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Abstract Mannan-binding lectin (MBL)-associated serine proteases (MASPs) circulate in
plasma as zymogens in complexes with MBL and with L- and H-ficolin. Upon binding of
MBL or ficolin to pathogen-associated molecular patterns, the MASPs are activated. MASP-
2 can now cleave C4 and C2 to generate the C3 convertase, C4bC2b. The functions of the
other two MASPs, MASP-1 and MASP-3 have not been elucidated. MASP-1 can cleave C2,
and with low efficiency also C3, and may serve a function through direct C3 activation. No
natural substrate for MASP-3 has been identified. MBL deficiency, occurring at a frequency
of about 10%, is the most common congenital immunodeficiency and is associated with
susceptibility to infections and autoimmune disorders. Inherited MASP-2 deficiency has
been described as the result of a mutation causing the exchange of aspartic acid with a glycine
at position 105, a position in the first domain, CUB1, involved in calcium binding. This
mutation abolishes the binding to MBL and ficolins, and deprives MASP-2 of functional
activity. The index case suffered from recurrent severe infections and autoimmune reactions.
The gene frequency of the mutation among Caucasians is 3.6%. It is not found in Chinese,
who present a different mutation also associated with MASP-2 deficiency.

Introduction

The complement system provides an important effector mechanism of innate humoral
defence. Activation of the complement system proceeds through three different pathways
converging in the activation of C3. The classical pathway is typically initiated after antigen
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recognition by antibodies, the alternative pathway relies on interference by foreign sub-
stances in a delicate activation–inhibition balance and the third pathway, the mannan-binding
lectin (MBL) or lectin pathway, is initiated when one of the molecules MBL, L-ficolin or H-
ficolin recognises ligands arranged in patterns characteristic of microbial surfaces, pathogen-
associated molecular patterns or PAMPs [1–4] (Fig. 1). In circulation, MBL and the ficolins
are found in complexes with four structurally related proteins, the MBL-associated serine
proteases (MASPs) 1, 2 and 3, and MAp19, which is a truncated version of MASP-2. The
four MBL-associated proteins are generated from only two genes, the MASP-1/3 gene en-
codes MASP-1 and MASP-3 [5], whereas the MASP-2/MAp19 gene gives rise to MASP-2
andMAp19 [6]. In both instances, alternative splicing is responsible for the generation of two
different mRNAs from a single primary transcript. MASP-2 sequentially cleaves C4 and C2
upon binding of MBL/MASP-2 complexes to microbial surfaces [7], whereas the functions
of MASP-1, MASP-3 and MAp19 remain to be established. The frequency of genetically
determined MBL deficiency is significantly increased in patients presenting a variety of
infections or autoimmune disorders, indicating the importance of the MBL pathway in the
first line of defence. Recently, a patient presenting repeated infections and autoimmune
manifestations was found to lack MASP-2 function, suggesting that MASP-2 deficiency
represents a new congenital immunodeficiency [8]. Because MASP-2 is involved in the
biological activity of both MBL and the ficolins, one might suspect MASP-2 deficiency to
have broader consequences than MBL deficiency. Below, we shall describe briefly the
pattern recognition molecules (PRMs), MBL, L-ficolin and H-ficolin before moving on to
the MASPs.

Alternative pathway

C2C4 C3C4b C2b

C3b

Classical pathway

Immune complexes
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Fig. 1 Overview of the complement system with focus on the MBL pathway. MBL/MASP-2 complexes
generate the C3 convertase, C4bC2b. MBL/MASP-1 complexes may directly activate C3. It is not known to
what extent components of the alternative pathway are involved in this process. A novel aspect is that
complexes of ficolin and MASP also appear to be able to activate complement
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Mannan-binding lectin

MBL is a plasma protein of hepatic origin [9, 10] and belongs to a family of proteins
known as the collectins. Collectins are oligomers constructed of polypeptide chains char-
acterised by a carbohydrate recognition domain (CRD) attached to a collagen-like region.
Three identical polypeptide chains assemble into subunits, which associate into higher olig-
omeric forms [1]. Human MBL is encoded by the MBL2 gene [11], whereas MBL1 is a
pseudo gene [12]. Transcription, splicing and translation of the MBL2 gene generate a
polypeptide chain of an estimated weight of 24 kDa. Due to post-translational modifications,
the polypeptide runs with an apparent molecular weight of 32 kDa on sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) [13, 14]. The structural subunit
consists of three polypeptides joined N-terminally by disulfide linkage, followed by a helical
collagen-like region and a cluster of three C-terminal CRDs [15, 16]. The subunits associate
via disulfide bonding in the N-terminal region into higher oligomers ranging from two to
more than six subunits. On gel permeation chromatography, MBL elutes in a fairly sym-
metrical peak covering the range of about 400 to 600 kDa, and a similar impression is
gathered from sucrose gradient density centrifugation. We have previously termed the dom-
inant (on SDS-PAGE) oligomeric forms in serum, MBL-I, MBL-II, MBL-III and MBL-IV
(in order of increasing size) [5]. The main C4 activating activity, i.e. complex formation with
MASP-2, appears to be associated with MBL-II [5], now known to represent the tetramer
[17]. The molecular weights were by mass spectrometry found to be 228 kDa for MBL-I
and 305 kDa for MBL-II [17]. We have observed similar values by low angle scattering,
where MBL-I and MBL-II were estimated to be 220 and 300 kDa, respectively (unpublished
data). Examined by electron microscopy or atomic force microscopy, the oligomers show
sertiform structures [1, 18].

A commonly used term for MBL, mannose-binding lectin, indicates a special selectivity
for mannose. However, MBL is not specific for this particular sugar [19]. The prima-
ry determinant for the distinct carbohydrate selectivity of MBL is the presence of horizon-
tal hydroxyl groups at the 3′ and 4′ position of the pyranose ring (as in, e.g. D-mannose,
N-acetyl-D-glucosamine, D-glucose and L-fucose), whereas it does not bind to D-galactose
with a vertical hydroxyl group at the 4′ position [1, 14, 20]. The hexoses must be presented
at terminal non-reducing positions and must be clustered in a pattern to obtain high avidity
interactions critical for the biological function of MBL. The dissociation constant for the
interaction between one CRD and a hexose is weak, in the order of 10 mM, whereas MBL
binds with high avidity to polyvalent carbohydrates such as mannan (Kd∼2 nM) [10, 21].

The concentration of MBL in plasma ranges 1000-fold from 5 ng to more than 5 μg per
milliliter plasma and is not normally distributed [22]. The median concentration is about
1.5 μg/ml. The inter-individual differences are to a large extent explained by polymorphisms
in the promotor region and in exon 1 of theMBL2 gene [23–27]. However, the constitutional
MBL concentration may vary tenfold between individuals with identical genotypes [28, 29],
and there is a minor (two to threefold), sluggish acute phase response [30]. In their seminal
paper, Super et al. [31] reported low MBL levels in children with opsonising deficiency and
repeated, serious infections. This observation has since been supported by numerous
investigations [32, 33]. Low MBL levels have also been reported to be associated with a
variety of autoimmune disorders [32, 34, 35]. The high incidence of low MBL levels (one in
four Caucasians have less than 0.5 μg/ml) indicates that MBL insufficiency is only manifest
under certain conditions when also other elements of the immune defence function sub-
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optimally [36–38]. The high prevalence of deficiency naturally leads to speculations onMBL
deficiency being advantageous in certain infections or other diseases, but so far only few and
conflicting data are available.

Ficolins

The ficolins are a group of proteins, which, like MBL, bind to PAMPs. Three ficolins are
found in humans: L- and M-ficolin, which are more than 80% identical, and H-ficolin [39].
There is no significant sequence similarity to MBL (apart from the collagen-like region), but
the gross structures show strikingly similar sertiform shapes.

Like MBL, ficolins are composed of subunits of three identical polypeptide chains with a
collagenous part and three globular ligand-recognising domains. In the ficolins, these
domains are fibrinogen-like (FBG) domains [40, 41].

L- and H-ficolin are humoral factors synthesised by hepatocytes and secreted into the
blood circulation (H-ficolin has also been observed in bronchial/alveolar fluid and in bile)
[41–43], whereas M-ficolin is reportedly confined to the surface of peripheral blood
monocytes [44, 45] (see note added in proof).

Ficolins are suspected to play a part in the innate immune defence. This supposition is
largely based on analogy with MBL: structure, binding to microorganisms and association
with MASPs, thus the capacity of activating the complement system [46–48]. The ficolins are
not lectins in the standard definition of this term, i.e. proteins specifically binding carbo-
hydrates. Thus H- and L-ficolin binds indiscriminately to acetyl groups [49 and unpublished
results]. It may seem somewhat confusing to use the term ‘lectin pathway’ as a common
denominator for complement activation through these proteins.

Congenital ficolin deficiencies have not been described [45]. Inaba et al. [50] quantified
H-ficolin in 170,000 persons and found deficiency in four systemic lupus erythematosus
(SLE) patients, probably secondary to the development of anti-H-ficolin auto-antibodies.
One paper reports on lower levels of L-ficolin being associated with recurrent respiratory
infections in children [51].

MBL-associated serine proteases

MBL and the ficolins exert biological activity by themselves through aggregation of targets
and possibly through specific receptors on phagocytic cells capable of recognising MBL or
ficolin coated (opsonised) targets [41, 52, 53]. However, it appears that the main function
is via activation of complement with the ensuing direct killing or opsonisation of the target
and the attraction of cells of the immune system. The seminal observation of complement
activation by MBL was made in 1987 by Ikeda et al. [54]. Matsushita and Fujita [55]
demonstrated the presence of a new complement enzyme, termed MBL-associated serine
protease, which was thought to mediate the formation of the C3 convertase, C4bC2b. This
activity was shown by Thiel et al. [56] to be mediated by another MASP, termed MASP-2
(the one described by Matsushita and Fujita is now termed MASP-1). Later, a third MASP,
MASP-3 [5], was identified as well as a small, separately synthesised fragment of MASP-
2, termed MAp19 or sMAP [6, 57].
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Initially, it was thought that the activation of the MASP-1 and MASP-2 zymogens in
complex with MBL was equivalent to the sequential activation of C1r and C1s within the C1
complex of the classical pathway. However, experiments conducted with recombinant
MASP-2 showed that complexes of MBL and MASP-2 alone were sufficient for the
generation of the C4bC2b convertase [58].

Although all four proteins were initially detected in complex with MBL, they also
associate with L- and H-ficolin [47, 48, 59]. The interaction of several proteins with various
recognition molecules adds to the complexity of the MBL-ficolin pathway as compared to the
classical activation pathway, which is triggered only by the C1 complex. The stoichiometry
of the C1 complex and the functional properties of its individual serine proteases is well
defined, whereas the stoichiometric composition of the MBL/MASP and ficolin/MASP
complexes remains unresolved. Despite functional and structural differences between the
initiation complexes of the MBL and the classical pathway, the serine proteases share many
common features.

The evolutionary aspects of MASPs have recently been discussed in detail [60, 61]. In
brief, cDNA sequences of MASPs have been cloned in various species of vertebrates, e.g. in
lamprey, shark, carp, chicken, mouse and humans, and from two invertebrates (amphioxus
and ascidian) as well. Recently, it was found that chickens have MASP-2 and MAp19 with a
gene organisation identical to those of human and mouse [62]. MASP-3 in chickens is very
similar (75% identity) to mammalian MASP-3, but in the chicken, the six exons encoding
the MASP-1 serine protease domain are absent, and birds thus have only MASP-3, MASP-2
and MAp19.

MBL-associated proteins: genetic organisation and sites of synthesis

Alternative splicing of the primary transcript of a single gene (MASP1/3) on chromosome
3q27–q28 yields mRNA for MASP-1 and MASP-3 [5] (Fig. 2). The gene encompasses 17
exons, of which the first 10 encode the non-catalytic N-terminal domains of both the MASP-
1 and MASP-3 polypeptide (the A chain). The linker region and the C-terminal serine
protease domain of MASP-1 are encoded by six separate exons, whereas for MASP-3, this is
encoded by a single exon [5, 63, 64]. Northern blot analysis revealed the liver as the primary
site of MASP-1 and MASP-3 synthesis [65]. It was later confirmed that in humans, rats and
mice, MASP-1 expression is liver specific, whereas MASP-3 is expressed in the liver and in
non-hepatic tissues, including the spleen, lung, small intestine, thymus and brain [62].
MASP-2 and MAp19 are also the products of mRNAs generated by alternative splicing of a
single primary RNA transcript [6]. The human MASP-2/MAp19 gene has been mapped to
chromosome 1p36.2–3 and encompasses 12 exons [66]. MASP-2 mRNA is encoded by 11 of
these exons, of which a single one encodes the linker region and the serine protease domain.
Exon 5 of the MASP-2/MAp19 gene allows for generation of the MAp19 mRNA splice
variant encompassing code for the first two common domains and four additional C-terminal
amino acids characteristic of MAp19 [66]. The liver is the only tissue in which MASP-2 and
MAp19 mRNAs have been detected [65–67].

Several cell lines have been screened for MASP synthesis, and hepatocyte-like cell lines
were found to express MASPs, but also cell lines representing glioma cells were producing
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mRNA for MASPs, suggesting that human astrocytes may be a source of MASP in the brain
[68].

The structure of the MBL-associated proteins

The mature polypeptide chains of human MASP-1 and MASP-3 are composed of 699 and
728 amino acid residues, respectively, including the leader peptide of 19 amino acids.
MAp19 and MASP-2 are polypeptides of 185 and 686 amino acid residues, respectively,
including the 15 amino acid leader sequence [65]. The MASP-1, MASP-2 and MASP-3
proenzymes have calculated molecular weights of 76,976, 74,153 and 81,873 Da, re-
spectively. By Western blot analysis, the observed molecular masses are 90, 74 and 94 kDa
[65], respectively, suggesting post-translational modification of MASP-1 and MASP-3.
Indeed, the MASP-1 sequence contains four N-glycosylation sites, the MASP-3 seven and

Fig. 2 Genomic organization and protein structure of MASPs and MAp19. Top, the exon–intron structure of
theMASP1/3 gene. A single exon encodes the MASP-3 B-chain, whereas this region in MASP-1 is encoded by
six exons. The A chain of MASP-1 andMASP-3 is encoded by 10 shared exons. The asterisk denotes potential
glycosylation sites. The scissile Arg–Ile bond, the disulphide linkage and the names of the domains are
indicated. Bottom, the exon–intron structure of theMASP2/MAp19 gene. TheMASP-2 B chain is encoded by a
single exon, whereas the A chain is encoded by 10 exons. MAp19 is encoded by 5 exons. Four of these exons
are shared with MASP-2, whereas exon 5 encodes four amino acids specific for MAp19 [65]
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MASP-2 none (Fig. 2). The calculated and observed molecular mass of the MAp19
polypeptide is 19 kDa [6].

The MASPs are composed of six modules and a linker region: an N-terminal CUB domain
(CUB1) followed by an epidermal growth factor (EGF)-like domain of the Ca2+-binding
type, a second CUB domain (CUB2), two contiguous complement control protein modules
(CCP1 and CCP2), a short linker and finally a chymotrypsin-like serine protease (SP) domain
(Fig. 2). MAp19 only encompasses the CUB1, the EGF-like domain (both shared by
MASP-2) and the four MAp19 specific amino acids (EQSL).

The CUB domain of about 110 amino acid residues is found in many diverse proteins [69].
The general three-dimensional structure shows two five-stranded β-parallel sheets stabilised
by two disulphide bridges, resembling an elongated ellipsoid [70]. Amino acid sequence
alignment reveals that the CUB1 module in human MASPs (as well as in C1r and C1s) lack
the first two parallel β-strands present in the previously determined CUB structures and also
the first of the two disulfide bridges [71]. It was indeed found that the MAp19 and the rat
CUB1 module are made of two four-stranded anti-parallel β-sheets [71, 72] (Fig. 3). The
crystal structure of the N-terminal three domains of rat MASP-2 revealed that the second
CUB domain (CUB2) contained one of the beta strands missing in CUB1 (β2), and the
structure is stabilised by two disulfide bridges [72].

Previously, it was found that CUB1–EGF of human C1s contained a novel Ca2+-binding
site at the distal end of the CUB1 module comprising six oxygen ligands (two water mol-
ecules and four amino acid residues) coordinating the Ca2+ ion, and together with three
additional amino acid residues, these elements make up a network of stabilising hydrogen
bonds [73]. The Ca2+ ion thus appears to be an essential component for the stability of the
distal part the C1s CUB1 module. The residues involved in Ca2+ binding in the C1s CUB1
module are conserved in C1r as well as in the MASPs. An essential Ca2+ ion is also
associated with the distal part of the CUB1 module of MAp19 [71] and thus also of
MASP-2. The functional significance of CUB1 Ca2+ binding was demonstrated by mutating
amino acid residues providing Ca2+ ligands in MAp19. The mutants only showed a weak
association or failed to bind to MBL and L-ficolin as measured by surface plasmon resonance
spectrometry (SPR) [71]. As discussed below, a naturally occurring polymorphism, which
results in loss of calcium binding, also results in loss of binding of MAp19 and MASP-2
to MBL.

The EGF domain is found in many proteins and is known to mediate protein–protein
interactions. Although they often show relatively little sequence identity with EGF itself, the
domains share a characteristic configuration around three disulfide bonds between six
conserved cysteine residues [74]. The EGF-like domain of approximately 50 amino acid
residues is folded into an elongated structure with anti-parallel double-stranded β-sheets
connected by five loops [73, 75] A subset of EGF domains, including those of MASPs and
C1r and C1s, bind Ca2+ by means of a five amino acid consensus sequence: Asp/Asn, Asp/
Asn, Gln/Glu, Asp*/Asn*, Tyr/Phe, with the asterisk denoting post-translational β-hy-
droxylation [73, 76]

The CCP domain, also known as short consensus repeat (SCR), occurs widely in modular
proteins, only some of which are involved in complement activation [77]. The CCP domain
of approximately 60 amino acid residues is characterised by several hydrophobic amino acids
and four nearly invariant cysteines and shows a common scaffold-like structure characterised
by a sandwich of 6–8 β-strands, stabilised by two disulfide bridges between the conserved
cysteine residues [77, 78]. The crystal structure of the second CCP (CCP2) module in
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conjunction with the serine protease domain of MASP-2 showed a central compact
hydrophobic core enveloped by six β-strands stabilised by two disulfide bonds [79] (Fig. 3).
Compared to the rigid CCP2-SP interface observed for C1s [80], MASP-2 presents increased

306 Springer Semin Immun (2005) 27:299–319



flexibility at the CCP2-SP junction. This may partly explain that the MASP-2 dimer alone
mimics the functions of C1r plus C1s in the classical pathway.

The serine protease domain

The modular enzymes of the activation complexes of complement belong to the large family
of chymotrypsin-like serine proteases and show the characteristic catalytic triad of three
conserved non-consecutive His/Asp/Ser residues [81] (Fig. 3). They possess an identical fold
consisting of two juxtaposed six-stranded β-barrels with the three catalytic residues situated
at the interface. They also show a second conserved serine residue located adjacent to the
active site, which is important for the productive formation of the enzyme-substrate complex
[82, 83]. The proteases are produced as zymogens in which the active site is distorted and has
low catalytical efficiency. The MASPs are synthesised as single chain proenzymes. Binding
of MBL/MASP or ficolin/MASP to their respective ligands activates the MASPs by
promoting a proteolytic cleavage of a conserved Arg–Ile bond within the linker region, thus
producing two polypeptide chains held together by disulfide linkage [65] (Fig. 2) Therefore,
by reducing SDS-PAGE analysis, the MASP proenzymes and their activated counterparts
migrate as one and two bands, respectively. The five N-terminal domains and the linker
region prior to the cleavage site make up the A-chain, whereas the catalytic SP domain is
referred to as the B-chain. The mechanism by which initial activation is accomplished
remains elusive, but may be caused by mechanical stress induced by MBL or ficolin target
recognition [84].

Expression of fragments of MASP-2 (i.e. CCP1-CCP2-SP, CCP2-SP) revealed auto-
activation (cleavage between CCP2-SP). Efficient binding and cleavage of C2 and inhibition
by C1 inhibitor could be observed for the SP domain in combination with the linker region.
On the other hand, the proteolytic cleavage of C4 was, as for C1s, dependent on the presence
of the CCP modules [85, 86]. Rossi et al. [87] observed auto-activation of the recombinant
CCP1-CCP2-SP fragment, but not of the CCP2-SP fragment. Upon activation, the new N-
terminal peptide flips over and the isoleucine residue interacts with an aspartic acid residue
immediately upstream from the active site serine. This switches on the catalytic activity of the
protease [88]. An aspartic acid residue is found in the catalytic cavity in all MASPs,
indicating cleavage after a basic amino acid as observed for trypsin [5, 56].

The SP domain of MASP-1 differs from those of MASP-2, MASP-3 and C1r and C1s in
several aspects: (1) the domain is encoded by several exons, (2) the active site serine residue
is encoded by a TCN codon (N=any nucleotide) and (3) the presence of a histidine loop
(a stabilising disulfide bridge between cysteine residues situated on either side of the active

3Fig. 3 Top, homodimeric structure of human MAp19. Top view of the structure. The two MAp19 molecules
are in red and green, respectively. Ca2+ ions are represented as golden spheres. The side chains of residues
involved in the intermonomer interface are indicated. Ct indicates the C-terminal end [71]. Center, structure of
the activated MASP-2 CCP2-SP fragment. Residues of the catalytic triad (a.s.) are shown as sticks. The figure
was kindly provided by Harmat et al. [79]. Bottom, a hypothetical model of the complexes between MAp19
and tetrameric MBL. The CUB and EGF modules of MAp19 are blue and green, respectively. The CRD
domains are in red (every subunit has three CRDs, but not all are easily seen), and the collagen-like segment
containing the MAp19 binding site is in grey. The structure of the MBL collagen-like segment encompassing
residues 73–87 is unknown and is shown as grey dots. A bottom view of the complexes is shown [17]
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site histidine) as also found in chymotrypsin. In contrast, the SP domain of the other four
proteases is encoded by a single exon, an AGY (Y=C or T) codon translates into the active
site serine residue, and the histidine loop is absent. Whereas the intra-molecular histidine
loop could have functional implications, the split exon structure and the AGY/TCN codon
usage serve merely as evolutionary markers. This indicates that the AGY type lineage di-
verged from the TCN type before the emergence of primitive vertebrates [64]. Phylogenetic
analysis suggests that a lectin-MASP (TCN type) complex in conjunction with C3 and its
receptor could constitute a primitive ancestral immune system hence antedate the classical
pathway of complement activation [60]. The lamprey seems to have a molecule with C1q
globular head domain structure but with lectin activity and is also protease associated [89].
This may be the very beginning of the evolution into lectin and C1q-mediated complement
pathways.

Dimerization of MASPs and MAp19

MASP-1, MASP-2, MASP-3 and MAp19 each form homo-dimers and individually associate
with MBL and the ficolins in a Ca2+-dependent manner through the CUB1-EGF modules.
The CUB1–EGF module pair in C1r and C1s is stabilised by Ca2+, and while the EGF
domain of C1r binds Ca2+ with an apparent KD of only 10 mM [90], the affinity for Ca2+ of
the recombinant CUB1–EGF pair shows an apparent KD of 10–16 μM [91]. Apparently,
residues located outside the EGF domain either directly provide ligands for Ca2+ chelation or
stabilise the Ca2+-binding site conformation.

Expression of the recombinant N-terminal two or three domains of rat MASP-1 and
MASP-2 followed by analysis by ultra-centrifugation revealed the formation of stable
homodimers in the presence of calcium, which were not disrupted by ethylenediamine-
tetraacetic acid (EDTA) [92]. The authors concluded that MASP dimer formation is Ca2+

independent in solution and involves the CUB1–EGF pair. Sedimentation velocity
analysis of recombinant human MAp19 and the CUB1–EGF segments of MASP-1 and
MASP-2 showed that in the presence of Ca2+ the proteins associate in homodimers [93]. The
respective homodimers did not dissociate in the presence of EDTA, although the physical
properties were affected as seen by a broadening sedimentation peak. Neither of the above
recombinant proteins and recombinant full-length MASP-1 and MASP-2 formed hetero-
dimers as evidenced by gel permeation chromatography and SPR [93]. The authors
concluded that dimer formation was Ca2+ dependent. Recent experiments, also based on
ultra-centrifugation analysis, have indicated that recombinant human MASP-3 sediments
as a homodimer in the presence of Ca2+ [94]. The MASP-3 dimer was disrupted by EDTA.
The crystal structure of recombinant MAp19 revealed that MAp19 forms head-to-tail dimers
involving interactions between the CUB1 module of one monomer and the EGF-like domain
of its counterpart [71] (Fig. 3). A Ca2+ ion in each EGF module stabilises the inter-
monomer interface and is coordinated in a manner similar to that determined for CUB1–EGF
of C1s [73]. Hence, a water molecule provides a link between the CUB1 and EGF modules,
thereby stabilising the inter-modular interface. Taken together, the N-terminal part of MASPs
mediates the formation of homodimers, but contrary to the case of C1r and C1s, no hetero-
dimers are formed. It remains totally unexplained why apparently no heterodimers are
formed between MAp19 and MASP-2 although the two molecules share the same CUB1–
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EGF domains. Stranger still is the case for MASP-1 and MASP-3, which are identical
throughout the entire five domains of the A-chain, but still only form homodimers.

The MBL/MASP complex

Although structural similarities between MBL and the MASPs on one hand and C1q, C1r
and C1s on the other hand are evident, it is useful to stress some differences: (1) the
classical pathway relies on sequential activation of C1r and C1s, with C1s subsequently
generating the C3 convertase, C4bC2b, by cleaving C4 and C2 [95], whereas in the MBL
pathway, one molecule, MASP-2, subserves the function of C1r + C1s [58]; (2) the C1
complex is sensitive to hypertonic buffers, which, while leaving the MBL pathway intact,
inhibit the binding of C1q to immune complexes and disrupt the C1 complex; (3) the
stoichiometric composition of the C1 complex is well defined as one C1q in complex with
one C1s-C1r-C1r-C1s tetramer, whereas a great complexity of the MBL/MASP complexes
is emerging.

Fractionation of MBL/MASP complexes from normal human serum indicated preferential
association of MASP-1 and MAp19 with low oligomer MBL (termed MBL-I), whereas
MASP-2 and MASP-3 appeared to be associated mainly with larger MBL oligomers (MBL-
II and MBL-III) [5]. MBL-I and MBL-II have now been identified as trimers and tetramers
of subunits, respectively [17]. Adding to the complexity is the association of MAp19 and
MASPs with L- and H-ficolin [47, 48]. It has been estimated that less than 10% of
MASP-1 MASP-2 and MAp19 are in complex with MBL [4, 59, 96].

Like in the C1 complex, Ca2+ ions also play distinct roles in the MBL/MASP/MAp19
complex. A Ca2+-binding site forms an essential and well-described part of the carbohydrate-
binding structure in the CRD of MBL and chelation of a Ca2+ ion by the CUB1 module of
MAp19, and MASP-2 is obligate for the interaction with MBL and L-ficolin [8, 71].

Chen and Wallis [97] examined the interaction between rat MBL and rat MASP-1 and
MASP-2 using an inhibition assay based on displacement of 35S-labelled CUB1–EGF–
CUB2 fragments of MASP-1 and MASP-2 bound to MBL. The results showed that the
affinity between MBL and full-length MASP-1 and MASP-2 was comparable to those
determined for the CUB1–EGF–CUB2 fragments. The affinity of CUB1–EGF for MBL was
lower than for the three module fragments. The EGF–CUB2 fragment did not bind to MBL.
In accordance with this, SPR showed that the CUB1–EGF moiety of human MASP-1 and
MASP-2 (and MAp19) is sufficient for Ca2+ dependent binding to immobilised MBL and
L-ficolin [93, 98]. Full-length MASP-1, its CUB1–EGF–CUB2 and CUB1–EGF fragments
displayed similar kon values for the interaction with MBL and L-ficolin, but the CUB1–
EGF fragment showed a larger koff value resulting in an increased KD. Similar results were
obtained for MASP-2, its N-terminal fragments and MAp19.

Using SPR, Teillet et al. [17] recently found that the MASPs and MAp19 interact with
equal affinity with trimeric MBL (MBL-I) and tetrameric MBL (MBL-II) (Kd about 2.5 nM
for MASPs and 10 nM for MAp19). This contrasts curiously to the original observation of
selectivity of the various MASPs and MAp19 for different MBL oligomers, and also that
C4 cleaving activity was associated with MBL-II/MASP-2 complexes [5]. This observation
is supported by the finding that affinity chromatography of serum on monoclonal anti-
MASP-2 selectively co-purifies MBL-II (Thiel and Jensenius, unpublished data). It appears
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that the artificial conditions of SPR may not faithfully reproduce the complex in vivo
situation.

Wallis et al. [97, 99] showed that a dimer of rat MBL-A subunits is sufficient for binding
of MASPs. Recombinant MBL polypeptide chains simulating the B allotype (Gly54Asp)
have lost the ability to associate with MASPs [100, 101]. The mutant polypeptides may form
a subunit but are not able to form higher oligomers. Interestingly, Chen and Wallis [102]
found that MBL blocks the interaction of MASP-2 with its substrate, C4, until the activation
of the MBL/MASP complex through binding to carbohydrate ligand.

In summary, MASP-1, MASP-2, MASP-3 as well as MAp19 each associate Ca2+

dependently into homodimers via their CUB1–EGF module pair in a head-to-tail fashion.
The MASPs and MAp19 each individually form Ca2+-dependent complexes with MBL and
L-ficolin. The interaction with MBL and L-ficolin is determined by the N-terminal CUB1–
EGF moiety, but is strengthened by the presence of the CUB2 module.

Substrate specificities and inhibition of the MASP

With the identification of MASP-2, the ability to cleave C4 was determined to be a feature
of this protease and not MASP-1 [56]. This was concluded from experiments using
minimally denaturing SDS-PAGE and Western, which potentially could affect the pro-
teolytic activity of both MASP-1 and MASP-2. It was later supported by experiments using
human recombinant MASP-2 expressed in a mammalian cell line, which showed that
MASP-2 cleaves C4 and C2, generating the C3 convertase [58].

To study the proteolytic activities of MASP-1 and MASP-2 against C2, C3 and C4, both
proteases were isolated from human serum by means of sequential affinity chromatography
[103]. Activated MASP-1 showed proteolytic activity against C2 and C3, whereas activated
MASP-2 cleaved C2 and C4. Using a different procedure Petersen et al. [104] verified a low
level of proteolytic activity of MASP-1 against C3, and direct activation of C3 by MBL-I/
MASP-1 has also been demonstrated [5]. Other authors using recombinant proteins found
only very low C3 cleaving activity of MASP-1 and argue that this activity is likely too low to
be of physiological significance [85, 105].

Employing fluorescent amide substrates, Presanis et al. [106] found MASP-1 to cleave
synthetic substrates after an arginine or lysine residue, a selectivity which strongly resembles
that of thrombin [85]. Although generally, cleavage specificity for synthetic oligopeptides is
not evidence of natural substrate specificity, it is interesting that thrombin inhibitors (anti-
thrombin III (ATIII) and an artificial peptide inhibitor) could prevent cleavage of synthetic
substrate by MASP-1 [106]. MASP-1 was also found to cleave two protein substrates of
thrombin, factor XIII and fibrinogen [105]. Dahl et al. [5] failed to observe proteolytic
activity of natural MASP-3 against complement proteins, and it appears that recombinant
MASP-3 does not undergo self-activation and that activated recombinant MASP-3 has no
proteolytic activity on C2, C3 and C4 [94]. To date, no natural substrates have been found for
MASP-3, but proteolytic activity was demonstrated using a synthetic substrate [94].

Several studies have addressed the control of the MBL pathway of complement. Petersen
et al. [107] showed that C1 inhibitor (C1INH) could prevent C4b deposition by MBL/MASP
complexes on a mannan-coated surface. Alpha-2-macroglobulin (α2M) and ATIII did not
inhibit C4b deposition, although ATIII was observed to inhibit upon the addition of a
physiological relevant concentration of heparin. In accordance with these results, Presanis
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et al. [106] recently demonstrated an inhibitory effect of C1INH and ATIII, in the presence of
heparin, on the enzymatic activity of both MASP-1 and MASP-2. Matsushita et al. [103]
demonstrated that C1INH forms equimolar complexes with activated human MASP-1 and
MASP-2 and inhibits their proteolytic activity. This was also demonstrated using recom-
binant MASP-1 and MASP-2 [85, 87]. An inhibitory activity of α2M against MASP-2 is
controversial. One study reported such inhibitory activity [108], whereas two other studies
observed no such activity [85, 107]. However, both α2M and C1INH are associated with
MBL/MASP complexes, and both are released upon activation of the complex [107]. There
are also indications that α2M could be a significant inhibitor of MASP-1 activity [85, 87,
107]. MASP-3 does not react with C1INH, indicating modes of activation and control of
MASP-3 different from those of MASP-1 and MASP-2 [94].

MASP and disease associations

MBL deficiency is by far the most common congenital immunodeficiency, and abundant
papers have described increased frequency of MBL deficiency among patients with a history
of otherwise unexplainable propensity for infections or autoimmune manifestations [32, 35].
It appeared relevant to investigate if MASP deficiency exists, and if so, what the
consequences might be. We thus constructed a functional assay for the MBL pathway by
estimating C4b deposition on a mannan surface [22]. Inasmuch as we include the addition of
exogenous C4, this assay essentially estimates the activity of the MBL/MASP-2 complex.
The assay applied on 100 normal plasmas shows strict correlation between C4b deposition
and MBL concentration (p=0.98) (Fig. 4). However, when applied on samples (N=125) from
suspect immuno-deficient patients, one patient was completely deficient in MBL pathway
activity [8] despite having sufficient MBL (Fig. 4). The MBL/MASP complexes purified
from patient plasma were devoid of both MASP-2 and MAp19 while containing MASP-1
and MASP-3 at increased levels. The MBL pathway could be reconstituted with rMASP-2,
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Fig. 4 Correlation between MBL concentration in plasma and activity of the MBL/MASP-2 complex as
measured by C4b deposition on a mannan-coated surface. Despite presenting sufficient MBL levels, one
suspect immuno-deficient patient was found to be deficient in MBL activity (green dot)
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but not with rMBL. Sequence analysis of the promoter region and the exons encoding
MASP-2/MAp19 revealed the patient to be homozygous for a point mutation in exon 3 of the
gene, which results in the substitution of an aspartic acid residue with a glycine at position
105 in the mature MASP-2 (D105G) (D120G when including the signal peptide). This
substitution, close to the C-terminal of CUB1, will affect both MASP-2 andMAp19. Western
blotting indicated a reduced concentration of both proteins in serum. Wild-type and mutant-
type recombinant MASP-2 were produced in parallel in a mammalian expression system to
allow for examining the phenotypic consequences of the D105G substitution. The two
proteins were produced at similar rates. Wild-type rMASP-2 bound to solid phase MBL and
catalysed the deposition of C4b, whereas the mutant rMASP-2 did neither [8]. Identical
results are seen concerning binding to L-ficolin and H-ficolin (Fig. 5).

As described above, the crystal structure of the MASP-2 CUB–EGF domain has been
resolved (Fig. 3), and it appears possible to explain the profound functional effect of the
mutation through the observed involvement of aspartic acid residue 105 in binding of the
essential Ca2+ ion (Fig. 6).

Monoclonal anti-MASP-2 antibodies were developed and used for quantification. The
patient was found to be deficient not only in MASP-2 function, but also presented a low
MASP-2 concentration, about 75 ng/ml, whereas the heterozygous parents both had about
200 ng/ml. This was the case also for 11 other heterozygous individuals subsequently
identified, whereas the concentration in wild-type homozygous individuals was twice this
[109]. It seems likely that the inability to form complexes with MBL and the ficolins may
account for the low concentration in plasma simply through decreased half life of non-
complexed MASP-2, rather than being due to defects in synthesis.

Unfortunately, the index case for MASP-2 deficiency remains the only well-described
case of MASP-2 deficiency. The patient is ill. Totally disabled at the age of 30 years, with

M
A
S
P-

2
 (
co

un
ts

 x
 1

0
-
3
/s

e
c)

A  MBL

0

5

10

15

20

25

30

0 25 50 75 100 125
ng MASP-2/ml.

B  L-ficolin

0

2

4

6

8

10

12

14

16

18

20

0 25 50 75 100 125
ng MASP-2/ml

C  H-ficolin

0

5

10

15

20

25

30

35

40

45

50

0 25 50 75 100 125
ng MASP-2/ml
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several autoimmune manifestations (Table 1) and suffering from frequent infections, includ-
ing pneumonia and bacteraemia. He had no symptoms until 15 years of age [8].

We have seen only one other case of MASP-2 deficiency due to homozygosity of the
D105Gmutation in one patient attending the lung clinic for allergic symptoms. Clearly, much
more has to be done before we will know the implications of MASP-2 deficiency.

Fig. 6 Top, the CUB1 Ca2+-bind-
ing site oxygen atoms are shown
in red, and nitrogen atoms in blue.
The water molecule is represented
as a light blue sphere. Ionic bonds
are represented by dotted lines
[71]. Bottom, the nucleotide and
amino acid sequences flanking the
mutation in CUB1 (amino acid
105 in the mature protein)

Table 1 Complement profile in the patient

Component Value Reference area

C1q 11%1 76–136%
C4 0.06 g/L 0.12–0.33 g/L
C3 0.36 g/L 0.77–1.38 g/L
Properdin 54%1 57–153%
C1 inhibitor 123%1 72–146%
C1 inhibitor function 116%1 70–130%
C3dg fragments 13 mg/L <5 mg/L
Terminal component complexes (SC5b-C9) 43 U/L <20 U/L
Classical pathway function2 6%1 90–112%
Alternative pathway function3 22%1 65–161%
Anti-C1q autoantibodies4 55 U/L <16 U/L

1 Percent of normal
2 Hemolysis of antibody-coated sheep erythrocytes
3 Hemolysis of rabbit erythrocytes
4 Anti-C1q autoantibodies were determined by enzyme-linked immunosorbent assay. The antibodies were not
detectable by Western blot analysis
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Initially, a gene frequency of 5.5% was estimated for the D105G mutation [8]. We have
now extended this sample and determined 35 heterozygotes in a total of 492 Danes, a gene
frequency of 3.6% and an expected frequency of homozygosity of 1 in 1,000. This is above
the estimated frequency of any other known immunodeficiency, apart from MBL and IgA
deficiency. The next most frequent is C2 deficiency, occurring at a rate of about 1 per 20,000
individuals [110].

We have analysed 573 Hong Kong Chinese, and none showed the D105G mutation.
However, a new deficiency-associated mutation was revealed, occurring in the heterozygous
state in three normal healthy persons. This Chinese mutation thus had a gene frequency of
0.26% in Hong Kong and was absent in the 492 Danes (to be published). None of the two
mutations were revealed in a total of 415 South Saharan Africans. The frequency of the Hong
Kong mutation is too low for conclusions to be drawn on possible occurrence in other ethnic
groups. However, it seems fairly safe to conclude that the Scandinavian mutation is limited
to Caucasians.

Carlsson et al. [111] studied 112 cystic fibrosis (CF) patients to evaluate the clinical
significance of MBL pathway deficiencies. The MBL genes were genotyped, and the in-
dividuals were also tested for the MASP-2 D105G allele. Heterozygosity for the mutation
was found in 14 patients, corresponding to an allele frequency of 6.3%. The MASP-2 level in
the heterozygous CF patients (157 ng/ml) was significantly lower than in patients with wild-
type genes (380 ng/ml). In 200 blood donors tested, the mutant allele frequency was 1.3% as
5 were found to be heterozygous. Again, the MASP level was lower in the heterozygous
(166 ng/ml) than in the wild types (353 ng/ml). No correlation between clinical data and
MASP-2 alleles was seen in the CF population.

In their investigation of the MBL pathway in patients with colorectal cancer, Ytting et al.
[112] measured MASP-2 levels in serum samples taken prior to elective resection for primary
colon cancer. The number and nature of post-operative infections, time to recurrence and
time to death was recorded. Significantly higher MASP-2 levels were found in the 605
patients than in 150 controls (median 415 and 368 ng/ml, respectively; p=0.0002). Possibly,
this might be due to an ongoing acute phase response. Contrary to the case for MBL levels
[113], no significant association of MASP-2 levels with infections was seen in the cancer
patient. Unexpectedly, it was found that MASP-2 levels correlated significantly with re-
currence of cancer (p=0.02, trend test) and with death (p=0.0005, trend test). The median
survival time of patients with MASP-2 values in the highest tertile (33%) was 29 months
(95% CI 22–42), in the intermediate group it was 41 months (95% CI 32–58) and 61 months
(95% CI 43–76) in the lowest tertile. The cut points were 347 and 491 ng/ml, and the medians
in the three groups were 258, 416 and 646 ng/ml. Multivariate analysis showed that the
MASP-2 level has independent prognostic value for survival (HR=1.5, p=0.0001). The
biology behind this observation remains obscure.

We have developed an assay for MASP-3 and examined 100 samples from blood donors
for MASP-3 levels without encountering any deficiencies (unpublished data). Assay for
MASP-1 is only now being developed.

MASP-2 deficiency represents a new congenital immunodeficiency. Inasmuch as com-
plement activation via H-ficolin and L-ficolin as well as via MBL will be affected, it may
have more profound implications than the more frequently occurring MBL deficiency.
However, further investigations are clearly required to reveal the clinical relevance of
MASP-2 deficiency. Uncovering the importance of MASP-2 should also be furthered by
the construction of transgenic mice lacking MAp19 and MASP-2 [114].
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Note added in proof Recent results demonstrate M-ficolin to be present in secretory vesicles of
myeloid cells including monocytes and polymorphnuclear and in type II lung epithelial cells [115].
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