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Abstract

Collectins are animal calcium dependent lectins that target the carbohydrate structures on invading pathogens, resulting
in the agglutination and enhanced clearance of the microorganism. These proteins form trimers that may assemble into
larger oligomers. Each polypeptide chain consists of four regions: a relatively short N-terminal region, a collagen like
region, ana-helical coiled-coil, and the lectin domain. Only primary structure data are available for the N-terminal
region, while the most important features of the collagen-like region can be derived from its homology with collagen.
The structures of the-helical coiled-coil and the lectin domain are known from crystallographic studies of mannan
binding proteinlMBP) and lung surfactant protein (3P-D. Carbohydrate binding has been structurally characterized

in several complexes between MBP and carbohydrate; all indicate that the major interaction between carbohydrate and
collectin is the binding of two adjacent carbohydrate hydroxyl group to a collectin calcium ion. In addition, these
hydroxyl groups hydrogen bond to some of the calcium amino acid ligands. While each collectin trimer contains three
such carbohydrate binding sites, deviation from the overall threefold symmetry has been demonstrated for SP-D, which
may influence its binding properties. The protein surface between the three binding sites is positively charged in both
MBP and SP-D.
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The collectins are one of the groups of calcium dependent or The collectins target invading pathogens—mainly bacteria but
C-type lectins found in mammals. They represent a nonclonal andlso fungi, viruses, and potential allergens—by binding to their
innate host defense system, which is functional in the absence ofurface carbohydrates. This encounter usually results in aggrega-
and prior to, the development of the adaptive antibody based imtion or agglutination of the target particle, and any further sub-
mune system. Six different collectins have been characterized asequent biological response depends upon the location and collectin
extracellular proteins from three major locations. Lung surfactaninvolved. Most collectins interact with and stimulate phagocytic
proteins A and D(SP-A, SP-D are found in the pulmonary sur- cells, followed by opsonization of the target. In addition, serum
factant on the epithelial lining of the lungs where they provide mannan-binding protein is able to trigger the classical complement
protection against invading pathogens and allergens. Mannarsystem, via two newly identified serine proteag®ASP-1 and
binding protein§ MBP-A, MBP-C) are found both in serum and in  MASP-2) (Matsushita & Fujita, 1992; Thiel et al., 1997ulti-
the liver. The serum proteifMBP-A) differs from the hepatic mately resulting in lysis of the invading microorganism.
form in some species, but not in man. ConglutitBC) and col- The name collectin is derived from the words “collagen” and
lectin 43(CL-43) are bovine serum proteins more closely related*“lectin.” These molecules are composed of four different regions:
to SP-D than to MBP. In addition, an intracellular collectin of an N-terminal region, a collagenous region, @elical coiled-
unknown function, collectin liver 1CL-L1), was recently discov- coil, and a C-terminal lectin domain. With the exception of the
ered in liver cells(Ohtani et al., 1999 N-terminal region, these regions or domain types are also found in
molecules other than collectifBig. 1). The presence of a collagen-
like region in these molecules imposes a trimeric structure. This is
Reprint requests to: Kjell Hakansson, Department of Microbiology, Uni- a prerequisite for their proper function; the carbohydrate affinity of
versity of lllinois at Urbana-Champaign, B103 CLSL, 601 South Goodwin g single collectin carbohydrate recognition dom@RD) is weak
szgléfévlgﬁgg;’é&g'chrlbsoohly’d?;qea'rlélégln(%)i(s;s'(L;(';:Tf;g;u'SP_ A, SP-D, put the Frimeric organization. permits a trivalent and hen.cg stronger
lung surfactant protein A and D; MBP, MBP-A, MBP-C, mannan-binding interaction between collectin and carbohydrate-containing target
protein A and C; CL-43, collectin 43; CL-L1, collectin liver 1. surface. In most of the collectins, these trimers are further assem-
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Fig. 1. Schematic representation of some proteins containing the C-type lectin fold. The structures are known, to atomic resolution,
for all the listed proteins. CRD, carbohydrate recognition domain; EGF, epidermal growth factor domain.

bled into larger entities, which enables them to cross-link severalhe collectins. Most of the other amino acids separating these two
target particles and perhaps also to interact simultaneously witlysteine residues are relatively hydrophobic in MBP and SP-D but
target and with host cells. hydrophilic in SP-A.

Lung surfactant protein @SP-D and bovine conglutinin are The collectins can nonetheless be divided into four different
X-shaped molecules consisting of four trimers extending pairwisegroups with related N-terminal regions. The N-terminal sequences
from the hub with the lectin domains at the tip of the collagenousof SP-D, conglutinin, and collectin-43 are clearly related and of
arms(Crouch et al., 1994 These dodecamers have been shown tosimilar length, i.e., 25-28 amino acigEig. 2), and include two
associate further into even larger complexes, with an increasedysteine residues. The N-terminal region of SP-A is much shorter
capacity to aggregate bacteria. Lung surfactant prote{SR”-A) and, due to variation in signal peptidase cleavage, is not homog-
(Voss et al., 1988and most mannan binding proteifisu et al.,  enous; there are two isoforms with seven or ten residues containing
1990 form bouquet-like complexes with up to six trimers. The one or two cysteines, respectivelilhalwagi et al., 1997 The
degree of oligomerization differs between the different proteinsN-terminal asparaginéposition 4 in the longer isoforinof rat
but may also vary within the molecular population of a single SP-A is glycosylatedMcCormack et al., 1994 The third group
preparation. Only the larger complexes, i.e., pentamers or hexaonsists of mannan-binding proteins A and C, which have distinct,
mers, give a full biological response in terms of macrophageyet related, N-terminal regions, each approximately 20 amino acids
stimulation and complement activation. Interestingly, the overalllong. The hepatic forms rat MBP-C and mouse MBP-C have only
structural organization of SP-A and the oligomeric MBPs is rem-two cysteines while the other mannan-binding proteins have three,
iniscent of that of C1q of the complement system, extending thealthough the sequence of rhesus monkey MBP-C deviates from the
analogy between these proteins to encompass both function argimilarity displayed by the other sequences. Human MBP has three
structure. However, the degree of oligomerization of MBP seemsysteines despite its closer evolutionary relationship to rat MBP-C
to be lower in the liver than in serum, and rat MBP-C has beenand forms larger oligomers in serum than it does in the liver
reported to be a single trimdiVallis & Drickamer, 1997 like (Kurata et al., 1994 Comparisons of hybrid peptide chains of rat
collectin 43(CL-43) (Holmskov et al., 1995 MBP-A and MBP-C and site-directed mutagenesis led to the con-

There are a number of excellent reviews describing the biologe€lusion that oligomerization depends on the N-terminal region and
ical, physiological, and functional properties of the collectidisppe  that the most N-terminal of its cystein€Sys9 is indispensable
& Reid, 1994; Weis & Drickamer, 1996; Lu, 1997; Crouch, 1298 for the formation of oligomers of trimers. The other two cysteines
The present review will focus on the structural aspects of thgCys13 and Cysl8are involved in intratrimer disulfide bridge
mannan-binding proteins and the lung surfactant proteins. formation (Wallis & Drickamer, 1999. These two cysteines and
the corresponding residues in rat MBP-C and collectin 43 form an
asymmetric A1-B1 B2-C2 C1-A2 disulfide pattefRothmann
et al., 1997; Wallis & Drickamer, 1997, 1999-ormation of SP-A
The N-terminal region is defined as the segment N-terminal to theligomers is also dependent on the N-terminal region, but neither
first collagenous triple-helix residue. This relatively cysteine-rich of its two cysteines are individually required for oligomerization
region stabilizes the trimers through disulfide bridgi(@rouch  (McCormack et al., 1997, 1999; Zhang et al., 199&cordingly,
et al., 1994; Holmskov et al., 199and links them together in the one of these cysteines is naturally replaced by an asparagine in
collectin oligomers. There seems to be no overall homology becanine SP-A. However, it is reasonable to assume that, as with the
tween the collectins in this part of the molecule. The only generabther collectins, disulfide bridging is an additional stabilizing fac-
trend(to which canine SP-A, Rhesus monkey MBP-C, and CL-L1tor. There are no free SH groups, and reduction of SP-D destabi-
do not conform seems to be two cysteine residues separated itizes the trimer as well as the tetramer of trimé@&ouch et al.,
sequence by 4-5 amino acids, and perhaps also that the amino adiél94). The fourth group, so far represented only by human CL-L1,
preceding the second of these cysteines is hydrophobic in most dfas a much longer N-terminal sequence with only one cysteine.

N-terminal region
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1
Rat SP-D AEMKTLSQRS ITNTCTLVLC SPTENGLP
Mouse SP-D AEMKSLSQRS VPNTCTLVMC SPTENGLP
Conglutinin AEMTTFSQKI LANACTLVMC SPLESGLP
Bovine SP-D AEMKIYSQKT MANACTLVMC SPPEDGLP
Human SP-D AEMKTYSHRT MPSACTLVMC SSVESGLP
Porcine SP-D AEMKTYSQRA VANACALVMC SPMENGLP
Bovine collectin-43 EEMDVYSEKT LTDPCTLVVC APPADSLR
Consensus EM S C LV C L
1
Mouse SP-A IKC NGTEVCAGSP
Rat SP-A IKC NVTDVCAGSP
Rabbit SP-A SDTC DTKDVCIGSP
Guinea Pig SP-A IMC NRTDFCVGSP
Canine SP-A IEN NTKDVCVGNP
Human SP-A AAC EVKDVCVGSP
Porcine SP-A LEC DVKEVCLASP
Consensus C P
Mouse MBP-A SS GSQTCEDTL KTC.SVIAC
Rat MBP-A S GSQTCEETL KTC.SVIAC

Rhesus MBP-A
Mouse MBP-C

ETKACEDAQ KTC.SVITCG IPVTN
ETLT.EGVQ NSCP.VVTCS SPGLN

Rat MBP-C ETLT.EGAQ SSCP.VIACS SPGLN
Rhesus MBP-C CLSFICTN STGGPQPHA DGSPEVIACN SPGIN
Human MBP ETVTCEDAQ KTCPEVIACN SPGIN

Porcine MBP-C ETENCEDIQ NTCL.VISCD SPGIN
Bovine MBP-C ETENCENIR KTCP.VIACG PPGIN
Consensus v C

Human CL-L1 MNGFASLLRR NQFILLVLFL LQIQSLGLDI DSRPTAEVCA THTISPGPK

Fig. 2. Sequences of the N-terminal region of some collectins. Most mature SP-A sequences are reported to start at residue 1, but
variants starting from residue 3 are known.

acid rich and amino acid rich regioriKramer et al., 1999 The
collagen triple helix is surrounded by a network of water mol-
Despite their abundance in the animal organism, there are no excules that interacts with most polar groups and all residues are
perimentally determined atomic resolution structures of native colexposed to the solvent, either by their side chains or carbonyl
lagens. Our knowledge of collagen structure is mainly derivedgroups. This hydration is further enhanced by hydroxylation of
from fiber diffraction studies, model buildingfor a review see some of the prolines in the Y position without which collagen is
Beck & Brodsky, 1998 and the crystallographic structures of unstable at biological temperatuf&ramer et al., 1998 Accord-
short model compounds that have been solved receéBélla ingly, the triple helix in the collectins is rich in charged amino
etal., 1994; Kramer et al., 1998, 1998 collagen structure can be acids. It has been pointed o{Wallis & Drickamer, 1997 that the
recognized from the amino acid sequence with its characterististaggered geometry of the triple helix introduces asymmetry in the
Gly-X-Y repetitive pattern, where X and Y can be any amino acid N-terminal region of the collectins in agreement with the asym-
but are frequently prolines or hydroxyprolines. Each of the threemetric disulfide bond pattern.

chains forms a left-handed polyproline Il like helix and are coiled The triple helix appears to be ideal as a cross-linker between
around each other in a right-handed manner with the glycine resdifferent domains due to its high tensile strength, stability, and
idues in the interior of the superhelix. Interchain hydrogen bondgelative resistance to proteolysis. In addition, a triple helical region
between N-H groups of glycine and the=€O groups of the amino  can also mediate binding interactions with other macromolecules
acid in X position stabilize the structure, and since there are n@s has been shown for C1q and the macrophage scavenger recep-
intrachain hydrogen bonds the collagen helix can exist only as #or. The collagenous region in MBP contains the binding site for its
trimer. The helical parameters and conformational details, such aagssociated serine proteas®ASP-1 and MASP-2through which
helical twisting, are sequence dependent and differ between iminthe complement cascade of reactions is triggéiddtsushita &

Collagenous region
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Table 1. Some characteristics of the collectin N-terminal but is likely to involve a network of hydrogen bonded water mol-
and the collagenous regions ecules, as has been observed in the crystal structure of collagenous
peptidegBella et al., 1994; Kramer et al., 199&\t the site of the
N-terminal region Collagenous region Gly-X-Y interruption, the helices make a 6@end and diverge
No. of No. of No. of (Moss et al., 198Bin a manner familiar from studies on the Clq
No.of No.of GXX imino helix structure(Lu et al., 1993. Oligomerization of MBP-A is in part
residues cysteines triplets acid$  interruptions promoted by the N-terminal part of its collagenous redidrallis
& Drickamer, 1999, but this region is not indispensable for SP-A
Human SP-A 7-10 1-2 23 20 1 PCPPinsertion oligomer formation(McCormack et al., 1997
Rat MBP-A 18 3 17 8 1 GQ insertion
Human MBP 21 3 19 12 1 GQ insertion
Rat MBP-C 19 2 19 10 1 GQ insertion . . . .
Human SP-D o5 > 59 30 0 a-Helical coiled-coil region
Conglutinin 25 2 56 32 1CPHinsertion  Right handedr-helices twisting around each other in a left-handed
COHeCt!n 43 28 2 38 240 manner are more ubiquitous in their occurrence than the animal
Collectin liver 1 46 1 24 6 0

collagen triple helix. Unlike the staggered triple helix, the side
chains from the different polypeptide chains are in register and the
' alnclude§ prolines within interruptions and immediately preceding thejunction between the collagenous region and the coiled-coil, there-
first GXX triplet. fore, cannot be symmetric. The coiled-coil has no absolute amino
acid sequence requirement, although proline residues, unable to
form amino hydrogen bonds, usually introduce bends-helices.
However, the coiled-coil is stabilized by hydrophobic amino acids
Fujita, 1992; Thiel et al., 1997 SP-A and presumably also the at every turn of the helix. These hydrophobic amino acids form the
other collectins bind to their macrophage receptor through thénterior of the coiled-coil. Ana-helical coiled-coil can often be
collagenous regioriMalhotra et al., 1998 As can be seen in recognized from the amino acid sequence by its characteristic hep-
Table 1, the length of the collagenous region differs between theéad repeat pattern a-b-c-d-e-f-g, where residues “a” and “d” are
collagens; the X-shaped SP-D and bovine collectin have the longaydrophobic amino acids. The structure of several coiled-coils,
est triple-helical regions, and SP-A and MBP the shortest. Théncluding the structure of trimeric MBP and SP-D fragments com-
percentage of imino acid in the collagenous region varies betweeprising the coiled-coil region and the lectin domaiBéeriff et al.,
16 and 29% for the extracellular collagens, which is similar t01994; Weis & Drickamer, 1994; Hakansson et al., 1988d the
what is found in collagen, whereas the imino acid content in CL-L1related tetranectin molecu(&lielsen et al., 1997 are known from
is only 8%. Most of the collectin prolines in the Y position are X-ray crystallography. The residues have been aligned according
hydroxylated. Hydroxylated and glycosylated lysines have beerto their positions in the three-dimension@D) structure in Fig-
demonstrated in SP-D, MBP, collectin 43 and conglutii@olley ure 3. Thea-helices make 8-9 turns and there are several viola-
& Baenziger, 1987; Sano et al., 1987; Persson et al., 1989; Letions against the heptad rule, i.e., hydrophilic and even charged
etal., 1991; Rothmann et al., 199Whereas the post-translational residues can be found in some of the “a” and “d” positions. The
fate of the SP-A and CL-L1 lysines remains to be investigatedheptad pattern is further obscured by position “g” in the fourth and
Some proteins contain an interruption of the Gly-X-Y sequenceposition “c” in the fifth heptad, which are involved in hydrophobic
(Table 1. In the case of SP-A, there appears to be a kink in thenteractions with the lectin domain of the collectins. In tetranectin,
collagenous rod in this part of the helix, as judged by electronone of these positions is occupied by a cysteine residue that is
microscopy. The collagen triple helices aggregate laterally at theidisulfide bonded to the C-type lectin domain. The helical region in
N-terminal ends, but there is no evidence for covalent crossSP-D is abruptly terminated by a proline residue with a cis peptide
linking. The nature of this intertrimeric interaction is not known bond.

1 2 3 4 5
Human MBP 88 AASQ RKALQTE MARIKKW LTFSLG
Rat MBP-A 74 ATEVK LANMQAE INTLKSK LELTNKL HAFSM
Human SP-D 204 VASLRQQ VEALQGQ VQHLQAA FSQYKKV ELFP
Human tetranectin 26 LKSR LDTLSQQ VALLKEQ QALQTVC LKG
abcdefg abcdefg abcecdefg abcdefg abcd
* *

Fig. 3. Alignment of the coiled-coil regions of human and rat mannan binding proteins, human lung surfactant protein D and
tetranectin based on the 3D structures. Most of the residues in positions “a” and “d” of the heptad repeat are hydrophobic although there
are several violations against this rule. In human MBP, it is Leu188") in the fifth heptad repeat rather than Seri0®d") that

makes the helix—helix contact. The main-chaia @f residues “1a” in hSP-D and “2d” in hMBP and the side chain of residue “3a”

in hMBP are actually exposed but this is probably due to their proximity to N-termini of the fragments used. The last amino acid,

in each helix that makes a hydrogen bond with residtud is underlined. Residues “4g” and “5¢harked with an asterisi)) belong

to a hydrophobic cluster that are in contact with the lectin domain. In tetranectin, there is a disulfide bridge betwedgYs&ad

Cys60 of the lectin domain.
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C-type lectin domain Y314
N316
S : W317 G309
Many evolutionarily related sequences belonging to the C-tyale
cium dependentectin family are known, but they show no overall E321 @ F304
sequence similarity. However, they can usually be classified on the P322
basis of four cysteine residues, being involved in disulfide bridg- 323

ing, which are the trademark of this domain type. The framework
surrounding this domain type can be very different from its
C-terminal location in the collectins. The monomeric and membrane-
bound selectins have an N-terminal C-type lectin domain that me
diates adhesion between certain cell types through carbohydral
binding. Other proteins, such as phospholipase A2 receptor and the
macrophage mannose receptor, contain multiple copies of C-type lec-
tin domains within a single polypeptide. Proteins possessing this do-
main type are not necessarily lectins. Type Il antifreeze protein
present in some arctic fish and the mammalian pancreatic stone pro-
tein bind to and inhibit the growth of ice and calcium carbonate crys-
tals, respectively. Some examples of proteins with a C-type lectin
domain are schematically represented in Figure 1.

The 3D structure of the lectin domain is known to atomic res-
olution from X-ray analyses of rat and human mannan-binding
protein fragment$Weis et al., 1991; Sheriff et al., 1994; Weis & W K43
Drickamer, 1994 a human lung surfactant protein D fragment
(Hakansson et al., 1999a human E-selectin fragmerfGraves
et al., 1994, pancreatic stone proteiBertrand et al., 1996 tet- G241
ranectin(Nielsen et al., 1997 snake venom factor IXX binding Fig. 4. Two-dimensional representation of the C-type lectin fold. The
protein(Mizuno et al., 1997, tunicate C-type lectifiPoget et al., .l A . g :
1999, and ffom an NMR study of sea raven aniieeze protein’,Siancs, A00helces have been numberdlf7 andelan te,
(Gronwald et al., 1998 The fold of the C-type lectin domain is (Laskowski et al., 1998using the SP-D structure. They comprise the
shown in Figure 4. The structure is mainly composed of two anti-following residues(SP-D numbering a1, 254-264;02, 273-288;51,
parallel B-sheets; one of these is four-stranded and the other five236—240;82, 243-253,83, 267-269;34, 291-297,85, 331-335;46,

_ ; ~ ; 339-343,87, 347-355. The amino acids that are coordinated to the carbo-
stranded. The four-strandgéisheet is found at the N-terminal part hydrate binding calcium ion are denoted with encircled numbers 1-5. Twenty

of the domain and_ i§ flankeq by two he"C?S- In t_he trimeric col- three different collectin sequences were aligned and conserved residues are
lectins, this sheet is interacting with thehelical coiled-coil. The  indicated with their amino acid one letter symbol. The second calcium

five-strandeg3-sheet is rather distorted and more remotely locatedigand is normally an asparagine but is an arginine or alanine in the SP-A
away from the trimer center. Thig-sheet, together with some of Sequences. The fifth calcium Iigan_d _is an aspartic_ acid residue in all se-
the loop structure, makes up the carbohydrate binding ligand sitgences except dog SP-A, where it is an asparagine.
Two of the B-strands(82 andB7) are relatively long and partici-
pate in both sheets. One of the disulfide bridges anchors hélix the other two conserved glycines, Gly241 and Gly309, and for
to strandB7 of the four-strande@-sheet, the other ties together the most of the nonconserved SP-D glycines as well. Glu276, Asn277,
two most peripheral strandg5 andg6) of the five-strandeg@-sheet.  and Ala279 are on the nonexposed side of hel% which is
Since the calcium binding amino acid ligands are found at or closgreceded by the conserved Pro271. Asn277 is, as already men-
to these two strands, this disulfide bridge probably plays an imtioned, hydrogen bonded to both Gly338 and Trp340, and Glu276
portant role in stabilizing the structure around the functional car-is hydrogen bonded to the main-chain amino group of the noncon-
bohydrate binding site. served Arg272 as well as to the side chain of Lys243. Lys243
A comparison of the amino acid sequences of 22 different exforms salt bridges with both Glu276 and the likewise conserved
tracellular collectins found in the SwissProt and Genbank dataGlu354. Thus, there is a hydrogen bond network of conserved
bases and the recently sequenced pig S@eD Eijk et al., 200D  residues linking32 andg37 of the four-strande@-sheet, helixa2
yields 18 conserved amino acids in addition to the four cysteinesandB6 of the five-strandeg@-sheet, as well as the important loop
These are indicated in Figure 4 using the numbering from humastructures aroun@5 andg6. Surprisingly, the second of the cal-
SP-D. Perhaps most important from a structural point of view is acium binding amino acid ligands is not conserved in SP-A, and the
hydrophobic cluster containing the conserved residues Phe304ifth ligand is an asparagine in canine SP-A but an aspartic acid in
Tyr314, Trp317, Pro322, Trp340, in addition to the semi-conservedill other known collectin sequences. The fingerprint regions, dis-
Val332. They hold together the carbohydrate binding region concussed below, are found at the N-terminal sideBéf and the
sisting of strang6 and the stretch between the two strafdsand  C-terminal end of36, respectively. In CL-L1, Gly 241, Glu276,
B5. Trp340 is also hydrogen bonded to the conserved asparagirfda279, Phe304, and Gly309 are all replaced, whereas all the
residue 277 of helixx2. Asn277 is in turn hydrogen bonded to the consensus residues beyond Tyr314 are conserved even in this col-
main-chain carbonyl group of Gly338, as is the conserved residu&ectin. This indicates a slower evolutionary pace in and around the
Asn316. Glycine 338 appears to play a key role in the loop struc85 andB6 strands, i.e., the carbohydrate binding site.
ture preceding th@6 strand. Its main-chain conformation is not  In addition to the carbohydrate binding calcium ion, two more
compatible with the presence of a side chain, which is also true focalcium ions have been found in crystallographic studies of MBP
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and SP-D(Weis et al., 1991; Weis & Drickamer, 1994; Hakansson Interdomain contacts

et al., 1999. One of these is found-8 A away from the carbo- . . . .
hydrate binding calcium and is complexed by three aspartic aci(]-here are very fe_w mtrachal_n contac_:ts between the_ Iectln_domalns
and one glutamic acid residues. These residues are either coﬁpd the coiled-coil. Each lectin domain contactsdheelical coiled-

served or only conservatively replaced in the mannan-binding proE:oII through a hydrophobic c_luster made up of regldues.from_the
teins, SP-D, conglutinin, and Cl-43, but not in SP-A. Two of the B2 andB7 strands of the lectin domain and the coiled-coil region

. i . o .. .__of an adjacent chain. None of the residues involved are conserved
residues are also coordinated to the third calcium ion, but it is & : -

. A ) among the collectins but they are for the most part hydrophobic. A
matter of debate whether this calcium ion is present at physiolog-. . : . :
. o e . . . : similar cluster made up of homologous residues is present in tet-
ical conditions or if it is an artifact of the high calcium ion con-

. : ; : ranectin, but in this case the lectin domain and coil segment in-
centration employed in the crystallographic analy$@feis & . o .
Drickamer, 1994 volved are of the same chain and their interactions secured through

. . a disulfide bond. Moreover, the same set of hydrophobic residues
The electrostatic potential along the surface of these molecules . . . . : .
in the lectin domain mediate the formation of nonphysiological

displays a large positively charged area within the cavity IO(et\’\IG(er(]Ev]mers in the crystallographic structure of MBP lectin domains

the three lectin domains. This surface charge can be observed boIackin the coiled-coil region. The lectin domains are separated b
for the mannan-binding proteins and SP-D, but is not present on g gion. b y

. . . a cavity on the threefold symmetry axis and do not contact each
the C-type lectins that are not collectins, e.g., tetranectin or on the . ; .
. . ) other. Thus, the interchain contacts are mediated through the

corresponding surface on the monomeric E-sele(ig. 5. In . . . . .

. . N-terminal, collagenous and coiled-coil regions, but not the lectin
SP-D, this charge results from the presence of nonconserved lysin .

: . - . . domains.

residues. The charged area may be involved in interactions wit
negative charges on the surface of its targets, e.g., the lipopoly-
saccharide moiety of microbial carbohydrates or the phospholipidﬁL
of the pulmonary surfactant. The calcium ions in these proteins do
influence the surface charge, and the apo protein is characterizéthe formation of a collagen triple helix is a slow process that
by large negatively charged areas on the central and peripheratquires seconds or even minutes. It is usually initiated by the
parts of the lectin domaind=ig. 5. Thus, the calcium ions might association of an adjacent domain, which is C-terminal to the helix
have a functional role other than carbohydrate binding, e.g., theyn the case of collagetEngel & Prockop, 1991 In the collectins,
may maintain a certain electrostatic potential pattern on the surfacthis process is also initiated at the C-terminal end of the collag-
of the molecule. In this context, it is interesting to note that SP-Denous region through the formation of thehelical coiled-coil.
was found to bind to its putative receptor gp340 in a manner thaFormation of coiled-coils usually takes place within milliseconds
was calcium dependent but not inhibited by the presence of maltand isolated SP-D neck regions have been shown to form stable
ose(Holmskov et al., 199y trimers (Hoppe & Reid, 1994 Since the collagen triple helix is

rimerization and oligomerization

Fig. 5. Electrostatic surface potential of C-type lectins calculated by the program GRXiSRolls & Honig, 1991. Negative and
positive potentials are shown in red and blue, respectivelySP-D with three calcium iongper lectin domain B: SP-D with no

calcium ions.C: Human MBP with three calcium ion®: Rat MBP-A with three calcium ion€: Tetranectin with two calcium ions.

F: E-selectin with three calcium ions. The trimeric molecules are viewed down the threefold symmetry axis, and the monomeric
E-selectin from the same orientation.
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not stable as a monomer, formation of helices and superhelicesnd an oligosaccharide was determin&teis et al., 1992 The
takes place simultaneously. positions of the carbohydrate binding sites in a mannan binding
Isolated lectin domains do not trimerize; fragments of mannan{protein trimer are shown in Figure 6A, while Figure 6B offers a
binding protein and tetranectin form trimers if and only if they closer view of the binding site and the amino acid side chains
contain at least a part of the coiled-coil region. Other C-type lec-nvolved. The binding site is situated in a shallow pocket periph-
tins lack a coiled-coil region and are not known to trimerize. Theerally located on the lectin domain some 30 A away from the
cavity between the lectin domains in the collagens is positivelythreefold symmetry axi€Sheriff et al., 1994; Ng et al., 1996The
charged and suggests a repulsive interaction between the lectBi and 4 hydroxyl groups of the terminal mannose residue of
domains(Fig. 5). the carbohydrate are coordinated to a calcium ion bound to the
The assembly of oligomers of trimers is mediated by theprotein. Interestingly, the space occupied by these hydroxyl groups,
N-terminal region and in the case of MBP-A also by the N-terminalas well as the ether oxyge5), coincides with the positions of
part of the collagen triple helix. The final size and shape of thewater molecules both in free mannan-binding protein and in SP-D.
oligomers, which vary among the collectins, are also determinedhe calcium ion is bound to the lectin through five coordinated
by the characteristics of their N-terminal regions. Oligomerizationresidues. In human SP-D, these residues are Glu321, Asn323,
is an intracellullar process; once secreted, the quaternary structuf@u329, Asn341, and Asp342. Since the numbering differs be-
does not changéWallis & Drickamer, 1999. tween different collectins, we shall refer to these residues and their
homologues in other C-type lectins as ligands 1-5. In addition to
these five side chains and the two water molecules or hydroxyl
groups, the carbonyl oxygen of ligand 4 is also coordinated to the
The reason why these proteins are calcium dependent becansalcium ion. Ligands 1 and 2 are separated in the sequence only by
evident as the structure of a complex between an MBP-A fragmena proline residue side chain embedded into a hydrophobic cluster

Carbohydrate binding site

Fig. 6. A: The trimeric structure of a neck-CRD fragment of human MBReriff et al., 1994 Methyl-mannoside molecules, shown

in red together with the calcium ions, have been modeled from the monomeric rat MBP-C cdiplet al., 1996 B: Methyl-
mannoside bound to the carbohydrate binding site of rat MBRIget al., 1996. The Glu190-Val194 segment, with its characteristic
EPN motif (amino acid ligands 1 and) 2s shown behind the calcium ion. Asn210-Val2&2ino acid ligands 4 and) &nd Glu198
(amino acid ligand Bare shown in front of and to the right of the calcium ion, respectively. The methyl aglycon of the carbohydrate
ligand is not visible.



1614 K. Hakansson and K.B.M. Reid

(vide supra. This motif presumably gives the coordination sphereinvolving His189 and lle207 in MBP-AWeis et al., 1992 and
a more stable framework, although its structure and the cis bon¥al194 in MBP-C(Ng et al., 1996 The homologous His189 in
between ligand 1 and the proline are themselves stabilized by thBIBP-A and Val194 in MBP-C superimpose well with the corre-
calcium ion(Ng et al., 1998 Not all C-type lectins utilize all five  sponding aspartic acid residue in human SPHakansson et al.,
of these ligands. For example, ligand 2 is replaced by an alanine it999. This residue has no counterpart in SP-A, but conglutinin
human SP-A and cannot therefore be a calcium ligand. Ligand &nd CL-43 both contain a small insertion in this part of the se-
does not coordinate the calcium ion in selectin, although it is stillquence. In galactose specific C-type lectins, this residue is re-
a glutamate and ligand 5 is not a metal ligand in tetranectin wher@laced by a tryptophan and hosts a glycine rich loop insertion, as
it is a phenylalanine. discussed below. His189 in MBP-A and the following residues

The structures of a number of different MBP-carbohydrate com-have been referred to as a fingerprint motif that distinguishes the
plexes have since been elucidated. Collectin structure coordinatefifferent collectins from each oth¢Hakansson et al., 1999The
deposited with the Protein Data Bank are listed in Table 2. In all ofposition corresponding to 1le207 in MBP-A marks the beginning of
the carbohydrate collectin complexes, two adjacent carbohydrata second fingerprint motif. In SP-D, this is an arginine that, with its
hydroxyl groups are coordinated to the calcium ion. Moreover, onenore extended and polar side chain, has the potential of interacting
of these hydroxyl groups is invariably within hydrogen bond dis- with residues beyond the terminal mannose residue. It is possible
tance to the side chains of ligand$@lu) and 2(Asn), while the  that these fingerprint regions modulate and fine-tune the carbohy-
other is within hydrogen bond distance to the side chains of ligandsirate specificities throughout the collectin family. On the other
3 (Glu), 4 (Asn), and to the main-chain carbonyl group of ligand 5. hand, the only observed carbohydrate—protein interaction involv-
The relative positions of the carbohydrate ring differ between soméng a carbohydrate residue other than the terminal mannose is a
of these structures, and different hydroxyl groups may be involvedhydrogen bond between an ill-defined lysine residue in MBP-A
As predicted(Weis et al., 1992 the common denominator is li- and the penultimate residue in high-mannose oligosaccharide. All
gation of two vicinal, equatorial hydroxyl groups in the¢)-syn-  other interactions between protein and nonterminal mannose res-
clinical configuration that replaces two water molecules bound todues are mediated by water molecules and are therefore not very
the 8-coordinated calcium ion. specific (Weis et al., 1992 The paucity of atomic interactions

In addition to the coordination of the two hydroxyl groups to the between carbohydrate and protein is also in line with the generally
calcium ion, there appears to be few contacts between carbohyveak and nonspecific binding of carbohydrate to a collectin mono-
drate and protein. The only other general interactions between thmer. The structure of a selectin-like mutaMg & Weis, 1997
carbohydrate ring and MBP appear to be van der Waal contactsomplexed to sialyl-Lewis oligosaccharide has shown that a ly-

Table 2. Collectin structure coordinates deposited with the Protein Data Bank (Bernstein et al.,?1977)

Protein Trimer Species LigaAd PDB code Reference
MBP-A — rat Ho(lll) substituted 1MSB Weis et al1991)
MBP-A — rat Oligosaccharide 2MSB Weis et #1992

MBP + human 1HUP Sheriff et al1994)
MBP-C — rat a-Methyl-L-fucopyranoside 1RDI Ng et a(1996

MBP-C - rat B-Methyl-L-fucopyranoside 1RDJ Ng et d11996

MBP-C — rat p-Galactose 1RDK Ng et al1996

MBP-C - rat a-Methyl-p-mannopyranoside 1RDL Ng et dl1996

MBP-C - rat a-Methyl-p-mannopyranoside 1RDM Ng et dl1996

MBP-C - rat a-Methyl-pD-N-acetylglucosaminide 1RDN Ng et dll996

MBP-C — rat 1RDO Ng et al(1996

MBP-A + rat 1RTM Weis and Drickame(1994)
MBP-A — rat Yt(lll') substituted 1YTT Burling et ak1996
MBP-A + rat Ho(lll') substituted 1BUU Ng et al1998

MBP-C - rat Apo 1BV4 Ng et al(1998

MBP-A + rat mutant B-Methyl-p-galactoside 1AFA Kolatkar and Wei{2996
MBP-A + rat mutant N-Acetyl-p-galactosamine 1AFB Kolatkar and Weik996
MBP-A + rat mutant 1AFD Kolatkar and Weig1996
MBP-A + rat mutan® N-Acetyl-p-galactosamine 1BCH Kolatkar et #lL998
MBP-A + rat mutant N-Acetyl-p-galactosamine 1BCJ Kolatkar et 81998
MBP-A + rat mutant 1KMB Ng and Weis(1997)
MBP-A + rat mutant 3'Neuac-Lewis-X 2KMB Ng and Wei$1997)
MBP-A + rat mutant 3'-Sulfo-Lewis-X 3KMB Ng and Weig1997)
MBP-A + rat mutant 4'-Sulfo-Lewis-X 4KMB Ng and Weig1997)
SP-D + human 1B08 Hakansson et §.999

a“Galactose-specific mutant,” E185Q, N187D, H189W, G190Y, S191GHM92, G193, L194, G195, G196

PMutant a with T202H.

“Mutant a with S154V, T202H.

d Selectin-like mutant,” A211K, S212K, H213K. “Substituted” and “Apo” refer to replacement and removal of native calcium ion.
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sine residue belonging to the second fingerprint region does indeeahalyzed crystallographicallKolatkar & Weis, 1996. These de-
interact with the oligosaccharide. The more charged and hydrorivatives bind to the mutant with their Z&nd 4 hydroxyl groups
philic fingerprint regions of SP-D also present a surface with morecoordinated to the carbon in a manner similar to mannose and the
hydrogen bonding opportunities compared to MBP, but no SP-D-wild-type protein. These hydroxyl groups are both equatorial in man-
ligand complex has yet been visualized. At this point we have tonose but equatorial and axial, respectively, in galactose. As a result,
conclude that less specific water-mediated contacts account fdhe overall position and orientation of the sugar ring of galactose is
most if not all interactions between protein and nonterminal carvery different from that of mannose. The presence of the large in-
bohydrate residues. dole ring of the H189W mutation was found to discriminate against
mannose but interact favorably with the apolar face of the galactose
residue. The effect of the reversal of the acid-amide pattern of the
amino acid ligands 1 and 2 from EPN to QPD is more difficult to
Methyl-mannose binds to mannan-binding protein C with an ori-explain. While inspecting these structures, we noticed that the ge-
entation that is different from that of an oligosaccharide terminalometry around the coordinated hydroxyl group is be(iter, more
mannose group bound to mannan-binding protein A. In both casesetrahedralfor the hydrogen bond acceptt@he acid than for the

the carbohydrate interacts with the calcium ion with the3d 4 donor(the amidgin both the wild-type mannoside complex and the
hydroxyl groups but their relative orientations are reversed, i.e.mutant galactoside complex. The nucleophilicity of the neutral hy-
the 4 hydroxyl group of methyl-mannose occupies the same po-droxyl group is probably increased by the presence of a strong hy-
sition as the 3hydroxyl group of the oligosaccharide complexed drogen bond involving its proton. In either case, the acid-amide
to MBP-A and vice versa. Although the mannose residue rings ar@attern seems to enhance the nucleophilicity, and hence calcium bind-
superimposable, their relative orientations differ bt8C. This ing of this hydroxyl group. Amino acid ligand 1 is strictly con-
structural diversity is possible because of the absence of additionalerved in the collectin group of proteins. Although mutation of the
close interactions between carbohydrate and protein. The differamino acid ligand 2 from an asparagine to an aspartic acid results
ence between these two ligand structures has been interpreted iasa loss of affinity for mannos@uesenberry & Drickamer, 1992

due to a difference between MBP-A and MBP-C. However, thethis residue is an alanine in human SP-A and an arginine most other
carbohydrate moieties and the experimental conditions also diffeSP-A sequences. Poget et(@999 offer a another explanation for
between these two studies. In particular, the presence of His189 ithe monosaccharide specificities, namely that the hydrogen of the
MBP-A might interfere with thewl-anomeric linkage if the ori-  sugar hydroxyl is always oriented away from the ring. In their struc-
entation of the oligosaccharide is changed. This does not, howeveyre of tunicate C-type lectin complexed with galactose, the hydro-
prevent the sialyl-Lewisoligosaccharide from binding to a selectin- gen bond geometry is again better for the bond where the hydroxyl
like mutant(Ng & Weis, 1997 with the a1-anomeric carbon di- group act as a donor rather than acceptor, although this lectin has an
rected toward His189. An alternative interpretation is that there ar&&EPSN sequence rather than QPD.

multiple ways for carbohydrates to bind, with coordination of two

adjacent equatorial hydroxyl groups as the only common denom-

inator. In solution, carbohydrates can move freely and bind in thé?€viation from threefold symmetry

chemically most favorable way. However, the natural carbohydraterne 3p structure of a lung surfactant protein D trimeric fragment
ligands for collectins are linked to a target surface, and the Chemconsisting of the coiled-coil region and lectin domains displays
ically most favored binding might, due to this restriction, not al- gome interesting deviations from symmetHakansson et al., 1999
ways be possible for all carbohydrate binding domains that arerne side-chain conformation of Tyr228 of thenelical coiled-coil
involved. In fact, the high mannose oligosaccharide used in thgjiffers between the three peptide chains. This residue is in a “d”
experiment is bridging two crystallographically nonequivalent |9C'position in the heptad repeat. The side chain of one of the three
tin domains, and the observed ligand orientation might be influ-tyyosines is completely buried in the interior of the coil, while the
enced by this linkage. The existence of alternative ways of bindingyiner two are partly exposed to the solvent. The partly exposed
would enable the collectins to bind two or three lectin domains totyrosines are able to form hydrogen bonds with their hydroxyl
a target surface lacking threefold symmetry. Moreover, if one Waygroups. They are, unlike the buried tyrosine, within van der Waal's
of binding is prohibited by steric exclusion between protein andgjstance to Ile244 of the lectin domain. These two lectin domains,
nonterminal residues, a different way of binding could be adoptedqye 1o the steric interference of the Tyr228-lle244 contact, are not
The lack of specific interactions between protein and nonterminalg cjose to the coiled-coil as the third lectin domain. Does this
oligosaccharide residues strengthens this idea. represent a case of static deviation from threefold symmetry or are
The collectins are rather similar in their carbohydrate specificity.ine |ectin domains allowed to move within a relative narrow range,
In particular, they bind more strongly to mannose residues than t@estricted but not fixed by the tyrosine side chain? Can the sym-
galactose residues. However, the reverse is true for some oth@fetry violation be influenced by ligand binding to a target surface?
C-type lectins, e.g., the hepatocytic asialoglycoprotein receptor. lean jt help the collectins to better match a target carbohydrate
was shown in an elegant study that mutating the amino acid ”'array? Can it be propagated further to the asymmetric junction
gands 1 and 2 within the EPN motif in mannan-binding protein topetween coiled-coil and triple helix? These questions cannot be

QPD, as found in the asialoglycoprotein receptor, resulted in gesolved until more structural data of SP-D and the other collectins
protein that preferred galactose over manndeckamer, 1992 become available.

Additional mutations, i.e., H189W and the insertion of a glycine

rich loop (see footnotes to Table d/ielded an affinity comparable

to the receptor proteifliobst & Drickamer, 199% The structures ~ References
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Carbohydrate binding and specificity
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