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Surfactant protein D (SP-D), one of the members of the
collectin family of C-type lectins, is an important component
of pulmonary innate immunity. SP-D binds carbohydrates in
a calcium-dependent manner, but the mechanisms governing
its ligand recognition specificity are not well understood.
SP-D binds glucose (Glc) stronger than N-acetylglucosamine
(GlcNAc).Structural superimpositionofhSP-Dwithmannose-
binding protein C (MBP-C) complexed with GlcNAc reveals
steric clashes between the ligand and the side chain of Arg343

in hSP-D. To test whether Arg343 contributes to
Glc4GlcNAc recognition specificity, we constructed a com-
putational model of Arg343!Val (R343V) mutant hSP-D
based on homology with MBP-C. Automated docking of a-
Me-Glc and a-Me-GlcNAc into wild-type hSP-D and the
R343V mutant of hSP-D suggests that Arg343 is critical in
determining ligand-binding specificity by sterically prohibit-
ing one binding orientation. To empirically test the docking
predictions, an R343V mutant recombinant hSP-D was con-
structed. Inhibition analysis shows that the R343V mutant
binds both Glc and GlcNAc with higher affinity than the wild-
type protein and that the R343V mutant binds Glc and
GlcNAc equally well. These data demonstrate that Arg343 is
critical for hSP-D recognition specificity and plays a key role
in defining ligand specificity differences between MBP and
SP-D. Additionally, our results suggest that the number of
binding orientations contributes to monosaccharide binding
affinity.
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Introduction

Pulmonary surfactant is a complex mixture of lipids and
proteins present in the alveolar compartment of the lungs.
In addition to preventing alveolar collapse during expira-
tion, there is increasing evidence that the protein compo-
nents of surfactant play a significant role in pulmonary host
defense. Specifically, numerous in vitro (Crouch, 1998,
2000; Mason et al., 1998; Wright, 1997) and more recently
in vivo studies that include the use of gene-targeted mice
deficient in the surfactant proteins (SP) A or D (Hickling
et al., 1999; LeVine et al., 1997, 1998, 1999a,b, 2000; Madan
et al., 2001), have demonstrated a host defense role for these
two proteins.

SP-A and SP-D are members of the collectin family of C-
type lectins that also includes the mannose-binding proteins
(MBPs). C-type lectins have a 115±120-amino-acid calcium-
dependent carbohydrate recognition domain (CRD). SP-D
also has an N-terminal region involved in interchain disul-
fide bonding followed by a collagen-like domain and a neck
region that connects the collagen-like domain to the C-
terminal CRD (Kuroki and Voelker, 1994). SP-D oligo-
merizes through trimeric intermediates to form cruciform-
like dodecamers. Both the noncovalent and covalent oligo-
merization of SP-D function to amplify its binding affinity
for multivalent ligands.

Among the C-type lectins, selectins function in cell adhe-
sion and the collectins SP-A, SP-D, and the MBPs are
effectors of innate immunity. Recognition of specific carbo-
hydrate structures is crucial to these functions, and there-
fore the mechanisms of carbohydrate ligation by C-type
lectins have been the subject of extensive study (Allen
et al., 2001; Burrows et al., 1997; Feinberg et al., 2001;
Graves et al., 1994; Hitchen et al., 1998; Lee et al., 1991;
Ng et al., 1996, 2002; Simanek et al., 1998; Somers et al.,
2000; Weis et al., 1992). Previous work has included engi-
neering the MBPs, selectins, SP-A, and SP-D for altered
ligand binding specificity (Blanck et al., 1996; Drickamer,
1992; Kogan et al., 1995; McCormack et al., 1994; Ng and
Weis, 1997; Ogasawara and Voelker, 1995a). The 3D struc-
ture of the trimeric neck-CRD regions of human SP-D
(hSP-D) has been reported in both unligated (Hakansson
et al., 1999; Shrive et al., 2003) and maltose-ligated forms
(Shrive et al., 2003). The corresponding 3D structure for
unligated SP-A has also recently been reported (Head et al.,
2003).

We previously used automated computational docking
and inhibition analysis to examine and define the glycosidic
bond configurations required for nonterminal sugar unit
recognition by hSP-D (Allen et al., 2001). One advantage
of automated docking is that it allows the visualization of
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multiple ligand binding modes, some of which may not be
the most energetically favorable and might not be detected
by other techniques. However, given that collectin-ligand
interactions are multivalent with respect to both the recep-
tor and the ligand, it is important to consider suboptimal
binding modes when using a monovalent model system,
such as competitive inhibition with monosaccharides. In
fact, our previous docking efforts suggested a novel orien-
tation for glucose binding by hSP-D (Allen et al., 2001).
Although this orientation was not the lowest energy struc-
ture, its existence was supported using competitive inhibi-
tion analysis (Allen et al., 2001). Thus when combined with
experimental work, automated docking is a powerful tool
for examining complex protein±ligand interactions.

Previous work by others examined the mono-, di-, and
trisaccharide specificity of rat SP-D (rSP-D) by competitive
inhibition analysis (Persson et al., 1990) and assigned mono-
saccharide binding affinity in the order a-Me-Glc4
Glc4 b-Me-Glc4GlcNAc. We found the specificity
Glc � GlcNAc intriguing because the highly homologous
MBP-A shows recognition affinity in the order Glc �
GlcNAc (Drickamer, 1992; Lee et al., 1991).

This study was designed to more completely define the
mechanisms governing carbohydrate recognition specificity
by hSP-D. We used automated docking, mutagenesis, and
inhibition analysis to examine monosaccharide recognition
by hSP-D. Our findings provide a clear molecular explana-
tion for the differences in binding specificity between SP-D
and MBP for GlcNAc ligands. In addition, these results
suggest a rational mechanism for genetic engineering of C-
type lectin recognition specificity.

Results and discussion

hSP-D recognizes carbohydrates in the order
Glc � a-Me-Glc � b-Me-Glc4GlcNAc

We first tested Glc, a-Me-Glc, b-Me-Glc, and a-Me-GlcNAc
for their ability to inhibit carbohydrate recognition by hSP-
D. Binding of wild-type hSP-D to mannose-Sepharose
beads is inhibited by monosaccharides in the order
Glc � a-Me-Glc � b-Me-Glc4a-Me-GlcNAc. The Ki

for a-Me-GlcNAc is approximately three times that found
for Glc, a-Me-Glc, or b-Me-Glc (Table I). In work

performed previously and in this project, Glc is approxi-
mately three times more effective than GlcNAc at inhibiting
hSP-D binding to Aspergillus fumigatus conidia (IC50 for
Glc� 17.8� 1.7 mM [Allen et al., 2001]; IC50 for
GlcNAc� 52.0� 4.3 mM; data are average� SE of three
experiments), showing that this recognition profile is not
unique to a specific ligand. Furthermore, the
Glc4GlcNAc affinity difference for SP-D found here
agrees with findings from other laboratories (Kuan et al.,
1992; Persson et al., 1990; Vuk-Pavlovic et al., 2001). Spe-
cifically, rSP-D showed a 10-fold preference for Glc over
GlcNAc when the monosaccharides were used as inhibitors
of rSP-D binding to maltosyl±bovine serum albumin (BSA)
(Persson et al., 1990).

The observation that SP-D recognizes Glc more readily
than GlcNAc is interesting, because the only structural
difference between the sugars is a 2-N-linked acetyl group,
whereas the predominant binding interactions occur
between the protein and the 3- and 4-OH of the ligand
(Shrive et al., 2003). Furthermore, the highly homologous
MBP-A recognizes Glc and GlcNAc equally (Drickamer,
1992; Lee et al., 1991).

The lack of a significant difference among Glc, a-Me-Glc,
and b-Me-Glc as inhibitors of hSP-D binding to mannose-
Sepharose beads differs from the results with rSP-D, where
the order is a-Me-Glc4Glc4 b-Me-Glc (Persson et al.,
1990). The reasons for the differences between hSP-D and
rSP-D are unclear, but they may relate to subtle changes in
amino acid residues distant from the primary binding site.
Residue 343, which is near the binding site and is the subject
of computational modeling and mutagenesis in this study, is
Lys in rSP-D and Arg in hSP-D.

Superimposition of GlcNAc in the hSP-D binding site
reveals steric clashes with Arg343

Because MPB-A and SP-D differ in their relative affinity for
Glc and GlcNAc, we wished to elucidate the mechanisms
governing this specificity in hSP-D. Figure 1 shows the
structure of a-Me-GlcNAc complexed with amino acid resi-
dues Glu190, Asn192, Glu198, Asn210, Asp211, and Val212 of
MBP-C (Ng et al., 1996). The first five residues make up the
primary carbohydrate and calcium-binding site and are con-
served in the MBPs and SP-D. The ligand is bound primarily
by hydrogen bonds between the protein and the 3- and 4-OH
groups on the sugar ring, as seen for a variety of carbo-
hydrate ligands bound by both MBP-C and MBP-A
(Ng et al., 1996, 2002). When the extracyclic C-6 is on the
left as shown in Figure 1, the orientation is designated ECL
(extracyclic carbon left) (Allen et al., 2001). The ECL orien-
tation is also seen in MBP-C complexed with a-Me-Man
(Ng et al., 1996). Significantly, in the structure of MBP-A
complexed with a terminal mannose unit, the ligand is
rotated 180� relative to Figure 1 so that the extracyclic
carbon is on the right in an orientation we refer to as ECR
(extracyclic carbon right and similar to the orientation
shown in Figure 2B).

Superimposition of the SP-D (Hakansson et al., 1999) and
MBP-C binding sites reveals a steric clash between the ligand
and hSP-D residue Arg343, corresponding to Val212 in MBP-C
(Figure 1). The residue corresponding to Val212 is conserved

Table I. Wild-type and R343V hSP-D binding to mannose-Sepharose and
inhibition of binding by monosaccharides

Ki (mM)

SP-D form Kd (nM) Glc b-Me-Glc a-Me-Glc a-Me-GlcNAc

Wild type 120� 30a 29� 5 37� 4 30� 2 89� 14b

R343V 150� 50 NDc ND 9� 2 10� 2

Dissociation constants (Kd) and inhibition constants (Ki) are shown.
a
Data are the average� SE of three experiments unless otherwise indi-
cated.
b
Datum is the average� range of two experiments.

c
Not determined.
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in the MBPs as either Val or Ile, whereas it is conserved as
either Arg or Lys in all published SP-D sequences. In the
recently reported hSP-D structure complexed with maltose,
a strained relationship between the Arg343 side chain and the
carbohydrate ligand was noted (Shrive et al., 2003), leading
the authors to speculate that this residue plays a critical role in
ligand recognition by the protein. Additionally, although the
Arg343 side chain was noted to adopt different conforma-
tions in the six CRD structures reported (Shrive et al., 2003),
all conformations displayed steric clashes similar to those
represented in Figure 1 on superimposition of GlcNAc as
described above. Moreover, previous studies of monosac-
charide binding by the macrophage mannose receptor C-type
lectin and chicken hepatic lectin led to the conclusion that
the homologous residue in those proteins (Ile749 and Val191,
respectively) participates in GlcNAc binding specificity
(Burrows et al., 1997; Hitchen et al., 1998). Taken together,
these observations strongly suggest that Arg343 in hSP-D
plays a significant but as yet undefined role in carbohydrate
recognition by the protein.

a-Me-GlcNAc binding by MBP

To begin our theoretical analysis of carbohydrate recogni-
tion specificity by hSP-D, we first docked a-Me-GlcNAc
into the MBP-C carbohydrate-binding site (not shown;
docking energies presented in Table II). Using
these methods we reproduced the known orientation of
a-Me-GlcNAc complexed with MBP-C (ligand in the
ECL orientation [Ng et al., 1996]). The root-mean-square
deviation for the ring atoms of the docked ligand was 1.0 AÊ

relative to the known crystal structure. Our docking
simulations also predicted ligand binding in the ECR

orientation. This suggests that both binding ECR and
ECL modes may exist in solution. The crystal structure of
highly homologous MBP-A complexed with a-Me-GlcNAc
was recently reported (Ng et al., 2002). In that work the
ligand was bound in both ECR and ECL orientations
(called orientation I and orientation II, respectively). Addi-
tionally, in the structure of the disaccharide Mana1-3Man
complexed with MBP-C the ligand was reported to be
bound in both ECL and ECR orientations (Ng et al.,
2002). Thus multiorientation ligand binding is possible for
C-type lectins including MBP-C.

Fig. 1. hSP-D crystal structure (green) superimposed on the crystal
structure of MBP-C (red) complexed with a-Me-GlcNAc. SP-D residue
numbering: no parentheses; MBP-C residue numbering: parentheses.
The methyl group of the bound ligand is not visible. Carbon atom
numbering for the ligand is indicated. Coordinates for MBP-C and SP-D
are from PDB accession codes 1rdn (Ng et al., 1996) and 1b08
(Hakansson et al., 1999), respectively.

(a)

(b)

Fig. 2. Structures of a-Me-Glc docked into wild-type hSP-D
(Hakansson et al., 1999). (a) ECL orientation; (b) ECR orientation.
Oxygen, light gray spheres; calcium, dark gray sphere; nitrogen, black
spheres. Dashed lines represent hydrogen bonds.

Mechanism of ligand affinity by SP-D
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Automated docking suggests that wild-type hSP-D binds
a-Me-Glc in two orientations but binds a-Me-GlcNAc
in only one orientation

Automated docking was used to model a-Me-Glc and a-
Me-GlcNAc binding by hSP-D. It predicts binding of a-
Me-Glc in both ECR and ECL orientations (Figure 2),
similar to previous results for docking of b-Glc with
hSP-D (Allen et al., 2001). The docked energies of both
orientations are similar (Table II). However, only the
ECR orientation was permissible when a-Me-GlcNAc was
docked into hSP-D (Figure 3). Given the superimposition
shown in Figure 1, it seems reasonable to conclude that the
ECL orientation is not allowed for a-Me-GlcNAc binding
due to steric hindrance between the bulky group at C-2 of
the GlcNAc ring and the Arg343 side chain.

We hypothesize that the number of low-energy binding
orientations contributes to the overall affinity for a given
ligand. The fact that a-Me-GlcNAc is a weak ligand for
SP-D compared to a-Me-Glc likely reflects binding in the
ECR orientation only. In support of this idea, previous
work has shown that myo-inositol is a more potent SP-D
inhibitor than Glc in competition studies with complex
ligands (Allen et al., 1999; de Wetering et al., 2001).
myo-Inositol has five equatorial OH groups, whereas
a-Glc and b-Glc have three and four, respectively. Because
vicinal equatorial OH groups are critical to carbohydrate
recognition by SP-D, the likely explanation for the
myo-inositol4Glc affinity profile is that the number of
possible binding orientations is greater for myo-inositol
than for Glc.

Automated docking suggests that R343V mutant hSP-D
binds a-Me-Glc and a-Me-GlcNAc in two
orientations

To probe the role of Arg343 in monosaccharide recognition,
a computational model of Arg343!Val (R343V) mutant
hSP-D was constructed, and both a-Me-Glc and a-Me-
GlcNAc were docked into it. Their docking energies are
presented in Table II. These docking simulations suggest
that R343V hSP-D binds a-Me-Glc in ECR and ECL
orientations, similar to wild-type hSP-D. However, unlike
the wild-type protein, the docking studies suggest that
R343V hSP-D also binds a-Me-GlcNAc in both ECR and
ECL orientations (Figure 4). These calculations support the

idea that Arg343 prohibits the ECL orientation for a-Me-
GlcNAc in wild-type hSP-D.

R343V mutant hSP-D recognizes Glc and
GlcNAc equally

To test the hypothesis that steric clashes between the N-
linked acetyl group at the 2-position on the GlcNAc sugar
ring and the side chain of Arg343 are responsible for the
Glc4GlcNAc recognition specificity, an R343V hSP-D
was constructed and purified by mannose-Sepharose affi-
nity chromatography and elution with ethylenediamine
tetraacetic acid, identical to the method used for wild-type
hSP-D purification. The successful purification of the
R343V mutant demonstrates that it retains calcium-
dependent carbohydrate binding and suggests proper fold-
ing of the mutant protein's CRD.

Analysis of the purified R343V mutant by sodium dodecyl
sulfate±polyacrylamide gel electrophoresis (SDS±PAGE)
and western blotting showed the presence of a significant
amount of mutant SP-D monomer and dimer (in addition
to the expected trimer) under denaturing, nonreducing con-
ditions (data not shown). Wild-type hSP-D migrated pre-
dominately as trimer, with only minor amounts of
monomer and dimer under similar conditions. The reasons
for the unexpected migration are most likely related to the
altered carbohydrate recognition profile discussed later. It
is known that single CRD units of SP-D have only weak
affinity for carbohydrate ligands (Ogasawara and Voelker
1995b) and fully oligomerized SP-D binds the same ligands
with much higher affinity due to increased avidity of the

Table II. Calculated energies for docked monosaccharides

Optimal docked energy (kcal/mol)

Ligand
Receptor
protein ECL ECR Figure

a-Me-GlcNAc MBP-C ÿ71.12 ÿ69.64 Not Shown

a-Me-Glc Wild-type hSP-D ÿ65.22 ÿ63.32 2

a-Me-GlcNAc Wild-type hSP-D ÿ66.39 3

a-Me-Glc R343V hSP-D ÿ57.41 ÿ57.79 Not Shown

a-Me-GlcNAc R343V hSP-D ÿ60.33 ÿ63.87 4

Fig. 3. Structure of a-Me-GlcNAc docked into wild-type hSP-D
(Hakansson et al., 1999). Atomic color scheme as in Figure 2.

M.J. Allen et al.

696

 at U
niversity of N

orth T
exas on January 13, 2017

http://glycob.oxfordjournals.org/
D

ow
nloaded from

 

http://glycob.oxfordjournals.org/


multimeric molecule. The R343V mutant hSP-D displays
higher affinity for monosaccharide binding than its wild-
type counterpart that results in successful affinity purifica-
tion of the incompletely oligomerized protein.

a-Me-Glc and a-Me-GlcNAc were tested for their ability
to inhibit R343V hSP-D binding to mannose-Sepharose
beads. R343V hSP-D has increased apparent affinity for
both a-Me-Glc and a-Me-GlcNAc (Table I). These find-
ings are consistent with the R343V mutant having a less
restricted binding site due to the substitution of a smaller
side chain for a larger one, thus relieving the strain between
the protein and ligand (Shrive et al., 2003). Significantly, the
mutant showed Ki's reduced by a factor of three for a-Me-
Glc, and reduced by a factor of nine for a-Me-GlcNAc
relative to the wild-type hSP-D. Thus the R343V mutation
not only increases affinity for monosaccharides generally
but specifically increases affinity for a-Me-GlcNAc.

Therefore, the Ki data in Table I agree with the structural
superimposition and automated docking observations that
suggest restricted recognition of a-Me-GlcNAc by wild-
type hSP-D.

Future work

Given the physical and chemical nature of Arg343 and its
close proximity to the carbohydrate-binding site, it will be
interesting to test Arg343 mutants for recognition of other
targets. For example, SP-D binds negatively charged
ligands, such as phosphatidylinositol (Ogasawara et al.,
1992) and bacterial lipopolysaccharide (Kuan et al., 1992).
It is possible that electrostatic interactions play a role in
recognition of these ligands and that the positive charge
associated with Arg343 contributes to binding specificity.
Additionally, the conservation of this residue is noteworthy.
The residue corresponding to Arg343 is conserved as either
Arg or Lys in all SP-D and SP-A sequences reported, as Val
or Ile in the MBPs, and as Glu or Asp in the selectins.
Clearly this site has been the subject of selective pressure.
Understanding the role of this residue in C-type lectin
ligand recognition specificity will be crucial to understand-
ing the functions of these proteins.

Conclusion

We have demonstrated that Arg343 plays a key role in
dictating the affinity of hSP-D for substituted monosac-
charides and that R343V is a gain-of-function mutation
for a-Me-GlcNAc binding by the protein. Additionally,
we conclude that the identity of the residue corresponding
to Arg343 is critical in determining the ligand recognition
specificity differences between SP-D and MBP. This residue
likely plays a key role in the ligand recognition profile of
other C-type lectins as well.

The recently reported structures of MBP-A and MBP-
C bound to single ligands in multiple orientations (Ng
et al., 2002) demonstrate that multiorientation binding is
possible for C-type lectins. Although not all ligands may
be bound in this manner, multiorientation binding may
be a general property of C-type lectins and be important
for microbial recognition by the proteins. For example,
multivalent binding of C-type lectins is thought to be
required for productive microbial recognition. Multiva-
lent binding is a result of multiple CRDs on a single
lectin molecule recognizing multiple ligand sites on the
cell surface. This multivalent binding contributes to the
affinity and specificity of the recognition event. If some
of the ligands are presented in suboptimal orientations,
we propose that they could still be bound by the lectin
and contribute to the overall binding affinity.

Materials and methods

Materials

The fluorescein isothiocyanate (FITC)-conjugated F(ab0)2

fragment of donkey anti-rabbit IgG was from Jackson
ImmunoResearch (West Grove, PA). Unless otherwise
noted, all other materials were from Sigma (St. Louis,
MO). A. fumigatus conidia, recombinant hSP-D expressed

(a)

(b)

Fig. 4. Structures of a-Me-GlcNAc docked into R343V hSP-D. (a) ECR
orientation; (b) ECL orientation. Atomic color scheme as in Figure 2.

Mechanism of ligand affinity by SP-D
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in Chinese hamster ovary (CHO) K1 cells, and polyclonal
rabbit anti-hSP-D antibody were prepared exactly as
described previously (Allen et al., 1999).

Mutagenesis of hSP-D

For site-directed mutagenesis, the cDNA encoding hSP-D
was cloned into the pGEM-7Zf plasmid (Promega,
Madison, WI) at 50 HindIII and 30 EcoRI sites. Mutations
coding for the Arg343!Val (R343V) substitution were intro-
duced using the QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) and the mutagenic primers
TGGCAAGTGGAATGACGTGGCTTGTGGAGAAAA
GCGTC and GACGCTTTTCTCCACAAGCCACGT-
CATTCCACTTGCCA, where the underscored nucleotides
indicate DNA mismatches coding for the substitution. The
presence of the mutation was verified by DNA sequencing.
The cDNA encoding the mutant hSP-D gene was then
cloned into pEE14 on 50 HindIII and 30 EcoRI sites and
transfected into CHO K1 cells using LipofectAMINE
(Gibco BRL, Rockville, MD). Clones were selected using
cloning cylinders. A single high-expressing clone was
selected, and the mutant hSP-D was purified as previously
described using mannose-Sepharose affinity chromatogra-
phy (Allen et al., 1999). The wild-type and mutant proteins
used in this work were judged to be pure by SDS±PAGE,
Coomassie blue staining, and western blotting.

Binding of hSP-D to mannose-Sepharose beads

Varying concentrations of hSP-D were incubated with
0.52 mg dry weight (the pellet from 20 ml of a 50% aqueous
suspension) mannose-Sepharose beads for 1 h at 25�C in
calcium binding buffer (CBB) (130 mM NaCl, 13 mM
NaN3, 5 mM KCl, 3 mM sodium phosphate buffer, 10 mM
HEPES, 2 mM CaCl2, and 1 mM MgSO4 at pH 7.4) contain-
ing 1% heat-inactivated and dialyzed fetal bovine serum. The
total binding volume was 0.1 ml. The mannose-Sepharose
beads were then washed four times with CBB to remove
unbound hSP-D (centrifugation at 510� g for 2 min) and
incubated for 1 h at 25�C with 0.3 ml total volume of 20 mg/
ml rabbit polyclonal anti-hSP-D IgG in CBB. The beads
were again washed four times with CBB to remove unbound
anti-hSP-D (centrifugation at 510� g for 2 min) and incu-
bated for 1 h at 25�C with 0.24 ml total volume of 20 mg/ml
FITC-conjugated F(ab0)2 fragment of donkey anti-rabbit
IgG in CBB. The beads were washed three times with CBB
to remove unbound secondary antibody (centrifugations at
510� g for 2 min) and suspended in 1 ml CBB. For analysis,
0.8 ml of the mannose-Sepharose bead suspension was
examined for FITC fluorescence by using a Hitachi F-2000
fluorescence spectrophotometer with an excitation wave-
length of 492 nm and an emission wavelength of 520 nm.
Because the mannose-Sepharose beads sedimented rapidly
in the cuvette, three readings were taken for each sample 10 s
after resuspension by repeated pipetting.

Inhibition of hSP-D binding to A. fumigatus or
mannose-Sepharose

For inhibition of binding to mannose-Sepharose, we used
methylated derivatives of the anomeric carbon to be

consistent with previous MBP-C structural work (Ng et al.,
1996). The inhibitor concentration yielding 50% inhibition
(IC50) of hSP-D binding to A. fumigatus was determined
exactly as before (Allen et al., 1999), using 20 mg/ml hSP-D.
For inhibition of binding to mannose-Sepharose beads, we
found the maximal protein binding concentration (Cmax)
by double-reciprocal analysis of the binding data for each
protein between 0.3 and 17 mg/ml. In subsequent inhibition
experiments we used (Cmax)/7, which were 1.7 and 2.7 mg/ml
for wild-type and R343V hSPD, respectively. The
dissociation constant of binding between protein and
mannose-Sepharose beads (Kd) was determined by global
least-squares fitting of Equation 1 to the concentration
dependence of the fluorescence intensity.

F � FmaxKa hSP-D��= 1� Ka hSP-D������ �1�

A molecular weight of 43 kDa was used for both WT hSPD
and the R343V mutant. Fmax is a constant equal to the
maximal fluorescence extrapolated for infinite hSPD con-
centration, and Ka� 1/Kd. To determine the IC50 values for
the various inhibitors, the proteins were preincubated with
each inhibitor for 15 min at 25�C in CBB in a total volume of
0.1 ml. The hSP-D plus inhibitor mixture was then added to
mannose-Sepharose beads, and binding was performed as
described. The inhibition constant Ki was calculated from
the IC50 using equation 2 (Cheng and Prusoff, 1973):

Ki � IC50= 1� hSP-D�=Kd����� �2�

Errors in Ki were computed using standard propagation of
error analysis (Bevington, 1969), assuming a 10% error for
the protein concentration.

Computational methods

Automated docking simulations were performed using the
AutoDock 3.06 suite of programs (Scripps Research Insti-
tute, La Jolla, CA) and the Lamarkian genetic algorithm
(Morris et al., 1998) as described previously (Allen et al.,
2001). Grid files were prepared as described (Allen et al.,
2001) except that hydrogen atoms were added to the recep-
tor protein files for MBP-C (PDB accession code 1rdl chain 2;
Ng et al., 1996) and hSP-D (PDB accession code 1b08 chain
A; Hakansson et al., 1999) using the Insight 2000/Biopoly-
mer module (Accelrys, San Diego, CA). The ligands were
placed near the binding site for each receptor using the
corresponding Man 9 coordinates from PDB accession
code 2msb (Weis et al., 1992) as before (Laederach et al.,
1999).

Ligand files were built by using PC-MODEL (Serena
Software, Bloomington, IN) and minimized by using the
MM3 force field (Allinger et al., 1990). Internal coordi-
nates were then exported to MOPAC (Stewart, 1990) and
used as starting points for the geometrical optimization
procedure. For ligands lacking nitrogen (e.g., a-Me-Glc),
the AM3 hamiltonian was used. For ligands containing
nitrogen (e.g., a-Me-GlcNAc) the MNDO hamiltonian
was used along with a molecular mechanics
correction (MMOK) that produced better agreement
with known carbon±nitrogen bond geometry. The final
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optimized structure and the corresponding partial atomic
charges determined by MOPAC were subsequently used in
docking simulations.

The R343V hSP-D model was constructed by using
the BioPolymer and CHARMM (Harvard University,
Cambridge, MA) modules of Insight 2000. Side chain
torsions of Arg343 were taken from the wild-type structure
(PDB accession code 1b08, chain A; Hakansson et al.,
1999). The residue was mutated using the MUTATE com-
mand in the Biopolymer module, which automatically
selected the optimal rotamer from a standard library. The
mutated residue torsions were then adjusted to correspond
to those measured in the wild-type protein. Harmonic posi-
tional constraints (K� 1000 kcal/mol) were placed on all
protein atoms except those on the side chain of the mutated
residue. The structure was then minimized using the
conjugate-gradient algorithm implemented in CHARMM
(Brooks et al., 1983). Generalized Born (GBORN) electro-
statics (Dominy and Brooks, 1999) were used to approxi-
mate solvent effects, because Arg343 is a surface-exposed
residue. The resulting structure was used to generate grid
files for AutoDock input as described.

As previously discussed, the binding interaction is
mediated primarily by four hydrogen bonds between the
protein and the ligand (Allen et al., 2001). Thus many
nonspecific binding modes have only slight differences in
binding energies. Therefore energetic and hydroxyl group
distance criteria was used for monosaccharides as before
(Allen et al., 2001). Established molecular modeling force
fields, such as CHARMM (Brooks et al., 1983) or
AMBER (Cornell et al., 1995), are excellent for optimizing
bound conformations. However their ability to rank the
binding energies of ligands docked in significantly different
modes is limited (Morris et al., 1998). The latest AutoDock
release uses a new empirical binding free energy function to
correct this problem. However, this new function is not
parameterized for metal atoms, and therefore it was not
possible to apply it to our docking calculations. Instead,
we used the AutoDock 1.0 parameters for the intra- and
intermolecular potential. The calculated docking energies
therefore represent in vacuo enthalpies of formation and
their correlation with free energies of formation (or Ki) is
limited (Morris et al., 1998). A docked conformer repre-
sents a sterically and electrostatically optimal conforma-
tion, but the determination of the free energy of formation
of the complex must be carried out experimentally. For
example, in docking a-Me-Glc, we systematically obtained
a minimal energy structure in an orientation where the 2-
and 3-OH groups of the ligand were positioned near the
protein and occupied the corresponding positions of the 3-
and 4-OH groups previously noted for the binding of
mannose by MBP-A and MBP-C. This orientation resem-
bles that previously obtained for a-D-glucopyranose
(Allen et al., 2001, figure 3). Our previously reported
experimental results using glucosyl polysaccharides as SP-
D inhibitors suggest that this orientation is possible but is
not as favorable as the 3-OH/4-OH group binding orienta-
tions (Allen et al., 2001). Thus, although we obtained 2-
OH/3-OH bound ligand structures with docking energies
similar to the 3- and 4-OH structures shown, they were not
considered.

Other methods

Protein concentrations were determined with the bicincho-
ninic acid assay using BSA standard according to the man-
ufacturer's instructions (Pierce, Rockford, IL). Structural
superpositions were performed using Swiss-Pdb viewer
(Guex and Peitsch, 1997). Figures were prepared using
MolMol (Koradi et al., 1996).
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