
R

T

T
a

b

a

A
R
A

K
C
P
M
M
P
C
S

1

b
t
a
i
n
i
t
c
t
m
t
a
w
T
c
t
c
p
a
c

0
h

Molecular Immunology 56 (2013) 413– 422

Contents lists available at SciVerse ScienceDirect

Molecular  Immunology

jo ur nal home p age: www.elsev ier .com/ locate /mol imm

eview

oward  a  structure-based  comprehension  of  the  lectin  pathway  of  complement

roels  R.  Kjaera, Steffen  Thiela,  Gregers  R.  Andersenb,∗

Department of Biomedicine, Aarhus University, Wilhelm Meyers Allé 4, DK-8000 Aarhus, Denmark
Department of Molecular Biology and Genetics, Aarhus University, Gustav Wieds Vej 10C, DK-8000 Aarhus, Denmark

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 2 May  2013
ccepted 14 May  2013

eywords:
omplement system
attern recognition

a  b  s  t  r  a  c  t

To  initiate  the  lectin  pathway  of  complement  pattern  recognition  molecules  bind  to surface-linked  car-
bohydrates  or acetyl  groups  on  pathogens  or damaged  self-tissue.  This  leads  to  activation  of  the  serine
proteases  MASP-1  and  MASP-2  resulting  in  deposition  of C4 on  the  activator  and  assembly  of  the  C3
convertase.  In  addition  MASP-3  and  the  non-catalytic  MAp19  and MAp44  presumably  play  regulatory
functions,  but the  exact  function  of  the  MASP-3  protease  remains  to  be established.  Recent  functional
studies  have  significantly  advanced  our  understanding  of the  molecular  events  occurring  as  activation
BL
ASP

rotease activation
4
tructural biology

progresses  from  pattern  recognition  to convertase  assembly.  Furthermore,  atomic  structures  derived
by  crystallography  or solution  scattering  of  most  proteins  acting  in  the lectin  pathway  and  two  key
complexes  have  become  available.  Here  we integrate  the  current  functional  and  structural  knowledge
concerning  the  lectin  pathway  proteins  and  derive  overall  models  for  their  glycan  bound  complexes.
These  models  are  used  to discuss  cis-  versus  trans-activation  of  MASP  proteases  and  the geometry  of  C4
deposition  occurring  on glycans  in  the  lectin  pathway.
. Introduction

Many immunological mechanisms have evolved to defend the
ody toward infections and for maintenance of homeostasis in
he body. Thus many cells and molecules are taking part in the
nti-microbial defence systems and at the same time are involved
n the removal of apoptotic or necrotic cells and tissue compo-
ents. The complement system is an integral part of the innate

mmune system formed by more than 50 proteins. Its activation
riggers a proteolytic cascade eliciting a number of immunologi-
al effector functions including the enhancement of phagocytosis,
he recruitment of inflammatory cells, the formation of pores in

embranes and further an instructive role on a following adap-
ive immune response (Ricklin et al., 2010). Complement may be
ctivated through the alternative, the classical, and the lectin path-
ays, here we focus on activation through the lectin pathway (LP).

he principal players of the LP are the recognition molecules: the
ollectins mannan-binding lectin (MBL), collectin K-1 (CL-K1), and
he three ficolins (H-ficolin, L-ficolin and M-ficolin) (Fig. 1). Asso-
iated with these are three proteases: the MBL  associated serine

roteases (MASPs) MASP-1, MASP-2 and MASP-3 and the two MBL
ssociated proteins MAp19 (also known as sMAP) and MAp44 (also
alled MAP-1) (Yongqing et al., 2012).

∗ Corresponding author. Tel.: +45 87 15 55 07; fax: +45 86 12 31 78.
E-mail address: gra@mb.au.dk (G.R. Andersen).
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ttp://dx.doi.org/10.1016/j.molimm.2013.05.007
© 2013 Elsevier Ltd. All rights reserved.

2. The pattern recognition molecules

MBL  and CL-K1 belongs to the collectin family, a family also
encompassing the surfactant proteins of the lung (SP-A and SP-D),
collectin L-1 (CL-L1, also named collectin 11) and the membrane
bound long placental collectin-P1 (CL-P1) (Veldhuizen et al., 2011).
Collectins are characterized by a collagen-like region and a C-type
carbohydrate recognition domain (CRD) in their C-terminal end
(Fig. 2A). Such a C-type CRD specifically recognizes a monosaccha-
ride exposing horizontal 3′- and 4′-OH groups, i.e. as in glucose
and mannose and in N-acetyl-glucosamine. The affinity for the
monosaccharide is very weak (mM range) and only when ligands
are organized in a pattern fitting with simultaneous binding of sev-
eral CRDs will strong binding (nM range) of the collectins to the
pattern occur.

In humans three ficolins exist, H-ficolin (also named Hakata-
antigen or ficolin-3), L-ficolin (also named p35 or ficolin-2) and
M-ficolin (also named p35-related protein or ficolin-1) whereas
only two, equivalent to L- and M-ficolin, are found in mice and rats.
Similar to the collectins the polypeptide chain of ficolins contains
a short N-terminal and a collagen-like domain, but in this case the
C-terminal recognition domain is a fibrinogen-like domain (FBG)
instead of the CRD domain. The FBG has affinity for N-acetylated
carbohydrate structures in general, e.g. as in GlcNAc, but will also

bind other acetylated molecules, e.g. acetylated-albumin or acety-
lated glycine. As for the collectins a strong binding only occurs
when several FBG domains simultaneously interact with acetyl
groups in a fitting pattern. Both MBL  and the ficolins associate

dx.doi.org/10.1016/j.molimm.2013.05.007
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:gra@mb.au.dk
dx.doi.org/10.1016/j.molimm.2013.05.007
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Fig. 1. The lectin pathway of complement activation. MBL, ficolins and CL-K1 are
associated with MASP-1, MASP-2, MASP-3, MAp44 and MAp19. Upon recognition of
distinct patterns on a surface, the associated zymogen MASP-1 and MASP-2 are acti-
vated (dashed arrows). Zymogen MASP-1 can auto-activate and activate zymogen
MASP-2 resulting in active forms, i.e. MASP-1* and MASP-2*. The activated forms can
activate more zymogens. Activated MASP-2 cleaves C4 and C2 in association with
C4b (C4b2), whereas MASP-1 only cleaves C2 in the C4b2 complex. These activities
result in the assembly of the C3-convertase C4b2a on the surface, which cleaves C3.
The anaphylotoxin C3a is released, and C3b is bound to the surface where it partici-
pates in the alternative pathway amplification loop. MASP-3 and MAp44 competes
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2004). L-ficolin has a broad affinity for microorganisms and para-
ith MASP-1 and MASP-2 for the same binding sites on, e.g. MBL  and may  thus
nhibit lectin pathway activation.

nto homotrimers that further oligomerize as described in details
elow for MBL. The ficolins and MBL  and CL-K1 associate with the
ASPs and are thus able to activate the lectin pathway complement

ascade upon recognition of a suitable pattern (Yongqing et al.,
012).

.1. Mannan-binding lectin

MBL  was the first protein described to be able to initiate the
ectin pathway, in this case on surfaces composed of constituents of
accharomyces cerevisiae,  i.e. mannan. The composition and struc-
ural organization of MBL  will be discussed in detail below, but
he overall organization means that many CRDs are present in the
ully assembled MBL  molecule (Fig. 2C). Several of these recog-
ition domains must simultaneously bind to a pattern ligand to
btain strong binding of MBL  and lectin pathway activation. Such
atterns are presented by bacteria, e.g. Escherichia coli and Staphy-

ococcus aureus,  on viruses, e.g. Influenza A virus and HIV and on
ungi, e.g. Cancida albicans and S. cerevisiae,  as previously reviewed
Thiel and Gadjeva, 2009). Recognition of altered self or damaged
elf is an important function of the immune system, and binding
f MBL  to apoptotic cells has been described and may  facilitate
learance of such altered cells (Nauta et al., 2003; Stuart et al.,
005).

MBL  serum concentrations range from a few ng/ml to more than
0 �g/ml, with a mean value of around 0.8 �g/ml and strongly
orrelates with the genotypes of the MBL2 gene. Common single
ucleotide polymorphism (SNPs) in the promoter region and exon

 of the MBL2 gene mirrors the variations in MBL  serum concen-
rations, and MBL  deficiency is quite common (Steffensen et al.,
000), and several studies indicate an association between disease
nd deficiency of MBL  (Moller-Kristensen et al., 2009). In plasma
BL  is found in complexes with the three serine proteases of

he lectin pathway MASP-1 (Matsushita and Fujita, 1992), MASP-2
Thiel et al., 1997) and MASP-3 (Dahl et al., 2001), and with the two
ssociated proteins MAp19 (Stover et al., 1999; Thiel et al., 1997)
nd MAp44 (Degn et al., 2009). Apart from the complement acti-
ating abilities of the MBL/MASP complexes interactions of MBL
ith membrane bound proteins has been described as well, e.g.

nteraction with complement receptor 1 (CR1, CD35) (Ghiran et al.,
000; Jacquet et al., 2013; Tenner et al., 1995), with the chaperone
alreticulin (Pagh et al., 2008) and with the low-density lipoprotein

eceptor-related protein CD91 (Duus et al., 2010). Such interactions
ay facilitate engulfment of apoptotic cells as seen via a calretic-

lin/CD91 complex by macrophages (Ogden et al., 2001).
nology 56 (2013) 413– 422

2.2. Collectin-K1

CL-K1 (also named collectin sub-family member 11 or CL-11)
resembles MBL  in structure. The 34 kDa polypeptide chain of CL-K1
forms trimeric structural subunits via disulphide bridges between
one cysteine in the N-terminal and two cysteines near the neck
region and these homotrimers form larger oligomers (Hansen et al.,
2010; Keshi et al., 2006). Human CL-K1 binds to mannose and
fucose in a calcium dependent manner (Keshi et al., 2006), and
to different microorganisms such as E. coli, C. albicans and Pseu-
domonas aeruginosa (Hansen et al., 2010), Streptococcus pneumoniae
(Ali et al., 2012) and to LPS from E. coli and Klebsiella pneumoniae
(Keshi et al., 2006). CL-K1 is able to interact with MASP-1 and MASP-
3 (Hansen et al., 2010), MASP-2 and MAp44 (Ali et al., 2012; Ma
et al., 2013) and is able to mediate complement activation on C.
albicans (Ma  et al., 2013). CL-K1 is localized in the kidney, adrenal
gland and liver but is also present in plasma at 2 �g/ml (Hansen
et al., 2010).

2.3. H-ficolin

H-ficolin was the first of the human ficolins to be discovered
(Inaba et al., 1990) and present in human serum with a median con-
centration of around 20 �g/ml (Krarup et al., 2005). It is assembled
from a 35 kDa polypeptide chain forming trimeric structural sub-
units that again forms larger oligomers of various sizes (Yae et al.,
1991). H-ficolin binding toward acetylated structures has been
observed (Garlatti et al., 2007a; Zacho et al., 2012), but despite this
reactivity only very few microorganisms bind H-ficolin, emphasiz-
ing that although binding to simple molecules may be observed
there is a demand for a correctly positioned pattern to allow for
strong binding. Binding of H-ficolin to the capsular polysaccharides
from Aerococcus viridans (Tsujimura et al., 2001) and lipopolysac-
charides from Hafnia alfvei (Swierzko et al., 2012) or from other
bacteria (Salmonella typhimurium, Salmonella minnesota and E. coli)
(Sugimoto et al., 1998) has been observed. A neutralizing activ-
ity of Influenza A virus have been seen, but not though binding of
the FBG domain (Verma et al., 2012). H-ficolin is also able to bind
altered self-surfaces, e.g. on apoptotic, late apoptotic and necrotic
cells and might subsequently mediate clearance via interactions
with calreticulin (Honore et al., 2007; Kuraya et al., 2005). A num-
ber of studies have presented associations between patient cohorts
and genotypes of the H-ficolin encoding gene FCN3 and protein lev-
els of H-ficolin. There are thus reports on patients lacking H-ficolin
due to a frameshift mutation in the FCN3 gene (Munthe-Fog et al.,
2009; Schlapbach et al., 2011).

2.4. L-ficolin

The L-ficolin polypeptide of 35 kDa polypeptide chain forms
trimeric structural subunits which oligomerizes primarily into
complexes above 250 kDa (Krarup et al., 2004; Matsushita et al.,
1996). The estimated serum and plasma L-ficolin concentration
in normal individuals is around 5 �g/ml (Krarup et al., 2005). The
FBG of L-ficolin has the broadest ligand specificity of the ficolins. It
was found to bind to acetylated molecules, e.g. GlcNAc or GalNAc
(Le et al., 1998) and various other acetylated glycans (Krarup
et al., 2008) but also non-carbohydrate compounds, e.g., N-acetyl
cysteine (CysNAc) and N-acetyl glycine (GlyNAc) (Krarup et al.,
2004). L-ficolin binds to numerous pathogen associated molecular
patterns, such as N-glycans of the hepatitis C virus envelope glyco-
proteins (Liu et al., 2009), and lipoteichoic acid (LTA) (Lynch et al.,
sites, e.g. S. typhimurium TV119, S. aureus,  S. pneumoniae (Krarup
et al., 2005), Trypanosom cruzi (Cestari Idos et al., 2009), Mycobac-
terium bovis (Carroll et al., 2009), Giardia intestinalis (Evans-Osses
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Fig. 2. A model for the MBL:MASP complexes. (A) Schematic representation of MBL. Regions of unknown structure (N-terminal ends and the transition from the collagen-
like  region and the neck) are colored gray, whereas the collagen stem and the C-terminal carbohydrate recognition domain are orange. (B) Domain structure of the MASP
proteinases. The known functions of the domains are indicated below. (C) The assembled model of a MASP protease in complex with a tetramer of MBL  trimers, see the
supplementary text for description of procedure. The plane at the bottom approximates the glycan layer. Labels for MASP proteases are underlined. (D) As in panel (C), but
with  in a perpendicular view. (E) Docking of the MBL  collagen triple-helix onto the Ca2+ site of CUB1 (left) in MAp44 to satisfy the principle of calcium dependent ligand
interaction with CUB domains (Andersen et al., 2010). Side chains of all aspartates, glutamates, lysines and arginines in the vicinity of the proposed interaction interface are
shown in sticks. To the right the electrostatic potential of the CUB1 domain supports the suggested interaction between MBL  Arg67 and a negatively charged (red) surface
area  on CUB1. (F) As in panel (E), but displaying docking of the MBL  collagen stem onto the MASP-1 CUB2 and EGF domain (left) in a manner very similar to that observed in
t e (Gin
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he  complex between MASP-1 CUB1 domain and a MBL  collagen mimicking peptid
eveals a very acidic environment for accommodation of MBL Arg67 and possibly a

t al., 2010) and Aspergillus fumigatus (Ma  et al., 2009). Binding
f L-ficolin to Streptococcus agalactiae (group B streptococci) has
een suggested to be via the acetyl groups in sialic acid in the cap-
ular polysaccharides (Aoyagi et al., 2005, 2008) although in our
ands this is not the case (Kjaer et al., 2011). Like MBL  and H-
colin, L-ficolin also binds apoptotic and necrotic cells, and may
elp to mediate their clearance presumably via an interaction with
alreticulin (Kuraya et al., 2005; Moller-Kristensen et al., 2007).

.5. M-ficolin
The 34 kDa polypeptide chain of M-ficolin forms the trimeric
tructural subunit which oligomerizes into 250 kDa complexes
Lu et al., 1996; Wittenborn et al., 2010). In serum M-ficolin is
resent at 0.5 �g/ml (Kjaer et al., 2013) and elute as a ∼900 kDa
gras et al., 2011). To the right, the electrostatic potential of the EGF-CUB2 domains
 not involved in CUB2 interaction.

complex in gel permeation chromatography, which is a significant
larger complex compared to L- and H-ficolin (Wittenborn et al.,
2010). M-ficolin is the only recognition molecules of the lectin
pathway not produced in the liver. Instead it is mainly produced
by peripheral blood leukocytes and bone marrow cells (Harumiya
et al., 1996; Lu et al., 1996) and due to this it is also found on
the surface of these cells (Honore et al., 2010; Kjaer et al., 2011).
Its interaction with the host cell surfaces has been attributed to
binding to sialic acid residues (Honore et al., 2010), to association
of the FBG domain with a G-protein coupled receptor (GPCR 43)
(Zhang et al., 2010) or binding to leukosialin (CD43) (Moreno-

Amaral et al., 2012). M-ficolin binds to a variety of N-acetylated
monosaccharides, such as GlcNAc, GalNAc and sialic acids (Gout
et al., 2010; Teh et al., 2000). With respect to microorganisms
S. aureus,  S. typhimurium (Liu et al., 2005), group B streptococci
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Kjaer et al., 2011) and S. pneumoniae (Kjaer et al., 2013) are bound
y M-ficolin.

. Mannan-binding lectin associated serine proteases and
roteins

The most well-established role of the recognition molecules is
heir association with five MBL  associated serine proteases and pro-
eins originating from two genes. MASP-1, MASP-3 and MAp44 are
lternative splice products from the MASP1 gene (Dahl et al., 2001;
egn et al., 2009; Takada et al., 1993), while MASP-2 and MAp19
re alternative splice products from the MASP2 gene (Stover et al.,
999). MASP-1, -2 and -3 contain two CUB, one EGF, two CCP and
he catalytic SP domain (Fig. 2B). The C-terminal SP domain is con-
ected to the CCP2 domain via a linker peptide (also known as
he activation peptide). Upon activation of the MASP, an Arg Ile
ond in the activation peptide is cleaved, and the resulting A-chain
corresponding to CUB1-EGF-CUB2-CCP1-CCP2 and the linker) and
-chain (i.e. the SP domain) are covalently connected through a
isulfide bond (Sato et al., 1994).

.1. MASP-1

MASP-1 probably evolved early and MASP-2 and MASP-3 of the
ectin pathway, together with C1r and C1s from the classical path-

ay, are believed to originate from an ancestral MASP-1 like gene
Nonaka and Miyazawa, 2002; Sato et al., 1994). MASP-1 is primar-
ly synthesized in the liver and is present at 11 �g/ml in plasma
Thiel et al., 2012). MASP-1 was initially suggested to cleave both
2 and C4 (Matsushita and Fujita, 1992), but C4 cleavage was later
isproven (Rossi et al., 2001; Thiel et al., 1997), and MASP-1 can
herefore not initiate the lectin pathway on its own  (Fig. 1). Direct
3 cleavage has also been proposed (Matsushita and Fujita, 1995),
lthough the rate of the activity seems non-physiological (Rossi
t al., 2001). However, MASP-1 has a decisive role in the lectin path-
ay (Fig. 1) as it cleaves zymogen MASP-2 to activated MASP-2 and
2 in the proconvertase C4b2 thereby generating the C3-convertase
4b2a (Chen and Wallis, 2004; Degn et al., 2012; Heja et al., 2012;
egyeri et al., 2013; Moller-Kristensen et al., 2007). The activa-

ion of MASP-1 itself occurs through auto-activation (Ambrus et al.,
003), and this may  be a major control step of the whole activa-
ion process of the lectin pathway (Megyeri et al., 2013). Recently a
ole for MASP-1 in activation of the alternative pathway of comple-
ent was described. Factor D, the serine protease cleaving factor B
ithin the alternative pathway, was only present in an inactive pro-

orm in masp1 knockout mice lacking MASP-1, MASP-3 and MAp44
Takahashi et al., 2010). However, in humans the MASP1 gene prod-
cts are not required for alternative pathway activity (Degn et al.,
012). Other protease activities have been observed for MASP-1,
hich may  be a quite promiscuous enzyme, but usually only seen at

ather high enzyme concentrations and after long incubation times
Dobo et al., 2011; Yongqing et al., 2012).

.2. MASP-2

MASP-2 is synthesized in the liver and is present at 0.4 �g/ml
n plasma (Ytting et al., 2007). In contrast to MASP-1 MASP-2 is

 very specific protease which very efficiently cleave C4 and pro-
onvertase C2, thus with the ability to generate the C3 convertase
n its own (Rossi et al., 2001; Thiel et al., 1997). MASP-2 can
uto-activate (Vorup-Jensen et al., 2000), but under physiological
onditions, MASP-1 is the essential MASP-2 activator (see above

nd Fig. 1). MASP2 knockout mice lack a functional lectin pathway
hich grants these mice protection against ischemia reperfusion

njuries (Schwaeble et al., 2011) but also susceptibility toward
nfections with S. pneumoniae (Ali et al., 2012) and West Nile virus
nology 56 (2013) 413– 422

(Fuchs et al., 2011). Humans lacking MASP-2 activity has been
described but the clinical effect is not fully understood (Olesen et al.,
2006; Stengaard-Pedersen et al., 2003). Based on the frequency of
the mutation resulting in deficiency, such cases should in principle
be present in 1/10,000 individuals in the general White European
population.

3.3. MASP-3

A clear cut catalytic activity on a physiological relevant sub-
strate remains to be proven for MASP-3 but recent reports on the
involvement of mutations in the MASP-3 serine protease encod-
ing part of the MASP1 gene in patients with the 3MC  syndrome
(a developmental disorder) support an important activity of the
enzyme during development (Rooryck et al., 2011; Sirmaci et al.,
2010). There are conflicting observations regarding MASP-3 auto-
activation. The human proform does not seem to auto-activate
(Zundel et al., 2004), but mouse MASP-3 might auto-activate when
associated to MBL  bound to a bacterial ligand (Iwaki et al., 2011).
As for mouse MASP-1, mouse MASP-3 is suggested to be involved
in activation of the alternative pathway via cleavage of factor D
and B directly (Iwaki et al., 2011; Takahashi et al., 2010), but such
an activity does not seem to be essential in humans (Degn et al.,
2012).

MASP-3 may attenuate the lectin pathway activity due to com-
petition for MASP binding sites on the recognition molecules (Degn
et al., 2009).

3.4. MAp19 and MAp44

MAp19, the small alternatively spliced fragment from the MASP2
gene contains only the first CUB1 and the EGF domain together with
4 unique amino acids (Stover et al., 1999; Thiel et al., 1997). The con-
centration of MAp19 in serum is 0.2 �g/ml (Degn et al., 2011) and
the protein was  originally suggested to have a regulatory role on
the lectin pathway activation (Stover et al., 1999). The use of MAp19
knockout mice supports a modulating role of MAp19, although this
is only evident under non-physiological conditions (Iwaki et al.,
2006). An attenuating role of MAp19 on lectin pathway activation is
not observed in humans under more physiological conditions (Degn
et al., 2009). Interestingly, MAp19 is excreted in urine and may
inhibit calcium oxalate crystal growth, suggesting a role in inhibi-
tion of renal stones (Kang et al., 1999). MAp44 is an alternatively
spliced product of the MASP1 gene comprising the common CUB1-
EGF-CUB2-CCP1 domains and in addition 17 amino acids not shared
with MASP-1 or MASP-3 (Degn et al., 2009; Skjoedt et al., 2010). The
concentration of MAp44 in serum is 1.7 �g/ml (Degn et al., 2010),
and since it contain all the domains necessary for MBL or ficolin
interaction, but lacks the SP domain, MAp44 can inhibit the lectin
pathway by competition with the MASPs (Degn et al., 2009; Skjoedt
et al., 2012). A regulatory role of MAp44 was seen in a myocar-
dial ischemia/reperfusion mouse model, where supplemented high
concentrations of rMAp44 protects against pathophysical outcome
of myocardial ischemia/reperfusion, and in an occlusive throm-
bogenesis mouse model, where MAp44 inhibits thrombogenesis
(Pavlov et al., 2012).

4. Structural studies of the lectin pathway

4.1. The architecture of the pattern recognition molecules

A trimer of MBL  is the basic building block that is organized

in oligomers ranging from dimers to octamers. Studies with elec-
tron microscopy and atomic force microscopy (Jensenius et al.,
2009; Lu et al., 1990) suggested that these oligomers are assembled
through the Cys-rich N-terminal region from which the collagen
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tems and the CRDs protrude to form near-planar oligomers or
ore three dimensional bouquets, which is also the case for ficolins

Gout et al., 2011; Lacroix et al., 2009). Small angle X-ray stud-
es of dimers, trimers and tetramers of rat MBL  revealed a near
lanar fan-like arrangement with unkinked collagen stems and
ith an approximate angle of 45◦ between the collagen stem and

he neck region (Miller et al., 2012). Crystallographic studies of
he MBL  CRD showed how the C-type lectin domain binds ter-

inal mannose residues in a calcium dependent manner (Weis
t al., 1991, 1992). The calcium ion is coordinated by the hor-
zontal 3′- and 4′-OH of the mannose together with side chain
nd main atoms from two asparagines and two  aspartates of the
RD, and these residues simultaneously form hydrogen bonds with
he mannose. The structures of trimeric CRD (Sheriff et al., 1994;

eis and Drickamer, 1994) showed that the neck region trimer-
zes through a parallel coil–coil packing leading to exposure of the
hree glycan binding sites at the distant end of the CRD trimer,
here they are well suited for recognition of large planar like gly-

ans such as an LPS layer. Structures of the glycan binding FBG
omain of all three ficolins (Garlatti et al., 2007a, 2007b; Tanio
t al., 2007) revealed a conserved structure with the FBG orga-
ized in three lobes. In contrast to MBL, the ficolin FBGs form stable
rimers without possessing a neck region. Furthermore, Ca2+ ions
re not coordinating bound carbohydrate as in MBL, but instead
rder regions involved in glycan binding. All ficolins possess the
1 binding site for carbohydrate residues located on the periphery
f the trimer (Garlatti et al., 2007b; Gingras et al., 2011), but L-
colin contains three additional carbohydrate binding sites. These
ites form a continuous recognition surface that can interact with
cetylated and neutral carbohydrates in an extended polysaccha-
ide (Garlatti et al., 2007a). Despite the very different structures
f the protomers and glycan specificity, the trimers of ficolin
nd MBL  are functionally similar by presenting exposed glycan
inding site at the far end of the domain relative to the colla-
en/neck region at the periphery of the trimer and with roughly
0 Å between the primary carbohydrate binding sites (Tanio et al.,
007).

.2. Atomic structures of the MASPs, MAp19 and MAp44

Crystallographic studies of the CUB1-EGF-CUB2 fragment of rat
ASP-2 revealed how MASP-2 dimerizes in a head-to-tail manner

round a two-fold axis relating the CUB1 and the EGF domains on
pposite monomers, whereas CUB2 is not involved in the dimeriza-
ion (Feinberg et al., 2003). This study did not identify the crucial
a2+ sites in the CUB domains, but only in the EGF domain. The
UB1 calcium site was  subsequently identified in the structure
f MAp19. Mutation of calcium coordinating residues or nearby
esidues in CUB1 was show to inhibit MAp19 interaction with
-ficolin and MBL  (Gregory et al., 2004). The CUB2 calcium site
as described in the structure of the MASP-1 CUB1-EGF-CUB2

ragment, where all three calcium sites (EGF, CUB1 and CUB2)
ere occupied. The dimer arrangement in MASP-1 is quite simi-

ar to that of MASP-2 suggesting a highly conserved dimerization
ode for the MASP proteases. In both CUB domains two aspar-

ates, one glutamate side chain and a main carbonyl coordinate
he calcium, whereas additional coordination is done by other
olar side chains and water molecules (Teillet et al., 2008). The
esult of Ca2+ binding to a MASP CUB domain is the organiza-
ion of three acidic side chains around the ion, and mutation in
hese acidic residues or nearby residues decreased the interac-
ion of MASP-3 with MBL, L-ficolin and H-ficolin (Teillet et al.,

008).

Structures of the catalytic active SP domain and the CCP domains
rom MASP-1 and MASP-2 have also been determined. A compar-
son of the structures of active (i.e. cleaved) MASP-2 CCP2-SP and
nology 56 (2013) 413– 422 417

zymogen (non-cleaved) MASP-2 CCP1-CCP2-SP showed that the
SP domain undergoes a significant internal conformational change
upon its proteolytic activation and minor rotation relative to the
CCP2 domain. In the MASP-2 zymogen enzyme, the oxyanion hole
for recognizing the carbonyl group of the scissile bond is absent
and the S1 pocket accommodating the arginine side chain from
the P1 residue of the substrate is closed by a MASP-2 arginine
(Gal et al., 2005; Harmat et al., 2004). The structure of the CCP1-
CCP2-SP fragment from MASP-1 in its active conformation revealed
a quite accessible substrate binding groove explaining its relaxed
specificity relative to MASP-2 (Dobo et al., 2009). The CCP1-CCP2
domains in both MASP-1 and MASP-2 form a rather rigid unit giv-
ing the overall appearance of a mace to the CCP1-CCP2-SP moiety
of the two MASPs.

The structure of MAp44 showed how the CCP1 domain is inter-
acting with the CUB2 domain in MASP-1 (Skjoedt et al., 2012),
and superposition of the overlapping structures of MAp44, MASP-
1 CCP1-CCP2-SP and MASP-1 CUB1-EGF-CUB2 allowed modeling
of an intact dimeric MASP protease. This is flat, highly elongated
and with a maximum dimension of 330 Å between the extremes
of the two  SP domains (Skjoedt et al., 2012). The domain inter-
face between CUB2 and CCP1 is formed by a phenylalanine from
each domain surrounded by two putative salt bridges extending
across the domain interface. All participating residues are highly
conserved in MASP-1 and MASP-2 although one phenylalanine is a
leucine in the latter. The resolution of the MAp44 structure is only
4.2 Å, but the structure is likely to be trustworthy based on compar-
ison with the structures of MASP-1 fragments containing the same
domains.

4.3. The calcium dependent interaction of MBL  with a CUB
domain

A crucial step in understanding the structural aspects of the
lectin pathway is to describe how the MASP CUB domains rec-
ognize the collagen stems in the pattern recognition molecules.
Functional studies had indicated that a very highly conserved lysine
corresponding to Lys75 (pre-numbering used for MBL and other
proteins in the following) in human MBL  was  essential for inter-
action of the collagen triple helix in MBL  (Teillet et al., 2007) and
ficolins (Girija et al., 2007; Lacroix et al., 2009; Teillet et al., 2007)
with the CUB calcium sites in the MASP proteases. This was finally
confirmed with the structure of the complex between the MASP-
1 CUB2 domain and a trimeric peptide containing the OGKLGP
(O meaning hydroxyproline) binding motif of MBL  (Gingras et al.,
2011). The lysine side chain of the leading strand interacts with
two of the acidic side chains and a serine organized around the cal-
cium ion as already observed for ligand interaction with a calcium
binding CUB domain of the cubilin receptor (Andersen et al., 2010).
Based on interactions between MASP-1 and a conserved groove in
the collagen strand it was concluded that the observed orientation
of the collagen strand relative to the CUB domain is of physio-
logical relevance and conserved in the interaction of CL-K1 and
ficolins with MASPs (Gingras et al., 2011). By combining the MASP-
1 CUB2:collagen structure with most of the partially overlapping
structures of MBL  and MASPs mentioned, we have constructed an
overall model for a dimeric MASP protease bound to a tetrameric
MBL  molecule (Fig. 2C and D), see supplementary text for details
on the modeling.

4.4. Cis- or trans activation of MASPs
A pertinent question is how the MASPs in complex with MBL,
CL-K1 or ficolins are activated. A trimer or tetramer of MBL  would
most likely only bind a single MASP dimer. For cis-activation
within the same MASP dimer, the two serine protease domain
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Fig. 3. MASP-2 recognizes multiple regions of C4. (A) The C4:MASP-2 complex with C4 colored blue except for the C345C (brown) and C4a (red) domains. MASP-2 is colored
as  in Fig. 2. (B) In C4 bound to MASP-2 (top), the scissile bond region (R-loop, red before scissile bond and yellow after) is ordered, and the �1 helix of the C4a domain is held
by  the MG3 domain (pink). In the absence of MASP-2 (bottom), both the R-loop and the �1 helix are disordered and the MG3  domain is not associated with the C4a domain.
(C)  C4 is recognized by both the SP and the CCP1-CCP2 domains of MASP-2. In the top panel, side chains of C4 residues in contact with MASP-2 are shown in sticks. In the
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ould have to come into contact within the MBL  tetramer to
uto-activate (Chen and Wallis, 2004). Such close approach of the
wo SP domains would require a major structural rearrangement
ithin the CUB2 or the CCP1 domains compared to our MBL:MASP
odel, and there is no structural evidence for such flexibility. Fur-

hermore, such cis-activation would not explain the importance
f MASP-1 on MASP-2s activity (Fig. 1), as heterodimerization
i.e. a MASP-1-MASP-2 dimer) has never been documented. For
arger MBL  oligomers, two MASP dimers (e.g. a MASP-1 and a

ASP-2 dimer) could possibly be bound to one MBL  molecule.
ASP-1 could then activate zymogen MASP-2, and the lectin path-
ay could commence. The existence of such complexes has been

bserved (Degn et al., 2012). Such cis-activation could poten-
ially be combined with the trans-activation model discussed
elow.

The model in the present report favor trans-activation between
ASP dimers bound to adjacent glycan bound MBL  molecules,
hich explains the importance of MASP-1 on the lectin pathway

ctivity (Degn et al., 2012; Heja et al., 2012). Zymogen MASP-1
n one MBL  molecule could transactivate zymogen MASP-1 on
nother MBL  molecule, which could then activate other MBL-bound
ASP-1 and MASP-2 (Fig. 1). Trans-activation is compatible with

ur molecular model of the MBL:MASP complexes, and in par-
icular with our orientation of the MBL  collagen stem relative
o the CUB domains (see supplementary text for discussion of
his).

. The structural basis for cleavage of C4 by MASP-2

A major step forward toward understanding in structural
etails how complement activation occurs through the lectin
athway was recently made with our structure of the com-

lex between human complement C4 and a CCP1-CCP2-SP
ragment of MASP-2 (Fig. 3A and B) where the catalytic
riad serine was substituted with an alanine (Kidmose et al.,
012).
d yellow and the C4 region responsible for the contact is indicated. The two panels

5.1. MASP-2 interacts with C4 at three sites

Despite a limited resolution of 3.7 Å this structure probably rep-
resents quite accurately a Michaelis complex. The scissile bond
region was  found to be ordered with the P1 residue Arg756 from
C4 inserted in the S1 site of MASP-2 and the scissile bond carbonyl
apparently placed in the oxyanion hole (Fig. 3C). The C4:MASP-
2 structure also revealed a strongly positively charged exosite on
the SP domain of MASP-2 interacting with the heavily negatively
charged sulfotyrosine region in the substrate, and a similar SP
exosite was  recently demonstrated to be present in C1s from the
classical pathway as well (Duncan et al., 2012). The existence of
another exosite in both C1s and MASP-2 involving the CCP domains
was suggested by biochemical studies (Ambrus et al., 2003; Duncan
et al., 2012; Rossi et al., 2005). The structure of the C4:MASP-2 com-
plex revealed that the CCP exosite is located between the two CCP
domains with the largest contribution from CCP2 (Fig. 3C). From the
substrate a very positively charged patch on the C-terminal C345C
domain is inserted into a negatively charged valley formed between
the CCP domains, and mutations in MASP-2 residues involved in
interactions at the CCP exosite caused a reduced efficiency in C4
cleavage (Kidmose et al., 2012). The existence of this exosite in C1s
as well was  further supported by the ability of the recombinant
C345C domain to inhibit C4 cleavage by C1s and a similar electro-
static potential at the putative CCP exosite in C1s similar to that
observed in MASP-2 (Kidmose et al., 2012). Comparison with the
structures of unbound C4 and MASP-2 revealed how formation of
the Michaelis complex induces substantial rearrangements in both
enzyme and substrate (Fig. 3B). In MASP-2, the SP domain rotates
by 25◦, while domain movements in C4 apparently help to stabi-
lize the conformation of scissile bond region thereby promoting its
interaction with MASP-2 (Kidmose et al., 2012).
5.2. A model for C4 cleavage by glycan bound MBL:MASP-2

To develop an MBL:MASP-2:C4 model, the CCP1 domain of the
C4:MASP-2 complex (Kidmose et al., 2012) is superimposed onto
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Fig. 4. Cleavage of C4 by the MBL:MASP-2 complex. (A) In the domain interface between the CUB2 and CCP1 domains in MAp44 a hydrophobic core formed by Phe222
and  Phe321 is surrounded by two putative salt bridges linking the two domains. (B) A modeled CUB2-CCP1 interface in MASP-2 showing the potential for conservation of
the  MAp44/MASP-1 interface from panel (A). (C) A model of the enzyme–substrate complex for C4 cleavage, the MBL:MASP-2 part is shown in the same orientation as in
F d the C
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t  (C) a

t
a
f
r
s
B
i
i
2
t
d
l
m
p
i
(
T
m
(

6

r

ig. 2C. The C4 thioester domain (yellow, marked TE) is associated with the MG8  an
omplex. The conformation of C4b is modeled according to C3b (Janssen et al., 2006
he  glycan plane in an optimal position to mediate activator opsonization. In panels

he CCP1-CCP2 domains in our general MBL:MASP model (Fig. 2C
nd D). The underlying assumption is that the CUB2–CCP1 inter-
ace is structurally conserved in MASP-2 and MASP-1, but this is
easonable as both have the C4b2 proconvertase as substrate and
upported by the conservation of the domain interface (Fig. 4A and
). An interesting outcome of this enzyme–substrate model appears

f the plane approximating the glycan binding sites of MBL  is taken
nto account. It turns out that C4 might be approaching MBL:MASP-

 in an orientation with its long axis inclined by roughly 30◦ relative
o the glycan plane (Fig. 4C). This is appealing as the model pre-
icts the steric hindrance between the incoming C4 and the glycan

ayer to be minimal. The structure of C4b is unknown, but if it is
odeled according to that of C3b (Janssen et al., 2006) and in the

roduct complex the C345C domain of C4b transiently maintains its
nteraction with the MASP-2 CCP domains as previously suggested
Wallis et al., 2007), another very important expectation is fulfilled.
he C4b thioester is directed toward the glycan layer and ends up
ore or less at the same “height” as the glycan binding sites of MBL

Fig. 4D).
. Conclusion and outlook

Activation of the complement system is a strong inflammatory
esponse toward infections or toward damaged cells or tissues. On
UB domains thereby protecting the thioester. (D) A model of the enzyme–product
ce how the thioester is exposed and ends in the vicinity of the plane approximating
nd (D) MASP-2 legends are underlined.

one hand this leads to protection but on the other hand it may
have fatal outcome if the inflammation generating processes are
not properly controlled by host complement inhibitors. It is thus
important to unravel the mechanisms leading to complement acti-
vation. In the present report we suggest a model for the activation
via MBL/MASP complexes. Although a complete detailed struc-
ture based description of the lectin pathway is very difficult to
achieve especially due to the complexity of the glycan surface being
recognized, a quite complete structural framework is now emerg-
ing. In particular, the recent crystal structures have allowed the
assembly of overall approximate atomic models compatible with
well-established functional properties of the lectin pathway and
its endpoint, the assembly of the C3 convertase. Apart from contin-
ued studies on the structural elements the biological roles of some
of the MASPs are maybe still to be discovered and the results of
deficiencies of lectin pathway components in diseases needs to be
defined better.
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