
HS proteoglycans are often expressed in a spatially and temporally limited fashion. The temporary placement of an
HS proteoglycan at a specific tissue site might or might not coincide with the presence of its appropriate protein
ligand. Furthermore, if the binding partner has no access to the HS proteoglycan, it cannot interact—adding an
additional level of specificity. Recent studies demonstrate that the fine structure of HS chains also changes during
development, thus enabling or disabling specific associations between ligands and receptors.
Gradients of morphogens, factors that determine cell fates based on concentration, also determine the patterns of cell
and tissue organization during development (see Chapter 24). The mechanism of gradient formation is controversial,
but interestingly, virtually all morphogens can interact with heparin and HS. These interactions can affect transport of
ligands, receptor interactions, endocytosis, and degradation, which together may have a role in determining the
robustness of the gradient. The GAG chains of proteoglycans also offer a linear domain over which ligand proteins
can diffuse. By limiting the space available to these proteins from the threedimensional space of extracellular fluids
and the extracellular matrix to onedimensional space along the chains, the chance of encounters among heparin
binding proteins, such as FGF and its receptor (FGFR), may be enhanced. Thus, HS proteoglycans may have their
most important role in controlling the kinetics of protein–protein interactions rather than the thermodynamics of such
encounters.
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Figures

FIGURE 35.1

Conformation of heparin oligosaccharides. (A) Glucosamine (GlcN) and glucuronic acid (GlcA) exist in the 4C1
conformation, whereas iduronic acid (IdoA) exists in equally energetic conformations designated 1C4 and 2S0. (B)
Spacefilling model of a heparin oligosaccharide (14 mer) deduced by nuclear magnetic resonance. (C) The same
structure in stick representation. The renderings in B and C were made with RASMOL using data from the
Molecular Modeling Database (MMDB Id: 3448) at the National Center for Biotechnology Information (NCBI).
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FIGURE 35.2

Crystal structure of the antithrombinpentasaccharide complex (from Protein Data Bank). (A,D) αHelices that
make contact with heparin; (RCL) the reactive center loop that inactivates thrombin and Factor X; (F) another α
helix in the protein. (Lower panel) Interactions between key amino acid residues and individual elements in the
pentasaccharide. (Solid lines) Electrostatic interactions between positively charged residues and sulfate groups;
(broken lines) hydrogen bonds; (alternately broken and solid line) bridging water molecule.
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FIGURE 35.3

Stereo view of the crystal structure of FGF2 with a heparin hexasaccharide (shown at the top of the figure; yellow
balls indicate sulfur atoms). The stereo rendering was made with RASMOL using data from the Molecular
Modeling Database (MMDB Id: 4322, http://www.ncbi.nlm.nih.gov/cgibin/Structure/mmdbsrv) at the NCBI.
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FIGURE 35.4

Formation of complexes among heparan sulfate, FGF2, and FGFR. Two alternate crystal structures have been
described for the complex.
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Tables
TABLE 35.1

Examples of glycosaminoglycanbinding proteins and their biological activity
Physiological/pathophysiological
effects of binding

Class

Examples

Enzymes

glycosaminoglycan biosynthetic enzymes, thrombin and
coagulation factors (proteases), complement proteins
(esterases), extracellular superoxide dismutase, topoisomerase

multiple

Enzyme
inhibitors

antithrombin III, heparin cofactor II, secretory leukocyte
proteinase inhibitor, C1esterase inhibitor

coagulation, inflammation,
complement regulation

Cell adhesion
proteins

Pselectin, Lselectin, some integrins

cell adhesion, inflammation,
metastasis

Extracellular
laminin, fibronectin, collagens, thrombospondin, vitronectin,
matrix proteins tenascin

cell adhesion, matrix organization

Chemokines

chemotaxis, signaling,
inflammation

platelet factor IV, γinterferon, interleukins

Growth factors fibroblast growth factors, hepatocyte growth factor, vascular
endothelial growth factor, insulinlike growth factor–binding
proteins, TGFβbinding proteins

mitogenesis, cell migration

Morphogens

cell specification, tissue
differentiation, development

hedgehogs, TGFβ family members

Tyrosinekinase fibroblast growth factor receptors, vascular endothelium growth mitogenesis
growth factor factor receptor
receptors
Lipidbinding
proteins

apolipoproteins E and B, lipoprotein lipase, hepatic lipase,
annexins

lipid metabolism, cell membrane
functions

Plaque proteins prion proteins, amyloid protein

plaque formation

Nuclear
proteins

unknown

histones, transcription factors

Pathogen
malaria cirumsporozoite protein
surface proteins

pathogen infections

Viral envelope
proteins

viral infections

herpes simplex virus, dengue virus, human immunodeficiency
virus, hepatitis C virus
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TABLE 35.2

Methods to measure glycosaminoglycanprotein interaction
Method
Affinity chromatography
Affinity coelectrophoresis

Type Principle
M

immobilized ligand or glycosaminoglycan chains on column matrix

M/S gel retardation through proteinimpregnated gel

Analytical
ultracentrifugation

S

equilibrium sedimentation at different carbohydrate:protein ratios

Circular dichroism

S

change in rotation of planepolarized light upon binding

Competition ELISA

M

solution and solidphase ligands compete for binding

Equilibrium dialysis

S

semipermeable membrane partitions protein but not carbohydrate

Fluorescence spectroscopy

S

conformational change, ligand binding induces change in fluorescence

Fourier transform infrared
spectroscopy

S

measures protein and carbohydrate bond energies

Isothermal titration
calorimetry

S

measures enthalpy of binding directly and Kd values

Laser light scattering

S

intrinsic scattering intensities of carbohydrateprotein complex used to calculate
stoichiometry

Nuclear magnetic
resonance

S

chemical shift, coupling constant, and nuclear Overhauser effect to determine
contact points, distances, and conformation

Scintillation proximity

M

proximity of radiolabeled carbohydrate to immobilized protein results in emitted
photon from scintillant

Surface plasmon resonance

M

massinduced refractive index change in real time for direct measurement of
association and dissociation rate constants

X ray

M

solid state cocrystal structure

(M) Mixed phase; (S) solution phase.
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TABLE 35.3

Examples of oligosaccharides preferentially recognized by glycosaminoglycanbinding proteins
Protein

Glycosaminoglycan partner Oligosaccharide

Antithrombin

heparin/heparan sulfate

Fibroblast growth factor 2

heparin/heparan sulfate

Lipoprotein lipase

heparin/heparan sulfate

Heparin cofactor II

dermatan sulfate

Herpes simplex virus glycoprotein gD heparin/heparan sulfate
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Abstract Glycosylation is the most abundant and complex protein modification, and can have a profound structural and functional effect on the conjugate. The oligosaccharide fraction is
recognized to be involved in multiple biological processes, and
to affect proteins physical properties, and has consequentially
been labeled a critical quality attribute of biopharmaceuticals.
Additionally, due to recent advances in analytical methods and
analysis software, glycosylation is targeted in the search for
disease biomarkers for early diagnosis and patient stratification.
Biofluids such as saliva, serum or plasma are of great use in this
regard, as they are easily accessible and can provide relevant
glycosylation information. Thus, as the assessment of protein
glycosylation is becoming a major element in clinical and biopharmaceutical research, this review aims to convey the current
state of knowledge on the N-glycosylation of the major plasma
glycoproteins alpha-1-acid glycoprotein, alpha-1-antitrypsin, alpha-1B-glycoprotein, alpha-2-HS-glycoprotein, alpha-2-macroglobulin, antithrombin-III, apolipoprotein B-100, apolipoprotein
D, apolipoprotein F, beta-2-glycoprotein 1, ceruloplasmin, fibrinogen, immunoglobulin (Ig) A, IgG, IgM, haptoglobin,
hemopexin, histidine-rich glycoprotein, kininogen-1,
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serotransferrin, vitronectin, and zinc-alpha-2-glycoprotein. In
addition, the less abundant immunoglobulins D and E are included because of their major relevance in immunology and
biopharmaceutical research. Where available, the glycosylation
is described in a site-specific manner. In the discussion, we put
the glycosylation of individual proteins into perspective and
speculate how the individual proteins may contribute to a total
plasma N-glycosylation profile determined at the released glycan
level.
Keywords N-glycosylation . Plasma . Serum .
Glycoproteins . Glycoproteomics . Immunoglobulins

Introduction
Protein glycosylation is recognized to be involved in a multitude
of biological processes such as receptor interaction, immune
response, protein secretion and transport [1–6]. In addition, glycosylation affects protein properties such as solubility, stability
and folding [7–10]. A given protein can have multiple sites of
glycosylation, and its glycoforms can differ by site occupancy
(macroheterogeneity) and occupying glycan structures
(microheterogeneity) [11–13]. The biosynthetic pathways leading up to this variety of glycans depend on multiple parameters
and can be influenced by many factors including genetic regulation, the availability of nucleotide sugars, the time spent in the
endoplasmic reticulum and Golgi apparatus, as well as the accessibility of a particular glycosylation site [10, 14–17].
Protein glycosylation can differ between persons, but is remarkably stable per individual [18]. It is only when the homeostasis of a person changes, by lifestyle or pathological conditions, that the glycosylation will change notably [19]. Large
studies comprising thousands of individuals have identified glycosylation to correlate with age, sex and lifestyle [14, 20, 21].
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Examples of such changes are the increase in bisection and
decrease of galactosylation and sialylation of IgG with age
[19, 20, 22–24].
At the same time, specific studies based on smaller sample
sets have revealed changes of glycosylation in various diseases,
inflammatory states, congenital disorders of glycosylation
(CDGs), but also throughout pregnancy where an increase in
galactosylation and sialylation, as well as a decrease in bisection
was reported [25–28]. In addition, specific glycoforms can be
targeted by viruses or bacteria or serve as a pro- or antiinflammatory signal [29–33]. All of this opens up the possibility
to use glycans as an early biomarker for disease or to assist
personalized medicine by patient stratification [34, 35].
Recent advances in chromatographic separation, mass
spectrometry, robotization and automated data processing allow the rapid analysis of glycosylation, and facilitate the development of novel biomarkers [36–39]. While the glycosylation analysis of an easily obtainable biofluid like plasma can
be of considerable interest to a clinical situation, the interpretation of data may be complicated when analyzing a complex
protein mixture. For example, when analyzing total plasma Nglycosylation (TPNG) of a clinical cohort at the released glycan level, it is not directly apparent whether an observed
change originates from a change in relative protein abundance, in the relative glycoforms of a specific protein, or
whether it reflects a general regulatory effect influencing the
glycosylation of many different glycoproteins. We expect that
a better understanding of the glycosylation of individual proteins of human plasma will help to put total plasma Nglycomic changes into perspective.
As the previous review on plasma protein N-glycosylation
originates from 2008 [40], we here strive to convey the current
state of knowledge on the subject, including a larger number
of proteins. The proteins described in this review were selected based on their plasma levels, additionally including the
immunoglobulin family due to its major clinical and biopharmaceutical interest. The 24 glycoproteins covered in this review account for approximately 30 mg/mL of the 70–75 mg/
mL of the total plasma protein concentration, thus
representing most of the human TPNG (albumin is present
at levels of 40 mg/mL but is not glycosylated) [41–43].
Furthermore, we tried to limit our review to human plasma
and serum but we also reported findings coming from other
biological fluids when information complementary information
could be added. The N-glycosylation of the proteins is reported
both on a general level and, where available, with site specific
information about glycan composition, glycan structure and occupancy. The information is condensed in Table 1, and a schematic representation of the relative protein contribution to each
specific glycan composition is reported in Fig. 1.
Throughout the text, Oxford nomenclature has been used to
annotate individual glycan structures or compositions with A
giving the number of antennae, F for the fucose (location

specific), B for bisecting N-acetylglucosamine, G for galactoses and S for sialic acids. The number directly after the letter
indicates the quantity of the specific features and the number
in parenthesis its linkage. UniProt numbering was used for
sequence and site identification.

Alpha-1-acid glycoprotein (P02763; P19652)
Alpha-1-acid glycoprotein (AGP), also known as
orosmucoid-1, is a 201 amino acid glycoprotein, which includes an 18 amino acid signal peptide. The molecular weight
of the bare protein is 23.5 kDa, but the carbohydrate content
leads to observed masses around 41–43 kDa [44]. Two isoforms are found in plasma (AGP1 and AGP2 encoded by
ORM1 and ORM2 respectively), differing in 22 amino acids
[44]. The protein is expressed by the liver and secreted in a
monomeric form into the circulation, where it is observed in
concentrations between 0.36 and 1.46 mg/mL with a mean of
0.77 mg/mL, men having slightly higher levels than women
[204, 205]. The concentration of AGP has been reported to
increase with age in females but not in males. Being an acute
phase protein, its serum concentration rises in response to
inflammatory stimuli, potentially increasing the concentration
two- to four-fold [205].
The main functions of AGP are acute phase negative modulation of the complement system and transport of lipophilic
compounds, both of these heavily modulated by the glycosylation of the protein [206, 207]. The immunomodulatory function is expected to be via interaction with selectins at a given
site of injury (with sialyl-Lewis X as ligand), and inhibiting
local complement deposition by charge and receptor competition [207]. As AGP may be used to transport lipophilic and
acidic drugs to a site of injury, it is regarded as a good target
for therapeutic development [206].
Glycosylation
AGP has five N-linked glycosylation sites, namely Asn33,
Asn56, Asn72, Asn93 and Asn103. Overall, the glycosylation
was determined to mainly consist of fully sialylated tri- and
tetraantennary structures, with potential antennary
fucosylation in the form of sialyl-Lewis X [44, 45]. Site specific glycosylation was determined by high-performance (HP)
liquid chromatography (LC)-electrospray ionization (ESI)mass spectrometry (MS) and matrix assisted laser
desorption/ionization (MALDI)-time-of-flight (TOF)-MS of
tryptic glycopeptides [46]. Asn33 mainly contains the
triantennary structure A3G3S3 (60 %) together with its
antennary fucosylated variant A3FG3S3 (20 %), as well as
some non-complete sialylated glycoforms (A3G3S2,
12.5 %). Asn56 contains similar structures (A3G3S3, 55 %;
A3FG3S3, 12.5 %; A3G3S2, 10 %) and a fraction of

P04217

P02765

Alpha-1Bglycoprotein

Alpha-2-HSglycoprotein

Antithrombin-III P01008

Alpha-2P01023
macrogobulin

P01009

Alpha-1antitripsin

Protease scavenger

Phosphate and
calcium scavenger,
metalloprotease
protection

Uncertain, likely
inflammation

Serine protease
inhibitor

P02763;
Transport
P19652
of lipophilic
compounds

Alpha-1-acid
glycoprotein

Function

Uniprot
number

Overview on plasma protein glycosylation

Glycoprotein

Table 1

0.15

0.15

1.2

0.45

0.3–0.6

1–2

0.22

1.1

0.77

0.22

1.1

0.36–1.46

Asn55
Asn70
Asn247
Asn396
Asn410
Asn869
Asn991
Asn1424
Overall

Asn156
Asn176
Overall

Asn44
Asn179
Asn363
Asn371
Overall

Asn271
Overall

Asn70
Asn107

Overall

Asn103

Asn93

Asn72

Asn56

Asn33

Overall

A2G2S2 (35 %); A2G2S1 (35 %);
FA2G2S2 (15 %); FA2G2S1 (15 %);
M5-7 (8 %)
A2G2S2; FA2G2S2
A2G2S2
A2G2S2
A2G2S2
A2G2S2
Man5-7
A2G2S2
A2G2S2; FA2G2S2
A2G2S2 (85 %); A2G2S1 (15 %)

A2G2S2 (96 %); FA2G2S2 (4 %)

A2G2S1 (100 %)

A2G2S2 (91.3 %); FA2G2S2 (8.6 %)
A2G2S2 (52.5 %); A3G3S3 (29.5 %); A3FG3S3
(16.7 %); FA2G2S2 (1.5 %)
A2G2S2 (99.3 %); FA2G2S2 (0.7 %)
A2G2S1 (100 %)

A3G3S3 (33.5 %); A4G4S4 (19.5 %);
A3FG3S3 (9 %); A4G4S3 (8.2 %);
A3G3S2 (5 %); A2G2S2 (4.5 %);
A4G4S2 (4 %); A4FG4S4 (2.5 %)
A3G3S3 (60 %); A3FG3S3 (20 %);
A3G3S2 (12.5 %)
A3G3S3 (55 %); A2G2S2 (22.5 %);
A3FG3S3 (12.5 %); A3G3S2 (10 %);
A4G4S4 (30 %); A4G4S3 (15 %);
A3G3S3 (15 %); A4G4S2 (10 %);
A4FG4S3 (5 %); A4FG4S4 (5 %)
A4G4S4 (22.5 %); A4G4S3 (20 %);
A3G3S3 (17.5 %); A4FG4S4 (7.5 %);
A4FG3S3 (7.5 %); A3FG3S3 (7.5 %);
A4G4S2 (7.5 %)
A4G4S4 (45 %); A3G3S3 (20 %);
A4G4S2 (10 %); A4G4S3 (7.5 %);
A3FG3S3 (5 %)
A2G2S2 (81 %); A3G3S3 (9.8 %);
A3FG3S3 (5.6 %); FA2G2S2 (3.6 %)

Glycan species
Site
Avg. plasma NPlasma
concentration concentration glycosylation occupancy
(%)
sites
(mg/mL)
range
(mg/mL)

General ↑, Man↑,
G↑

Glycosylation ↑↓

Conc↑,
(F)A3G3S3↑,
A2G2S2↓

[44–51]

Glycosylation
references
(numbered)

[75–86]

[59, 60, 67,
69–74]

[63–68]

[58–62]

Glycosylation↓ [52–57]
except
A2G1 and
A3FG2S2↑

Conc↑ for
females

Conc↑, F↑, S↑

Conc↑, complex

Changes with
age

Changes under
disease or
inflammation

Glycoconj J

Cholesterol
transport
(VLDL)
Proprotein
Proprotein

Scavenger of
negatively
charged
compounds

P04114

P05090

Q13790

P02749

Apolipoprotein
D

Apolipoprotein
F

Beta-2glycoprotein
1

Cholesterol
transport
(HDL)

Cholesterol
transport
(LDL)

Serine protease
inhibitor,
coagulation

Apolipoprotein
B-100

Function

Uniprot
number

Glycoprotein

Table 1 (continued)

0.2

0.0845

0.073–0.096
(F-M)

0.2

0.1

0.5

0.1

0.5

Conc↓, A3S↓,
A2G2S2↑

Conc↑

[59, 60, 62,
67, 91–93]

Asn183

Asn162

A2G2S2 (67 %); A3G3S3 (22 %);
A2G2S1 (5 %); A3G3S2 (3 %)
A2; A3

A3↓, A2↑

[59, 97–102]

A2G2S2 (58 %); A3G3S3 (28.5 %);
A2G2S1 (6.5 %); A3G3S2 (5 %)

Man5-9
Man5-9

Conc↑
(Females)

[11, 87–90]

Glycosylation
references
(numbered)

Asn118
Asn139
Asn267
Overall

A2G2S2; A3G3S2; A3G3S3; A4G4S4
A2G2FS1; A2G2S2; A2FG2S2;
A3FG3S2; A3FG3S3; A4FG4S3

Conc↑

Changes with
age

[94–96]

0%

0%

A2G2S2; A2G2S1
A2G2S2; A2G2S1; A3G3S3
A2G2S2; A2G2S1; FA2G2S2; A3G3S3
A2G2S2; A2G2S1; A3G3S2
A2G2S1 (29.2 %); A2G2S2 (23.6 %);
Man9 (8.6 %); A2G2 (7.2 %); Man5
(6.9 %)
—
Man5-9
A2G2S1; A2G2S2
Man5-9
Man5-9
Man5-9; Hy; A1G1S1; A2G2S1; A2G2S2
A2G2S1; A2G2S2
—
A2G2S1; A2G2S2
A2G2S1; A2G2S2
A2G2S1; A2G2S2
A2G2S1; A2G2S2
Man5-9
Man5-9
Man5-9; Hy; A1G1S1; A2G2S1; A2G2S2
A2G2S1; A2G2S2
A2G2S2; A3G3S3
A2G2S1; A2G2S2
A2G2S1; A2G2S2
A2FG2S2; A3G3S3

Conc↓
(thrombosis),
FA↑

Changes under
disease or
inflammation

Overall

Asn65
Asn98

Asn34
Asn185
Asn983
Asn1368
Asn1377
Asn1523
Asn2239
Asn2560
Asn2779
Asn2982
Asn3101
Asn3224
Asn3336
Asn3358
Asn3411
Asn3465
Asn3895
Asn4237
Asn4431
Overall

Asn128
Asn167
Asn187
Asn224
Overall

Avg. plasma NSite
Glycan species
Plasma
concentration concentration glycosylation occupancy
(mg/mL)
sites
(%)
range
(mg/mL)

Glycoconj J

P00738

P02790

Haptoglobin

Hemopexin

Fibrinogen
P02675
beta-chain
Fibrinogen
P02679
gamma-chain

Fibrinogen
alpha-chain

P02671

P00450

Ceruloplasmin

Fibrinogen

Uniprot
number

Glycoprotein

Table 1 (continued)

Heme scavenger

Scavenger of
hemoglobin

Coagulation
(platelet
aggregation)

Copper dependent
iron oxidation
(Fe2+ to Fe3+)

Function

0.4–1.5

0.8–2.5

2.0–4.5

0.15–0.96

0.8

1.32

3

0.355

97.4 %

98.5 %
95.8 %

Asn207

Asn211
Asn241

Asn64
Asn187

Overall

97.7 %

Asn184

A2G2S2(6) (90 %); FA2G2S2 (5 %)
A2G2S2(6) (90 %); FA2G2S2 (5 %)

A2G2S2 (45 %); A2G2S1 (26 %); A3G3S3
(9 %); A3FG3S3 (6 %); A3G3S2 (5 %);
A3G3S1 (5 %); A2FG2S1 (2 %);
A2FG2S2 (1 %);
A2G2S2 (46 %); A2G2S1 (38 %); A3G3S3
(4 %); A3G3S2 (3 %); A3G3S1 (2 %);
A2FG2S2 (3 %); A2FG2S1 (3 %);
A3FG3S3 (1 %)
A2G2S2 (47 %); A2G2S1 (39 %); A3G3S1
(7 %); A4G4S1 (2 %); A3FG3S1 (2 %);
A4G4S2 (1 %); A2FG2S1 (1 %);
A2FG2S2 (1 %)
A2G2S2 (40 %); A3G3S3 (29 %), A3FG3S3
(21 %); A3G3S2 (10 %)
A2G2S2 (47 %); A2G2S1 (26 %); A3G3S1
(10 %); A3G3S2 (8 %); A3G3S3 (4 %);
A2FG2S1 (2 %); A2FG2S2 (1 %);
A3FG3S2 (1 %); A4G4S1 (1 %);
A2G2S2 (90 %); FA2G2S2 (5 %)

A2G2S1(6); A2G2S2(6)

Overall

Asn334

—
A2G2S1(6); A2G2S2(6)
A2G2S1(6); A2G2S2(6)

0%

Asn686
Asn394

—

A2G2S2 (49 %); FA2G2S2 (26 %);
A3G3S3 (12 %); A3FG3S3 (10 %);
FA3FG3S3 (3 %)
—
A2G2S2 (83 %); FA2G2S2 (12 %); A3G3S3
(5 %)
A2G2S2 (73 %); A3G3S3 (17 %); A3FG3S3
(6 %); FA2G2S2 (4 %)
—
A2G2S2 (46 %); A3G3S3 (20 %); FA2G2S2
(16 %); A3FG3S3 (13 %); FA3FG3S3
(2 %); A4G4S4 (1 %); A4FG4S4 (1 %)
—
A2G2S1(6) (53 %); A2G2S2(6) (33 %)

A2G2S2 (49 %); A3G3S3 (35 %);
A2G2S1 (8 %); A3G3S2 (7 %)
A2; A3
A2G2S2 (62.75 %); FA2G2S2 (14.5 %);
A3G3S3 (13.5 %); A3G3FS3 (7.25 %)

Asn78

0%

0%

0%

Asn453

Asn926
Overall

Asn588
Asn762

Asn397

Asn227
Asn358

Asn138

Asn253
Overall

Asn193

Avg. plasma NSite
Glycan species
Plasma
concentration concentration glycosylation occupancy
(mg/mL)
sites
(%)
range
(mg/mL)

Conc↑,
Antennarity↑, F↑

S↑

S↑

Glycosylation↑
in mutants
Conc↑,
glycosylation
complex,
branching↑, F↑

Conc↑

A3↓, A2↑

Changes under
disease or
inflammation

Conc↑

Changes with
age

[59, 60, 62,
67, 68,
70, 121,
127–134]

[13,
118–126]

[59, 60,
67, 70,
106–117]

[59,
103–105]

Glycosylation
references
(numbered)

Glycoconj J

Uniprot
number

P04196

P01042

P02787

P04004

P25311

Glycoprotein

Histdine-rich
glycoprotein

Kininogen-1

Serotransferrin

Vitronectin

Zinc-alpha-2glycoprotein

Table 1 (continued)

Fat
metabolism

Cell adhesion,
coagulation

Minor Asn-X-Cys
site

Iron transport

Coagulation

Immunity,
coagulation
and angiogenesis
regulator

Function

0.05

0.2–0.4

2–3

0.055–0.090

0.1–0.15

0.05

0.3

2.5

0.0725

0.125

Asn109
Asn112

Overall

Asn242

Asn169

A2G2S2 (100 %)

A2G2S2 (45 %); A3G3S3 (33 %);
A3FG3S3 (20 %)
A2G2S2 (76 %); Hy (18 %); A2G2S1
(6 %)
A2G2S2 (50 %); A2G2S1 (20 %); FA2G2S2
(10 %); A3G3S3 (10 %); A3FG3S3 (10 %)
A2G2S2 (97 %); A2G2S1 (3 %)

Asn86

Overall

A2G2S2 (85.9 %); FA2G2S2 (6.9 %);
A2FG2S2 (2.8 %); A2G2S1 (2.2 %);
A3G3S2 (1.0 %); FA3G3S2 (0.9 %);
FA2FG2S2 (0.3 %)
A2G2S2 (57 %); A3G3S3 (14.3 %);
A3FG3S3 (10 %); A2G2S1 (8.7 %);
Hy (6 %); FA2G2S2 (3.3 %)

2%

A2G2S2 (93.5 %); A3G3S2 (2.5 %);
A2G2S1 (2.4 %); A2FG2S2 (1.6 %)
A2G2S2 (100 %)

Asn630

Asn491

Asn432

core F
core F
A2G2S2 (96.5 %); FA2G2S2 (2.5 %);
A3G3S2 (1 %)

core F

A3-A4?, core F

Asn63
Asn125
Asn344
Asn345
Overall

Asn48
Asn169
Asn205
Asn294
Overall

A2G2S2(6) (90 %); FA2G2S2 (5 %)
A3-A4?

Asn240
Asn246
Asn453
Overall

Avg. plasma NSite
Glycan species
Plasma
concentration concentration glycosylation occupancy
(mg/mL)
sites
(%)
range
(mg/mL)

Conc↑ (cancer)

Conc↑↓
(inflammation↑,
liver fibrosis↓),
hybrid↑(HCC),
F↑ (HCC)

Conc↑↓
(pregnancy↑,
inflammation↓),
A3↑(hepatoma),
glycosylation
changed
(CDGs,
alcohol↓)

Sialyl-Lewis X↑

Conc↓

Changes under
disease or
inflammation

Conc↑
(stable
from 2yo)

Conc↑

Changes with
age

[59, 60,
67, 70,
96, 129,
155–158]

[17, 59,
67, 70,
152–154]

[8, 59,
141–151]

[59, 60, 62,
67, 70,
139, 140]

[60, 70,
135–138]

Glycosylation
references
(numbered)

Glycoconj J

Immunity
(parasitic
infection;
allergy)

Immunity
(primary;
secondary;
complement
system)

Immunoglobulin P01854
E

Immunoglobulin
G

Immunoglobulin P01861
G4
Immunoglobulin P01871
M

Immunoglobulin P01857
G1
Immunoglobulin P01859
G2
Immunoglobulin P01860
G3

Immunity

P01877

IgA2

Immunity
(mucosal;
FcaRI)

Function

Immunoglobulin P01880
D

P01876

Uniprot
number

IgA1

Immunoglobulin
A

Glycoprotein

Table 1 (continued)

0.58
0.58
0.38
1.47

0.58
0.58
0.38
0.5–2.0

3.42

3.42

11.8

7–18

5.03

0.0003

0.0003

5.03

0.035

0.1

0.9

2.62

0.03;
<0.003–
0.4

2.62

Overall

Asn322
Asn177

Asn227

Asn176

Asn180

Overall

Asn264
Asn275

Asn252

Asn99
Asn146

Asn49

Asn21

Asn225
Asn316
Asn367
Overall

Asn47
Asn92
Asn131
Asn205
Asn327
Overall

Asn340

Asn144

Asn128
Asn259
Overall

0

FA2G2S1 (30 %); FA2BG2S1 (30 %);
FA2G2S2 (15 %); FA2BG2S2 (10 %)
FA2G2S2 (30 %); FA2G2S1 (18 %);
FA2BG2S2 (15 %); FA2BG2S1 (15 %)
FA2G2S2 (40 %); FA2G2S1 (20 %)
FA2G2S2 (50 %); FA2BG2S2 (30 %);
FA2G2S1 (10 %)
FA2BG2S1 (35 %); FA2BG2S2 (25 %);
FA2G2S2 (15 %); FA2G2S1 (10 %)
—
Man5 (50 %); Man6 (15 %); Man7 (10 %);
Man8 (10 %); Man9 (5 %)
FA2G1 (31 %); FA2G2 (23 %); FA2G2S1
(13 %); FA2 (10 %); FA2BG1 (5 %)

Man8 (14.4 %); Man9 (13.5 %); FA2G2S2
(7.6 %); FA2G2S1 (7.3 %); FA2BG2S2
(6.5 %); A2G2S1 (6.1 %)
Man8; Man9
FA2G2S2; FA2G2S1; FA2BG2S2; A2G2S1
FA2G2S2; FA2G2S1; FA2BG2S2; A2G2S1
FA2G2S2 (25 %); FA2G2S1 (14.5 %);
FA2BG2S2 (13.5 %); FA2BG2S1
(13.5 %); Man5 (8.5 %)

A2G2S1 (50 %); A2G2S2 (27 %);
A2BG2S1 (10 %)
FA2G2S2 (46 %); FA2BG2S2 (40 %);
FA2G2S1 (13 %)

A2G2S2 (100 %)
A2G2S2 (90 %); A2G2S1 (10 %)
A2G2S2 (24 %); A2G2S1 (20 %);
FA2BG2S2 (14 %)

Avg. plasma NSite
Glycan species
Plasma
concentration concentration glycosylation occupancy
(mg/mL)
sites
(%)
range
(mg/mL)

Conc↓
(pregnancy), FA2↑,
FA2G2↓(RA, CD…),
G↑ + S↑
(pregnancy), G↓

B↓, A3↓

Changes under
disease or
inflammation

G↓

Changes with
age

[159,
201–203]

[19, 20, 24,
28, 33,
177–200]

[169,
171–176]

[166–170]

[159–165]

Glycosylation
references
(numbered)

Glycoconj J

The N-glycosylation of the proteins is reported both on a general level and, where available, with site specific information about glycan composition, glycan structure and site occupancy. Protein
concentrations were taken from large studies when available and a mean value was calculated from the reported ranges otherwise. The general Oxford notation was used for naming the glycan structures, M
for the unassigned high-mannose structures and Hy for hybrid structures. For details on the calculation see Supplementary Table 1

Asn46
Asn209
Asn272
Asn279
Asn439

17

FA2BG2S1 (26 %); FA2G2S1
(19 %); Man6 (10 %); Man5
(6 %)
FA2BG2S1; FA2G2S1
FA2BG2S1; FA2G2S1
FA2BG2S1; FA2G2S1
Man5; Man6
Man6; Man7; Man8
Immunity
(complement
system)

Uniprot number, main role, concentrations, site occupancy and glycan composition of the abundant plasma glycoproteins as reported in the listed literature

Uniprot
number
Glycoprotein

Table 1 (continued)

Function

Avg. plasma NSite
Glycan species
Plasma
concentration concentration glycosylation occupancy
(mg/mL)
sites
(%)
range
(mg/mL)

Changes under
disease or
inflammation

Changes with
age

Glycosylation
references
(numbered)

Glycoconj J

diantennary glycans (A2G2S2, 22.5 %). Asn72 is occupied by
a higher level of antennarity, having, next to its triantennary
glycans (A3G3S3, 15 %), a number of tetraantennary compositions (A4G4S4, 30 %; A4G4S3, 15 %; A4G4S2, 10 %;
A4FG4S3, 5 %; A4FG4S4, 5 %). A similar situation is seen
at Asn93 (A4G4S4, 22.5 %; A4G4S3, 20 %; A3G3S3,
17.5 %; A4FG4S4, 7.5 %; A4FG4S3, 7.5 %; A3FG3S3,
7.5 %; A4G4S2, 7.5 %) and Asn103 (A4G4S4, 45 %;
A3G3S3, 20 %; A4G4S2, 10 %; A4G4S3, 7.5 %;
A3FG3S3, 5 %) [45, 46] (Table 1).
The glycosylation of AGP changes considerably with varying conditions. For instance, during the early stages of an
acute-phase immune response the levels of fucosylated glycans (sialyl-Lewis X) increase significantly [45, 47–49],
which continues to increase throughout the acute phase immune response [50]. In rheumatoid arthritis both fucosylation
and sialylation have shown to increase significantly [51].

Alpha-1-antitrypsin (P01009)
Alpha-1-antitrypsin (AAT), also known as alpha-1-protease inhibitor, alpha-1-antiproteinase or serpin A1, consists of 418 amino acids (including a 24 amino acid signal peptide) with an
apparent mass of 51 kDa (including glycosylation). It is mainly
produced in the liver by hepatocytes, but is also synthesized in
monocytes, intestinal epithelial cells, and in the cornea [52,
208–211]. Due to its small size and polar properties, the glycoprotein can easily move into tissue fluids [52]. In healthy individuals, a plasma level of approximately 1.1 mg/mL is found,
but the concentration can increase three- to four-fold during
inflammation [212–215]. AAT occurs as three different amino
acid sequences, of which the first is set as the standard sequence.
Form 2 differs in the amino acid sequence 356–418 and form 3
lacks the amino acid sequence 307–418.
AAT inhibits a wide range of serine proteases, protecting
tissues from enzymatic attacks [216]. Neutrophil elastase is its
prime target, thereby preventing proteolytic destruction of
elastase in the tissue of the lower respiratory tract
(emphysema) [217]. It has been shown that AAT has antiinflammatory properties and therefore it could potentially be
used as a therapeutic agent for rheumatoid arthritis and type 1
diabetes [218, 219].
Glycosylation
Three N-glycosylation sites have been identified on AAT, located at Asn70, Asn107 and Asn271 [52–54]. MALDI-TOFMS analysis on released glycans revealed mainly di- and
triantennary complex type species. Isoelectric focusing furthermore revealed eight different charge isoforms of AAT, of
which isoform 4 (M4) and isoform 6 (M6) were the most
abundant ones. Of M4, the most pronounced glycans were

Glycoconj J
50%
45%

Relative abundance

40%
35%
30%
25%
20%

Alpha-1-acid glycoprotein

Alpha-1-antitrypsin

Alpha-1B-glycoprotein

Alpha-2-HS-glycoprotein

Alpha-2-macrogobulin

Antithrombin-III

Apolipoprotein B-100

Apolipoprotein D

Apolipoprotein F

Beta-2-glycoprotein 1

Ceruloplasmin

Fibrinogen

Haptoglobin

Hemopexin

Histdine-rich glycoprotein

Kininogen-1

Seroransferrin

Vitronectin

Zinc-alpha-2-glycoprotein

Immunoglobulin A

Immunoglobulin D

Immunoglobulin E

Immunoglobulin G

Immunoglobulin M

15%
10%
5%
0%

Fig. 1 Schematic representation of the relative protein contribution to
each specific glycan composition. To obtain these numbers, the
contribution of a glycan composition to the total glycan pool of a given
protein was multiplied by the abundance of that protein as well as the
number of glycosylation sites confirmed to be occupied. Protein
concentrations were taken from large studies when available and a

mean value was calculated from the reported ranges otherwise. The
molecular mass used is as reported by SDS-PAGE for the glycoproteins
or calculated from the phenotype distribution for haptoglobin. The
general Oxford notation was used for naming the glycan structures. For
details on the calculation see Supplementary Table 1

diantennary disialylated (A2G2S2) and triantennary
trisialylated (A3G3S3) with a ratio of 2:1. Isoform M6 was
mainly occupied with A2G2S2 structures [55].
LC-MS/MS analysis on tryptic glycopeptides treated with
various specific exoglycosidases enabled a precise determination of the glycosylation in a site-specific manner [54]. Asn70
and Asn271 mainly contain diantennary disialylated
(A2(2)G2(4)S2(6)) structures (91.3 and 99.3 % respectively),
while core fucosylation (F(6)A2(2)G2(4)S2(6)) is less abundant
(8.6 and 0.7 % respectively). Asn107 shows the highest variability of the sites, containing diantennary disialylated species
A2(2)G2(4)S2(6), 52.5 %, with possible core fucosylation
F(6)A2(2)G2(4)S2(6), 1.5 %), and 29.5 % triantennary
trisialylated species A3(2,4,2)G3(4)S3(6,3,6)) with possible
antennary fucosylation (A3(2,4,2)F(3)G3(4)S3(6,3,6), 16.7 %
(Table 1). In addition, a small fraction of Asn107 is
tetraantennary fully sialylated with potential antennary
fucosylation. Interestingly, the diantennary structures contained
mainly (α1-6-linked) core-fucosylation, while on triantennary
structures the fucose was mainly detected as sialyl-Lewis X on
the β1-4-linked N-acetylglucosamine of the α1-3-arm [54].
In a non-site-specific study, the glycosylation of AAT has
been associated with physiological parameters such as BMI,
cholesterol, glucose and insulin level. The same study showed
that the changes in glycosylation could be found related to age
and sex [56]. Furthermore, additional AAT isoelectric isoforms
were identified in CDG-I (CDG-Ia and CDG-Ic) i.e. non-,

mono- and diglycosylation across the three sites. A clear pattern
could be found for which sites were occupied, as only Asn70
was occupied in the monoglycosylated form, and Asn70 and
Asn271 were occupied in the diglycosylated isoform [57].

Alpha-1B-glycoprotein (P04217)
Alpha-1B-glycoprotein (A1BG) is a 474 amino acid polypeptide with an apparent mass of 63 kDa (including glycosylation)
[58]. The protein consists of five repetitive domains that show
high homology with known immunoglobulin heavy and light
chain variable domains, making the protein part of the immunoglobulin superfamily. A1BG is mainly produced in the liver, and
is secreted to plasma to levels of approximately 0.22 mg/mL [58,
220]. The overall function of the protein is still unknown, but it
has been found to bind cysteine-rich secretory protein 3
(CRISP3) [221], and has been associated with breast, liver, pancreas and bladder cancer, as well as with steroid-resistant nephrotic syndrome [222–226]. In addition, it has recently been
proposed as an autoantigen in rheumatoid arthritis [227].
Glycosylation
In A1BG, the N-glycosylation consensus motif (Asn-X-Ser/
Thr) has been found at four locations Asn44, Asn179,
Asn363, and Asn371 [58]. The occupancy of these sites has

Glycoconj J

been verified by deglycosylated peptide LC-MS(/MS) and
LC-Fourier transform ion cyclotron resonance (FTICR)-MS,
but degrees of occupancy remain unknown [59, 60]. In addition, overall or site-specific glycosylation analysis also has not
been performed for A1BG as of yet, although one source
reports blood derived high-density lipoprotein (HDL)-associated A1BG Asn363 to be (at least) glycosylated with
diantennary nonfucosylated monosialylated species [61]. Also, while not necessarily predictive for plasma glycoprotein
glycosylation, in cerebrospinal fluid (CSF) Asn44 was shown
to contain nonfucosylated di- (96 %) and triantennary (4 %)
structures with at least one sialic acid [62]. Little is known
about the changes in glycosylation of A1BG with disease.

Alpha-2-HS-glycoprotein (P02765)
Alpha-2-HS-glycoprotein (A2HSG), also known as fetuin-A,
alpha-2-Z-globulin, ba-alpha-2-glycoprotein and alpha-2Heremans-Schmid-glycoprotein, is a 367 amino acids (18
amino acid signal peptide), 51–67 kDa glycoprotein [63, 64,
228]. It is built up from an A-chain (282 amino acids) and Bchain (27 amino acids) with a linker sequence (40 amino
acids) [135, 229]. Originating from the liver, the protein is
found at plasma levels of 0.3–0.6 mg/mL [229]. A2HSG acts
at several sites and in a wide variety of (patho)physiological
processes in the human system. Prominent functions include
the scavenging of phosphate and free calcium, thereby
preventing calcification, as well as binding and protecting
matrix metalloproteases. In addition, the protein is known to
bind the insulin receptor [230–233].
Increased levels of A2HSG are associated with obesity and
type 2 diabetes mellitus [234]. On the other hand, decreased
levels of A2HSG are found to cause several negative growth
effects [230]. Furthermore, the protein has shown to protect a
fetus from the maternal immune system by inhibition of tumor
necrosis factor [231, 235]
Glycosylation
The A-chain of A2HSG contains two N-glycosylation sites at
Asn156 and Asn176, as well as two O-glycosylation sites at
Thr256 and Thr270 [63]. The B-chain contains one core 1 Oglycan on Ser346, and no N-glycans [64]. Exoglycosidase
treatment has reported 6.2 sialic acids to be present per
A2HSG molecule, of which 2.5 are α2-3-linked and 3.7 are
α2-6-linked [65]. Sequentially, four galactoses in β1-4-linkage were released from N-acetylglucosamines, pointing towards two diantennary N-glycans in addition to the O-glycosylation [65]. LC-ESI-MS experiments have confirmed these
findings, reporting around 96 % A2G2S2 glycosylation to be
present on A2HSG [66]. Furthermore, low levels of

fucosylated glycans were observed, at least on Asn156 [66,
67].
Differential abundance of Asn156 glycopeptides has been
shown in pancreatic cancer and pancreatitis, with increased
levels of fully sialylated triantennary glycans with or without
fucose, and a decrease in the A2G2S2 structure in pancreatitis
[68].

Alpha-2-macroglobulin (P01023)
Alpha-2-macroglobulin (alpha2M), also known as C3 or PZPlike alpha-2-macroglobulin domain-containing protein 5, is a
1474 amino acid (23 amino acid signal peptide) 720 kDa
(glycosylated) glycoprotein consisting of four similar
180 kDa subunits (160 kDa without glycosylation) which
are linked by disulfide bridges [69]. It is produced by the liver
and present at plasma levels of approximately 1.2 mg/mL
[236]. The main function of alpha2M is to bait and trap proteinases [69]. To do this, the protein contains a bait peptide
sequence known to interact with many common plasma proteases such as trypsin, chymotrypsin, and various others in the
complement system. Upon proteolysis, a conformation
change in alpha2M traps the causative protease and the complex is subsequently cleared from the plasma [237–239].
Glycosylation
Eight N-glycosylation sites have been identified on each
alpha2M subunit at Asn55, Asn70, Asn247, Asn396,
Asn410, Asn869, Asn991 and Asn1424 [59, 60, 67, 69–71].
The total pool of alpha2M-derived glycans was analyzed by
LC-fluorescence with exoglycosidase digestion. This revealed
a high abundance of diantennary structures, both nonfucosylated (55 %) and core-fucosylated (30 %), which are
mainly mono- and disialylated (A2G2S2, A2G2S1,
FA2G2S2, FA2G2S2) [72]. In addition, Man5-7 type structures was detected as well (8 %) as species with a lower degree
of galactosylation and sialylation. Low levels of triantennary
structures have also been identified [72].
Interestingly, the high-mannose type glycans have been
shown to specifically occur at Asn869 with a relative abundance of approximately 70 %, the other 30 % being FA1G1S1
[72]. This high-mannose type glycosylation is likely the
means by which alpha2M interacts with mannose-binding lectin (MBL) to target proteases present on the surface of invading microorganisms [72]. The Asn869 occupancy ratio suggests that each alpha2M tetramer contains three oligomannose
glycosylated Asn869 sites and one FA1G1S1, although this is
speculative [72]. The other N-glycosylation sites mainly contain complex type glycans and glycoproteomic analysis suggests that the core-fucosylated species are present to at least
some degree at specific sites Asn55 and Asn1424 [67].
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Changes in the glycosylation of alpha2M have been associated with autoimmune diseases and cancer. Site occupancy
in particular has been linked with systemic lupus erythematosus, while a compositional change has been described in multiple sclerosis [73, 74].

A2G2S2 are mentioned to be minor, although no relative or
absolute quantification has been performed [75, 76, 84, 85].
A mutation associated with type II antithrombin deficiency
(K241E), although not adjacent to a glycosylation consensus
sequence, was found to result in decreased heparin binding
due to the presence of core fucose [86].

Antithrombin-III (P01008)
Apolipoprotein B-100 (P04114)
Antithrombin-III (AT-III, generally referred to as antithrombin), encoded by the SERPINC1 gene, is a single chain 464
amino acid (32 amino acid signal peptide) protein of approximately 58 kDa, of which 17 % are carbohydrates [240–242].
It is part of the serine protease inhibitor family. The concentration of antithrombin in blood was found to be 0.15 mg/mL
[243]. The protein can be found in an α and β form which
differ in the number of occupied glycosylation sites and of
which α is 10–20 times more abundant [75]. Antithrombin
participates in the regulation of blood coagulation by
inactivating thrombin, factor IXa, Xa, XIa, XIIa, and other
serine proteases [244]. Its function is enhanced by heparin
and heparan sulfate [76, 245, 246]. Several thrombosis disorders are associated with antithrombin deficiency (ATD), both
inherited and acquired. Type I ATD shows reduced concentrations of antithrombin, while type II ATD generally shows
normal concentrations with reduced heparin binding and thus
lower functionality [247].
Glycosylation
The sequence of antithrombin shows four potential N-glycosylation sites: Asn128, Asn167, Asn187 and Asn224. The α
form is fully glycosylated, while the β form is not glycosylated at Asn167 [77, 78]. The β form binds heparin more
efficiently and thus shows an enhanced anticoagulant effect.
Several studies suggest that the Asn-X-Thr motif of Asn128,
Asn187 and Asn224 are in general glycosylated more easily
than the Asn-X-Ser motif of Asn167 [79–81].
The glycans present on AT-III are mainly of the
diantennary complex type without core fucose, bearing one
(0–30 %) or two (70–100 %) α2-6-linked sialic acids, as it
was established using chemical and enzymatic methods [82,
83]. Using MALDI and LC-ESI-MS these findings have been
confirmed in a site-specific manner [75, 76, 84, 85]. β-AT was
exclusively decorated with three diantennary fully sialylated
structures (A2G2S2, 4.2 %), with trace amounts of core fucose on one of the glycan (FA2G2S2, 1.3 %). At Asn128 and
Asn224 of α-AT, only the A2G2S1 and A2G2S2 structures
were identified. At Asn167, occupied only in the α form of
AT-III, A3G3S3 has additionally been detected, whereas
Asn187 showed the most variability, bearing also a minor
amount of fucose (FA2G2S2). Furthermore, at Asn187 some
A3G3S2 has been observed. All glycoforms other than

Apolipoprotein (Apo) B-100 is a 550 kDa 4560 amino acid
protein (4536 amino acids without the signal peptide, corresponding to a theoretical mass of 513 kDa without glycosylation) found in low density and very low density lipoproteins
(LDL and VLDL) [248, 249]. A shorter isoform found in
chylomicrons, named Apo B-48, is coded by the same gene,
but contains only 48 % of Apo B-100 sequence [250, 251].
Apo B-100 is exclusively synthetized by the liver, while Apo
B-48 is synthetized in the small intestine [252]. Apo B-100 is
found in plasma at concentrations of approximately 0.5 mg/
mL (0.88 to 0.97 mmol) [34, 212, 253, 254]. The protein has a
major role in the assembly of VLDL and lipoproteins, and
transports the majority of plasma cholesterol [255–257]. It
can be covalently linked to Apo A to form the lipoprotein(a)
particle. Apo A itself is a low abundant plasma glycoprotein
possessing one N-glycosylation site located at Asn263 (mainly occupied by diantennary mono- and disialylated N-glycans)
[87, 258].
In coronary heart disease, the ratio of LDL-Apo A/B-100 is
used for estimating the risk of acute myocardial infarction
[253]. Apo B-100 and Apo B-48 mutations caused by
APOB100 and MTP (microsomal triglyceride transfer protein)
gene defects are associated with metabolic disorders like
abetalipoproteinaemia, hypobetalipoproteinemia and hypercholesterolemia [259–261].
Glycosylation
Apo B-100 is highly glycosylated, and contains 19 potential
N-glycosylation sites located at Asn34, Asn185, Asn983,
Asn1368, Asn1377, Asn1523, Asn2239, Asn2560,
Asn2779, Asn2982, Asn3101, Asn3224, Asn3336,
Asn3358, Asn3411, Asn3465, Asn3895, Asn4237 and
Asn4431. Of these, 17 are reported occupied by diantennary
complex type glycans, as well as by high mannose and hybrid
type structures [11, 87]. LC-fluorescence with exoglycosidase
digestion has revealed the major glycans to be A2G2S1(6)
(29.2 %), A2G2S2(6) (23.6 %), A2G2 (7.2 %), Man9
(8.6 %) and Man5 (6.9 %) [87]. In addition, low levels of
the Man6-8 have been reported. Most of the sialic acids were
α2-6-linked (91 %) [87].
A site specific analysis of the glycosylation has been performed by LC-ESI-MS(/MS) on tryptic and chymotryptic
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glycopeptides [11]. It was shown that the high mannose type
glycans were mainly present on sites Asn185, Asn1368,
Asn1377, Asn3336 and Asn3358, while the complex type
(mono- and disialylated diantennary) glycans were located at
Asn983, Asn2239, Asn2779, Asn2982, Asn3101, Asn3224,
Asn3465, Asn3895, Asn4237 and Asn4431. Ans3895 is exceptional in this regard, as triantennary compositions have
been observed as well. The largest variation is present on sites
Asn1523 and Asn3411, as these display oligomannose, hybrid
and complex structures. Asn3411, the nearest N-glycosylation
site to the receptor of the LDL-binding site shows degrees of
fucosylation. Asn34 and Asn2560 are not reported to be glycosylated [11].
The role of the glycans structures in LDL and/or Apo B100 has been examined in several studies but their exact function is still unknown, although its degree of sialylation might
serve the atherogenic properties of LDLs [87–90].

mainly occupied by complex type N-glycans ranging from
diantennary to tetraantennary structures, with potential elongation of the antennae in the form of N-acetyllactosamine
(LacNAc) repeats [91]. LC-MS with exoglycosidase digestion
has revealed the most abundant glycoforms per site as well.
Asn65 mainly contains nonfucosylated triantennary structures
with full sialylation (A3G3S3), less abundant signals including di- and tetraantennary species with high degrees of
sialylation (A2G2S2; A4G4S4). Contrarily, Asn98 predominantly contains fucosylated species, also ranging from di- to
tetraantennary, here the main signal being diantennary
(A2FG2S2) [62, 67, 91, 92]. Treatment with β-galactosidase
failed to trim one antenna of its galactosylation, strongly suggesting the presence of the antennary fucosylation, known to
prevent this digestion [91, 93]. Studies have shown the implication of Apo D in conditions like Alzheimer’s disease but no
information about the role of glycosylation has been reported
yet.

Apolipoprotein D (P05090)
Apolipoprotein D (Apo D), also referred to as thin line polypeptide, is a small glycoprotein of 189 amino acids (with a
signal peptide of 20 amino acids), with a molecular weight
varying between 19 and 32 kDa depending on its glycosylation [262, 263]. While it shares their name, it does in fact not
resemble other apolipoproteins, and shares more homology
with the lipocalin protein family [264]. It was originally assimilated to the apolipoprotein family due to its early association with lipid transport. Apo D is mainly synthetized in
fibroblasts and to a lesser extent in the liver and intestine,
where the other apolipoproteins are usually produced [265].
Its plasma levels are approximately 0.1 mg/mL [266, 267].
The common form of Apo D in plasma is a monomer, although it can also exist as a heterodimer linked to apolipoprotein A-2 via a disulfide bridge.
Apo D can form complexes with lecithin cholesterol acyltransferase and is implicated in the transport and transformation of lipids [264, 268–270]. It has been reported to have a
potential role in colorectal cancer [265]. In addition, the protein is present at high concentrations in the cyst fluid where its
concentration can be 500 times higher than in plasma, which
can be associated with an increased risk of breast cancer
[271–273]. Apo D has a tendency to accumulate in CSF and
peripheral nerves of patients with Alzheimer’s disease and
other neurodegenerative conditions [274, 275]. A positive correlation between age and Apo D levels has been reported in
females, but not in men [276, 277].
Glycosylation
Two glycosylation sites have been reported and confirmed for
Apo D, namely Asn65 and Asn98 [59, 60, 91]. These are

Apolipoprotein F (Q13790)
Apolipoprotein F (Apo F), also called lipid transfer inhibitor
protein (LTIP), is a glycoprotein with an apparent mass of
29 kDa. The polypeptide chain of 326 amino acids is processed, with the first 165 amino acids being the signal peptide
and the propeptide, resulting in a theoretical mass of 17.4 kDa
for the peptide backbone of the mature protein [278]. Apo F is
expressed in the liver and is secreted in plasma to concentrations of 0.07 mg/mL in females and 0.10 mg/mL in males [94,
278, 279]. The protein regulates cholesterol transport, inhibits
cholesteryl ester transfer protein (CETP), and is found in combination with lipoproteins of all subclasses (high density, low
density and very low density lipoproteins (HDL, LDL,
VLDL)) as well as with apolipoproteins A1 and A2 [279,
280].
Glycosylation
Three potential N-glycosylation sites of Apo F are located at
Asn118, Asn139 and Asn267, as well as one O-glycosylation
site at Thr291 [94, 95]. Asn118 and Asn139 are glycosylated
with high-mannose structures, as proven by exoglycosidase
treatment, but will not contribute to plasma glycosylation as
they are part of the proprotein [95]. Asn267, on the other hand,
is not sensitive to this treatment, suggesting that it would contain complex-type N-glycans [95]. The presence of sialic acids
on the protein has been indicated by sialidase treatment with
western blotting as readout [94]. However, as O-glycanase has
also shown the presence of O-glycans on the protein, it is
unclear whether the sialylation arises from the N- or O-glycosylation [94]. In CSF, the O-glycans on Thr291 are reported to
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be of core 1 or 8 type [96]. No disease-related information is
available with regard to the glycosylation of Apo F.

Beta-2-glycoprotein 1 (P02749)
Beta-2-glycoprotein 1 (B2GPI) is also called apolipoprotein
H, APC inhibitor, activated protein C-binding protein, and
anticardiolipin cofactor. It is a 50 kDa (including around
19 % carbohydrate content) 345 amino acid single polypeptide chain (with a signal peptide of 19 amino acid) belonging
to the complement control protein (CCP) superfamily [97]. It
consists of five similar CCP domains of approximately 60
amino acids [281]. B2GPI is mostly synthetized in hepatocytes and is found in blood at around 0.2 mg/mL [282]. The
main function of B2GPI is the scavenging of negatively
charged compounds such as DNA, sialylated glycoproteins,
and (phospho)lipids, which may otherwise induce unwanted
coagulation and platelet aggregation [283–285]. The precise
binding properties of the protein depend on the conformation,
i.e. open or closed, which is proposed to be dependent on the
glycosylation [98, 99, 286].
The serum level of B2GPI increases with age, and is reduced during pregnancy and for patients suffering from stroke
and myocardial infarctions [98, 287]. Additionally, it is the
major antigen in antiphospholipid syndrome [98, 99].
Glycosylation
B2GPI possesses four theoretical N-glycosylation sites at
Asn162, Asn183, Asn193 and Asn253, as well as an O-glycosylation site at Thr149 [97, 98, 100, 101]. The N-glycosylation sites have been confirmed by crystallography (finding
attached N-acetylglucosamines and mannoses) as well as by
deglycosylated Lys-C peptide reverse phase (RP)-LC-MS after lectin capture [59, 101]. Generally, the glycosylation of
B2GPI is of the di- and triantennary type containing high
levels of sialylation, with minor amounts of fucosylation
[99]. Site-specific information is available only for Asn162
and Asn193 [99].
Glycopeptide LC-ESI-quadrupole (Q)-TOF-MS revealed
the glycosylation of Asn162 to be 67 % diantennary
disialylated (A2G2S2) and 22 % triantennary trisialylated
(A3G3S3), minor species including the di- and triantennary
species lacking one sialic acid (5 and 3 % respectively) [99].
The Asn193 site showed the same compositions, but with a
higher level of triantennary species (35 %) and a corresponding lower percentage of diantennary species (49 %). Minor
species again include the incompletely sialylated variants (8
and 7 % for the di- and triantennary species respectively) [99].
The findings were confirmed by MALDI-QTOF-MS, although a lower degree of sialylation was observed. This difference is likely due to the tendency of MALDI ionization to

induce in-source and metastable decay of sialylated glycan
species [99, 102]. For the two noncharacterized N-glycosylation sites (Asn183 and Asn253) di- and triantennary glycans
are expected as well, given the 19 % of the total protein weight
being attributed to the carbohydrate content [101].
Patients suffering from antiphospholipid syndrome (APS)
showed a decrease in the amount triantennary sialylated glycans, and thus a relative increase in diantennary fully
sialylated ones. This effect was particularly pronounced for
Asn162 [99].

Ceruloplasmin (P00450)
Ceruloplasmin (CP), also called ferroxidase, is a 132 kDa
(120 kDa without glycosylation) 1065 amino acid (19 of
which are signal peptide) glycoprotein synthesized by the liver
[103]. It consists of a single polypeptide chain, and belongs to
the multicopper oxidase family [103]. Concentrations for CP
range from 0.15 to 0.96 mg/mL with a mean of 0.36 mg/mL,
while elevated levels have been reported upon inflammatory
stimulation [34, 288, 289]. CP can bind six to seven atoms of
copper, in this manner containing and transporting 95 % of the
copper found in plasma. The main function of the protein,
however, is in iron metabolism. CP has ferroxidase activity
oxidizing Fe2+ to Fe3+ without releasing radical oxygen species, while also facilitating iron transport across the cell membrane [103].
Glycosylation
Of the seven potential CP N-glycosylation sites Asn138,
Asn227, Asn358, Asn397, Asn588, Asn762 and Asn926, four
(Asn138, Asn358, Asn397, and Asn762) are confirmed to be
glycosylated [59]. The remaining sites (Asn227, Asn588, and
Asn926) are all in a β-strand within a hydrophobic region,
potentially preventing site occupation [103]. NMR spectroscopy has revealed the overall CP glycan species to be
sialylated diantennary A2(2)G2(4)S2(6) and sialylated
triantennary A2(2,2,4)G4(4)S3(6,6,3/6). Partial core
fucosylation has been found for the diantennary species, while
of the triantennary species the α2-3-linked sialic acidcontaining arm can be α1-3-fucosylated to form sialyl-Lewis
X [104].
For the confirmed N-glycosylation sites, tryptic glycopeptide LC-ESI-MS(/MS) was used to study the site-specific glycosylation on a compositional level, and relatively similar
ratios of di- and triantennary glycan species were found across
the sites [105]. Asn138 is mainly occupied by the diantennary
structures A2G2S2 (49 %) and FA2G2S2 (26 %), followed by
the triantennary structures A3G3S3 (12 %) and A3FG3S3
(10 %). Small amounts of difucosylated species have been
detected as well (FA3FG3S3, 3 %). Asn358 contains a higher
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abundance of diantennary species (A2G2S2 83 %, and
FA2G2S2 12 %), the triantennary species A3G3S3 only accounting for 5 %. For Asn397 the main glycan is A2G2S2
(73 %), followed by A3G3S3 (17 %), A3FG3S3 (6 %) and
FA2G2S2 (4 %). Analysis of Asn762 showed the main glycan
to be A2G2S2 as well (46 %), with the additional compositions A3G3S3 (20 %), FA2G2S2 (16 %), A3FG3S3 (13 %),
FA3FG3S3 (2 %), A4G4S4 (1 %) and A4FG4S4 (1 %) [105].
No information about the glycosylation of human ceruloplasmin in disease was found with the preparation of this review.

Fibrinogen (P02671; P02675; P02679)
Fibrinogen is a 340 kDa glycoprotein that is synthesized in the
liver by hepatocytes, and plays a key role in blood clotting
[290, 291]. The protein consists of two sets of three different
polypeptide chains named the α-chain (610 amino acids), βchain (461 amino acids), and γ-chain (411 amino acids), arranged in a α2β2γ2 hexamer linked by disulfide bonds [106,
292, 293]. In plasma, fibrinogen is typically found at concentrations of 2–6 mg/mL with a mean of 3 mg/mL, with women
having slightly higher levels, and it is also present in platelets,
lymph nodes, and interstitial fluid [106, 293–296].
Fibrinogen is cleaved by thrombin into fibrin, one of the
essential components of blood clots after injury [106, 291,
297]. Furthermore, it acts as a cofactor in platelet aggregation,
assists rebuilding of epithelium, and can protect against infections in interferon γ (IFNγ)-mediated hemorrhage [106, 298,
299]. In addition, the protein can facilitate the immune response via the innate and T-cell pathways [300–303].
Glycosylation
The α-chain of fibrinogen is not N-glycosylated, even though
it harbors two potential N-glycosylation sites at Asn453 and
Asn686. The β- and γ-chain are N-glycosylated at Asn394
and Asn78, respectively [106–108]. By MALDI-TOF-MS
and HPLC with exoglycosidase digestion, the predominant
glycan structures present on these chains were found to be
A2G2S1 (53 %) and A2G2S2 (33 %). Sialic acids are mainly
α2-6-linked, but a degree of α2-3-linkage has been reported
as well depending on the source or analytical method [109,
110]. Bisecting N-acetylglucosamine and core fucosylation
are found in minor quantities [110]. Comparisons between
plasma and serum N-glycan profiles revealed that fibrinogen
could contribute for 22 % to the total intensity of the
diantennary monosialylated structures (A2G2S1) [110].
Site-specific analysis showed diantennary glycans with zero, one or two sialic acids on Asn394 (β-chain) and Asn78 (γchain) [107]. The glycosylation sites have been confirmed in
studies at the level of deglycosylated glycopeptides, showing
occupancy of Asn394 of the β-chain and Asn78 of the γ-

chain, and surprisingly on the α-chain Asn686 as well [59,
60, 70, 108]. The β-chain glycosylation site has furthermore
been observed in a core-fucose targeted study [67]. In addition
to N-glycosylation, all fibrinogen chains may carry O-glycans
[107].
The general degree of sialylation may be influencing the
solubility of fibrinogen, and thereby play a crucial role in
blood clotting processes resulting in different fiber structures.
[111–115]. In the Asahi mutant of the γ-chain, Asn334 has
been reported to contain an additional N-glycosylation site
[116]. Patients exhibiting the Asahi variant of fibrinogen
displayed abnormally long blood clothing time, suggesting
that the effect induced by that extra glycosylation site disturbs
the fibrin polymerization process [116, 117].

Haptoglobin (P00738)
Haptoglobin (Hp) is a 406 amino acid (18 amino acid signal
peptide) acute-phase glycoprotein with a peptide backbone of
45 kDa. It is synthesized in the liver by hepatocytes as a single
polypeptide chain and is also found in skin [304, 305]. During
its synthesis, Hp is cleaved into a light α chain and a heavy β
chain that are connected via disulfide bonds. Two variants of
the α chain originating from the sequence Val19-Gln160 and
differing by the subsequence Glu38-Pro96 can exist, α1 having this subsequence once while α2 has it twice, resulting in α
chains of 83 or 142 amino acids with a respective molecular
mass of 9 and 16 kDa. The 40 kDa β chain is made of 245
amino acids originating from the sequence Ile162-Asn406
[306, 307]. The combination of different allelic variants of
the α chain (α1 and α2) with β chain(s) creates the polymorphism observed in Hp. There are three major Hp phenotypes
called Hp1-1, Hp2-1 and Hp2-2. They have a configuration of
(α1β)2, (α1β)2 + (α2β)n=0, 1, 2, … and (α2β)n=3, 4, 5, …, respectively, which are observed at different ratios among ethnicities [118, 308–310]. Caucasians have around 13 % of phenotype Hp1-1, 46 % of Hp2-1 and 41 % of Hp2-2. Hp is
typically found at a plasma levels in the range of 0.6–
2.3 mg/mL with a mean of 1.32 mg/mL [118]. Elevated Hp
levels have been reported with inflammation and malignant
diseases [308, 311, 312]. It should be taken into account that
the concentration as well as the molecular mass including
glycosylation may vary among phenotypes (86–900 kDa)
[118]. The half-life of Hp is found to be on average four days.
The major function of Hp is to protect tissues from oxidative damage by capturing hemoglobin [307, 313]. It has been
reported that Hp polymorphism has an effect on its physiological properties, for instance Hp1-1 binds hemoglobin stronger
than Hp2-2 [314]. Certain diseases seem to be dependent on
the polymorphism, as individuals with the Hp1-1 phenotype
seem to have a higher concentration of induced antibodies in
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their plasma after vaccination, infections or liver diseases
compared to the other phenotypes [118, 310].
Glycosylation
Four N-glycosylation sites have been identified on the β-chain
of Hp, located at Asn184, Asn207, Asn211 and Asn241
[119–121]. Analysis with (nano-)RPLC-ESI-MS/MS and
MALDI-MS/MS of Hp glycopeptides (trypsin and GluC) revealed that all sites are occupied by complex type N-glycans
[119, 120]. The site occupancy for Asn184 was determined at
97.7 %, Asn207 at 97.4 %, Asn211 at 98.5 % and Asn241 had
a site occupancy of 95.8 %. Treatment with α2-3-sialidase
showed that the sialic acids were mainly α2-6-linked, while
β1-4-galactosidase treatment revealed that only antennary
fucosylation was present, which was in agreement with the
obtained collision-induced dissociation (CID) fragmentation
spectra [120].
Two recent studies showed some discrepancies in the relative abundances for the identified sites. For example, Asn184
was found to contain mainly diantennary species with two
sialic acids (A2G2S2, 88 and 46 %), followed by diantennary
monosialylated (A2G2S1, 7 and 38 %) and triantennary
disialylated (A3G3S2, 4 and 3 %) glycans. A low percentage
of fucosylation was identified (A3FG2S2, 1 and 3 %;
A3FG3S2, 0.3 and 1 %) [119, 120].
A possible reason for discrepancies at Asn207/Asn211 is
that the first study did not differentiate the two N-glycosylation sites (Asn207 and Asn211) on the same peptide backbone
that showed 7 different combinations. The major combinations were 1) one diantennary fully sialylated (A2G2S2) and
one triantennary disialylated (A3G3S2, 45 %), 2) two
diantennary disialylated glycans (A2G2S2, 30 %), and
3) one diantennary fully sialylated (A2G2S2) and one
triantennary disialylated and fucosylated (A3FG3S2, 12 %).
The combination of a diantennary monosialylated (A2G2S1)
with a diantennary disialylated glycan (A2G2S2) accounted
for 6 %, the diantennary and triantennary fully sialylated species (A2G2S2 and A3G3S3) for 5 %, and the remaining combinations accounted for approximately 1 % in total [119]. The
second study reported the glycoforms for each site separately
due to an additional GluC protease treatment. Asn207 seems
to contain mainly A2G2S2 (47 %) and A2G2S1 (39 %),
followed by A3G3S1 (7 %) next to some minor tetraantennary
and fucosylated species. Interestingly, glycosylation site
Asn211 appears to have a higher degree of triantennary species, with A2G2S2 (40 %), A3G3S3 (29 %), A3FG3S3
(21 %), and A3G3S2 (10 %) [120].
The two studies report that Asn241 carries mainly
diantennary glycans, A2G2S2 being the most abundant variant with 87 and 47 % (values reported in the two separate
studies), followed by A2G2S1 (4 and 26 %), A3G3S1 (n.d.
and 10 %), A3G3S2 (6 and 8 %), A3G3S3 (n.d. and 4 %) and

A2FG2S1 (<1 and 2 %). Low levels of tetraantennary species
have been detected as well, with and without fucosylation
varying from mono- to tetrasialylated [119, 120].
Both studies evaluated the glycosylation of Hp in patients
with liver cirrhosis (LCH) and hepatocellular carcinoma
(HCC). No difference in site occupancy could be observed
between healthy and disease, but the number of detected
glycoforms was increased (healthy 34 glycoforms, LCH 56
glycoforms, HCC 62 glycoforms) [120]. Increased branching
and fucosylation were reported, with species carrying up to
five fucoses [119, 121]. Furthermore an increase in sialylation
was noticeable for the glycopeptide containing N-glycosylation sites Asn207 and Asn211 [119]. Those carbohydrate
structures have been reported in another study along with
some new ones but they were not quantified [13].
Furthermore, core-fucosylation was identified on the Nglycosylation site Asn184 [122]. Diantennary disialylated
structures contained core-fucosylation (FA2G2S2) instead of
antennary fucosylation. Several reports reveal that
fucosylation plays an important role in many diseases such
as pancreatic cancer, LCH and HCC [123, 124]. Another recent study examined the galectin-1 binding ability of Hp in the
sera of metastatic breast cancer patients, where the binding
was twice as strong, possibly due to a difference in glycoforms
[125, 126].
It is interesting to see that two studies from the same year
report different glycosylation patterns for Hp [119, 120]. This
might be caused by a different ethnicity of the sample donors,
as one study has been performed in China and the other in the
United States, two geographical regions that have been reported to have different phenotype distributions [118]. That difference has not yet been taken into account in glycomics
studies.

Hemopexin (P02790)
Hemopexin (HPX), also known as beta-1B-glycoprotein, is a
462 amino acid (23 are part of the signal peptide) single polypeptide chain plasma glycoprotein with a peptide backbone of
51 kDa and an apparent mass ranging from 57 to 80 kDa
depending on its glycosylation [315–317]. The protein is
mainly expressed by the liver and found in serum at levels
of 0.8 mg/mL in adults, while levels in newborns have been
measured around 20 % of that value [318, 319]. It is also
expressed in the central nervous system, in the retina and in
the peripheral nerves. The protein structure is controlled by six
disulfide bridges next to its glycosylation [316]. HPX is an
acute phase response glycoprotein, capable of binding heme
with the highest known affinity of all plasma proteins. When a
heme is captured, the complex can be recovered from plasma
by the HPX receptor (such as found on the membrane of liver
parenchymal cells) leading to internalization, catabolization of
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the heme and recycling of the proteins involved. After the
process, HPX is free to return to the circulation. HPX is found
to be expressed in large quantities in case of inflammation, a
state in which heme is highly abundant in plasma. As heme
would otherwise induce oxidative stress, the function of HPX
can be described as antioxidant [316].
Glycosylation
HPX contains five confirmed N-glycosylation sites located at
Asn64, Asn187, Asn240, Asn246 and Asn453 [59, 60, 70,
127–130]. In general, plasma HPX N-glycosylation consists
mainly of diantennary structures with high levels of
galactosylation, while low levels of triantennary and
fucosylated structures have also been reported [67, 121,
131–133]. The degree of sialylation of the protein remains to
be fully investigated, but lectin capturing of α2-6-sialylated
HPX glycopeptides followed by LC-MS(/MS) analysis has
revealed the presence of fully sialylated antennae and only
low levels of monosialylated diantennary glycans [68]. Combining the information, the main glycan composition on HPX
is expected to be A2G2S2. Site-specific characterization has
been achieved on a compositional level for N-glycosylation
sites Asn64, Asn187 and Asn453, each of them showing similar ratios of glycoforms ( 85– 94 % dia nte nna ry
nonfucosylated, 4–7 % diantennary fucosylated, as well as
low levels of triantennary structures) [62, 121]. Asn240 and
Asn246 remain uncharacterized, likely due to their close proximity. The antennarity and the degree of fucosylation (core
and antennary) have been reported to increase with LCH and
HCC [134]. Notably, HPX also contains two O-glycosylation
sites (Thr24 and Thr29) one of which is located on the Nterminal threonine (after removal of the signal peptide), and
a potential minor O-glycosylation in the Ser30-Thr40 region
[62, 127, 130].

Histidine-rich glycoprotein (P04196)
Histidine-rich glycoprotein (HRG), also called histidineproline-rich glycoprotein (HPRG), has an apparent molecular
mass of 72 kDa (peptide backbone of 60 kDa) and consists of
525 amino acid (507 without the signal peptide) [320, 321].
The protein occurs in plasma at concentrations of 0.1–
0.15 mg/mL, and is mainly produced by the liver parenchymal
cells although some reports suggest synthesis in immune cells
as well [322–325]. Levels in newborns are only approximately 20 % of those in adults [326]. HRG is known to regulate
immunity, coagulation and angiogenesis [327]. To achieve
this, it interacts with many different ligands including heme,
heparin, plasminogen, fibrinogen, thrombospondin and immunoglobulin G, as well as many cell surface receptors and
divalent cations such as Zn2+ [325]. It is a negative acute

phase protein, showing decreased plasma levels during inflammation, injury or pregnancy [328].
Glycosylation
HRG is expected to have a large degree of glycosylation, as
14 % of the protein weight (around 10 kDa) has been attributed to the oligosaccharide portion [135]. Three N-glycosylation sites have been confirmed by glycoproteomic analysis,
located at Asn63, Asn125 and Asn344 [60, 70]. Another glycosylation site is theoretically present at Asn345, but the direct
vicinity with the site Asn344 may sterically hinder its occupation and additionally complicates its analysis. Interestingly,
a common polymorphism can induce a new glycosylation site
at Asn202 by replacing a proline by a serine at position 204,
creating the motif Asn-X-Ser, and N-glycanase treatment revealed a mass difference of 2 kDa attributed to the new
Asn202 carbohydrate compared to the unmodified form of
HRG [136]. The sequence Asn87-Asp-Cys found in HRG
has been reported to contain glycosylation (in bovine protein
C) but no clear evidence of its presence has yet been made for
human HRG [137, 138]. With regard to the classical sites,
little is known, and to the best of our knowledge, neither site
occupancy nor relative abundance of glycan structures have
been studied. However, if a carbohydrate mass of 10 kDa
needs to be distributed across three glycosylation sites, the
average site would contain glycans of over 3300 Da (putting
them into the tri- and tetraantennary range with high levels of
galactosylation, sialylation and/or fucosylation). No reports
about changes in glycosylation under disease conditions were
found for HRG.

Kininogen-1 (P01042)
Kininogen-1, also called alpha-2-thiol proteinase inhibitor,
Fitzgerald factor, high-molecular-weight kininogen
(HMWK) or Williams-Fitzgerald-Flaujeac factor, has a single
polypeptide chain of 644 amino acid (18 belonging to the
signal peptide) and approximates 114 kDa apparent molecular
mass (while its theoretical mass without glycosylation is
70 kDa) [139]. Kininogen can be cleaved into six different
subchains called kininogen-1 heavy chain, T-kinin (Ile-Serbradykinin), bradykinin (kallidin I), lysyl-bradykinin (kallidin
II), kininogen-1 light chain, and low molecular weight
growth-promoting factor. In its intact form, the protein is a
cysteine proteinase inhibitor, implicated in blood coagulation
and inflammatory response and it can bind calcium, while the
individual subchains can have many other functions
[329–332]. Kininogen is mainly synthetized in the liver to
plasma concentrations of 55–100 μg/mL, where it is mostly
found in complex with prekallikrein or factor XI to position
the coagulation factors near factor XII [331, 333–336].
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Glycosylation
Kininogen has four N-linked glycosylation sites at Asn48,
Asn169, Asn205, Asn294 (all of which remain on the
kininogen-1 heavy chain after cleavage) and eight O-linked
glycans at sites Thr401, Thr533, Thr542, Thr546, Thr557,
Thr571, Ser577 and Thr628 [59, 60, 62, 70, 139]. While no
overall or site-specific glycosylation analysis has been performed yet, core-fucosylation has been reported for sites
Asn48, Asn205 and Asn294 on the basis of RP LC-MSn after
capturing with L. culinaris lectin [67]. In addition, twodimensional gel electrophoresis, with staining for triantennary
structures carrying sialyl-Lewis X has demonstrated the natural presence of this epitope on the protein, as well as its upregulation in patients with stomach cancer [140]. Kininogen is
expected to be highly glycosylated by large N- and O-glycan
structures, as the observed protein mass is more than 40 kDa
higher than the mass calculated from the amino acid sequence.
Kininogen glycosylation changes due to diseases have not yet
been described.

Serotransferrin (P02787)
Serotransferrin (STF), also known as transferrin, β1 metal
binding globulin or siderophilin, is a 698 amino acid protein
(19 amino acids of which are signal peptide) with a molecular
mass of approximately 77 kDa (without glycosylation) [8,
337]. The protein consists of two globular domains, the Nlobe and the C-lobe which divided into two subdomains each
(N1, N2, C1 and C2). The two main domains are connected by
a short linker peptide [337–339]. The N-lobe is 336 amino
acids in size and spans from Val25 to Glu347, while the Clobe is 343 amino acids long and ranges from Val361 to
Lys683 [337]. The lobes can interact to form a hydrophilic
metal ion binding site [337]. STF is mostly produced by hepatocytes, although other tissues have also shown expression,
albeit at significantly lower amounts [337]. The plasma concentration is highly stable from the age of 2 years on, with a
range between 2 and 3 mg/mL [337, 340]. Levels may increase during pregnancy up to 5 mg/mL [141].
STF is an iron binding protein and it regulates iron levels in
biological fluids. It can bind two Fe3+ ions and transport those
throughout the body, avoiding the toxicity of free radical formation that may be caused by free Fe3+ ions [337]. Iron is
essential for DNA replication as it is a co-factor of ribonucleotide reductase [341]. Several studies have shown that the
number of transferrin receptors at the surface of cells was
closely correlated with their proliferation state and their iron
status [142, 342]. In addition, STF has been associated with
several diseases like atransferrinemia and cardiovascular diseases [337]. In inflammation and allergic reactions, the STF
levels are found to be significantly reduced in plasma [337].

The protein has also shown potential as a therapeutic agent.
For instance, oxidative damage caused by radiotherapy can be
reduced by infusion with apo-transferrin [343]. The proprieties of STF and its receptor can be exploited to deliver drugs
specifically into the brain and cancer cells [344]. Additionally,
conjugates consisting of the protein and a drug have been
shown to yield high specific cytotoxicity (e.g. Tf-ADR versus
HeLa, HL-60 and H-MESO-1 cell lines) [344, 345].
Glycosylation
STF has two N-glycosylation sites located at Asn432 and
Asn630 and a potential minor site at Asn491 (Asn-X-Cys)
[8, 59, 141, 143, 144]. Around 6 % of the total weight of the
protein is due to the carbohydrate content [142]. Lectin mobility (ConA – Sepharose column) followed by sequential
exoglycosidase treatments on two STF samples of healthy
patients showed that, overall, the main glycans are A2G2S2
(96–97 %), FA2G2S2 (2–3 %) and A3G3S2 (1 %) [145]. The
glycosylation per site has been studied using nano-LC-ESIMS combined with exoglycosidase treatment [143, 144]. The
sites at Asn432 and Asn630 proved to be the main contributors to the total glycome, while the non-standard glycosylation
site at Asn491 was glycosylated at a level of approximately
2 % [143, 144].
The glycans present on Asn432 are A2G2S2 (93.5 %),
A3G3S2 (2.5 %), A2G2S1 (2.4 %) and A2FG2S2 (1.6 %),
while Asn630 contains A2G2S2 (85.9 %), FA2G2S2 (6.9 %),
A2FG2S2 (2.8 %), A2G2S1 (2.2 %), A3G3S2 (1.0 %), as
well as some lower abundant species with increased
fucosylation [143, 144]. The fucosylated antenna is most likely of sialyl-Lewis X type (at the α1-3-linked arm, β1-4-linked
antenna) as it was shown by NMR spectroscopy of material
purified from the amniotic fluid of pregnant women [146]. A
single type of glycosylation was detected on the minor glycosylation site at Asn491, namely A2G2S2 [143]. STF N-glycosylation has been investigated in other biologic fluids like
CSF, where similar structures have been found along with
some disease-related ones [8, 147].
The glycosylation of STF has shown to be different across
fluids and phenotypes with the abundance of A2G2S2 being
significantly reduced in human amniotic fluid (55 %) or in the
plasma of hepatoma patients (37–63 %) [145, 146]. The percentage of triantennary structures is largely increased in amniotic fluid to 32 %, while the abundance of triantennary
structures in the serum of hepatoma patients ranges from 21
to 63 % [145, 146]. Abnormal isoforms of serotransferrin,
especially variation in the sialic acid content, are a very sensitive and reliable biomarkers of many CDGs, and potentially
for idiopathic normal pressure hydrocephalus (iNPH) patients
[147, 148]. Isoelectric focusing (IEF) of serotransferrin is the
first test used to rapidly reveal N-glycosylation related CDGs
while apolipoprotein C-III is the protein of choice for the test
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of O-glycosylation related CDGs [149, 150]. Interestingly,
carbohydrate deficient STF levels can also be used as indicator of heavy alcohol usage, even post mortem [8, 151].

Vitronectin (P04004)
Vitronectin (VN), also called S-protein, serum spreading factor, or V75, is a 459 amino acid 52.4 kDa member of the pexin
family and of the adhesive glycoproteins group [346–349].
The apparent molecular mass of 75 kDa is due to post translational modifications including glycosylation. VN is mainly
produced in the liver and it is found in plasma at concentration
of 0.2–0.4 mg/mL, where it is mostly present in monomeric or
dimeric form [34, 348]. VN is also found in other body fluids
such as seminal plasma, urine, amniotic fluid, CSF, bronchoalveolar lavage fluid and in platelets [348].
VN is an adhesive glycoprotein, and shows a role in blood
coagulation, extracellular matrix binding, regulation of cell
adhesion and spreading, and innate immunity [346, 347]. It
also protects the membrane from the damages caused by the
terminal cytolytic complement pathway. Underexpression of
the protein has been correlated with liver conditions like fibrosis, while elevated levels have been reported in inflammatory states [350–352]. VN is also found to be implicated in
HCC where specific glycoforms have been identified [152].
Glycosylation
Three N-glycosylation sites have been identified in VN at
Asn86, Asn169 and Asn242 by LC-MS(/MS) [59, 70]. Without site specificity, the major VN carbohydrate forms reported
by LC-fluorescence are diantennary and triantennary complex
type glycans, with a low percentage of hybrid structures [153].
Sialic acids are mainly found α2-6-linked, as determined by
sialidase and acid treatments, followed by NMR. About 19 %
α2-3-linkage has been detected on the α1-6-arm of the
diantennary structures and on the β1-6-linked Nacetyllactosamine of the α1-3-arm of triantennary structures.
Core fucosylation of vitronectin accounts for 7.9 % [153].
When looking at the glycosylation in a site-specific manner
by trypsin digestion and LC-ESI-MS(/MS) analysis, Asn86
shows mainly A2G2S2 species (45 %), as well as A3G3S3
(33 %) and A3FG3S3 (20 %) [152]. At Asn169, a higher
variety of glycan structures are observed. Next to the fully
sialylated diantennary structures (A2G2S2, 76 %) and its
monosialylated variant (6 %), around 18 % sialylated hybrid
structures have been detected (ranging from 3 to 5 mannoses).
Asn242 bears diantennary di- and monosialylated N-glycans
(A2G2S2, 50 %; A2G2S1, 20 %), with possible core fucose
on the fully sialylated variant (FA2G2S2, 10 %). In addition,
triantennary fully sialylated structures have been detected with
and without fucose (A3G3S3, 10 %; FA3G3S3, 10 %) [152].

Core fucosylation of VN has been reported at Asn242 in
healthy individuals and on Asn86 in HCC patients [67]. Hybrid type and fucosylated glycans of VN have been reported to
increase in patients suffering from HCC and other cancers,
and thus shows potential as biomarker [152, 154]. A possible
explanation for the increase of hybrid type glycans is that the
alpha mannosidase in the Golgi apparatus is suppressed in
HCC [17].

Zinc-alpha-2-glycoprotein (P25311)
Zinc-alpha-2-glycoprotein (ZAG, not to be confused with
ZAG which is the short name of its AZGP1 gene), also abbreviated Zn-alpha-2-glycoprotein or Zn-alpha-2-GP, is a 41 kDa
glycoprotein (15 % of the mass being carbohydrate) comprising a single 298 amino acid chain (20 amino acid signal peptide), with two intra-chain disulfide bridges [155, 353, 354].
The protein is produced by the liver and occurs in plasma at
concentrations around 0.03–0.11 mg/mL with a mean at
0.05 mg/mL. As with many plasma glycoproteins, the functions of ZAG are diverse. The protein has been shown to
interact with the beta-3-adrenoreceptor on adipocyte cells, inducing the depletion of fatty acids [355]. While its serum
variant originates from hepatocytes, ZAG is expressed in
many cell types including adipose tissue, buccal cells and
prostate epithelial cells, and occurs in many body fluids like
seminal fluid where its concentration is six time higher than in
serum [355]. Functions of the on-site produced ZAG include
fertilization, melanin production, regulation of the immune
response, and many others. In addition, the serum concentration of ZAG shows a large increase in various types of cancer,
making it a particularly good biomarker for female breast and
male prostatic carcinomas [355].
Glycosylation
Four N-glycosylation sites have been detected on ZAG at
Asn109, Asn112, Asn128 and Asn259 [59, 60, 70, 129,
156, 157]. For three of the sites (Asn112, Asn128 and
Asn259) proton nuclear magnetic resonance (1H-NMR) spectroscopy has revealed the major N-glycan structure to be
diantennary and disialylated A2(2)G2(4)S2(6) [155]. For
Asn259 specifically, partial sialylation (90 %) of the α1-6linked antenna has been reported. The general presence of
diantennary N-glycans, and the sialylation thereof, has been
verified by proteomic experiments, but to date no extensive
study has been made on its glycan microheterogeneity [96,
158]. Asn109 and Asn128 have for instance been suggested
to carry in part core fucosylated N-glycans, but this has hitherto remained unconfirmed [67]. No information about the
effect of diseases on ZAG glycosylation was found in
literature.
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Immunoglobulins
Immunoglobulins (Igs) are a major component of the adaptive
immune system [159]. There are five distinct classes in
humans (IgA, IgD, IgE, IgG and IgM), which all share common components. Generally, immunoglobulins consist of two
heavy chains and two light chains. These chains contain one
variable part (HL or VL, respectively) and three or more constant domains on the heavy chain (CHn), or one on the light
chain (CL). Furthermore, immunoglobulins can be subdivided
into a fragment antigen-binding (Fab) and a fragment crystallizable (Fc) portion. The Fab domain consists of the VH and
VL domains and the adjacent N-terminal constant CH1/CL
domain. The Fc domain is built up of the remainder of the
heavy chains. Immunoglobulins thus contain two Fab domains per Fc domain. Each immunoglobulin has its own specific heavy chains (α, δ, ε, γ or μ) which are joined by one or
more disulfide bridges. The light chain can occur in two variants (λ and κ) that are shared by all immunoglobulins. Some
immunoglobulins additionally contain a flexible hinge region
between the CH1 and CH2 domains (IgA, IgD and IgG). The
remaining immunoglobulins (IgE and IgM) have a rigid Ig
domain instead of a hinge region. Immunoglobulin N-linked
glycosylation occurs mostly on the heavy chains, accounting
for between 2 and 14 % of the protein weight. However, the
light chain can also contain N- and O-linked glycans [159].

(IgA2) and in the tail piece domain [160]. IgA2 contains two
additional N-glycosylation sites at Asn47 of the CH1 domain
and at Asn205 of the CH2 domain [160]. While glycosylation
studies have been performed for IgA1, the glycosylation of
IgA2 remains to be characterized.
The main N-glycans present on IgA1 as detected by hydrophilic interaction liquid chromatography (HILIC)-HPLC with
exoglycosidase digestion are diantennary disialylated
(A2G2S2, 24 %), diantennary monosialylated (A2G2S1,
20 %) and fucosylated diantennary bisected disialylated
(FA2BG2S2, 14 %) [161]. The amount of nonsialylated glycans detected was marginal, being at levels for total IgA of
6 % for the Fc region and 2 % for the Fab region [161]. A sitespecific study showed that the fucosylated glycans are mostly
present on the Asn340 site [162]. Furthermore it was shown
that the main glycoform on the IgA1 Asn144 containing glycopeptide was A2G2S1, while the Asn340 containing glycopeptide carried mainly the FA2G2S2 [163].
The role of N-glycosylation of IgA in diseases is not well
understood. The glycan might have an influence on the binding of IgA to the FcαR receptor, although this finding was not
validated in a later study [161, 164]. Binding to the FcαR
receptor can induce a pro- or anti-inflammatory response
[165]. In addition, the presence or absence of sialic acids on
the glycans may influence the clearance of IgA from the circulation by the asialoglycoprotein receptor [159].

Immunoglobulin A (P01876; P01877)

Immunoglobulin D (P01880)

Immunoglobulin alpha (IgA) is an antibody that exists in two
subclasses (IgA1 and IgA2), and in both mono- and dimeric
form. Compared to IgA2, IgA1 contains a 13 amino acid
extended hinge region, which is heavily O-glycosylated
[356, 357]. Serum IgA consists mostly of the 160 kDa IgA
monomer (mIgA), has a concentration of 2.62 mg/mL (of
which approximately 90 % is IgA1), and is produced by the
bone marrow [357, 358]. Secretory IgA (sIgA) is observed at
mucosal surfaces and produced locally, mainly occurring as a
dimer of two mIgA units and a set of two connecting peptides,
the J-chain and the secretory component [356, 358]. Secretory
IgA is a key player in the immune defense at mucosal surfaces. Pathogenic microorganisms are prevented from
attaching to the mucosal surface by sIgA surrounding the
pathogen, which is then repelled by the mucosal surface due
to the high abundance of hydrophilic amino acids and glycosylation [356]. The precise role of IgA in the circulation is not
clear.

Immunoglobulin delta (IgD) has, compared to the other immunoglobulins, a rather long hinge region of 64 amino acids
resulting in a total apparent mass of 175 kDa. The average
concentration of IgD in plasma is 0.03 mg/mL, but it can
range from <0.003 to 0.4 mg/mL without any clear sex or
age dependence [359–361]. Compared to the other immunoglobulins, it has a short half-life of 2.8 days [362]. IgD can be
found in a secreted isoform (sIgD), as well as membrane
bound on immature B cells [363]. The protein is involved in
immunity and inflammation, by binding to respiratory bacteria, resulting in clearance [32].

Glycosylation
IgA is N-glycosylated at Asn144 (IgA1) and Asn131 (IgA2)
in the CH2 domain as well as at Asn340 (IgA1) and Asn327

Glycosylation
Three N-glycosylation sites have been identified on the heavy
chain of IgD, located at Asn225, Asn316 and Asn367, as well
as seven O-glycosylation sites at Ser109, Ser110, Thr113,
Thr126, Thr127, Thr131 and Thr132 [166–168]. HILICHPLC analysis with exoglycosidase digestion on released
IgD N-glycans revealed a mixture of high mannose and complex type glycosylation. The total pool contained 35 % core
fucosylation, <1 % terminal N-acetylglucosamine, 33 % bisection, 20 % terminal galactosylation and 31.5 %
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monosialylation and 21.5 % disialylation (sialic acids being
α2-6-linked). The most abundant glycoforms detected were
Man8 (14.4 %), Man9 (13.5 %), FA2G2S2 (7.6 %), FA2G2S1
(7.3 %), FA2BG2S2 (6.5 %) and A2G2S1 (6.1 %). Interestingly, monoglucosylated Man8 and Man9 (Man8Glc,
Man9Glc; 2.4 %, 3.3 %) were observed as well [169]. The
high mannose glycans were preferably found at the Asn225
site, while the complex type glycans were abundant at Asn316
and Asn367 [168]. The absence of glycans at Asn225 has
been shown to completely inhibit the secretion of IgD [170].

Immunoglobulin E (P01854)
Immunoglobulin epsilon (IgE) is a 188 kDa antibody lacking
a hinge region, but that instead contains an extra C domain in
its heavy chain [364]. The protein exists as a membranebound receptor form and in a soluble form [365]. IgE has a
serum concentration of around 0.3 μg/mL, making it the lowest abundant immunoglobulin [366]. No in-depth study has
yet been performed to elucidate where IgE is synthesized
[364]. The primary function of IgE is the induction of an
anti-parasitic immune response by activation of mast cells
and basophils through the FcɛRI receptor [367]. This mechanism is also proposed to play a role in the formation of allergic
responses [366, 368].
Glycosylation
Carbohydrates form 12 % of the IgE molecular mass, making
it the most glycosylated antibody in plasma [171]. The protein
contains six N-glycosylation sites, located at Asn21, Asn49,
Asn99, Asn146, Asn252 and Asn275 [172]. An additional
potential site at Asn264 was not found to be glycosylated
[173]. HILIC-HPLC with exoglycosidase digestion of 2aminobenzamide-labeled glycans showed the overall species
to be mainly core-fucosylated diantennary with either one
sialic acid (FA2G2S1) or two (FA2G2S2) (18 and 25 % respectively) [169]. These glycans have, to lesser extent, been
found in non-fucosylated form (A2G2S1, 11 %; A2G2S2,
11 %), and with bisecting N-acetylglucosamine (FA2BG2S1,
8.2 %). In addition, 14.2 % of the glycan pool proved to be
high-mannose type (mainly Man5) [169].
By performing site-specific analysis by LC-MS/MS of
tryptic glycopeptides, it was found that Asn21 mainly contains
FA2G2S1 (30 %), FA2BG2S1 (30 %), FA2G2S2 (15 %) and
FA2BG2S2 (10 %), while Asn49 is occupied by FA2G2S2
(30 %), FA2G2S1 (18 %), FA2BG2S2 (15 %), and
FA2BG2S1 (15 %) [173]. Asn99 contains FA2G2S2 (40 %),
FA2G2S1 (20 %) and bisected species in lower relative abundance (<10 %). Asn146 is glycosylated by FA2G2S2 (50 %),
FA2BG2S2 (30 %), and around 10 % of FA2G2S1, while
Asn252 is highly bisected, mainly containing FA2BG2S1

(35 %) and FA2BG2S2 (25 %), as well as a lesser amount
of the nonbisected species FA2G2S2 (15 %) and FA2G2S1
(10 %) [173]. Interestingly, the Asn275 site almost exclusively
shows oligomannosidic structures, the main species being
Man5 (50 %), but higher numbers of mannoses are found as
well (Man6, 15 %; Man7, 10 %; Man8, 10 %; Man9, 5 %)
[171, 173].
In the same study, IgE from hyperimmune donors was seen
to be similarly glycosylated as normal IgE, while IgE derived
from monoclonal myelomas showed the loss of bisection and
a drastic appearance of triantennary structures (up to 50 % per
site) [173]. There is evidence that IgE glycosylation is important in binding to the FcϵRI receptor and can be implicated in
the initiation of anaphylaxis [174, 175]. In contrast, other
sources indicate that the glycans in the Fc region are only
minor contributors to the binding of IgE to the FcϵRI receptor
[176].

Immunoglobulin G (P01857; P01859; P01860;
P01861)
Immunoglobulin gamma (IgG) is a glycoprotein with a total
molecular mass of approximately 150 kDa [159, 177]. The
light chain consists of a domain covering the variable region
(VL) as well as a constant (CL) domain. The heavy chain
contains four domains with one domain which comprises the
variable region (HL) followed by three constant domains:
CH1, CH2 and CH3. Each light chain is paired with the HL
and CH1 domain of the heavy chain to form a Fab portion,
whilst CH2 and CH3 domains of the two heavy chains together
form the Fc portion. Between the two Fab portions and the Fc
portion a flexible hinge region is positioned, which makes it
possible for the two Fab arms to move individually [159, 364].
The antibody is highly stable with a half-life of approximately
12 days [369, 370]. Based on the amino acid sequence of the
constant regions of the heavy chains, IgGs can be divided into
four subclasses namely, IgG1 (P01857), IgG2 (P01859), IgG3
(P01860) and IgG4 (P01861) [371, 372]. Notably, IgG3 has a
larger hinge region (62 amino acids) compared to the other
subclasses (12 amino acids).
During a secondary immune response IgG is secreted in
high amounts by B cells [373]. In healthy individuals the
concentration of IgG in serum is between 7 and 18 mg/mL
[374]. The average subclass-specific concentrations in plasma
are reported as 5.03 mg/mL for IgG1, 3.42 mg/mL for IgG2,
0.58 mg/mL for IgG3 and 0.38 mg/mL for IgG4 [375]. IgG
molecules are important for activating the complement system
through the classical pathway (antibody-triggered) as well as
binding to specific receptors on macrophages and neutrophils
[364, 373]. The IgG subclasses differ in their ability to activate
the complement system. The primary activators of the complement system are IgG1 and IgG3, whereas IgG2 can also
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activate it at a lower level. IgG4, on the other hand, is not
capable of activating the complement system [364]. Furthermore, IgG molecules are the only antibodies that can pass
from a mother to her child via the placenta, and maternal
IgG has been shown to gradually decrease throughout pregnancy [364, 376, 377].
The majority of therapeutic antibodies is derived from
IgG1, where the glycosylation plays an important role for their
function [35, 364, 377–380].
Glycosylation
Glycosylation can occur on both the Fc and Fab portions of
the IgG molecules [178]. The Fc region has been extensively
studied with a highly conserved N-glycosylation site in the
CH2 domain at Asn297. Notably, this site may have a different
number for different IgG subclasses and variants [178].
Another possible N-glycosylation site may be found at
Asn322 of IgG3 although no occupation has yet been described [178]. The Fab portion is known to be N-glycosylated
in 15–25 % of the cases [179].
The overall glycosylation of IgG has been the subject of
many studies using a variety of different methods [24]. In a
recent glycosylation MALDI-TOF-MS study on a released
glycan level, the most abundant glycans were complex types,
i.e. FA2G1 (31 %), FA2G2 (23 %), FA2G2S1(6) (13 %), FA2
(10 %) and FA2BG1 (5 %) [180]. Only a small portion of the
glycans were found to be high mannose (0.21 %), of which
Man8 (0.06 %) was the most abundant, followed by Man9
(0.05 %). Overall, 92 % of the total IgG pool was corefucosylated, 13 % bisected, 18 % monosialylated and 3 %
disialylated. Twelve percent of the glycans contained α2-6linked sialic acids, against 0.2 % α2-3-sialylated species
[180]. These findings are in agreement with previously reported sialylation values obtained by lectin interaction [181]. Next
to the study of overall IgG glycosylation, differences between
the Fab and Fc have also been studied by MALDI-TOF-MS
after affinity capturing of the different regions [180]. The Fc
region shows a similar profile as the total IgG profile, albeit
with a lesser degree of sialylation. FA2G1 (32 %) was again
the most pronounced glycan, followed by FA2G2 (27 %),
FA2G2S1(6) (15 %), FA2 (9 %) and FA2BG1 (5 %), while
the amount of high mannose type species was found to be very
low (0.1 %). In contrast to Fc, the Fab region showed a significantly higher degree of sialylation, with 40 % of the species being monosialylated, and 52 % being disialylated. Also
bisection and high mannose species were seen to be higher (45
and 4 % respectively). Specific compositions included
FA2BG2S1(6) as most abundant with 21 %, followed by
A2G2S2(6) (17 %), FA2BG2S2(6) (16 %), FA2G2S2(6)
(16 %) and FA2G2S1(6) (10 %). For the high mannose types
Man6 was the most abundant with 1.2 % followed by Man8
(1.0 %) and M5 (0.7 %) [180].

Affinity capturing followed by LC-MS with CID and
electron-transfer dissociation (ETD) fragmentation of tryptic
IgG glycopeptides revealed that the various IgG subclasses are
similarly glycosylated, but with some notable differences
[182, 183]. IgG1 tends to show higher galactosylation than
the other subclasses, whereas IgG2 shows the highest degree
of core-fucosylation and IgG3 the least. IgG4 was found more
difficult to study due to its relatively low abundance [182].
Another study examined the O-glycosylation of IgG3 in the
hinge region, revealing that the threonine sites (T) in the three
repeated peptide sequences (CPRCPEPKSCDTPPP) are partially occupied with core 1-type O-glycans [184].
A vast body of literature exists describing diseaseassociated changes of IgG glycosylation, as well as the regulation and immunological effects of such glycosylation changes. In the following, only a very concise view of this field will
be given, and we would like to refer the interested reader to
more specialized reviews [177, 185, 186].
IgG glycosylation has been strongly associated with age,
with a negative correlation between age and galactosylation
[19, 20, 187, 188]. IgG FA2 seems to have a strong proinflammatory effect through various mechanisms, e.g. the lectin pathway of the complement system [19, 188, 189]. Increased levels of FA2 glycans and/or lowered levels of
FA2G2 glycans is found in many diseases, including rheumatoid arthritis, Crohn’s disease, granulomatosis with polyangiitis, tuberculosis, HIVand myositis [189–193]. Several studies
revealed that core-fucosylation is an important factor in the
binding capacity of the Fc region to the FcϒRIIIa receptor
[194, 195]. The lack of core-fucosylation suggests improvement in the binding extensively resulting in a higher degree of
antibody-dependent cell mediated cytotoxicity (ADCC) receptor [194, 195]. The presence of sialic acids is able to reduce
the binding capacity of the antibody to the FcϒRIIIa receptor,
as a consequence the activity of ADCC is decreased and antiinflammatory effects are enhanced, although this only appears
to be the case for α2-6-linked sialylation [33, 178, 196, 197].
Interestingly, during pregnancy the glycosylation also appears
to change, especially in the Fc region where the levels of
galactosylation and sialylation increase [28, 198–200] . This
might be to suppress the immune response of the mother
against her child [198]. Alterations in glycosylation have also
been reported to occur in a subclass specific level, for example
in patient suffering from hepatocellular carcinoma, cirrhosis,
or myositis [190].

Immunoglobulin M (P01871)
Immunoglobulin mu (IgM) is a 970 kDa (in pentameric form)
antibody, consisting of five 190 kDa subunits (of 452 amino
acids) [159, 364, 381]. The protein can be membrane-bound
on the B1- and B2-cells where they are produced [382], or
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secreted into blood at plasma concentrations of 0.5–2.5 mg/
mL [374]. In circulation, IgM exists either as a pentamer with
coupling J-chain, or occasionally as hexamer lacking the Jchain [383]. No hinge region has been reported for the immunoglobulin, but it contains an extra C domain instead [364]. In
total, pentameric IgM consists of 10 heavy chains, 10 light
chains and 1 J-chain, arranged in a mushroom-shaped molecule, leading up to being the largest antibody in human plasma
by far [384].
IgM antibodies are an early and main activator of the classical complement pathway [364], but also play a role in homeostasis, inflammation, infection, atherosclerosis and autoimmunity [381]. The protein is additionally involved in apoptosis [381], as absence of IgM shows a three- to four-fold
decrease in apoptotic cell uptake by macrophages [385]. Furthermore, IgM has been described in several studies regarding
acute coronary syndromes and cardiovascular diseases, where
an elevated urine excretion of IgM has been reported [386,
387]. The presence of glycans on non-antigen bound IgM may
also assist the agglutination of virus particles present in serum
via viral lectin hemagglutinins [159].
Glycosylation
IgM contains N-glycosylation sites at Asn46, Asn209,
Asn272, Asn279 and Asn439, of which Asn439 is only
17 % occupied [159, 201, 202]. HILIC-HPLC-MS has shown
the overall N-glycosylation to be mainly diantennary with core
fucosylation, either with- or without bisecting Nacetylglucosamine (FA2BG2S1, 26 %; FA2G2S1, 19 %),
followed by the oligomannose compositions Man6 and
Man5 (10 and 6 %, respectively) [202]. By lectin capturing,
the high-mannose compositions have been attributed to
Asn297 and Asn439, leaving the complex type glycosylation
to be found at Asn209 and Asn272 [159, 203]. Interestingly,
the partially occupied Asn439 shows larger high-mannose
structures (Man6-8) than site Asn297 (Man5-6), suggesting
that the former is difficult to access by both the dolichol precursor and the mannosidases required for trimming of the
structure. Depending on the source, Asn46 can be occupied
by either oligomannose or complex type N-glycans [159,
203].

Discussion
Here we present an overview of the N-glycosylation of 24
major plasma glycoproteins. It has been shown for many of
these proteins that glycosylation changes are implicated in
serious pathological states such as cancers, autoimmune diseases and CDG and that their glycosylation pattern could be
used as biomarkers, prognostic tools or even as anchor points
for targeted treatments [15, 35, 148, 388, 389]. These findings

have resulted in an increasing interest in the glycosylation
analysis of easily accessible biofluids such as plasma, and
many correlations have been established between disease
(states) and the abundance of specific glycosylation traits. Recent advances in sample preparation methods, separation techniques, mass spectrometry, and the development of robotized
platforms are easing routine analysis of the total plasma Nglycome and allow the screening of large cohorts in reasonable times, thus enhancing the possibilities to search for putative biomarkers and predictions tools [38, 109, 390–392].
This, however, requires that the observed differences in glycosylation can be interpreted in a biologically meaningful
manner, and traced back to changes in the levels of glycosylated proteins, and to possible glycosylation changes of specific proteins.
The information contained in this review stems from many
sources and methodologies. When exploring protein glycosylation to its full complexity, this comprises the occupancy per
site and the relative abundances of glycoforms present per site,
as well as information on linkages and isomer distribution. No
single analysis method is capable of providing all this information in a comprehensive manner, let alone on a complex
sample such as human plasma. Consequently, different levels
of detail are available with respect to the glycosylation of the
major glycoproteins that make up human plasma. Analysis
methods encountered in this review are very diverse, including NMR, lectin capturing, LC-fluorescence, as well as several mass spectrometric methods [72, 390, 393]. NMR has proven definitive for providing structural features of a glycan, but
is limited by sample throughput and amount of material needed, as well as by its inability to characterize multiple species
present in a complex sample [390]. Mass spectrometric
methods applied in bottom-up studies of glycopeptides generally only provide glycosylation information on a compositional level, but may in addition provide site-specific glycosylation information by revealing the amino acid sequence as well
as glycan attachment site [182]. As such, high-throughput
mass spectrometric screening methods have been used to
identify and confirm many of the glycosylation sites in human
plasma, although the use of deglycosylated peptides has
prevented characterization of the glycans themselves [59, 60,
67]. A particularly successful combination of methodologies
for in-depth study of glycosylation has proven to be LC-MS(/
MS) with exoglycosidase digestion and/or lectin capturing,
which has been used to study a fair number of the proteins
covered in this review [110, 169].
Well-studied proteins covered in this review include alpha1-acid glycoprotein, alpha-1-antitrypsin, haptoglobin,
serotransferrin, vitronectin, and IgG, while others such as
histidine-rich glycoprotein and kininogen-1 still remain to be
studied at the most basic level (Table 1). Overall characterization reveals a high degree of galactosylation and sialylation
across the plasma N-glycome, the most abundant species for
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2250

Fig. 2 Typical reflectron positive mode MALDI-TOF-MS spectrum of
the total N-glycosylation of pooled human plasma after enzymatic Nglycan release, ethyl esterification, and hydrophilic-interaction liquid
chromatography (HILIC) enrichment [109]. Glycan species are
assigned as [M+Na]+ on basis of the reviewed plasma structures. Where
multiple options are possible, the most abundant has been used for
assignment. Sialic acid orientation is on basis of observed mass after
ethyl esterification, while the other linkages are presumed on basis of
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[11, 72, 202]. In addition, the high mannose structures have
been reported on the Fab portion of IgG [180].
Tri- and tetraantennary structures are found in lower abundance than the diantennary structures, and have some discerning features. Whereas diantennary glycans are mainly
sialylated with an α2-6-linkage, for the triantennary species
on average one in three sialic acids is α2-3-linked [54]. Furthermore, potential fucosylation is predominantly α1-3antennary, and located at the α2-3-sialylated antenna to form
sialyl Lewis X, which itself is favored on the β1-4-linked Nacetylglucosamine of the α1-3-branch [54]. These fucosylated
and non-fucosylated triantennary glycans are commonly
expressed in minor amounts for sites that also have
diantennary glycosylation (examples including alpha-1antitrypsin and ceruloplasmin), but represent the most abundant glycosylation type for alpha-1-acid glycoprotein. Among
the proteins covered in this review alpha-1-acid glycoprotein
also stands out by expressing tetraantennary N-glycan species
(also with potential sialyl-Lewis X). Other candidates likely to
contain the larger tri- and tetraantennary structures are
kininogen-1 and histidine-rich glycoprotein (judged by the
difference between apparent and calculated mass), but this
has not been confirmed yet, possibly due to the technical difficulty associated with the analysis of these glycosylations.
When combining the contributions of the 24 major glycoproteins covered in this review to calculate a theoretical total
plasma N-glycome, a remarkable congruence is observed with
a TPNG profile registered for N-glycans released from human
plasma (Figs. 1 and 2). Truncated fucosylated diantennary
structures, mono- and disialylated diantennaries, as well as
tri- and tetraantennary structures and their relative

most sites having full coverage of all their antennae. Next to
receptor interaction and charge induction, the terminal sialic
acids are known to play a large role in determining the half-life
of proteins, and less than full sialylation would lead to hepatic
clearance via the asialoglycoprotein receptor [394].
Specifically, the major detected glycan species are A2G2S2
and its monosialylated variant (Fig. 1, Table 1), with β1-2linked antennary N-acetylglucosamines, β1-4-linked galactoses, and α2-6-linked N-acetylneuraminic acids [104, 155].
These are found on the majority of glycoproteins, and are
particularly abundant on serotransferrin, fibrinogen, ceruloplasmin and alpha-2-macroglobulin. Potential fucosylation
for these diantennary structures mostly occurs in α1-6-linkage
on the core N-acetylglucosamine.
The more truncated N-glycosylation, i.e. lack of sialic acid
termini and incomplete galactosylation, is reserved for immunoglobulin G, and to lesser extent apolipoprotein B-100 [11,
180]. Interestingly, immunoglobulin G is the only major plasma protein we have found to contain core-fucosylation as well
as incomplete galactosylation/sialylation, meaning that the
TPNG species FA2, FA2G1 and FA2G2 predominantly reflect
the glycosylation of this protein [180]. Similarly, immunoglobulin M is the major carrier of the bisected species
FA2BG2S1, with IgG and the lowly abundant immunoglobulin E contributing to the expression of this compositional glycan to a lesser extent [169, 180, 202].
The high mannose type glycosylation is also differentially
distributed. Whereas the lower size oligomannose structures
Man5 and Man6 are distributed across alpha-2-macroglobulin, apolipoprotein B-100 and immunoglobulin M, the larger
structure Man9 mainly originating from apolipoprotein B-100

m/z

literature. For fucosylation, diantennary structures are reported to
mostly carry an α1-6-linked fucose on the reducing end Nacetylglucosamine, while tri- and tetraantennary structures are reported
to mostly have α1-3-linked antennary fucosylation in the form of Lewis
X (or sialyl-Lewis X when the antenna carries an α2-3-linked sialic acid).
For the tri- and tetraantennary structures, antennae representation has
been simplified for readability purposes
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fucosylation are roughly in the correct ratios when compared
to MALDI-TOF-MS with sialic acid-linkage-specific stabilization. The differences between the theoretical and measured
N-glycome could be due to variations in the sample types or
origins used in each study, as we have seen that phenotypes
could occur at different ratios among ethnicities, but also due
to the approximations in the protein concentrations that are
often values averaged from multiple papers, or even to the
remaining low abundant glycoproteins not covered by this
review, although they should only account for a few percent
of the TPNG.
In all, we expect the knowledge gathered in this review to
facilitate the clinical interpretation of plasma-wide glycosylation analysis. This review underlines the necessity for further
protein-specific glycosylation analysis to fill the still considerable gaps in our understanding.
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Abstract
Background: The immense diagnostic potential of human plasma has prompted great interest and effort
in cataloging its contents, exemplified by the Human Proteome Organization (HUPO) Plasma Proteome
Project (PPP) pilot project. Due to challenges in obtaining a reliable blood plasma protein list, HUPO later
re-analysed their own original dataset with a more stringent statistical treatment that resulted in a much
reduced list of high confidence (at least 95%) proteins compared with their original findings. In order to
facilitate the discovery of novel biomarkers in the future and to realize the full diagnostic potential of blood
plasma, we feel that there is still a need for an ultra-high confidence reference list (at least 99% confidence)
of blood plasma proteins.
Methods: To address the complexity and dynamic protein concentration range of the plasma proteome,
we employed a linear ion-trap-Fourier transform (LTQ-FT) and a linear ion trap-Orbitrap (LTQ-Orbitrap)
for mass spectrometry (MS) analysis. Both instruments allow the measurement of peptide masses in the
low ppm range. Furthermore, we employed a statistical score that allows database peptide identification
searching using the products of two consecutive stages of tandem mass spectrometry (MS3). The
combination of MS3 with very high mass accuracy in the parent peptide allows peptide identification with
orders of magnitude more confidence than that typically achieved.
Results: Herein we established a high confidence set of 697 blood plasma proteins and achieved a high
'average sequence coverage' of more than 14 peptides per protein and a median of 6 peptides per protein.
All proteins annotated as belonging to the immunoglobulin family as well as all hypothetical proteins whose
peptides completely matched immunoglobulin sequences were excluded from this protein list. We also
compared the results of using two high-end MS instruments as well as the use of various peptide and
protein separation approaches. Furthermore, we characterized the plasma proteins using cellular
localization information, as well as comparing our list of proteins to data from other sources, including the
HUPO PPP dataset.
Conclusion: Superior instrumentation combined with rigorous validation criteria gave rise to a set of 697
plasma proteins in which we have very high confidence, demonstrated by an exceptionally low false peptide
identification rate of 0.29%.
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Background
Human blood plasma contains a plethora of proteins,
encompassing not only proteins that have plasma-based
functionality, but possibly every other human protein in
minute amounts as well. Circulating through the tissues,
the plasma picks up proteins that are released from their
origin due to physiological events such as tissue remodeling and cell death. Specific disease processes or tumors
are often characterized by plasma "signatures", which may
become obvious via changes in the plasma proteome profile, for example, through over-expression of proteins.
Thus, besides being a medically relevant diagnostic tool,
the plasma is also of exceptional nature, characterized by
its complexity and its large dynamic protein concentration range. Additionally, because of the potential for every
possible human protein to be present, there is an inherent
difficulty in distinguishing between proteins truly residing
in the plasma and proteins that are released into the
plasma due to trauma or other events. Fortunately, it is to
be expected that the latter are found inconsistently and
usually only in very low concentration, below the limits of
detection.
Thirty years ago the detection of plasma proteins became
feasible with the introduction of two-dimensional (2D)gel electrophoresis, but the analysis of unfractionated
plasma substantially limited the number of detectable
proteins, resulting in a total of only 60 identified plasma
proteins by 1992 [1]. The combination of 2D-gel electrophoresis, removal of the most abundant serum proteins
with immunoaffinity chromatography, and sequential
anion-exchange and size-exclusion chromatography, and
subsequent MALDI-TOF as well as online electrospray ion
trap mass spectrometry, increased the number of distinct
plasma proteins identified to 325 eleven years later [2].
Progressively more proteins could be identified as technological advancements were introduced and different preparative techniques were combined. The pilot phase of
the PPP, launched by HUPO in 2002, attempted to
address questions regarding the best technology platform
for the characterization of proteins in human plasma or
serum. The PPP investigated factors such as the influence
of various technical aspects of specimen collection and
handling, whether the most abundant plasma proteins
should be depleted, and whether anti-protease cocktails
are desirable [3,4]. In the end, 35 proteomics laboratories
in 13 countries committed to participate in the PPP. Most
of the laboratories separated their samples at the peptide
level using liquid chromatography, followed by MALDIor electrospray-MS2. The software used for peptide identification included Sequest, Mascot, PepMiner, Viper, Digger, and Sonar. Several investigators applied
combinations of these technologies. The bioinformatics
group at the University of Michigan was the central hub of
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the project, being responsible for validating the submitted
protein identifications [5].
To complement the efforts of the PPP, we established a
reference set of plasma proteins that we are highly confident in and against which other data sets can be compared. As a single lab, we clearly could not address all of
the possible technical variables addressed by the PPP. For
example, we decided to use human plasma rather than
serum in order to avoid any in vitro proteolysis processes
which may have introduced artifacts. However, in parallel
with the PPP effort, we employed depletion and pre-fractionation methods to deal with the enormous complexity
and plasma protein concentration range, and we also used
protease inhibitors. Comparison of the various techniques employed revealed the usefulness of some of those
techniques. We utilized hybrid LTQ-FT and -Orbitrap
mass spectrometer systems for plasma measurements
because of their superior dynamic range and mass accuracy, and to further increase the reliability of our data, we
employed MS3.

Methods
Plasma sample preparation and protein depletion
Blood samples analysed by FT-ICR were drawn from two
healthy male volunteers aged 39 and 46, pooled, mixed
with EDTA to prevent blood clotting, and kept on ice until
being centrifuged at 400 × g for 20 min at 4°C. If plasma
samples were not immediately used for analysis, they
were stored at -80°C until needed. To remove albumin
from plasma, the Vivapure anti-HSA kit (VivaScience,
Hannover, Germany) was used according to the instructions of the manufacturer. Protease inhibitors were added
to selected samples before albumin depletion using Protease Inhibitor Cocktail tablets (Complete, Roche Diagnostics, Penzberg, Germany). Depletion of 6 of the most
abundant proteins including albumin, transferrin, haptoglobin, alpha-1-antitrypsin, IgA and IgG was performed
using the Agilent Multiple Affinity Removal System (Agilent Technologies, Waldbronn, Germany). Blood samples
to be subjected to the Orbitrap were collected and pooled
from 9 healthy individuals, 5 males (aged 35–56 years)
and 4 females (aged 26 to 40 years) with no family history
of diabetes or blood disorders. EDTA was added at sample
collection time, protease inhibitors were later added and
high abundance proteins were removed using the Agilent
Multiple Affinity Removal System described above.
Gel electrophoresis and protein digestion
Gel electrophoresis was performed with pre-cast NuPage
Bis-Tris gels (4–12%) and MES or MOPS buffer (Invitrogen, Carlsbad, CA) according to the manufacturer's
instructions. Alternatively, plasma samples were run on
large 4–20% Tris-glycine gradient gels. Gels were stained
with a Colloidal Blue Staining Kit (Invitrogen). Protein
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bands were excised, cut into small pieces and washed at
least twice (20 min. each) with 50:50 (v/v) 50 mM
NH4HCO3/absolute HPLC-grade ethanol. Supernatants
were discarded after each washing step. The gel pieces
were dehydrated with absolute ethanol until opaque,
white and hard. Disulfide bonds were cleaved with 10
mM DTT in 50 mM NH4HCO3 buffer (not pH adjusted)
for 60 min at 56°C. Alkylation of cysteines was performed
by the addition of 55 mM iodoacteamide in 50 mM
NH4HCO3 buffer and incubation of the samples for 45
min at room temperature in the dark. Gel pieces were
washed twice in 50 mM NH4HCO3 buffer and dehydrated
with absolute ethanol, dried (Speed-Vac) and covered
with trypsin (modified sequence grade, Promega, Madison, WI, U.S.A.) solution (12.5 ng/μl trypsin in 50 mM
NH4HCO3). Protein digestion was performed at 37°C
overnight and stopped by the addition of a final concentration of 3% (v/v) trifluoroacetic acid (TFA). Supernatants were collected and gel slices were extracted at least
twice with 100% acteonitrile. Supernatants were pooled
and the acetonitrile was removed using Speed-Vac centrifugation. Samples were acidified with TFA to pH ≤ 2.5,
loaded on conditioned C-18 tips, and stored at 4°C until
used for mass spectrometry.
Plasma sample separation by off-gel electrophoresis
(OGE) with subsequent 2-D gel electrophoresis for separation evaluation was performed at Agilent (Waldbronn,
Germany). OGE fractions were treated in solution with
iodoacetamide, subsequently quenched with DTT and
concentrated using Microsep columns (molecular weight
cut-off (MWCO) 3 kDa, PALL Life Sciences, Ann Arbor,
MI, USA). Trypsin digestion, disulfide reduction and
cysteine alkylation were performed as specified above.
Nano-HPLC and mass spectrometry
Nanoscale liquid chromatography tandem mass spectrometry (nano-HPLC-MS/MS) was performed using an
Agilent 1100 nanoflow LC system (Agilent Technologies),
equipped with a solvent degasser, a nanoflow pump and
a thermostatted autosampler. This system was connected
to a 7 Tesla Finnegan linear quadrupole ion trap Fourier
transform (LTQ-FT) mass spectrometer and an LTQ-Orbitrap (Thermo Electron, Bremen, Germany). Tryptic peptides were chromatographically separated on 15 cm
columns (75 μm inner diameter) packed by hand with a
methanol-based slurry of reverse-phase ReproSil-Pur C18AQ 3 μm resin (Dr. Maisch HPLC GmbH; Ammerbuch,
Germany) and mounted on the nanoelectrospray ion
source. Peptides were autosampled onto the packed column at a flow rate of 500 nl/min and were separated over
20 min using a linear gradient of 13–34% (v/v) acetonitrile/0.5% (v/v) acetic acid. Elution occurred at a flow
rate of 250 nl/min and ionization was performed using an
applied voltage of 2.4 kV to the emitter.
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Data were acquired using Xcalibur software in datadependent mode to facilitate automatic switching
between MS, MS2 and MS3. In the case of LTQ-FTICR survey, full scan MS spectra (from m/z 300–1,575) were
acquired in the ICR with a resolution R = 25,000 at m/z
400 (after accumulation to a target value of 5 × 106 in the
linear ion trap). The three most intense ions were sequentially isolated for accurate mass measurements by FT ICR
selected ion monitoring [5] scan with 10 Da mass range,
R = 50,000 and target accumulation value of 5 × 104 ions.
Simultaneously, these were fragmented in the linear ion
trap by collision-induced dissociation (MS2) at a target
value of 5 × 104 ions. For MS3 analysis the three most
intense ions of each MS2 spectrum with m/z > 300 were
further isolated and fragmented. Each precursor ion
selected for MS2 was dynamically excluded for 30 s for
subsequent LC-MS runs. Total cycle time was approximately 3 s. General mass spectrometric conditions were as
follows: no sheath and auxiliary gas flow, ion transfer tube
temperature 100°C, collision gas pressure 1.3 mTorr, normalized collision energy using wide band activation
mode was 30% for MS2 and 35% for MS3, ion selection
thresholds were 250 counts for MS2 and 5 counts for MS3.
An activation q = 0.25 and activation time of 30 ms was
applied in both MS2 and MS3 acquisition. In the case of
the LTQ-Orbitrap, the precursor ion scan MS spectra (m/z
300–1600) were acquired in the Orbitrap with resolution
R = 60,000 at m/z 400 with the number of accumulated
ions being 1 × 106. The five most intense ions were isolated and fragmented in the linear ion trap (number of
accumulated ions; 3 × 104). The resulting fragment ions
were recorded in the Orbitrap with resolution R = 15,000
at m/z 400. The lock mass option enabled accurate mass
measurements in both MS and MS/MS mode. The polydimethylcyclosiloxane ions generated in the electrospray
process from ambient air (protonated (Si(CH3)2O)6, m/z
445.120025) were used for internal recalibration in real
time. In data-dependent LC-MS/MS experiments dynamic
exclusion was used with 30 s exclusion duration.
Database searches
Using software available in-house (DTA Supercharge), all
MS/MS spectrum files from each LC run were converted
into peak-lists. The charges and error masses were also
assigned, and files were centroided and merged into a single file. These were searched against the human IPI (International Protein Index) database (versions 2.27, 2.35,
2.37, 3.03, 3.19; all versions were later converted to version 3.25) using the Mascot search engine (Matrix Science,
London, UK) with carbamidomethyl cysteine as a fixed
modification and variable modifications, including oxidized methionine (+15.99 Da), protein N-acetylaction,
deamidation [6], and Pyro (N-term QEC). Searches were
done with tryptic specificity allowing one missed cleavage
and a tolerance on mass accuracy of 5 ppm in MS mode
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and 0.5 Da in MS/MS mode. MS3 spectra were automatically scored using MSQuant software [7] according to an
algorithm that assigns MS3 spectra to peptide fragment
sequences [8]. MSQuant is a validation tool developed inhouse that parses Mascot identifications and allows for
MS3 scoring, quantitation, and manual spectrum verification.
Blood plasma protein database (BPPD) construction and
associated software
Identified proteins were exported from MSQuant along
with their appropriate sequenced peptides, all of their
assigned accession numbers, Mascot peptide scores, MS3
precursor ions and other MS and MS/MS relevant data
into Microsoft Excel before being uploaded into a blood
plasma protein database. The BPPD was built in-house
using the open source relational database MySQL [9]. The
associated web-based software tools were written in Perl
[10]. The BPPD architecture stores all of the peptides for
each protein identified, the associated protein information (including the non-redundant protein and peptide
sequences), as well as the mass spectrometry data associated with each peptide. Experimental design data is also
included to make cross-experiment comparisons possible.

To establish a 'finalized' set of proteins, stringent criteria
were applied with regard to peptide length and peptide
Mascot and MS3 scores (see Results). Note that we have
decided to exclude proteins belonging to the immunoglobulin family in order to facilitate comparison with
other blood plasma studies, but we have included the data
for these proteins in a supplement available on line [see
Additional file 1]. To aid in the data validation process,
several web-based software tools were developed inhouse, such as a tool to parse and reorganize the output
from MSQuant, a tool to retrieve SwissProt and NCBI
sequences and their respective annotations based on
accession numbers, as well as a 'peptide mapper', which
allows the mapping of peptides onto sequences in plain
text, FASTA, or ClustalW sequence alignment format. We
also developed other software tools for the purpose of
identifying redundancy, automating the peptide validation process and for calculating the percent peptide coverage. A detailed description of the software tools and
database system used here will be published elsewhere.
Decoy database search to estimate false peptide
identification rate
In order to estimate the rate of false peptide identification
in our result set, we constructed a decoy database consisting of all of the sequences of the human IPI database (version 3.25; 67,250 sequences) in their reverse orientation,
together with the original FASTA header information.
'Reverse orientation' simply means that each protein
sequence was read and stored sequentially, beginning at
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the C-terminal end and concluding at the N-terminal end.
We then extracted all of the non-redundant peptide
sequences obtained for all of the experiments we performed and searched with these against the decoy database that we constructed. The false error rate was reported
as the number of peptide sequences matching the decoy
database divided by the total number of non-redundant
peptides we obtained across all experiments. This number
was then converted to a percentage [11,12].

Results
Plasma experiments performed
In order to identify a set of plasma proteins with high confidence and to test the usefulness of different plasma treatments and separation methods, we employed several
different techniques: depletion of highly abundant proteins, addition of protease inhibitors, two different prefractionation methods, as well as modified mass spectrometry settings. We performed a total of eight different
independent experiments (Table 1).

For experiments 01_MS2 and 04_MS2_prec, plasma was
separated on a Novex 4–12% pre-cast gradient gel (gel size
8 × 8 cm) and a larger 4–20% manually poured gradient
gel (gel size 12.5 × 14 cm), respectively. The Novex gel was
cut into 29 pieces, and about 50% of the larger gel into 21
pieces. The size of the gel slices was chosen individually
for each gel depending on the protein intensity and band
size. MS and MS2 spectra were recorded in a total LC-MS
run time of 100 min for each of the 29 and 21 samples
from 01_MS2 and 04_MS2_prec, respectively. For
01_MS2 samples, scan events were performed as
described in Methods 'HPLC and Mass Spectrometry',
except that MS3 was not recorded (MS full scan, m/z
300.0 – 1500.0). For 04_MS2_prec the acquisition software (MS full scan, m/z 300.0–1800.0) was directed to
select only peptides in the amplified mass ranges for
sequencing (m/z 350.0–450.0, 445.0–545.0, 540.0–
640.0, 635.0–735.0, 730.0–830.0, 825.0–1800.0). The 05
experiment is similar to 04_MS2_prec with respect to the
protein amount but the gel was cut into 35 fractions. Also,
MS3 was performed in addition to MS and MS2, and MS
scan events were carried out as described in Methods
'nano-HPLC and mass spectrometry' (MS full scan, m/z
300.0–1575.0). The MS run time was 100 min per sample. Compared to 05, approximately three times more
plasma protein was employed and was albumin-depleted
before gel separation in the 06_Alb_depl experiment. The
gel was cut into 28 pieces and the MS settings were basically the same for 05 and 06_Alb_depl. The addition of
Protease
Inhibitors
distinguishes
experiment
10_Alb_depl_NL
from
06_Alb_depl.
Also,
in
10_Alb_depl_NL, MS3 acquisition was only done in a
neutral loss-dependent fashion, in order to detect possible
phosphopeptides. As early as in the pilot phase of the

Page 4 of 28
(page number not for citation purposes)

BMC Medical Genomics 2008, 1:41

http://www.biomedcentral.com/1755-8794/1/41

Table 1: Plasma experiments performed.

Experiment

Designated name

Plasma treatment

[Protein]
(μg) applied

Plasma
separation
method

MS

LC-MS run
time/sample
(minutes)

Plasma_01
Plasma_04

01_MS2
04_MS2_prec

none
none

450
750

1-D PAGE
1-D PAGE

MS/MS2
MS/MS2

100
100

Plasma_05
Plasma_06
Plasma_10

05
06_Alb_depl
10_Alb_depl _NL

750
1800
1800

1-D PAGE
1-D PAGE
1-D PAGE

MS/MS2/MS3
MS/MS2/MS3
MS/MS2/MS3

100
100
100

Plasma_08
Plasma_09

08_OGE
09_OGE_6_depl

1800
650

OGE
OGE

MS/MS2/MS3
MS/MS2/MS3

140
140

Plasma_11

11_Orbitrap

none
Albumin-depletion
Albumin depletion,
Protease inhibitors
none
Depletion of albumin,
transferrin, haptoglobin,
alpha-1-antitrypsin,
IgA and IgG
Depletion of albumin,
transferrin, haptoglobin,
alpha-1-antitrypsin,
IgA and IgG

300

1-D PAGE

MS/MS2

140

Comment

Precursor selection
within certain mass
ranges only

Neutral loss
dependent MS3

A summary of the differences in the experimental protocols between plasma experiments is shown. Each experiment has been assigned a
meaningful "designated name" that is used in the text and in the accompanying figures and tables. Note that all experiments include MS3
measurements with the exception of 01_MS2, 04_MS2_prec and 11_Orbitrap. The type of treatment performed on the plasma samples, if any, is
indicated, along with the amount of material applied to the gel, the separation method employed, and the method used for MS data collection.

HUPO project [3-5], the possible determination of posttranslational modifications of plasma proteins such as
protein phosphorylation was mentioned as an important
issue for the comprehensive analysis of the protein constituents of human plasma as well as the identification of
biomarkers. Finally, in the 08_OGE and 09_OGE_6_depl
experiments, plasma proteins were not separated by 1DPAGE, but by off gel electrophoresis (OGE). For experiment 09_OGE_6_depl, 12 mg of plasma was applied to
the Agilent Multiple Affinity Removal System (removal of
6 high abundance proteins) and 50% of the depleted protein (650 ug) was subsequently separated by OGE. For
experiment 08_OGE, plasma was directly applied to OGE.
15 fractions from each experiment were subjected to mass
spectrometry, which was performed in essentially the
same manner as mentioned for 05 and 06_Alb_depl,
except that the total run time was increased to 140 min
per fraction sample. Plasma samples that were designated
for measurement on the Orbitrap were depleted of 6 high
abundance proteins as above and run in 3 separate lanes
on a 1D-PAGE gel. Each lane was cut into 15 slices resulting in a total of 45 samples. The samples were analysed
separately on the Orbitrap without MS3 analysis.
Data validation and blood plasma protein database
The mass spectrometry LTQ-FT acquisition of 7 plasma
samples was designed to exploit the sensitivity and speed
advantages of the ion trap, while taking advantage of the
ultra-high mass accuracy and dynamic range of the Fourier Transform ion cyclotron resonance (FT-ICR) detector.
The Orbitrap mass analyser features very high sensitivity

in MS and MSn and rapid scan rates. Its excellent mass
accuracy capabilities and high resolution are similar to
those achievable with FT-ICR instrumentation.
In total, protein and peptide identifications from 8 independent experiments corresponding to 216 MS runs, were
combined within our Blood Plasma Protein Database
(BPPD). In addition to the stringent Mascot search criteria
(tryptic specificity, 1 missed cleavage, MS accuracy of 5
ppm and MS2 of 0.5 Da), only peptides that were checked
(highest scoring use of spectra), red (highest scoring
match of spectra), bolded (first use of spectra in the output list), and had a minimum Mascot peptide score of 16
as well as a minimum length of 7 amino acids were considered for further validation.
Further validation criteria were applied as previously
described [13,14] and as defined by Mascot peptide identification/assignment software (Matrix Science, London,
UK). Briefly, proteins identified with one single peptide
were required to have an MS3 spectrum, an MS3 score,
and a total score (also known as a 'Mascot peptide score
plus MS3 score') ≥ 42, which assured with 99.9% confidence that this was a correct identification. Proteins identified with one single peptide but without an available
MS3 scan were discarded regardless of their Mascot peptide score. If a protein was identified with two peptides,
one of the two peptides was required to have a Mascot
peptide score ≥ 32, ensuring a minimum confidence of
99%, and the other peptide a 95% confidence (Mascot
peptide score ≥ 25) of being a correct identification. Pro-
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teins identified with three peptides were required to have
at least one peptide with a Mascot peptide score ≥ 32
(99% confidence). In order to automate the validation
process, a Perl script was written that applied the validation rules stated above, and which also verified that each
and every peptide sequence actually mapped correctly to
the master protein sequence.
All proteins seemingly identified as a specific isoform
were manually verified. Using ClustalW and our 'peptide
mapper' software, the peptides for a particular protein
were matched to all known isoforms for this protein, and
in the case where one or more of the peptides was specific
for one and only one single isoform, this protein was
given the specific protein isoform name. If the peptides
mapped onto more than one isoform then all possible
isoforms were added to the annotation for that protein,
but not counted as separate identified proteins.
Additionally, all proteins were assigned a primary accession number; that is, an accession number and sequence
respectively (Swiss-Prot, Tremble, RefSeq, Ensembl or HInv) that matched all identified peptides for a given protein. If the peptides for a given protein matched more than
one accession number/sequence, then the Swiss-Prot/
Uni-Prot number was chosen, if available.
Several checks to eliminate redundancy from the BPPD
were performed. First, all proteins with identical MW and/
or overlapping accession numbers were manually verified
using our peptide mapping software. We encountered a
substantial number of overlapping accession numbers
since Mascot provides accession number information
from many sources. In these cases all of the peptides from
all of the proteins in question were 'mapped' to all of the
possible protein sequences. Note that to say that a peptide
'maps to a sequence', we required a 100% sequence match
between the peptide(s) and the protein sequence(s) in
question. If the peptides from all of the overlapping proteins were found to completely map to one of the protein
sequences, then the data was merged into one entry and
the protein name that is given in the SwissProt/Uniprot
database was chosen as the annotation for that entry. If
even one peptide failed to map during this test then that
protein remained as a separate entry in the database.
In cases where the Mascot-assigned peptides of a protein
did not match any assigned accession number/sequence,
then the peptides were used to perform a BLAST search for
short, nearly exact matches. If there was no unambiguous
identification possible following this step then the protein
and peptides were discarded.
After removal of the first set of redundant entries, all
remaining entries in the BPPD were aligned to each other
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using All vs. All BLAST [15] and all alignments with 90%
or higher identity were again manually checked for redundancy using a ClustalW alignment and our peptide mapping software.
As a final redundancy check, we performed a database
search with the aid of a Perl script we developed which
employs a peptide mapping approach to identify redundancy. We located redundancy by identifying protein
entries whose peptides also completely mapped to other
protein entries. In these cases we reassigned the peptides
belonging to the redundant protein entries to one common master protein entry. During this stage we were
somewhat surprised to discover that not all instances of
redundancy for highly homologous proteins were
detected in the all vs. all BLAST step that we carried out
previously. For example, isoforms 2 and 4 of Fibronectin
1 were not identified as redundant using the All vs. All
BLAST tool with a cutoff of 90% identity due to a poor
alignment of the sequences by the BLAST program. The
isoform 2 and 4 sequences of Fibronectin 1 share 100%
sequence identity, except for a central region within isoform 2 which makes this isoform 91 amino acids longer
than isoform 4. In retrospect, employment of the peptide
mapping approach as the first step rather than as the last
step in redundancy checking would probably have rendered all of the other redundancy checks that we performed unnecessary.
Our elaborate validation process is reflected in the results
of the decoy database analysis in which we searched all of
the human International Protein Index (IPI) sequences
(67,250) in their reversed orientation, which yielded 30
matches out of a possible 10,378. This gave a false peptide
identification rate of 0.29 percent. In this analysis, the
possible peptides (10,018) for the search were calculated
by assembling all of the peptide sequences across all
experiments and removing all of the peptides identifying
immunoglobulins. Redundancy among the peptide
sequences was then eliminated. The number of 10,018
peptides differs from those seen below in that it includes
the peptides for all proteins (excluding immunoglobulins) across all experiments prior to validation.
High confidence set of plasma proteins
By combining the eight plasma experiments as listed in
Table 1 and after removal of redundancy, we identified
1193 distinct proteins with a valid primary accession
number. The combination of rigorous data validation
coupled with the removal of immunoglobulin-related
proteins for separate analysis reduced this number to 697,
which we refer to as our 'stringently validated high confidence protein set'. 70 of these 697 proteins were identified
with 1 peptide (Figure 1) and 84 proteins were identified
with exactly 2 peptides. The remaining 541 proteins were
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identified with 3 or more peptides. 314 proteins were
identified with 3–10 peptides and 229 proteins had 11 or
more peptides. 12 proteins were identified with over 100
peptides (Table 2). The protein identified with the highest
number of peptides was apolipoprotein B-100 (505 validated non-redundant peptides), while albumin, a protein
known to be extremely abundant in blood plasma, was
identified with 94 validated, non-redundant peptides.

If we depict the number of validated non-redundant peptides versus the MW of the appropriate protein, it is very
clear that most proteins identified have a MW below 100
kDa and not more than 50 unique peptides (Figure 2). As
expected, smaller proteins tend to be identified with fewer
peptides than larger proteins. It appears that 50 peptides
are, in general, the maximum number of peptides
sequenced, even for larger proteins.

The 697 validated proteins in our list [see Additional file
2] were identified with 37,682 non-validated, redundant
peptides. This was calculated by summing all of the
redundant peptides for each validated protein in our list
across all experiments. Of these peptides, 246 did not pass
our validation criteria. Note that peptides that were invalidated and which belonged to proteins that ultimately
failed validation were not included in this number. Our
list of 697 validated proteins was thus identified with
37,436 validated, redundant peptides. Following removal
of peptide redundancy on a per protein basis, our list of
697 validated proteins was identified with 10,145 validated, non-redundant peptides, which equates to an average of almost 14.6 validated, non-redundant peptides per
protein and a median of 6 non-redundant peptides per
protein. The number of validated, non-redundant peptides was calculated by considering each protein separately. The redundancy within each protein's peptides was
removed and the remaining peptides were summed.
Removal of the redundancy after pooling the peptides
from all validated proteins left us with 9263 valid, nonredundant peptides. As mentioned, these numbers refer to
the dataset excluding all proteins annotated as immunoglobulins and proteins whose peptides mapped completely to immunoglobulin protein sequences but were
annotated as hypothetical proteins. We did not comprehensively examine the similarity of all protein sequences
from our validated list to immunoglobulin sequences.

From a total of 37,682 non-validated, redundant peptides, the highest proportion of peptides (3971) had a
length of 9 amino acids, followed by 3487 peptides with
11 amino acids, 3401 peptides with 10 and 3149 peptides
with 8 amino acids in length. The longest peptides
sequenced were 59 amino acids in length. 995 of the
10,145 validated, non-redundant peptides were 9 amino
acids in length, followed by 856 peptides with 10, and
852 peptides with a length of 11 amino acids. We identified a total of 749 validated, non-redundant peptides having a length of 7 amino acids, which comprised
approximately 7.4% of 10,145 validated, non-redundant
peptides in total for the set of 697 high-confidence proteins. 285 of the 697 proteins were identified with a set of
peptides among which we found at least one peptide with
a length of 7 amino acids. 324 and 365 of the 697 proteins
were identified with a set of peptides that included peptides with 8 and 9 amino acids in length respectively. 184
proteins were exclusively identified with peptides ≥ 10
amino acids in length.
In Figure 3 we depicted the number of proteins versus their
MW. 346 proteins (49.6%) were identified with a MW <
45 kDa, and 351 proteins (50.4%) with a MW ≥ 45 kDa.
From those 346 proteins with a MW < 45 kDa, 6 proteins
had a MW < 10 kDa, 52 proteins had a MW of 10 ≤ MW <
15 kDa, and 288 proteins fall in the group of 15 ≤ MW <
45 kDa. Furthermore, our analysis shows that 474 pro-

Table 2: Proteins identified with more than 100 non-redundant, validated peptides.

Protein name
Apolipoprotein B-100 [Precursor]
Complement C3 [Precursor] variant
Complement C3 [Precursor]
Alpha-2-macroglobulin [Precursor]
Complement component C4B, C4B1
Fibronectin [Precursor], isoform 1, 3, 5, 7, 8, 9, or 10
Talin-1
Filamin A, alpha (actin binding protein 280)
Fibronectin 1, isoforms 3, 4 or 5, or CRA isoforms h, j, n or m
Fibronectin [Precursor], isoform 8
Complement component 4A
Complement C5 [Precursor]

Number of distinct, validated peptides
505
235
165
164
164
143
135
117
115
107
105
105

After combining the experimental data for all 8 treatments described here, the number of validated, non-redundant peptides was calculated for
each protein and the proteins having 100 or more such peptides appear in this list. The list is arranged in descending order beginning with the
protein having the largest number of distinct, validated peptides.
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Figure 1across
Histogram
protein,
showing
all experiments
the number of proteins identified versus the number of validated, non-redundant peptides found for each
Histogram showing the number of proteins identified versus the number of validated, non-redundant peptides
found for each protein, across all experiments. The number of validated, non-redundant peptides used to identify each
protein was calculated and the proteins with identical numbers of peptides were plotted in the same group, indicated on the Xaxis. For example, there are a total of 70 proteins that were identified with a single peptide. The inset depicts in detail the
number of proteins that were identified with 1–20 peptides. Proteins identified with more than 20 peptides were categorized
into groups as indicated.

teins of the 697 identified had a MW < 60 kDa. It should
be noted that we have not considered the possibility of
molecular weight-altering post-translational modifications such as glycosylation due to the lack of comprehensive protein modification data.

filtration due to their MW < 45 kDa. In order to be
retained for an extended period in the plasma, these proteins would need to be bound to larger carrier proteins or
be subject to some other retention mechanism such as the
inclusion of the protein in a complex.

Proteins with a MW of <15 kDa are freely filtered in the
glomeruli; proteins up to 45 kDa are quite rapidly filtered
and proteins between 45 to 60 kDa only restrictedly.
Plasma proteins larger than 60 kDa are not filtered
through the kidney. It is worthy of note that the MW of
approximately half of our identified proteins (346, or
49.6%) allows their unrestricted clearance through kidney

Earlier we mentioned that 49.6% of the 697 identified
proteins could be easily filtered through the kidney; thus,
the 50.4% remaining proteins could possibly reside for an
extended time period in the plasma because they have a
MW larger than 45 kDa. However, having a MW > 45 kDa
doesn't necessarily make a protein an extracellular protein. Some of the proteins with a MW > 45 kDa will of
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Histogram
Figure 2 depicting the number of validated, non-redundant peptides versus the MW of the identified proteins
Histogram depicting the number of validated, non-redundant peptides versus the MW of the identified proteins. The number of validated, non-redundant peptides used to identify each protein was calculated and this number was plotted as a function of the molecular weight of that particular protein. The MW range (X-axis) was truncated at 550 kDa, resulting
in the loss of one protein. Likewise, the number of validated, non-redundant peptides (Y-axis) was truncated at 250 peptides,
resulting in the loss of an additional protein.

course be cellular proteins, such as the chaperone-like
'heat shock cognate 71 kDa protein' found in our list, or a
bundling protein such as the 'alpha-actinin 1', which is
approximately 100 kDa in size. Is there congruence
between the number of extracellular proteins predicted by
GoMiner (see below) and the number predicted according
to MW? There certainly is since most true plasma proteins
have a MW above filtration cut off. However, this equation is not as precise, nor as simple as that. Not all of the
proteins that are classified as 'extracellular' and which are
not part of the 'extracellular matrix' will be plasma proteins. Extracellular proteins such as heparin cofactor II or
transforming growth factor-beta induced protein IG-H3
may also be found in the extracellular space (also known
as intercellular or interstitial space). Also, some proteins
cannot be clearly classified as 'cellular' or 'extracellular',
such as uromodulin, a phosphatidylinositol-linked mem-

brane protein, which is also secreted into the urine after
cleavage. Another protein, pigment epithelium-derived
factor, is found both in retinal pigment epithelial cells and
in blood plasma.
According to GoMiner, of the 540 proteins recognized as
being part of the cellular component from our list of 697,
208 of the proteins were categorized as 'extracellular' and
392 proteins as 'cellular', although some proteins fall into
both categories. Because of this redundancy we have chosen to normalize the sum of the cellular and extracellular
categories to 100% for comparison purposes; thus, 35%
of the proteins were categorized as extracellular and 65%
as cellular (Figure 4). 44 proteins from the extracellular
protein group were classified as 'extracellular matrix' proteins, leaving the remaining 164 proteins from the extracellular protein category as possible plasma proteins. As
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Figure 3 showing the molecular weight distribution of the calculated masses of 697 observed plasma proteins
Histogram
Histogram showing the molecular weight distribution of the calculated masses of 697 observed plasma proteins. The calculated protein masses for all proteins from all experiments were categorized into molecular weight groups as
indicated so that the number of proteins falling into each molecular weight group is proportional to the height of each bar in
the histogram.

for the remaining 157 proteins not categorized by GoMiner as cellular components, their subsequent classification could potentially alter the present profile.
It is interesting to consider the number of proteins that
were found to have a signal peptide, since the presence of
a signal peptide indicates that a protein is normally
secreted and may thus be a 'true' plasma protein. Our software application that made it feasible to retrieve information based on accession number from the SwissProt/
UniProt and NCBI databases for each of our identified
proteins also facilitated deposition of signal sequence
information into our database. Overall, 44% of our list
containing 697 proteins was reported to have a signal
sequence, while in 56% of the cases there was no evidence
in the literature indicating the presence of a signal
sequence (data not shown). In the cases where a signal
sequence is not reported, this of course does not exclude
the possibility that these proteins have one. As indicated

by Swiss-Prot, NCBI and other on line data sources, the
presence of a signal sequence was either not investigated
or it could not be inferred from similar sequences. For all
of the 'hypothetical' proteins, for example, no data are
given regarding the presence or absence of a signal
sequence.
It seems reasonable to assume that the majority of the 208
proteins (35%) classified as 'extracellular' by GoMiner
should have a signal sequence. 90% (188/208) of these
extracellular proteins were indeed reported to have a signal sequence. It is unclear why the remaining 10% do not
possess one.
The fact that 32% (125/392) of the proteins classified as
'cellular' by GoMiner also have a signal sequence complicates the issue further. Proteins that are localized in the
endoplasmic reticulum (ER), for example, are likely to
have a signal sequence. This is the case for calreticulin,
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Figure
Pie chart4representation of all validated proteins which were categorized as GO cellular component
Pie chart representation of all validated proteins which were categorized as GO cellular component. Of the 697
plasma proteins identified, 540 of these fell into the 'GO cellular component' category. Of the 540 'GO cellular component'
proteins, 392 (65%) were classified as 'cellular' and 208 (35%) were classified as 'extracellular'. 44 of the proteins from the
'extracellular' category were classified as 'extracellular matrix' proteins. Note that because some of the proteins have been
reported more than once, the total number of proteins reported for the two categories shown is actually higher than the total
number of proteins for the 'GO cellular component'. We have therefore normalized the sum of the cellular and extracellular
components to 100%.

which is localized in the ER lumen and is also reported to
have a signal sequence according to GoMiner and SwissProt. According to Swiss-Prot, Di-N-acetylchitobiase is a
lysosomal protein which is involved in the degradation of
asparagine-linked glycoproteins, has a signal sequence
and is categorized by GoMiner as a cellular-cytoplasm
protein.

To cloud the issue further, we mentioned that having a
MW > 45 kDa does not necessarily make a protein an
extracellular one and thus having a MW of < 45 kDa is no
guarantee that a protein is cellular. Bound to larger carrier
proteins, proteins of 45 kDa or less may well exert their
function as plasma proteins. Complement factor Hrelated protein 4, which is involved in complement regu-
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lation and has a MW of 38.5 kDa, is expressed in the liver
and is secreted into the plasma where it was found to be
associated with lipoproteins [16] [UniProtKB/Swiss-Prot
entry Q92496]. Platelet factor 4 has a mass of ca. 11 kDa
and is bound to a proteoglycan molecule that is released
during platelet aggregation. It would be interesting to
know the correlation between the plasma protein MW
and the degree of carrier protein binding, but it is likely
that this correlation is sequence dependent and would not
be trivial to ascertain.
Without a doubt, the biggest challenge in the study of the
human plasma proteome is overcoming the detection
problems associated with its large protein concentration
range, which spans more than 10 orders of magnitude.
High abundance proteins mask the low abundance proteins, making the identification of the latter extremely difficult or even impossible, using current technology.
However, both high and low abundance proteins can be
clinically meaningful and can also be the subjects of clinical assays. Approximately 10 of the most abundant proteins represent roughly 90% of the total protein mass in
human plasma, while another 10+ most highly abundant
proteins account for an additional 9% of the total protein
mass [17]. Hence, slightly more than 20 proteins account
for approximately 99% of the total protein mass in
plasma. We plotted all of the proteins reported by Schuchard et al. [17] as a function of the number of valid, nonredundant peptides we isolated for each protein (Figure
5). We did not, however, include the immunoglobulins or
prealbumin in our analysis. We are aware that counting
peptides is not quantitative and that the molecular weight
of the proteins has an impact on this type of analysis, but
it still provides a crude estimate of the abundance of these
proteins. An estimated 10,000 proteins reside in the
remaining 1% of the plasma protein mass [18]. Among
these are proteins of very low concentration, such as hormones, cytokines and tissue leakage products. For example, two of the proteins we identified, myotrophin and Creactive protein, are of clinical relevance. Both are novel
cardiac biomarkers in heart failure diagnosis. Unlike acute
coronary syndromes, the definition of heart failure is a
bedside diagnosis based on clinical signs and symptoms
rather than any stand-alone test result. The use of biomarkers in the diagnosis and management of heart failure
may thus facilitate better clinical judgment. Myotrophin is
a small protein of about 13 kDa. It was identified with 4
valid, non-redundant peptides of 10, 13, 17 and 20 amino
acids in length. The three peptides having lengths of 10,
13 and 17 residues possess an MS3 spectrum in addition
to their MS2 Mascot scores, giving rise to scores of 70, 131
and 176 (summed score of 377), respectively. C-reactive
protein (ca. 25 kDa) occurs in plasma at concentrations of
6.8 – 820 × 10-8 g/ml [19] and is several orders of magnitude less in concentration than abundant proteins such as
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serum albumin, which is found at a concentration of 3.5
– 5.2 × 10-2 g/ml (Table 3). It was identified with 8 valid,
non-redundant peptides of 7, 8, 10 (2 × 10 mers), 11 (2 ×
12 mers), 12 and 15 amino acids in length, with MS2 or
MS3 scores of 135, 39, 123, 104, 115, 35 (no MS3), 116,
and 35 (no MS3) respectively, and a summed score of
702. Despite their low abundance and small MW, the correct identifications of both of these proteins were made
with high confidence [see Additional file 2].
The LTQ-FT and oribitrap mass spectrometers that we
employed in this study can be considered to be cutting
edge technology when it comes to mass spectrometry.
However, despite the extremely high dynamic range covered by these instruments, the overall plasma protein concentration range currently resolvable is only up to 7 orders
of magnitude (Table 3). We seem to be able to comprehensively cover up to about 4 orders of magnitude.
Beyond this the detection of a protein is not guaranteed
and indeed, the less abundant a protein is and the smaller
its MW, the more unlikely is its detection. However, the
unprocessed precursor of anti-hemophilic factor (coagulation factor VIII) was not detected despite its large MW of
267 kDa. At the same time, proteins that are 1 to 2 orders
of magnitude less abundant and with much smaller MW,
such as C-reactive protein and myotrophin, could be conclusively identified.
As to the content of our high confidence set of 697 proteins, which excludes immunoglobulins, a simple query
of the BPPD revealed the identification of 30 proteins that
are annotated as 'hypothetical' and 31 that are annotated
as 'keratin'. 13 proteins are annotated as 'kinase' and 16
proteins as 'growth factor' [see Additional file 2]. Based on
their annotation and/or tissue specificity and subcellular
location, 66 proteins are readily identifiable as true
'plasma' proteins (not plasma membrane).
Furthermore, we have provided a short selection of proteins that have important biological function(s) and/or
have some role in a disease process (Table 4).
Comparison of individual experiments
All of the protein validation rules that we applied to the
combined set of 697 proteins were also applied to each
individual experimental dataset before comparison. In the
course of analysing the data from the different experimental treatments listed in Table 1, we noted some interesting
observations. In performing the comparisons, we looked
at the total number of proteins identified and those found
to be in common between experiment pairs (Figure 6).
Furthermore, the valid, non-redundant peptide distribution vs. proteins identified (Figure 7), as well as the MW
distributions (Figure 8) for the different experiments were
investigated.
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Table 3: Plasma protein concentration ranges of selected proteins.

Plasma protein
Serum albumin
Fibrinogen (alpha chain)
Alpha-2-macroglobulin (male adult)
Alpha-1-antitrypsin
Haptoglobin
Transthyretin, Thyroxine-binding prealbumin
Ceruloplasmin
Prothrombin
Fletcher factor (Plasma kallikrein precursor)
Complement component C6
Complement component C9
Hageman factor (Coagulation factor XII)
Complement C1r component
Properdin (Factor P)
Complement C2
Von Willebrand factor
Stuart factor (Coagulation factor X)
Christmas factor (Coagulation factor IX)
Transferrin soluble receptor (adult), Serotransferrin
Proconvertin (Coagulation factor VII)
Mannose-binding protein C (MBP)
Beta-2-microglobulin
Antihemophilic factor (Coagulation factor VIII)
C-reactive protein, splice isoform 1
Insulin-like growth factor II
Myoglobin
Prolactin (male), awake
Insulin

Known protein concentrations (g/ml)
3.5 – 5.2 × 10-2
2.0 – 4.0 × 10-3
0.9 – 4.0 × 10-3
7.8 – 20 × 10-4
3.0 – 22 × 10-4
2.8 – 3.5 × 10-4
1.5 – 6.0 × 10-4
1.0 × 10-4
5.0 × 10-5
4.8 – 6.4 × 10-5
4.7 – 6.9 × 10-5
2.9 × 10-5
2.5 – 3.8 × 10-5
2.4 – 3.2 × 10-5
2.2 – 3.4 × 10-5
7 × 10-6
5.0 × 10-6
4.0 × 10-6
0.8 – 1.8 × 10-6
1.0 × 10-6
0.3 – 4.1 × 10-6
8.0 – 24 × 10-7
1.0 × 10-7
6.8 – 820 × 10-8
9.9 – 50 × 10-8
6.0 – 85 × 10-9
1.0 – 7.0 × 10-9
2.0 – 8.4 × 10-10

Distinct peptides

Mass (Da)

94
96
164
44
52
19
95
53
37
61
32
27
45
2
45
55
18
16
89
*
14
8
--8
5
4
-----

69367
94973
163278
46737
45205
15887
122205
70037
71370
104844
63174
67818
80174
51276
83268
309299
54732
51748
77050
53043
26144
13715
267009
25039
20140
17053
25876
11981

Included in the table are proteins identified in our high confidence set of plasma proteins that represent a wide range of protein molecular weights
and which have known plasma protein concentrations. Also included are some proteins that are known to be of higher abundance, but which were
not detected in our experiments, and these were included to demonstrate that fact. The protein name, known plasma protein concentration, the
number of unique peptides identifying the protein, the summed Mascot score and the MW is shown and the table has been sorted in descending
order with the protein possessing the highest known protein concentration listed first.
--- indicates that this entry was not identified in this study.
* indicates that this entry was identified but not validated.

In order to determine whether choosing restricted precursor selection would affect our identification of proteins
from samples, we compared the results of 01_MS2 and
04_MS2_prec (Figure 6, panel A). Interestingly, there were
only 16 proteins that were identified in 04_MS2_prec that
were not identified in 01_MS2. Even though more plasma
sample was applied to the 1D PAGE gel in experiment
04_MS2_prec, significantly more proteins were identified
in 01_MS2. Additionally, 04_MS2_prec was the experimental protocol that identified the least number of proteins of any of the experiments, suggesting that several
hundred more μg of protein could not make up for the
seemingly disadvantageous MS setting of restricted precursor selection chosen for 04_MS2_prec. Note that single
peptide identifications do not appear in 01_MS2 and
04_MS2_prec because our validation criteria demanded
an MS3 spectrum, which is precluded in these experiments which were only MS2-based (Figure 7, panels A and
B). We also plotted the molecular weight distribution of
the proteins identified in 01_MS2 (Figure 8, panel A) and

04_MS2_prec (Figure 8, panel B) and found that many of
the additional proteins identified in 01_MS2 fell into the
15–45 kDa range.
In order to determine the effect of the amount of plasma
protein loaded on the gel with respect to the number of
proteins identified, we performed a comparison between
01_MS2 and 05 (Figure 6, panel B). We identified 166
proteins in 01_MS2 and 228 proteins in 05 but because
there are two variables involved in this comparison
(namely protein loading and collection of MS3 data), we
eliminated single peptide identifications from experiment
05 in order to negate the MS3 variable. This left us with
197 proteins identified in 05 (without MS3) and 166 proteins identified in 01_MS2. Since we loaded about 300 ug
more protein (67%) in 05 compared to 01_MS2, the identification of more proteins in 05 doesn't seem surprising.
However, it should be noted that the extra protein loaded
in 05 resulted in only 19% more proteins identified compared to experiment 01_MS2.
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Pie
Figure
chart5 representation of the 21 most highly abundant plasma proteins from our set of 697 proteins across all experiments
Pie chart representation of the 21 most highly abundant plasma proteins from our set of 697 proteins across
all experiments. 10 of the 21 most highly abundant plasma proteins from our analysis are depicted in the pie chart. The small
table to the right of the pie chart contains the next 11 most abundant proteins. The size of each pie piece is proportional to the
number of unique peptides that we sequenced for that particular protein, relative to the total number of peptides for all 21
proteins depicted.

The utilization of more applied protein and MS3 in 05 versus 01_MS2 did not have an appreciable impact on the
profile depicting unique peptide distribution (Figure 7,
panels A and C) except for the single peptide peak due to
MS3. The MW distributions of the identified proteins in
05 and 01_MS2 (Figure 8, panels C and A respectively)
appear highly similar and are unaffected by the removal of
proteins identified with a single peptide since the additional proteins identified in 05 are found to be equally
distributed across all MW ranges.
In order to examine the effect of protease inhibitor addition to plasma samples, we compared experiment
06_Alb_depl with 10_Alb_depl_NL where we obtained
337 vs 258 proteins identified respectively (Figure 6,

panel C). Because the MS3 settings for these experiments
were different (neutral loss-dependent MS3 was used in
this study in experiment 10_Alb_depl_NL only) we
negated the MS3 results by removing single peptide-based
protein identifications from both experiments, thus
allowing a comparison based only on the addition of protease inhibitors. Removal of single peptide identifications
left us with 299 proteins identified in 06_Alb_depl and
251 proteins identified in 10_Alb_depl_NL. In our hands,
the addition of protease inhibitors (10_Alb_depl_NL) did
not result in identifying more proteins, but rather we
obtained 48 fewer proteins than in 06_Alb_depl.
Neutral loss-dependent MS3 detects the loss of phosphoric acid (ca. 98 Da) from the precursor ion in a MS2
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Table 4: Selected proteins and their possible involvement in diseases.

Accession

MW

Protein name

Function

Disease

Q15848

26414

Adiponectin

P37840

14460

Alpha-synuclein, isoform 1, 2, or 3

Hematopoiesis, immune system; fat metabolism
and insulin sensitivity.
Regulation of dopamine release and transport.
Decreased caspase 3 activation.

P02741-1

25039

Enhances host defense.

P06703

10180

C-reactive protein, splice
isoform 1
Calcyclin (Prolactin receptor
associated protein)

Adiponectin deficiency; obesity
insulin resistance, diabetes type 2.
Defects in SNCA cause autosomal
dominant Parkinson disease 1 and
Lewy body dementia (DLB).
Inflammation, heart disease
biomarker.
It is inducible by growth factors
and overexpressed in acute
myeloid leukemias

P31944
P07339

27680
44552

Caspase-14
Cathepsin D

Apoptosis.
Acid protease active in intracellular
protein breakdown.

P81605

11284

Dermcidin

Q99497

19891

DJ-1 protein (Oncogene DJ1)

P23142-1

77261

Fibulin-1, splice isoform 1 or D

Neuron survival; phosphatase and antimicrobial
activity.
Androgen receptor-dependent transcription
regulator; prevents aggregation of SNCA;
protects
neurons from oxidative stress and cell death;
role
in fertilization.
Cell adhesion/migration, organization of ECM,
haemostasis and thrombosis, modulation of APP,
tumor suppressor.

P23142-4

74462

Fibulin-1, splice isoform 4 or C

Preferentially expressed during quiescent
fibroblast
proliferation.

Disease pathogenesis:
breast cancer, possibly
Alzheimer's disease.

Early-onset Parkinson disease 7
(PARK7).

human breast cancer;
synpolydactyly (limb malformation)
human breast cancer; does not
seem to be implicated in
synpolydactyly
Systemic lupus erythematosus
(SLE).
Defects in FAH are the cause of
tyrosinemia type I.

O75636-1 32903

Ficolin 3, splice isoform 1

Lectin activity.

P16930

46374

Fumarylacetoacetase

Not found

Q7M4S4

2046

Granulocyte inhibitory protein

P01344-1

20140

P05362

57826

Insulin-like growth factor II,
splice isoform 1
Intercellular adhesion molecule-1

Inhibits the biological activity of
polymorphonuclear
cells.
Growth-promoting activity; fetal development.

P13473

44961

P02144

17053

ICAM proteins are ligands for the leukocyte
adhesion LFA-1 protein (Integrin
alpha-L/beta-2).
Lysosome-associated membrane
Lysosomal maintenance; intracellular signal
Implicated in tumor cell metastasis.
glycoprotein 2, splice isoform 1 or transduction.
2
Myoglobin
Reserve O2 supply, O2 movement within muscles.

P58546

12764

Myotrophin

Cerebellar morphogenesis.

P22392

17401

NM23-LV (contains Nucleoside
diphosphate kinase B sequence)

P15531

17149

Nucleoside diphosphate kinase A

P10720

10845

Platelet factor 4 variant

P01133
P27918

133946 Pro-epidermal growth factor
51276 Properdin (Factor P)

Nucleoside diphosphate kinase B is a
transcriptional activator of the c-Myc gene;
binds DNA nonspecifically.
Synthesis of nucleoside triphosphates other than
ATP.
Inhibitor of angiogenesis, endothelial cell
chemotaxis.
Growth of epidermal and epithelial tissues.
Alternate complement pathway; binds C3- and
C5convertase enzyme complexes.

P61019

23546

Ras-related protein Rab-2A

Seems to be associated with
cardiac hypertrophy.
Reduced amounts of Nucleoside
diphosphate kinase B in tumor cells
of high metastatic potential.
Neuroblastoma.

Properdin deficiency (PFD); higher
susceptibility to bacterial infections;
especially meningococcal.

Protein transport; endoplasmic reticulum to
Golgi
complex.
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Table 4: Selected proteins and their possible involvement in diseases. (Continued)

P51149

23490

Q12913

145927 Receptor-type tyrosine-protein
phosphatase eta
44854 Squamous cell carcinoma antigen
2

P48594

Ras-related protein Rab-7

Protein transport. Vesicular traffic.
Mechanism of contact inhibition of cell growth.
Protease inhibitor; host immune response
modulator.

Q15582

74681

Transforming growth factor-beta
induced protein IG-H3

Cell-collagen interactions; endochondral bone
formation.

P07911

69761

Uromodulin

Not known. Possible regulation of cytokines.

Charcot-Marie-Tooth disease type
2B (CMT2B).
Cancers of colon, lung, and breast.
Seems to also be secreted in
plasma by cancerous cells but at a
low level.
Corneal dystrophy Groenouw type
I (CDGG1).
Familial juvenile hyperuricemic
nephropathy (HNFJ); medullary
cystic kidney disease 2 (MCKD2).

We have provided a short selection of proteins that we identified in our experiments and that have important biological functions and/or may have
some role in a disease process. The table includes a description of the protein function, the disease involved, the primary accession number of the
protein, and the molecular weight and name of the protein and has been arranged alphabetically according to protein name.

scan and initiates MS3 fragmentation analysis of the neutral loss precursor ion. As expected, the use of this method
reduced the number of proteins with 1 peptide (Figure 7,
panels D and E), which is also reflected in the lower
number of proteins with smaller MW (< 45 kDa) (Figure
8, panels D and E). Although the neutral loss-dependent
MS3 setting used in experiment 10_Alb_depl_NL was

employed to detect phosphopeptides, the results obtained
were unclear and therefore are not reported here.
To determine the effect of protein depletion on the
number of proteins identified, a somewhat different
approach was used, and different results were seen for
08_OGE and 09_OGE_6_depl (Figure 6, panel D). Both
experiments employed OGE separation, while

Figure
Venn diagram
6
representations of comparisons between pairs of individual plasma experiments
Venn diagram representations of comparisons between pairs of individual plasma experiments. Individual experiments are represented by circles, with compared experiment pairs being depicted by overlapping sets of two circles. The
number of proteins identified in both members of a compared set of experiments is given in the intersection region of the circles. The number of proteins that are unique to an individual experiment is shown outside of the intersection region, along
with the total number of proteins identified for that individual experiment, shown in parentheses. The plasma experiment represented by each circle is represented at the top of the respective circle, outside of the intersection region (panel A, for example, shows a comparison of experiments 01_MS2, designated "01'', and 04_MS2_prec, designated "04''). The experimental
conditions used in each experiment can be found in Table 1. Panel F shows a comparison between all 7 experiments performed
on the FT and the last experiment which was performed on the Orbitrap.
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Histograms
Figure 7 showing the number of proteins identified with a given number of unique peptides for each individual experiment
Histograms showing the number of proteins identified with a given number of unique peptides for each individual experiment. The number of validated, non-redundant peptides was calculated for each protein identified within the
context of each individual experiment, and proteins having identical numbers of peptides were grouped together and plotted as
indicated. The Y-axes (number of proteins) for the experiments indicated in panels C and D and in A, B, E, F and G have been
standardized in order to facilitate cross-experiment comparison.
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Figure 8 depicting the molecular weight distribution of the identified proteins in each of the 8 experiments
Histograms
Histograms depicting the molecular weight distribution of the identified proteins in each of the 8 experiments.
The proteins from each individual experiment were grouped according to their calculated molecular weight and plotted as indicated. All Y-axis scales except for the ones in panels D and H have been standardized to facilitate cross-experiment comparison.
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09_OGE_6_depl was additionally depleted of six high
abundance proteins, including albumin, transferrin, haptoglobin, alpha-1-antitrypsin, IgA and IgG. Since the
immuno-depletion column employed removes from
approximately 65% to 85% of the total plasma protein
(Agilent, personal communication; [20]), the amount of
protein loaded in the 09_OGE_6_depl_sample was correspondingly reduced to 650 ug to compensate for the loading of the non-depleted 1800 ug from 08_OGE. We found
that experiment 09_OGE_6_depl produced more validated proteins than 08_OGE (Figure 6, panel D), suggesting that the depletion step may have been somewhat
advantageous. The majority of the additional 47 proteins
in 09_OGE_6_depl as compared to 08_OGE were identified with up to 10 peptides (Figure 7, panels G and F
respectively), and can be found mostly in the lower MW
range of up to 45 kDa (Figure 8, panels G and F respectively), supporting the idea that depletion may facilitate
the identification of otherwise 'overshadowed' smaller
proteins.

http://www.biomedcentral.com/1755-8794/1/41

distribution for the Orbitrap data is quite similar to the
data obtained in several of the FT experiments, notably
06_Alb_depl (Figure 8, panel D) and 10_Alb_depl_NL
(Figure 8, panel E). The serum samples were depleted
prior to MS analysis in all three experiments.

Experiment 05 (Figure 7, panel C) identified twice as
many proteins with 1 peptide and more proteins with 2
peptides than 08_OGE (Figure 7, panel F). With respect to
the MW distribution, experiment 05 had 1.7 times more
proteins with a MW of up to 45 kDa than 08_OGE (Figure
8, panels C and F). These observations support the notion
that plasma separation by OGE rather than by 1D PAGE
may thus adversely affect the identification of proteins of
low abundance and/or in the small MW range.

In comparing individual experimental results, the expectation is that proteins of higher molecular weight and/or
higher abundance should have a higher likelihood of
being identified across experiments due to the associated
higher probability of isolating and identifying peptides
from those two groups of proteins. Although we did not
have comprehensive data available to us concerning protein abundance, we thought it would still be interesting to
know whether the common proteins identified in a given
set of experiments favor a certain MW range. Figure 9,
panel A illustrates the MW distribution of the 332 proteins that were identified by both the FT and the Orbitrap.
This histogram profile is very similar to the one depicting
the MW distribution of all 510 proteins isolated using the
Orbitrap (Figure 8, panel H) and also to the profile generated by plotting the MW data from all seven FT-based
experiments (not shown). Since we used what we considered to be the best plasma handling method (depletion/
1D-PAGE) for the Orbitrap experiment, it came to us as
no surprise that the MW profile of the shared 332 proteins
isolated using the FT and Orbitrap should produce similar
MW profiles. In contrast to this, a comparison of all individual experiments to each other produced a set of only
56 proteins identified across all experiments. In this case
the MW profile of the proteins found across all experiments shows a definite bias toward proteins of higher
molecular weight, as expected (Figure 9, panel B). Almost
all of these 56 proteins are classical plasma proteins, exerting their function within the plasma (Table 5). The low
numbers of shared proteins between all experiments highlights the high variability in protein identification seen
when using different methods and instruments in MSbased proteomic analysis.

Finally, a comparison between the data obtained from all
7 plasma gels analysed on the FT with the results from
experiment 11_Orbitrap (Table 1), which was analysed
via the Orbitrap confirm that the Orbitrap is a high performance mass spectrometer. Even though significantly
less plasma sample was applied to the Orbitrap compared
with the 7 samples measured on the FT, the results of both
analyses are comparable. Both instruments yielded about
500 high confidence proteins and 332 (ca. 65%) identical
protein identifications (Figure 6, panel F). Also, as seen on
Figure 7, panel H, none of the 510 proteins identified on
the Orbitrap was validated with only one peptide (MS3
was not performed), whereas 93 proteins from the 495
identified collectively by all FT runs were validated with 1
peptide using MS3. Figure 8, panel H shows that the MW

Despite everything, many proteins (Table 4) would not
have been identified if not for the use of plasma depletion
techniques. For example, the smallest protein identified
'Granulocyte inhibitory protein' (2045 Da), was identified in 06_Alb_depl, and another protein of 11 kDa (dermcidin) was identified in 09_OGE_6_depl and
11_Orbitrap only. In fact, myotrophin (13 kDa) was identified in all four experiments where we employed depletion (06_Alb_depl, 09_OGE_6_depl, 10_Alb_depl_NL
and 11_Orbitrap), but in no other experiment. In summary, it seems reasonable to recommend plasma depletion as a method to facilitate the identification of lower
MW and lower abundance proteins. When the seven
experiments measured on the FT are compared, the highest proportion of proteins listed in additional file 2 [see

In order to compare the 1D-PAGE and OGE separation
methods, we performed two experiments, 05 and
08_OGE, neither of which employed a depletion step.
Even though 2.4 times more protein was loaded in
08_OGE, more proteins were identified in the 05 experiment (Figure 6, panel E). This suggested that in our hands
the 1D-PAGE separation seemed to be more effective than
the OGE technique.
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Table 5: List of the 56 proteins found in all 8 experiments.
Primary accession
number

IPI number (version 3.25)

Protein
MW

Protein name

P43652
P02763
P19652
P01011
P04217
P02765
P01023
P02760
P01008
P02647
P02652
ENSP00000350425
P04114
P02655
P02656
P05090
P02649
O14791-2
P04003
P00450
P10909
P00748
P02747
P09871
P06681
P01031
P13671
P00751-1
P08603-1
P02671-1

IPI00019943
IPI00022429
IPI00020091
IPI00431656/IPI00550991/IPI00411920
IPI00022895/IPI00644018
IPI00022431
IPI00478003
IPI00022426
IPI00032179
IPI00021841
IPI00021854/IPI00382587
IPI00304273
IPI00022229
IPI00021856
IPI00021857/IPI00657670
IPI00006662
IPI00021842
IPI00514475/IPI00186903
IPI00021727
IPI00017601
IPI00291262
IPI00019581
IPI00022394
IPI00017696
IPI00303963
IPI00032291/IPI00169407
IPI00009920
IPI00019591
IPI00029739
IPI00021885

69069
23512
23603
47651
54273
39325
163278
39000
52603
30778
11175
45399
515563
11284
10852
21276
36154
45871
67033
122205
52495
67818
25774
76685
83268
188331
104844
85533
139071
94973

P02675
P02679-2
P06396
P00738
P02790
P05546
P04196
Q3B7H5
P19827

IPI00298497
IPI00021891/IPI00167009/IPI00219713
IPI00026314/IPI00377087
IPI00478493/IPI00641737/IPI00431645
IPI00022488
IPI00292950
IPI00022371
IPI00028413
IPI00292530/IPI00383338

55928
49496
85698
45205
51676
57071
59579
99849
101389

P19823
NP_000412
NP_000217
NP_006112

IPI00305461/IPI00289083
IPI00009865
IPI00019359
IPI00220327

106436
58827
62064
66067

P03952
P05155
P02753
P00747
P00734
P02768
P02743
Q9Y490
P07996
P02766
ENSP00000273951
P04004
P04275

IPI00654888
IPI00291866
IPI00022420
IPI00019580
IPI00019568/IPI00006618
IPI00022434/IPI00745872
IPI00022391
IPI00298994
IPI00296099
IPI00022432
IPI00555812/IPI00742696
IPI00298971
IPI00023014

71370
55154
23010
90569
70037
69367
25387
269767
129413
15887
52918
54306
309299

Afamin [Precursor]
Alpha-1-acid glycoprotein 1 precursor
Alpha-1-acid glycoprotein 2 [Precursor]
Alpha-1-antichymotrypsin [Precursor]
Alpha-1B-glycoprotein [Precursor]
Alpha-2-HS-glycoprotein [Precursor]
Alpha-2-macroglobulin [Precursor]
AMBP protein [Precursor]
Antithrombin-III [Precursor]
Apolipoprotein A-I [Precursor]
Apolipoprotein A-II [Precursor]
Apolipoprotein A-IV [Precursor] (Apo-AIV)
Apolipoprotein B-100 [Precursor]
Apolipoprotein C-II precursor
Apolipoprotein C-III [Precursor]
Apolipoprotein D [Precursor]
Apolipoprotein E [Precursor]
Apolipoprotein-L1 [Precursor], splice isoform 2
C4b-binding protein alpha chain [Precursor]
Ceruloplasmin [Precursor]
Clusterin [Precursor]
Coagulation factor XII [Precursor] (Hageman factor)
Complement C1q subcomponent, C chain [Precursor]
Complement C1s subcomponent [Precursor]
Complement C2 [Precursor]
Complement C5 [Precursor]
Complement component C6 [Precursor]
Complement factor B [Precursor], Splice isoform 1
Complement factor H [Precursor], splice isoform 1
Fibrinogen alpha chain [Precursor] (Fibrinogen alpha/alpha-E chain precursor),
Splice isoform Alpha-E
Fibrinogen beta chain [Precursor]
Fibrinogen gamma chain [Precursor], splice isoform 2 (isoform Gamma-A)
Gelsolin [Precursor], plasma (Actin-depolymerizing factor)
Haptoglobin [Precursor]
Hemopexin [Precursor]
Heparin cofactor II [Precursor]
Histidine-rich glycoprotein [Precursor]
Inter-alpha (Globulin) inhibitor H3 – Homo sapiens (Human).
Inter-alpha-trypsin inhibitor heavy chain H1 [Precursor] (ITI heavy chain H1)
(Inter-alpha-inhibitor heavy chain 1) (Inter-alpha-trypsin inhibitor complex
component III) (Serum-derived hyaluronan-associated protein) (SHAP)
Inter-alpha-trypsin inhibitor heavy chain H2 [Precursor]
keratin 10 [Homo sapiens]
Keratin, type I cytoskeletal 9 (Keratin-9)
Keratin, type II cytoskeletal 1
(Keratin-1, Cytokeratin 1; hair alpha protein)
Plasma kallikrein [Precursor] (Fletcher factor)
Plasma protease C1 inhibitor precursor
Plasma retinol-binding protein [Precursor]
Plasminogen [Precursor]
Prothrombin [Precursor] (EC 3.4.21.5)
Serum albumin [Precursor], splice isoform 1
Serum amyloid P-component [Precursor]
Talin-1
Thrombospondin-1 [Precursor]
Transthyretin [Precursor]
Vitamin D-binding protein precursor
Vitronectin [Precursor]
Von Willebrand factor [Precursor]

The table provides the primary accession number, IPI number(s), protein annotation and the molecular weight of all 56 proteins that we found to be in
common among our eight different experiments and is sorted alphabetically according to protein name.
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Additional file 2] as well as in Table 4 originated from
experiment 06_Alb_depl. When we employed an instrument having a higher sensitivity (Orbitrap), even though
much less blood plasma sample was analysed, more proteins were identified. In general, the 1D-PAGE method in
combination with serum depletion and if possible, analysis on a high sensitivity instrument such as the Orbitrap,
provided the most comprehensive analysis in our hands.

applied to the HUPO PPP data set. They suggest that of the
proteins identified with one peptide, at least 70% are false
positives, while 15–30% of proteins identified with
exactly two peptides are likely to be false positives. Only
about 2–5% of the proteins identified with exactly three
peptides are likely to be false. This very high false positive
rate is acknowledged by Omenn et al. to be a major problem, especially for identifications based on 1 peptide [5].

Discussion

Our validation criteria were extremely stringent and only
peptides that passed all criteria were included in the protein identification process. In fact, to the best of our
knowledge, our set of blood plasma proteins was generated according to the most stringent validation and redundancy criteria published so far. Because the accuracy of
protein identification increases with peptide length, we
excluded, for example, all peptides that did not have the
minimum required length of 7 amino acids, while Adamski et al. eliminated all peptides shorter than 6 amino
acids from further analysis [17]. We were also aware of the
high risk of incorrect protein identification based on 1
peptide. We therefore discarded all protein identifications
based on 1 peptide unless a given peptide was validated
by a MS3 spectrum, significantly increasing confidence in
peptide identification [7]. Additionally, it was mandatory
that the MS3 score have a confidence level of 99.9%.
Accordingly, we discarded all identifications based on 1
peptide in assays 01_MS2, 04_MS2_prec and 11_Orbitrap
since we did not employ any MS3 in these three experiments. Probabilities of 99% and 95% for the first and second peptide, respectively, were used for protein
identification with two peptides, and a minimum of 99%
probability for one of three peptides was used for identifications with three peptides. Our decoy database analysis
revealed a very low false peptide identification rate of only
0.29 percent across all of our experimental data, reinforcing the notion that the use of such stringent validation criteria produces high confidence data.

Here we discuss our findings in comparison to the results
from HUPO PPP, Anderson et al and others.
Statistics
We identified 697 proteins with very high confidence, 70
proteins of those were identified with only 1 peptide
(10%) and 627 proteins with 2 or more peptides (90%).
84 proteins (12%) were identified with exactly 2 peptides,
84 (12%) with exactly 3, 51 (7%) with exactly 4, and 408
proteins (59%) with more than 4 peptides. The combined
effort of 35 laboratories, a Bioinformatics group devoted
to the PPP, and a rigorous statistical approach, combined
with multiple hypothesis testing, led to a reduced set of
889 proteins. For comparison purposes, we removed all
proteins that were annotated as immunoglobulins from
the HUPO list (94) to obtain a list of 795 remaining high
confidence proteins. Of these 795 proteins that were classified as 'high confidence HUPO proteins', 241 were identified with only 1 peptide (30%) and thus 554 with 2 or
more peptides (70%). 131 (16%) were identified with
exactly 2 peptides, 77 (10%) with exactly 3 peptides and
46 (6%) with exactly 4 peptides. 300 proteins (38%) were
identified with more than 4 peptides.

The HUPO endeavor yielded 795 proteins, while our
efforts produced 697 proteins, both lists excluding immunoglobulins and rated as 'high confidence'. We believe
that the protein/peptide relation of our dataset is quite
good, with 697 proteins identified by 10,145 distinct,
valid peptides, which calculates to approximately 14.6
peptides per protein on average (14.56) with a median of
6 peptides per protein identified and an overall confidence level of better than 99%. The HUPO high confidence set has a protein/peptide relation with 8942
peptides for 795 proteins, which is equivalent to 11 peptides per protein on average (11.25), with a minimum of
95% confidence. Chan et al. [21] report the identification
of 1444 proteins with 2646 peptides. This calculates to
only 1.83 peptides per protein on average and accordingly, their overall confidence level was found to be just
90%. It therefore follows that low protein/peptide relations considerably impair the confidence in a dataset.
Data validation and confidence
Adamski et al. [22] employed a Poisson model to assess a
confidence value for protein identifications that they then

Compared with the PPP dataset generated by the collaborative effort of 35 laboratories, our list of identified proteins was not expected to be as extensive. However,
because our data were acquired using only two instruments and a single search algorithm (Mascot), and
because each peptide was validated identically using the
highly stringent criteria, our data were validated homogeneously across all experiments performed. Thus, the huge
task of heterogeneous data integration performed by the
HUPO Bioinformatics hub was not the key challenge in
our case. Yet, the exceptionally careful removal of redundancy which we performed was an incredibly time consuming undertaking. We feel that the strength of our
dataset lies in the superior performance of our mass spectrometers and their high mass accuracy, the stringency of
our validation criteria, and the homogenous manner in
which our data were collected and validated. Validation
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Figure 9 showing the molecular weight distribution of shared proteins
Histograms
Histograms showing the molecular weight distribution of shared proteins. The calculated molecular weights of the
proteins determined to be in common between each set of indicated experiments were categorized and plotted. Panel A
depicts a comparison of the proteins found to be in common between the FT (seven independent experiments) and the Orbitrap. Panel B shows the calculated molecular weights from the 56 proteins identified in all experimental approaches.
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was performed manually and was later corroborated with
the aid of a software script and by database querying.
Importantly, data validation was carried out with meticulous accuracy.
The PPP dataset was collected using low and high performance mass spectrometers including LCQs, LTQs,
QTOFS, QSTARS and also an FT-ICR by one laboratory,
and was processed using different searching algorithms
such as Mascot and Sequest. While each mass spectrometer and search engine has its strengths and thus the use of
these various technologies could be considered an advantage in the identification process of a diverse proteome
such as the plasma proteome, the use of multiple technologies also introduces variables which must be carefully
controlled if the data are to be meaningfully compared
and/or combined. In our opinion, it is critical that the
peptide validation criteria employed for the evaluation of
different datasets be homogeneous. Although some integration features were applied to the PPP dataset, no equivalency rules were applied across the search algorithms or
for the various 'high confidence' cutpoints [5]. Accordingly, peptide identification was very subjective and peptides of low confidence with lower probability scores were
included in protein identifications. This heterogeneity has
likely contributed to the high false positive rate of protein
identification as described by Adamski, especially for protein identifications based on one peptide.
Data comparison
In the course of comparing our data with the HUPO data
we observed that even though all HUPO proteins have IPI
numbers from version 2.21, the high confidence set of
795 proteins (without immunoglobulins) has 319 entries
that are missing cross reference information to other databases such as SwissProt/UniProt, making a comparison
using this information difficult. Since the IPI datasets
change occasionally, we decided to convert all of the
HUPO data as well as our data to version 3.25 of the IPI
database in order to facilitate a comparison.

A comparison using the converted IPI numbers revealed
that 242 of our 697 high confidence proteins matched the
HUPO high confidence list, excluding immunoglobulins.
However, several circumstances make it likely that this
number is not 100% precise. First, we discovered examples of annotations in the HUPO list that are not completely accurate, as well as examples of redundant entries
(see below). Second, we verified that our peptides
matched the protein sequences referenced by the primary
accession number (SwissProt, RefSeq, Ensemble or HINV), but we did not do this for the IPI numbers that were
assigned by Mascot, so we cannot assure a 100% correct
assignment of our proteins and peptides to the indicated
IPI numbers. However, the 242 matching entries gave us
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a reasonable measure of the extent of matching proteins
from the two datasets without claiming a 100% accurate
comparison.
Redundancy
In the course of our analysis of the HUPO high confidence
set we encountered some protein identifications having
identical SwissProt and/or IPI accession numbers that
appeared to be duplicates. For example, we found that the
SwissProt accession numbers P01024, P22792, and
Q8N355 each occur twice, while 13 different IPI numbers
each appeared twice (data not shown). Visual inspection
of the annotations for these entries indicated to us that it
may have been appropriate to merge many of the duplicate entries.

There were other entries in the HUPO list that seemed to
be redundant even though they had distinct IPI numbers
and distinct annotations. In the HUPO list, IPI00293665
(P04259) is annotated as "Keratin type II cytoskeletal 6B",
while IPI00296350 (P48669) is annotated as "Keratin
type II cytoskeletal 6F". Upon further investigation, we
found that according to the EBI, both IPI00293665 and
IPI00296350 refer to "Keratin type II cytoskeletal 6B".
In another example, the 7 distinct peptides listed in
HUPO's PPP for IPI00293057 (HUPO annotation "carboxypeptidase b-like protein") are also found in the
sequence IPI00329775 (HUPO annotation "carboxypeptidase b2"). All 13 of the distinct HUPO peptides
listed for IPI00329775 map to the sequence for
IPI00329775, but 4/13 peptides do not map to the
IPI00293057 sequence. Our observations indicate that
these entries should be collapsed into one entry,
IPI00329775, since there are no peptides that unambiguously identify IPI00293057.
Care must also be taken in correctly annotating isoforms.
For example, the HUPO set identifies ADP-ribosylation
factor 3 (IPI00215917). However, the single peptide used
to identify this protein also maps to ADP-ribosylation factor 1 (IPI00215914) and the correct annotation should
therefore be ADP-ribosylation factor 1 or 3. In a last example, HUPO lists 76 distinct peptides identifying alpha-1antichymotrypsin isoform 2 (IPI00032215). Upon closer
inspection, 35 of the 76 peptides did not match isoform
2, but all 76 of the peptides were found to match alpha-1antichymotrypsin isoform 1 instead (IPI00550991).
The examples of inaccuracy and redundancy that we identified within the HUPO high confidence list (above) make
it evident that much effort is needed to ensure the accuracy of a data set such as we present here. Given that the
public databases are in a constant state of flux, disparities
in the data, such as those we have listed above, could at
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least partially be the result of changes to records in the
parent databases over time. Unfortunately, search engines
like Mascot, Sequest, PepSea or Sonar are not currently
'sophisticated' enough to negate the need for manual confirmation on their proteomic data identification capabilities. Clearly, repetition of scientific experiments using
different samples is a basic and vital scientific premise to
corroborate data, since the repeated identification of a
false positive is less likely as the number of repetitions
increases. Even though the massive amount of data
obtained from a single experiment already prohibits the
feasibility of manual data checking, we still found it necessary to perform such checks, at least for mass spectrometry based proteomics experiments where the goal of the
study is to identify a reference data set as a foundation for
future work, such as biomarker discovery.
Data congruence
Anderson et al. [23] investigated the congruence between
plasma proteins derived from four different sources. One
source was the literature, and the three others were experimental, all MS-based and with immunoglobulin
removal, while the separation method was either at the
protein level using 2D-gel electrophoresis, at the peptide
level using 2D LC of trypsin-digested plasma, or a 'hybrid'
experiment with molecular mass fractionation followed
by 2D LC. A total of 1,175 proteins were identified from
the combined sources and of these, 980 occur in only 1
source. 195 proteins were found in at least 2 of the 4 datasets, 102 proteins were identified in only 2, and 47 proteins were identified in 3 datasets. 46 proteins were found
in all 4 datasets, with only one protein having a single
transmembrane domain (inter-alpha-trypsin inhibitor
heavy chain H1), and one protein without a signal peptide (hemoglobin beta chain). The authors state that the
absence of a transmembrane domain and the presence of
a signal peptide are characteristics of major plasma proteins. Our set of 697 plasma proteins also identifies 45
proteins of the 46 found in those 4 sources (one entry is
an immunoglobulin). In 5 out of the 45 cases the primary
accession numbers chosen by Anderson and by us differ,
but the proteins identified were identical.

Additionally, Anderson et al. described 47 proteins that
were identified in 3 out of 4 sources, 1 of which was an
immunoglobulin, leaving 46 non-immunoglobulin proteins. We identified 43 of those 46 proteins as well. The
three proteins we did not identify were 60-kDa heat shock
protein (we identified heat shock cognate 71 kDa protein
and heat shock 90 kDa protein 1, alpha, identified but
eliminated with validation), glutamate carboxypeptidase
II (84.3 kDa), and phosphoglycerate mutase 2 (28.6 kDa;
identified but eliminated with validation, however, we
identified phosphoglycerate mutase 1). Due to the technology applied it is reasonable to expect a certain degree
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of variation in the protein profile identified between MS
runs. The molecular masses of the proteins are in the midto higher mass category and so were likely not a major
deciding factor in determining why we did not identify
these proteins.
We did not extensively compare the 102 proteins that
Anderson reported to be identified in 2/4 sources because
we could not locate this list online. However, we were
able to identify some proteins from this category based on
visual inspection of the list published in Anderson et al.
Adiponectin, cathepsin D, selenoprotein P and squamous
cell carcinoma antigen 2 (Anderson reported the antigen
1 variant) are examples of proteins found to be in common between the two studies.
The types of keratins we identified represent what is commonly considered to be due to contamination. It is interesting that the PPP high confidence set of 795 proteins
contains 24 (3.0%) 'keratin' entries. Our set of 697 proteins contains 31 (4.4%) keratin entries. It appears as if
the keratin contamination problem is universal and is
rather equally represented across different research
groups. However, care should be taken not to categorize
all keratins as contaminants because certain keratins have
been identified as markers that define the degree of bladder squamous cell carcinoma differentiation [24]. Additionally, some keratins function as a diagnostic tool in
early stage [25] and higher stage bladder carcinoma [26].
For example, one of these marker keratins, cytokeratin
type 10 (keratin 10), is also part of our validated list of
697 proteins.
The number of 'Hypothetical proteins' is quite different
between datasets. The HUPO high confidence list (795
proteins) contains 172 hypothetical entries (22%), which
is far above our number of 30 hypothetical proteins
(4.3%). Anderson et al. [23] report only 3 hypothetical
proteins within their list of 195 confirmed proteins
(1.5%). It is worth noting that the HUPO list contains
immunoglobulin entries, whereas all of the Igs were
lumped into one accession because of high sequence similarity (>95%) in the Anderson study. We have completely
removed immunoglobulins from our list of 697 high confidence proteins for comparison purposes (see section
'Immunoglobulins' below).
Isoforms
Some investigators omit specific isoforms, thus simplifying the picture by collapsing all protein isoforms into one
entry. Anderson et al. 2004 assigned all sequences that
shared a region larger than 15 amino acids and having
greater than 95% sequence identity to one single entry. By
doing this, it is likely that they have missed some splice
variants or specific protein isoforms. As reported in the
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results section, we subjected all of our protein sequences
to an 'All vs. All BLAST' search. After that, we verified all
proteins with 95% or greater sequence identity by visual
inspection to determine whether the identified peptides
matched the protein sequences they were assigned to, and
whether it was justified to maintain similar protein
sequences as separate entities rather than joining them
into one entry. Finally, we employed a peptide mapping
approach to identify any remaining redundancy in our
list, merging proteins together where appropriate and
assigning an annotation reflecting the accuracy of the
available information.

http://www.biomedcentral.com/1755-8794/1/41

osin 1 alpha chain (TPM1) occurs in 5 isoforms of which
we identified isoform 2, 3, and 5. Isoform 1 is the skeletal
muscle variant, isoform 2 is the smooth muscle form, and
isoform 3 is the fibroblast form, while the primary localization for isoforms 4 or 5 has not been reported. Defects
in TPM1 are the cause of familial hypertrophic cardiomyopathy 3 (CMH3) with a high risk of cardiac failure and
sudden cardiac death. At any rate, the overall homology
between isoforms quite often exceeds 95% and blindly
combining sequences with high similarity defeats the
detailed identification of isoforms and splice variants,
which may be necessary in order to distinguish between a
healthy versus a diseased state.

A database searching tool such as Mascot often retrieves a
specific isoform for a particular protein. However, upon
manual inspection, it is clear that many times the
sequenced peptide(s) do not specifically distinguish
between the different isoforms and thus reveal that the
isoform indicated by Mascot is not correct. In our dataset,
we claim identification of a specific protein isoform only
if there was at least one validated peptide identified that
specifically differentiated between the possible isoforms
for this particular protein. We believe that the extra step of
manually validating these isoforms is justified because
only an accurate and detailed plasma proteome can serve
as a reference for future biomarker discoveries and diagnostic applications.

Immunoglobulins
As stated previously, we have chosen to remove the immunoglobulins (144) from our analysis to facilitate comparison of our data with other studies. However, we feel that
analysis of the immunoglobulins is important for some of
the same reasons that we provide in the "Isoforms" section above. We therefore provide a supplement to this
work which is available on line [see Additional file 1]. The
supplement contains a list of the immunoglobulins that
we identified in this study although we have not analysed
this list extensively for redundancy or to confirm that the
peptides isolated completely map to their assigned protein sequences.

Specific isoforms may not only be identified as having
specific tissue preferences but they may also be involved
in unique functions. The importance of specific isoforms
is exemplified by certain growth factors, such as TGF-beta
or enzymes such as superoxide dismutase (SOD). TGFbeta1, -beta2, and -beta3 are isoforms that share high
sequence identity and play crucial and only partially overlapping roles in hematopoiesis [27], development, tumor
suppression, and wound healing [28]. SOD-1 is localized
in the cytosol, SOD-2 in mitochondria, and SOD-3 is
extracellular, and in addition to their unique subcellular
localization, all three isoforms have major and distinctive
responsibilities in the response process of vascular cells to
both acute and chronic oxidative stress [29]. While distinct subcellular localizations of specific isoforms are
quite often known, their specific functions remain to be
clarified in most cases. For example we identified the protein attractin, isoform 2 out of 5 possible isoforms. Isoform 1 is a type I membrane protein while 2–5 are
secreted proteins. Isoform 2 is the major isoform in
peripheral blood leukocytes, but nothing is reported
regarding the function(s) of this particular isoform. For
'heat shock cognate 71 kDa protein', the 7 unique peptides that we identified can not distinguish between the
two splice isoforms 1 or 2. However, isoform 2 has a proposed function as an endogenous inhibitory regulator of
HSC70, via competition with co-chaperones. Tropomy-

Cellular component
With regard to the categorization of the plasma proteins
into their cellular components according to the gene
ontology consortium (GoMiner, http://www.geneontol
ogy.org), Anderson et al. showed that their set of 1,175
distinct proteins consisted of 27% extracellular proteins,
while the other 73% were cellular proteins (membrane,
nuclear, cytoplasmic etc.). The 195 proteins that were
identified by at least two sources, and which Anderson
called the "confirmed set of plasma proteins", showed a
different distribution. In this case, 50% of the proteins
were classified as 'extracellular'. Of the 46 proteins that
were identified by 4/4 sources and confirmed in the
present study as well, 68% were classified as 'extracellular'.
The clear increase in the proportion of 'extracellular' proteins seems to come in parallel with the increased confidence of an identified plasma protein set. Chan et al. [21]
subjected their 1444 proteins to a gene ontology classification as well, finding a distribution of 40.3% intracellular, 32.65% membrane, and 6.9% cell fraction; this was
summarized by an approximately 80% cellular fraction
versus a 15–20% extracellular fraction. Pieper et al. [2]
classified 47.5% of their 325 distinct proteins as extracellular (38.8% as classical plasma proteins, 8.9% other
extracellular fluids). The rest were classified as vesicular
proteins (incl. ER, Golgi etc.), cell membrane, and intracellular proteins.
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As we mentioned previously (see Results), 77% of our 697
proteins were recognized as part of the GoMiner cellular
component category. Of these, 35% were classified as
'extracellular' and 65% as cellular. It is possible that the
proportion of extracellular proteins would change if our
entire set of identified proteins could have been classified.
If the accuracy of our list can be gauged based on the proportion of extracellular proteins it contains, then the relatively high proportion of extracellular proteins in our list
seems to reinforce the confidence of our identified plasma
protein set.
Interestingly, if we perform a GoMiner analysis on the 242
proteins common to both our and the HUPO datasets,
227/242 (86%) of the protein IPI numbers are recognized
with 208 being classified as "cellular component" by the
program. As with the analysis of the BPPD dataset, some
proteins appear in more than one category. GoMiner classified 98 (40%; normalized as in Results) proteins as cellular and as expected, a high percentage of proteins were
classified as extracellular (146 proteins or 60%; normalized as in Results) (Figure 10, panel A). 18 of the extracellular proteins were classified as extracellular matrix
proteins, leaving 128 "true" plasma proteins. It is more
probable that independent investigators will co-identify
classical plasma proteins rather than cellular proteins that
might be found in plasma only as a consequence of tissue
remodeling or cell death. These cellular proteins are likely
to be found in the plasma only at certain points in time,
so it is less plausible that independent groups will coidentify the same cellular proteins, given the disparate
nature of their samples.
Comparison of the molecular weights of the 242 overlapping proteins between ours and the HUPO data sets
shows a rather well-balanced distribution (Figure 10,
panel B). Most proteins identified in our high confidence
set of 697 proteins are clearly found in the 15–45 kDa
range (see Figure 3). However, while the 242 overlapping
proteins are also mainly from the range 15–45 kDa, they
are very closely followed in proportion by the other MW
groups with a MW ≥ 45 and up to 100 kDa. The common
group of 242 proteins thus represents a cross section of
plasma proteins that spans most of the possible MW
range. The overlapping protein MW profile (Figure 10,
panel B) does not resemble a MW profile as seen for a typical plasma analysis (Figure 3), or for the overlapping proteins identified within this study between the FT and
Orbitrap mass spectrometers (Figure 9, panel A).

Conclusion
The effort of the PPP by HUPO to standardize plasma/
serum handling techniques and data analysis was a big
step in the right direction. With this work we hope to contribute to this effort and to the urgent task of identifying
the true nature of the human blood plasma proteome,

http://www.biomedcentral.com/1755-8794/1/41

which holds the potential for more comprehensive diagnostics and crucial biomarker discoveries. Even though
the mass spectrometric methodologies and technologies
currently employed are not yet able to cover the 9–12 log
plasma protein concentration range, mass spectrometrybased proteomics is the 'discovery tool' of choice.
Researchers are investigating alternative strategies that
could help to reduce the complexity of plasma, and mass
spectrometry manufacturers are continuously striving to
improve the instrumentation. The latest hybrid mass spectrometer, the LTQ-Orbitrap, has been put through the
acid test [30,31] and is proving itself as a very effective,
high sensitivity mass spectrometer, requiring less maintenance and being less expensive than the LTQ-FTICR.
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GoMiner
Figure 10analysis of proteins found to be in common with this study and the HUPO study
GoMiner analysis of proteins found to be in common with this study and the HUPO study. Panel A depicts a pie
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