
Structure of the Calcium-Dependent Lectin 
Domain from a Rat  ann nose-  in din^ Protein 

Determined by MAD phasing 

Calcium-dependent (C-type) animal lectins participate in 
many cell surface recognition events mediated by protein- 
carbohydrate interactions. The C-type lectin" family in- 
cludes cell adhesion molecules, endocytic receptors, and 
extracellular matrix proteins. Mammalian mannose-bind- 
ing proteins are C-type lectins that function in antibody- 
independent host defense against pathogens. The crystal 
structure of the carbohydrate-recognition domain of a rat 
mannose-binding protein, determined. as the holmium- 
substituted complex by multiwavelength anomalous dis- 
persion (MAD) phasing, reveals an unusual fold consist- 
ing of two distinct regions, one of which contains 
extensive nonregular secondary structure stabilized by 
two holmium ions. The structure explains the conserva- 
tion of 32 residues in all C-type carbohydrate-recognition 
domains, suggesting that the fold seen here is common to 
these domains. The strong anomalous scattering observed 
at the Ho L, edge demonstrates that traditional heavy 
atom complexes will be generally amenable to the MAD 
phasing method. 

M AMMALIAN MANNOSE-BINDING PROTEINS (MBP'S) 
found in serum and liver mediate immunoglobulin-inde- 
pendent defensive reactions 'against pathogens. These 

proteins function by binding to specific cell-surface high-mannose 
oligosaccharides of various bacteria and fungi, and kill these orga- 
nisms by complement-mediated cell lysis (1) or ogsonization (2). 
The presence of stress-response promoter regions in the MBP 
gene (3) and increased levels of MBP mRNA during the acute 
phase response (2) suggest that concentrations of MBP rise upon 
exposure to pathogens. Patients with reduced levels of MBP, due 
to a point mutation in the MBP gene, show a 'propensity for 
repeated, severe bacterial infections (4). It has been suggested that 
MBP's confer a primitive form of immunological self versus 
non-self discrimination by recognizing carbohydrate structures 
absent from mammalian cell surfaces (5). MBP's also act as 
inhibitors of human immunodeficiency virus and iduenza virus 
(6) infection, presumably by binding to the high-mannose carbo- 
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hydrates of the viral envelope glycoproteins and blocking attach- 
ment to the host cell. 

MBP's contain a COOH-terminal carbohydrate-recognition do- 
main (CRD) common to the family of calcium-dependent carbohy- 
drate-binding proteins known as C-type animal lectins (7). The 
family includes endocytic receptors such as the hepatic lectins 
(asialoglycoprotein receptors), which clear serum glycoproteins 
from circulation (8); selectins (lectin-containing cell adhesion mol- 
ecules), which target leukocytes to lymphoid-tissues and sites of 
inflammation (9, 10); macrophage receptors involved in the phago- 
cytosis of pathogens (11); proteoglycan core proteins (12); and 
soluble proteins including pulmonary surfactant apoproteins (13). 
Each of these proteins contains a C-type CRD attached to domains 
responsible for the physiological functions of the molecule. In the 
MBP's, the CRD is attached to a collagenous domain presumed to 
be responsible for the ability to fix complement, as a similar 
collagenous domain is found in complement protein Clq. The 
C-type CRD was originally defined as a proteolytic fragment 
retaining Ca2+-dependent carbohydrate-binding activity, and is 
now recognized by a sequence motif of approximately 30 conserved 
amino acids spread over about 120 amino acids (7). Although this 
motif defines a Ca2+-dependent carbohydrate-binding domain, var- 
ious C-type lectins display distinct carbohydrate-recognition speci- 
ficities. 

We have undertaken structural analysis of MBP's and other 
C-type lectins in an attempt to understand the basis of their specific, 
Ca2+-dependent carbohydrate binding, as well as to define the 
three-dimensional basis of their shared sequence motif. We now 
describe the three-dimensional structure of the CRD of rat MBP-A 
with holmium ions substituted for calcium ions. The structure, 
which consists of a hitherto unknown fold, reveals the roles of the 
conserved residues that define the C-type CRD motif. The holmium 
ions form an integral part of the ~tructure, and their'ligation 
suggests a mechanism for the loss of ligand binding activity in the 
endosome by the endocytic receptor group of C-type lectins. The 
structure was solved by the multiwavelength anomalous dispersion 
(MAD) phasing method (14), with the use of the anomalous 
scattering at the Ho L,,, edge. We have extended the MAD 
methodology by developing a procedure to refine the anomalous 
scattering factors f '  andf" against the diffraction data. 

Structure determination. The bacterial expression, biochemical 
characterization, and crystallization of the COOH-terminal portion 
of rat MBP-A have been described (15). The expressed portion 
containing the neck and CRD did not yield crystals suitable for 
structure determination, whereas a proteolytic fragment of the 
expressed protein (designated MBP-A-F2) containing the minimal 

1608 SCIENCE, VOL. 254 



Table 1. Data statistics for MBP-A-F2 at 2.5 tf. 

Nominal* 
wavelength Reflections? Completeness Signal 

(tf ) (N) [% > 3a(I)] Rsym* 

1.4400 (remote) 13,812 93.7 92.5 0.031 
1.5356 (peak) 13,461 91.3 91.5 0.043 
1.5363 (edge) 13,421 91.0 88.6 0.043 

*Because the optical configuration of the beamline precluded measurement of fluores- 
cence spectra from the sample crystal, the monochromator positions definin the three 
wavelengths were determined from measurement of .a unique 3" swag of data 
containing a mirror plane, at seven equally spaced increments of the monochromator 
crystal that spanned the L,,, absorption edge of a HoCI, powder. Five strong reflections 
common to the seven data sets were selected, and the average absolute difference 
between Bijvoet-related intensities of the five reflections was plotted against monochro- 
mator angle. The absorption edge and peak positions for the Ho3+-MBP-A-F2 crystal 
were estimated from a curve of the form observed for the HoCI, transmission sketched 
through the seven points. ?Unique reflections defined hy point group symmetry 
222 (not mmm) to distinguish acentric Bijvoet mates. Bijvoet-paired measurements were 
recorded an average of 1.2 times. +Rsym = Zh Xi jIi(h) - (I(h))lph Zi Ii(h), where 
Ii(h) is the i" measurement and (I(h)) is the weighted mean of all measurements of I(h). 

CRD (16) (residues 107 to 221 of MBP-A) yielded high-quality 
crystals. In the presence of Ca2+, crystals of MBP-A-'F2 grew only as 
a complex with a high-mannose glycopeptide. In &attempt to 
prepare heavy atom derivatives for crystallographic phase determi- 
nation, we found that various trivalent lanthanide ions (Ln3+) can 
substitute for Ca2+ functionally, but that crystals grown from 
Ln3+ -substituted MBP-A-F2 were in different lattices from that of 
the native (Ca2+ -containing) form, and did not incorporate the 
glycopeptide required for growth of the native crystals. We also 
demonstrated that this fragment behaves as a dimer in solution. and 
that the dimer forms thevasymmetric unit of both the monodlinic 
native and the orthorhombic Ln3+-substituted MBP-A-F2 crystal 
forms (15). Each MBP-A-F2 protomer binds 2 Ca2+ or Ln3+ (15). 

Although the Ln3+-containing MBP-A-F2 crystals cannot be 
used for structure determination by the isomorphous replacement 
method, they are ideally suited for the MAD phasing method, in 
which phase.informatiob is obtained from the ;ariation in anoma- 
lous scattering from a single crystalline species as a function of x-ray 
wavelength (14). MAD phasing requires the presence of a sufficient- 
ly strong anomalous scatterer to produce measurable variation in the 
diffracted amplitudes, and the lanthanides display extremely large 
anomalous dispersion effects at their LIII edges (17). In the MAD 
method, measurements of the Bijvoet differences at several wave- 
lengths (IXiF(+h)l - IhiF(-h)l), and the dispersive differences at 
pairs of wavelengths (I " ~ ( h )  1 - IAjF(h) I), where hi represents the ith 
wavelength, yield phase angles by a linear least squares procedure 
(MADLSQ) that provides solutions for three wavelength-invariant 
quantities: 10~,(h)l, the structure factor magnitude due to normal 
scattering from all atoms in the structure; I°FA(h)l;, the structure 
factor magnitude due to normal scattering from 'the anomalous 
scatterers only; and A+(h) = O+,(h) - O+,(h), the phase differ- 
ence between OF,(h) and OFA(h). The I°FAI values are used in a 
Patterson synthesis or in direct methods to determine the positions 
of the anomalous scatterers, from which the phases are com- 
puted. The electron densitv distribution for the entire structure can 
k e n  be calculated wi;h .the use of Fourier coefficients 
I°FTlexp(-iO+,), where the relation O+, = A+ + gives the 
required phases. In addition to the diffraction data, the MADLSQ 
procedure requires the values of the anomalous scattering factors f '  
and f" at each wavelength, which enter into the least-squares 
equations as known coefficients. The f '(A) and f"(h) spectra can be 
calculated accurately away from the absorption edge (18), but the 
theory breaks down near the edge. In most previous MAD experi- 
ments, f '  and f" have been extracted from x-ray fluorescence 
spectra of the sample crystal (19). 

Diffraction data from an orthorhombic Ho3+ -MBP-A-F2 crystal 
were collected at three wavelengths near the Ho LIT, absorption 
edge chosen from limited diffraction measurements (Table 1) to 
produce the largest spread of observations for optimal least-squares 
fitting: the wavelength of peak absorption to maximize f" and thus 
the Bijvoet differences, and the absorption edge and a point remote 
from the edge to maximize the difference in f ', which determines 
the dispersive differences. In order to minimize systematic errors 
from pEimary beam intensity changes, sample decay; and differential 
absorption, all measurements of a particular reflection entering into 
the determination of its phase were performed close in time and 
from one sample crystal. Specifically, ten blocks of data, each 
consisting of the same region of reciprocal space measured at the 
three wavelengths, were recorded (20) (Table 1). When computed 
without treating Bijvoet mates separately (that is, in point group 
mmm), the R value that measures agreement within and between 
scaled batches of data (Table 1) varied greatly among the ten blocks 
of data at the peak and edge wavelengths; within a block, the R value 
was fairly uniform. since-this R valie reflects.the magnitude of the 
Bijvoet differences, the variation indicated that the monochromator 
had not returned to exactly the same positions for each new block of 
data so that, because of the rapid change of the anomalous scattering 
factors at the LIII edge, f" differed from block-to-block. The 

Table 2. MAD phasing statistics at 2.5 A. Values for the observed 
anomalous diffraction ratios represent ( A ~ F ~ ~ ) ' ~ ~ / ( ~ F ~ ~ ) ' " ,  where AIFI is the 
absolute value of the Bijvoet difference at one wavelength (diagonal 
elements) or the dispersive difference at the two wavelengths intersecting 
at an off-diagonal element. The differences between Bijvoet mates at each 
wavelength for centric reflections, which would be 0.00 for perfect data, 
are shown in parentheses and serve as an estimate of the noise in the 
anomalous signals. A linear scale factor was applied to the peak and edge 
data of each block to make their ( I~1~) '1~  equal to that of the remote, to 
place all data on approximately the same scale with the remote wavelength 
data as an absolute reference point. Wavelength-dependent linear scale 
factors relating the data at the three wavelengths were then determined 
from the values of f '  and f" and applied to each block. These scale 
factors were recomputed from the refined f '  and f" values, and the entire 
refinement procedure repeated to produce a final set of I0F,I, I°FAI, A+, 
and f ', f" for each block of data. Initial estimates of Cf', f") for 
scattering factor refinement were (- 14.1 e, 19.9 e) and (-28.0 e, 10.2 e) 
(37) at the peak and edge positions, respectively; at the remote 
wavelength, f '  and f" were held fixed at their theoretical values (38) 
shown below to provide an absolute reference scale. 

Observed difraction ratios Scattering factors 
(e) 

Remote Peak Edge f '  f" 

Block 1 
Remote 0.098 0.101 0.121 -9.4 9.3 

(0.019) 
Peak 0.266 0.091 -20.4 35.7 

(0.021) 
Edge 0.102 -26.4 8:3 

(0.017) 
Block 2 

Remote 0.115 0.073 0.123 -9.4 9.3 
Peak 
Edge 

Agreement of MADLSQ-derived quantities. The statistics are computed 
from 1689 redundant determinations (26 percent of phased reflections). 

R*(I°FTI) = .065t (A(A+))* = 22.8"t 
R*(I°FAI) = .311t (u(A+)) = 9.0°t 

(m)§ = 0.89 

*R = Xh Zi lIF,(h)l - (IF(h)l)lph (lF(h)l), tDoes not include reflections with m = 
0. tAfAb) is the difference benveen two inde~endent determinations of . \ , ,  
A+(h). §(m) is the mean figure of merit, and here hcludes 464 reflections (6.4 
percent) with m = 0. 
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agreed well both with a Bijvoet difference Patterson computed from 
the remote wavelength data (15) and a Patterson computed from the 
refined Ho model (Fig. lA), providmg independent evidence for the 
success of the scattering factor refinement. The choice of hand of the 
Ho structure, which cannot be distinguished from the centrosym- 
metric Patterson function, was determined by comparison of figure- 
of-merit weighted electron density maps made with '& derived 
from '4, computed with the Ho atoms in either hand. The choice 
was obvious (Fig. 1B): one map had dearly defined solvent channels 
and a helix, while the other had unrecognizable features. 

The polypeptide chain tracing, sequence registration and a-car- 
bon coordinates were determined for one protomu by inspection of 
a minimap. After a model of this protomer (protomer 1) was built 
with the computer graphics program FRODO (24, protomer 2 was 
located in the minimap by identifying a distinctive duster of 
aromatic residues in uninterpreted density. A second copy of the 
protomer 1 model was moved as a rigid body into the appropriate 
density by means of FRODO, and then refined as a rigid body with 
the program X-PLOR (23), while protomer 1 was kept fixed. 
Adjustments were then made to prommer 2, mainly to account for 
dXecences in lame contam made by the two protomers in the 
asymmetric unit. The quality of the MAD-phased electron density 
map (Fig. 2) allowed us to construct a molecular model with no 

sigxdicant deviations from ideal geometry (Table 3); in particular, 
the 2.5 A Bragg spacing limit allowed unambiguous assignment of 
almost all main-chain carbonyl oxygen positions, so that only two 
residues of this mod4 fell in the "disallowed" region of the 
Ramachandran diagram, and they remain as the only such residues 
after refinement. The model was refined by conjugate gradient 
mhimktion with X-PLOR, first at 2.5 A and then at 2.3 A 
resolution (Table 3); extension to higher resolution awaits measure- 
ment of a complete 1.5 A data set. The first two residues of 
protomu 1, and the first three and last two of protomer 2, are 
poorly defined in the refined model. The cumnt model has been 
deposited in the Protein Data Bank (24) (entry 1MSB). 

Ovenll struchue. The MBP-A CRD adopts a previously unde- 
scribed fold of approximate dimensions 40 by 25 by 25 A3 that is 
best appreciated by following the path of the polypeptide backbone 
through the structure (Fig. 3, A and B). The structure begins as a 
strand from residues 110 through 119 (81) that is interrupted by a 
bulge at residues 115 to 116. The chain then makes a turn into a 
10-residue a helix, followed by 10 residues in an extended confor- 
mation, and a second a helix of 11 residues. The chain continues as 
a 8 strand (82) that curves sharply at GlylS8. This is followed by 
several loops, each containing one classical tight nun (25) in 
addition to stretches of nonregular secondary structure. Loop 1 
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(residues 161 to 168) is a fairly open structure, while loop 2 
(residues 170 to 174) is essentially a tight turn bounded on either 
side by one residue in 8 conformation. An extended stretch at the 
%a&" of the molecule lids loop 2 to loop 3 (180 to 185), which 
ends in a cis-proline (186) that tums the chain into loop 4 (187 to 
194). The backbone continues as paired, antiparallel 8 strands (83 
and g4) that end in a tight turn linked by a disulfide bond to the 
btginning of 83. A 8 strand @5), linked to the first a helix by 
another disulfide bond, ends the structure near its start point by 
antiparallel pairing with 81. 

Loops and extended regions account for more than half of the 
MBP-A CRD stnuhlre: 29 percent of the residues are contained in 
the five 8 strands and 18 percent in the two helices, while 21 percent 
are found in k i d  tight tums and 32 percent in nonregular 
structure. Moreover, while the five 8 strands make up more than 
onequarter of the structure, there is a remarkable lack of extended 
@-sheet structure (that is, containing three or more strands). In 
several places, two p a i d  8 strands form hydrogen bonds with a 
third stretch of residues in 8-sheet patterns. In each case, however, 
the third "strand" runs orthogonally with respect to the other two, 

precluding fbrmation of more than three hydrogen bonds (Fig. 3B). 
For example, in addition to pairing with 84, strand 83 pairs in a 
parallel fashion with residues 180 to 182 of loop 4. S i l y ,  
residues 134 to 136, in the region between the helices, pair in an 
antiparallel manner with the middle of the 85 strand. Strand 82 
highlights the irregular secondary structure of the CRD. The strand 
starts by pairing residues 154 to 156 in a parallel 8 stnuhlre with 
the beginning of 85. Residues 155 to 157 pair with 83 to form a 
pseudo-antiparallel sheet structure, while the main-chain arnide of 
Gly15' forms a hydrogen bond with residue 136 of the s t .  
between the helices. After the turn at 158, residues 158 to 160 pair 
with loop 2 to form a structure akin to a three-strand antiparallel 8 
sheet. Finally, three main-chain carbonyl oxygen atoms in 82 form 
hydrogen bonds with bound water molecules rather than with 
amino acids. 

Strand 82 divides the structure into two halves (upper and lower 
in Fig. 3, A and B): the lower half contains the paired NH2- and 
OH-tenninal 8 strands, the two a helices, and the extended 
inter-helix region, while the upper half contains the four loops, the 
inter-loop region, and the p a .  8 strands 3 and 4. The 82 strand 

Flg. 4. Oligomeric sauaure. (A) Schematic representation of the intact 
MBP aimer (left), the tcimeric fragment containing the neck and CRD 
(upper right), and the dimer studied here (lower right). The organization 
of the CRD's in the intact MBP and in the tcimeric fragment is not known. 
The CRD is represented as an oval, with the two dots denoting the 
Ca2+-biding end. (B) Ribbon diagram (39) of the MBP-A-F2 dimer. 
Structural elements are represented as in Fig. 3A. (C) Stereo view of the 
NH2-terminal region of protomers 1 (green) and 2 (red) that comprise the 
crystallographic asymmetric unit. Residues 109 to 120 of each protomer 
ace shown after applying a transformation that superimposes (40) residues 

119 to 221. Note that residues 119 and 120 superimpose iosely, while the 
main chain atoms of residues 109 to 114 superimpose but are out of 
regism by one residue. (D) The CRD module attaches as a COOH- 
terminal domain to collagenous domains (MBP's, pulmonary surfactant 
apoprotein), membrane anchors (asialoglycoprotein receptors) or epider- 
mal growth factor (EGF)-like domains (proteoglycan core proteins), and 
as an NH2-terminal domain to EGF-like domains (selwtim) or comple- 
ment regulatory domains (proteoglycan core). The macrophage mannose 
receptor contains tandemly repeated CRD's preceded by a fibronectin type 
II repeat. 

SCIENCE, VOL. 254 



m yeuow. w aar mo1ecues arc rcpresencea oy rw 
aosses. H O ~ +  are shown as pink crosses sur- 
rounded by a dot d c e .  Th; two Ho3+ are 
separated by 8.5 11 

Data 

Resolution range 
(A) 

also demarcates two distinct hydrophobic cores. One core, contined 
to the lower part of the molecule (bottom front right in Fig. 3, B 
and C), is composed of residues from 81, helix 1, part of the 
interhelix stretch, 82 and part of 85. The other, larger core extends 
through both halves ofthe domain (left and back of Fig. 3, B and C) 
and is composed of residues from the interhelix region, helix 2,82, 
loops 1 and 2, the region between loops 2 and 3, and strands 3,4, 
and 5. Residues 156 to 159, conserved in all Gtype CRD's (see 
below), play a key role in linking the upper and lower halves of the 
CRD by alternately packing in the two hydrophobic cores. Tht two 
aliphatic side chains on either side of the Gly158 turn pack in the 
large core, while the aromatic side chain at position 156 and the u 
carbon of Gly15' pack in the small core. 

Oligomeric structure. The MBP-A-F2 dimer (Fig. 4A) forms by 
antiparallel pairing of the two NH2-terminal strands (Fig. 4B), 
which buries hydrophobic residues from parts of these strands, and 
the ends of the 85 strands and the two helices in an interface of 
approximately 650 A2 per protomer. Only two residues h m  each 
NH2-tcrminal strand form hydrogen bonds between the protomers. 
A feature of the dimer structure is that the first 12 residues of each 
protomer violate the dimer symmetry. The transformation obtained 
by superposition of residues 119 to 221 [which agrees with the diad 
axis fbund in a self-rotation function (IS)] s u p e r i m v  the main- 
chain atom of residues 110 to 118, except for the bulge, but they 
are out of register by one residue (Fi. 4C). The di&rence appears 
to be due to a lattice contact in the bulge region between the two 

T a b  9. f f iement  statistics for MBP-A-F2. Noncrystallographic 
symmetry mtnints were not applicd. The root-mean-square (rms) 
-cy between isotropic temperature factors of mainchain atoms is 
0.9 A and 1.3 A2 for covalent bond (1-2) and angle ( 1 3 )  related atoms, 
respedvely, and 1.5 AZ and 1.8 A2 for 1-2 and 1-3 related sidechain 
atoms. 

Itan Initial model Current model 

A&& (No.) 

R 

Bond angles ("1 
Dihedral angles (0) 
Improper torsion (0) 
Peptide o angles (") 

OFT Remote wavelength* 
all data phased all data olxaved 
5.0-2.5 5.0-2.3 

1839 (indudes 57 
wata m o l d & )  

0.176 

coordinates, but pve morc realistic mnpaaturc factors. Bijvoct mates were mated as 
=pane obsamtlom, and thc lnomalous sattaing hctor wmai~f l~  f' = -9.4, f' 
= 9.3 c were applied. tDocs not indudc the eight prolines, which arc dinortcd by 
the modcl rcgulviPr in FRODO (22). 

parts of the 81 strand of the protomer 2 (residues 115 to 117), 
which "pullsn the chain one residue along the paired 85 strand. 

The variability of the structure in the NH2-terminal region 
suggests that the proteolytic digestion used to make MBP-A-F2 
produces an artifictual dimer interface. In the intact molecule, the 
polypeptide p r e d h g  the MBP-A-F2 portion may interact with the 
81 strand in a manner akin to the interaction between protomers, 
with hydrophobic contacts similar to those that form the dimer 
interface contained within the protomer. Native MBP's are oligo- 
mers of a trimeric building black that is stabilized by the collagenous 
triple helix (Fig. 4A), and it seems likely that the collagenous stalk 
imposes a quasi thrrefbld symmetry relation among the COOH- 
termid em's. If any inter-CRD contact surfaces exist in the intact 
MBP, they cannot be axeruined from the present dimeric structure. 
However, a li-agment of MBP-A containing the CRD plus the 40 
amino acid neck that connects the CRD to the collagenous domain 
is a trimer (Fig. 4A) (15). Completion of the crystal structure ofthis 
w e n t  should provide insight into the structure of this region and 
the relative disposition of the CRD's in the intact MBP. 

Cation and-&bohydraa binding sites. The two holmium ions 
(labeled 1 and 2 in Figs. 3,5, and 6) form an integral part of the 
structure by pinning together several loop regions. The srma~re 
around the cation sites bears no resemblance to known Ca2+- 
binding motifs such as the E-F hand (26), which is not surprisihg 
given the much weaker w+ &ty of C-type lectins (-0.1 mM) 
(15, 27) commensurate with their presence in the extracellular 
environment; nor is it similar to the metal-binding sites in plant 
lectins such as concanavilin A (28). Loops 1,3, and 4 contain most 
of the proteinderived ligands in both sites, with the remainder 
located in the 84 strand. Each H O ~ +  appears to be ligated by one 
main-chain carbonyl oxygen atom, one water molecule, and five 
oxygen atoms fiom amino acid side chains (Fig. 5). The limited 
resolution ofthe present structure predudes definitive analysis of the 
coordination, as ambiguity remains as to whether certain carboxy- 
late ligands are uni- or bidentate, but the sevtnfold coordination 
appears to be similar to that o h n  seen in protein-Ca2+ complexes 
(29). In site 1, all of the ligating side chain oxygen atoms come fiom 
carboxylates of aspartic and glutamic acid, while in the other site a 
mixture of three carboxylate and two carbonyl oxygen atoms, the 
latter fiom asparagine residues, serve as ligands. Two residues h d  
in all Gtype ClWs link the two sites: binds to site 2 via its 
carboxylate side chain and to site 1 with its main-chain carbonyl 
oxygen atom, and Asp- binds to site 2 with one of its carboxylate 
oxygen atoms and its main-chain carbonyl oxygen atom, while its 
other carboxylate oxygen atom forms a hydrogen bond with a water 
molecule that serves as a lieand in site 1. 

The p v e  of carboxyLte groups as cation ligands suggests that 
they contribute to the reversible loss of ligand binding at mildly acid 

seen in several dSerent Gtype ~ R b ' s ,  includi;lg the AhP's. 
This phenomenon is central to the function of the endocytic 
receptor members of the Gtype lectin family, since these receptors 
bind to their ligands at the cell surface, dissociate from them in the 
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low pH environment of the endosome, and then return to the cell 
surface for another round of binding (30). The release of ligand at 
low pH results from decreased Ca2+ Anity at the endosomal pH of 
5.0 to 5.5 because of a conformational change in the CRD (27). We 
suggest that one effect of low pH is to shift the equilibrium toward 
the ligand nonbinding state by protonating the calcium-ligating 
carboxylate groups at the two sites, so that they no longer bind 
Ca2+. The midpoint of the transition between sugar binding and 
nonbinding states is pH 6.2. Therefore, this mechanism requires 
that the ligating acids have aberrantly high pK, values, which seems 
reasonable since the proximity of several negatively charged acidic 
groups should stabilize their protonated forms. Despite the presence 
of Ca2+ -ligating carboxylate groups, not all C-type CRD's release 
their carbohydrate ligands at low pH. Thus, while protonation of 
Ca2+ ligands may be necessary for carbohydrate ligand release, it is 
not sufficient. Several MBP-A mutants with reduced Ca2+ Anity, 
but normal ligand binding activity in the presence of sufficient Ca2+, 
map to the central part of the moleculein the hydrophobic cores, 
away from the Ca2+ sites (31). The change to a nonbinding state 
thus appears to involve residues beyond the immediate vicinity of 
the calcium ions. It  is conceivable that titratable groups other than 
those involved in cation ligation also contribute to the pH-induced 
triggering of the transition. If this is so, different C-type lectins may 
take distinct paths to the low pH, ligand nonbinding state, as there 
are no titratable residues other than Ca2+ ligands common to all 
CRD's that release ligand at low pH. Ultimately, the structure of the 
low pH, Ca2+-free form of a CRD will be needed to understand the 
nature of this reversible change. 

The location of the carbohydrate binding site is not obvious in the 
structure described. Inspection of the molecular surface reveals a 
number of relatively shallow depressions that might serve as binding 
sites, as found in other lectins with known three-dimensional 
structures. Results of random mutagenesis of MBP-A (31) show 
that amino acid substitutions that give a wild-type binding pheno- 
type map to surfaces in the lower part of the domain and to loops l 
and 2, but the absence of mutations in the remaining surfaces 
precludes localization of a binding site. Since the actual nmber  of 
sugars recognized by the MBP protomer is unknown, it is possible 
that the binding site will extend over a substantial portion of the 
surface. The structure of the Ca2+-MBP-A-F2 oligosaccharide com- 
plex (15) remains to be determined. 

Homology to other C-type lectins. Several features of the MBP- 

A-CRD structure suggest that it can be considered a prototype C-type 
CRD fold. Alignment of 22 CRD sequences reveals 14 absolutely 
conserved amino acids, with an additional 18 conserved in character 
(Fig. 6). Most of these residues fall into three classes: cysteines 
involved in disulfide bond formation, residues packed in the hydro- 
phobic cores, and Ca2+ ligands (Fig. 3C). The four cysteines in the 
two disulfide bonds are conserved and, although the MBP-A disulfide 
bond pattern has never been determined chemically, the nested 
disulfide pattern seen in the three-dimensional structure (Cys128- 
Cys217 and Cys195-Cys209) agrees with that determined by amino acid 
sequencing of several other C-type lectins (32). Many other conserved 
residues pack together elements of secondary structure in the hydro- 
phobic cores. The conserved "WIGL" sequence (aromatic-aliphatic- 
glycine-aliphatic) at residues 156 to 159 in P2 indicates that the 
hydrophobic packing at this turn is common to all C-type CRD's. 
Residue Gly158 appears to be conserved because of its tight padring, 
which sterically excludes amino acids with larger side chains; the 
main-chain torsion angles at this position do not preclude other amino 
adds. In contrast, Pro186, which packs into the larger core, appears to 
be conserved to allow the turn characteristic of the cis-peptide bond 

- - 
between loops 3 and 4. 

Positions of insertions and deletions needed to align the groups of 
C-type CRD's (Fig. 6) map to the surface of the molecule: in the 
turn between a 2  and P2, in loops 2 and 4, in the region between 
loops 2 and 3, and in the turn between P3 and p4. Therefore, it 
appears that the known C-type CRD sequences can be accomrno- 
dated on the structure presented here without disturbing the basic 
fold. Nonetheless, the sequence alignments reveal interesting varia- 
tions. For example, in the selectins, two bidentate carboxylate 
ligands at Ca2+ site 1 are missing (Fig. 6), and no oxygen- 
containing side chains are present in the vicinity to replace them. 
This suggests that site 1 may be absent in these proteins, although 
it is possible that main-chain carbonyl oxygens or water molecules 
(or both) serve as Ca2+ ligands in these molecules. (Whereas the 
selectins have been shown to require Ca2+ for function, the binding 
stoichiometry is not known.) 

The proximity of the NH2- and COOH-termini suggests that, 
despite the variable locations of the CRD's in the primary structures 
of C-type lectins, the CRD's can combine with their respective 
effector domains in spatially similar ways. For example, CRD's lie on 
the COOH-terminal side of the transmembrane domains of the 
asialoglycoprotein receptors (33), while in the selectins they are 

Fig. 6. Alignment of C-type CRD se- 
quences. Twenty-two sequences were 
aligned with a multidimensional dy- 
namic programming algorithm (41). 
One representative from each of four 
subgroups of C-type lectins (42) is 
shown. The four sequences shown are: 
rat MBP-A (34), representing group 
111 (C-type lectins with collagenous 
domains); rat proteoglycan core pro- 
tein (12) from group I (proteogly- 
cans); major form of the rat asialogly- 
coprotein receptor (rat hepatic lectin I) 
(43) from group 11 (type I1 receptors); 
mouse lymphocyte homing receptor 
(MEL-14 antigen) (10) from group IV 
(selectins). The numbering of the in- 

MBP-A LHAFSMGKKSG~FVTNHERMPFSKVKALCSELRGTVAIPRN~EENKAIOEV~KT--- -- - -  - - -  - -  ~~ ~- --- - -  - 

Proteoglycans AADQCEEGWTKFQGHCYRHFPDRETWVDAERRCREQQSHLSSIVTPEEQEmQD--- 
Type I1 receptors  GSERICCPINWVEYEGSCYWFSSSVWWTEADKYCQLENAHLVWTSWEEQRFVQQHMGP--L 
Select i n s  DFLIHHGTHCWTYHYSEKPMNWENARKFCKQNYTDLVAIQNKREIEYLENTLPKSPY 

Conservation 
Calcium l igands 
Secondary s t r u c t u r e  

160 170 180 190 200 210 220 
SAFLGITDEVTEGQFMYVTGGR--LT--YS~EPNDHGS-----GEDCVTIMN-----GLWNDISCQASHTAVCEFPA 
YQWIGLNDRTIEGDFRWSDGHS--LQ--FEKWRPNQPDNFF----ATGEDCVVMIWHER---GEWNDVPCNYQLPFTCKKGTVA 
NTWIGLTDQ--NGPWKWVDGTD--YETGFXNWRPGQPDDWYGHGLGGGEDCAHFTTD-----GHWNDDVCRRPYRWVCETELGKAN 
Y Y W I G I R K I - - G K M W T W V - G T N K T L T I C E A E N W G A G E P N N K  

$ 9 ~ 0  a a $ x G x x w ZPBB E m 0  X G W N D  C X C  
1 1  2 21 2 1 22 

lc82-i k ~ 1 - 4  I424 k L 3 4  * L 4 4  b 8 3 4  k84-i k-Bs-L( 
tact rat MBP-A is shown-at the top. 
The sequences shown start at the boundary of the exon encoding the are considered conserved if found in a given position with no more than 1 
designated CRD. The MBP-A-F2 fragment begins at Ser 107. On the lines exception. Italicized symbols indicate that the designated residue is found 
marked "conservation," invariant amino acids are shown in single-letter with 2 to 4 exceptions. For example, position 161 is always D, N or E except 
code; positions conserved in character are shown with the following code: 0 in the 4 selectin sequences used in the alignments. The cation site (1 or 2) to 
= aliphatic; I+ = aromatic; x = aliphatic or aromatic; Z = E or Q; B = D which a side chain contributes oxygen ligands is shown below that residue. 
or N; R = side chain with carbonyl oxygen atom (D, N, E or Q). Residues a helices, P sheets, and loops denoted by a, P, and L, respectively. 
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NH,-terminal to epidermal growth factor (EGF) and complement- 
regulatory domains, as well as their membrane anchors (9,0). It is 
easy to envision that the CRD's in these two types of membrane 
proteins would be similarly disposed with respect to the cell 
membrane, probably with the 'bpper" half (Fig. 3A) pointing away 
from the cell surface. The COOH-terminal orientation of the CRDys 
in both MBPys and the asialoglycoprotein receptors suggests that 
their attachment to collagenous domains (MBP's) or transmem- 
brane domains (receptors) through short neck peptides is similar. 
This notion is supported by the observation that the CRD's of these 
proteins can be removed readily by proteolyuc digestion in the neck 
region (34, 35). The macrophage mannose receptor (1 1) presents a 
more complicated example, as it contains eight tandemly repeated 
CRDys. It is clear, however, that the CRD is a tightly folded, 
modular unit that can be placed in many orientations within the 
structure of C-type lectins (Fig. 4D). 

Prospects for MAD phasing. The accuracy of the phases ob- 
tained for the Ho3+-substituted MBP-A CRD emphasizes the 
advantages of using LIII-edge anomdous scattering for MAD 
structure determination. K-edge scattering effects, which are sub- 
stantially weaker and therefore make more stringent demands on 
data quality, have been used in most previous MAD experiments 
(36). Atoms commonly used for heavy atom derivatives in isomor- 
phous replacement, such as Pt, Au, Hg, and Pb, should be generally 
applicable vehicles for MAD phasing, because their L,,, edges fall 
at especially convenient wavelengths (- 1.0 A), although the 
variation of the anomalous scattering factors at the LIII edge is 
smaller for these atoms than for lanthanides. MAD offers the 
distinct advantage of not requiring isomorphism, which often 
limits the attainment of reliable phases past moderate resolution 
limits, and which would allow preparation of heavy atom deriva- 
tives prior to crystallization to ensure complete substitution. 
Finally, the direct refinement of the anomalous scattering factors, 
as described above, offers a convenient and potentially more 
accurate way to obtain these essential parameters. 
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