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ABSTRACT: Lipopolysaccharides (LPS) of Gram-negative bacteria are important mediators of bacterial
virulence that can elicit potent endotoxic effects. Surfactant protein D (SP-D) shows specific interactions
with LPS, both in vitro and in vivo. These interactions involve binding of the carbohydrate recognition
domain (CRD) to LPS oligosaccharides (OS); however, little is known about the mechanisms of LPS
recognition. Recombinant netikCRDs (NCRDs) provide an opportunity to directly correlate binding
interactions with a crystallographic analysis of the binding mechanism. In these studies, we examined the
interactions of wild-type and mutant trimeric NCRDs with rough LPS (R-LPS). Although rat NCRDs
bound more efficiently than human NCRDsHEscherichia coliJ-5 LPS, both proteins exhibited efficient
binding to solid-phase Rd2-LPS and to Rd2-LPS aggregates presented in the solution phase. Involvement
of residues flanking calcium at the sugar binding site was demonstrated by reciprocal exchange of lysine
and arginine at position 343 of rat and human CRDs. The lectin activity of hNCRDs was inhibited by
specific heptoses, includingglycerca-p-manneheptose(,p-heptose), but not by 3-deoxy-b-manne
oct-2-ulosonic acid (Kdo). Crystallographic analysis of the hNCRD demonstrated a novel binding orientation
for L,p-heptose, involving the hydroxyl groups of the side chain. Similar binding was observed for a
synthetical—3-linked heptose disaccharide corresponding to heptoses | and Il of the inner core region
in many LPS. 7©-Carbamoyl:,b-heptose and-glyceroo-p-manneheptose were bound via ring hydroxyl
groups. Interactions with the side chain of inner core heptoses provide a potential mechanism for the
recognition of diverse types of LPS by SP-D.

Lipopolysaccharides are critical structural components of of variable length and composition and thus exhibits a high
the Gram-negative cell wall and play important roles in degree of structural variability, the core oligosaccharide (OS)
bacterial virulencel). The release of LPSendotoxin) elicits is highly conserved. The inner core contains Kdo (3-deoxy-
a wide variety of inflammatory responses that contribute to o-p-manneoct-2-ulosonic acid) and heptose, usuaHglyc-
the development of shock and other manifestations of Gram- ero-a-p-manneheptose(,p-heptose), but sometimesglyc-
negative sepsis. The overall structure of LPS is well- ero-a-p-manneheptoser,p-heptose). The inner core sugars
conserved among Gram-negative organisms and alwaysare susceptible to variable modification by substitution with
consists of a lipid A domain and a core oligosaccharide and, phosphate ), phosphorylethanolaminé®Etn), pyrophos-
in many bacteria, of atermir_lal O-polysac_charide (O-_F.lS)( _ phorylethanolamineRPEtn), or other sugars3J.

2). Whereas the O-PS consists of repeating saccharide units Surfactant protein D (SP-D), a collagenous C-type lectin
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Ficure 1: LPS core oligosaccharides. (A) Chemical structure of a nonasaccharide trisphosphate as obtained after deaEyletiod-6f

LPS. R designates the outer core region in strains with a more complete core oligosaccharide; glucose is exposed in the intact J-5 LPS and
purified nonasaccharide trisphosphate. Note that Hep-Il can be substituted at position 4 with phosphorus when the side chain heptose
residue is not substituted with GIcN-Ill. Areas of structure demarcated in gray are shared with many LPS of Gram-negative bacteria but
vary in the degree of phosphorylation and other modifications. (B) Pentasaccharide bisphosphate carbohydrate backbone as present in Rd2
chemotype LPS, occurring in core-defective mutants that lack the phosphorylation of the heptose residue.

Gram-negative LPS was the first microbial ligand shown structural analysis of their binding mechanism via crystal-
to be recognized by SP-D, and interactions with LPS were lography and other biophysical techniqudd,(12). This
the first to suggest host defense functions for surfactant- prompted an examination of LPS recognition using trimeric
associated proteinsl®. The binding of SP-D to LPS NCRDs and purified subdomains of the LPS core oligosac-
involves interactions of the carbohydrate recognition domain charide.

(CRD) of SP-D with the core OS and/or PS chains of LPS

(14). Although SP-D can bind to specific O-PS on certain EXPERIMENTAL PROCEDURES

“smooth” strains 15), SP-D generally prefers rough LPE3(

16, 17), and recognition appears to preferentially involve
interactions with the corel@). However, the mechanism of
core interaction has not been characterized.

Recognition of LPS has been implicated in the SP-D-
dependent agglutination and/or internalization and killing of
certain Gram-negative bacteria by macrophades 198).
SP-D can bind or agglutinate specific strains derived from a
wide variety of Gram-negative species, including such
important pathogens @&seudomonas aerugino$a3—20),
Klebsiella pneumoniag17), Escherichia coli(13, 16),
Bordetella pertussi§21), Haemophilus influenza@2), and

The pET-30at) vector, S-protein horseradish peroxidase
(S-protein HRP), and RosettaBlue competent cells were from
Novagen (Madison, WI). Fatty acid-free BSA with low
immunoglobulin (BAH66-0050) was from Equitech-Bio, Inc.
(Kerrville, TX). E. coliJ-5 LPS (Rc chemotype) and the Re-
LPS fromSalmonella entericav. Minnesota were from List
Biological Laboratories; however, for some initial experi-
ments, nominally equivalent preparations were obtained from
Sigma-Aldrich (St. Louis, MO)E. coli F583 Rd2-LPSE.
coli 0111:B4 LPS, yeast mannan, maltosyl-BSA, oxidized
and reduced glutathione, and competing sugars were also
Helicobacter pylori(23). In addition, interactions of SP-D from Sigma-Aldrich. All mono- and disaccharides were the

can mediate direct bactericidal effects on rough bacteria, 2-anomers and of the highest purity available.
probably through binding to LPS with associated perturba- 1€ nonasaccharide trisphosphai€ic(1—3)[aGIcN-
tions in membrane permeabilit@4). The in vitro data are (1 —~7)aHep(1=7)]aHep(1~3)aHep4P(1—5)[aKdo-
consistent with bacterial challenge experiments using (¢ ~4)]aKdo(2—~6)5GIcN4P(1—~6)aGIcN1P (Figure 1A)
SP-D deficient mice. These animals exhibit a decreasedWas isolated frome. coli J-5 LPS after deacylation and
level of internalization of Gram-negative bacteria by mac- Separated by high-performance anion exchange chromatog-
rophagesZ2), impaired clearance and an increased level of raphy (Dionex) as reported previouslgy 34); it was
dissemination of non-mucoicP. aeruginosa(20), and conjugated to bovine serum albumin (BSA) by the glutar-
enhanced colonization and altered immune responses tglialdehyde method as described previouslg)(
Helicobacter (25). There is also evidence that SP-D can  Heptose Synthesis and Characterizatiop-Heptose and
modulate the response to purified endotoxin in vi2é-< p,0-heptose were synthesized according to the method
28). Although some effects could involve modulation of the described by Brimacombe3§). The heptose disaccharide
phagocyte response to LP3, the available data strongly and the  7©-carbamoylheptose were synthesized
suggest that SP-D contributes to endotoxin neutralization according to published procedured¥(38). Thep-glycero
through direct interactions with the bacterial lipopolysac- D-manneheptose 7-phosphate was prepared via the phos-
charides. phoramidite method3@), and 2-deoxy—galactaheptose was
SP-D is secreted as multimers of trimeric subunits with prepared via indium-promoted chain elongation d¢yxose
C-terminal lectin domains3Q). Trimerization of the carbo- ~ (40). Ammonium Kdo was prepared via the Cornforth
hydrate recognition domains (CRDs) is required for high- reaction. The purity and identity of the ligands were
affinity ligand binding, and this structure is maintained by confirmed by 300 MHZ'H NMR spectroscopy; the purity

the neck domain. The trimeric recombinant né@RD was >95%.
(NCRD) demonstrates many, if not most, of the activities = Generation of Fusion Construct€onstructs encoding
of the intact molecule, in vitro and in viv8(, 32). Unlike N-terminally tagged, trimeric human and rat neckRD

the native molecule, NCRDs are also ideally suited to fusion proteins (hNCRD and rNCRD, respectively) were
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generated using the pET36g(vector system as previously
described 31, 41). All NCRDs are cloned into the BamHi
Hindlll sites of the vector, providing N-terminal His tags,

Wang et al.

diluted in this buffer in the presence of 5 mM calcium
chloride. Coated plates were incubated with fusion protein
for 1 h atroom temperature, washed, and incubated with

an S-protein binding site, and an enterokinase cleavage site S-protein-HRP conjugate (1:2566000, Novagen). After the
Mutant NCRD constructs included human R343K, human samples had been washed, color was developed using ABTS
R343A, and rat K343R1(), as well as human D325M0). peroxidase substrate, and the absorbance was measured at
Constructs encoding tagless hNCRDs were generated viad05 nm. Background binding in the absence of fusion protein
re-engineering of the expression plasmid to delete the entiretywas subtracted to give total binding. Specific binding was
of the fusion tag and place the first residue of the natural defined as the difference between binding in the absence and
neck domain C-terminal to the initiator methionine. The presence of 50 mM maltose; for the LPS ligands, nonspecific
pET30af) vector contains a Ndel site immediately preced- binding was always15% of total binding, and usually much
ing the His tag coding sequence. Mutagenesis of BamHI to lower. In previous experiments, equivalent signals were
Ndel allowed excision of the entirety of the fusion tag with obtained for various plastic-adsorbed fusion protedis41),
Ndel. The modified vector was gel repurified and religated consistent with identical exposure of the N-terminal tags to
with T4 ligase prior to bacterial transformation and DNA the S-protein conjugate.
sequencing. For competition assays, recombinant proteins were pre-
Isolation of Trimeric NeckCRD DomainsRosettaBlue  incubated for 30 min in blocking/binding buffer containing
competent cells were transformed with the desired plasmid5 mM calcium. The mixture was added to mannan-coated
and induced %1, 41). Fusion proteins were then extracted or maltosyl-BSA-coated 4(1) wells in the presence of
from exclusion bodies and refolded as previously described, competitor or EDTA and processed as described for the direct
except that inclusion bodies were solubilized using 6 M binding assays. Binding and competition data were analyzed

guanidine hydrochloride and 50 mM Tris-HCI (pH 7.5)
containing 5 mM dithiothreitol. In addition, the refolding
buffer was supplemented with 5 mM reduced and 0.5 mM
oxidized glutathione to facilitate disulfide exchange.
Refolded proteins were purified by chelation chromatogra-
phy, and trimers were isolated by gel filtration chromatog-
raphy on Superose 12 in the absence of calciGd 41).

For crystallographic studies, neelCRDs were generated
by enterokinase cleavage of the fusion proteitis (2), or
by expression of NCRDs lacking the fusion tags. At the
completion of refolding, the tagless NCRDs were dialyzed
versus 150 mM NaCl and 10 mM Hepes (pH 7.5) containing
10 mM calcium chloride (HBSC) and purified by maltosyl-
agarose chromatographgl)); trimers were then isolated by
gel filtration chromatography in HBSQ.{). The major peak,

using Sigmaplot 9.0 (SPSS Inc., Chicago, IL). Apparent
dissociation constant¥{) and the inhibitor concentration
causing 50% inhibition of binding I4,, millimolar or
micrograms per milliliter, as indicated) were calculated by
nonlinear regression using single-site saturation and competi-
tion models, respectively. Although it is not possible to
calculate true dissociation constants with this type of assay,
the analysis permits quantitative comparison of the binding
properties of the homologous NCRD fusion proteins using
unmodified ligands. All values are given as the me&an
standard error of the mean (SEM).

Crystallographic Analysis.Crystals were prepared as
previously described1(). All ligands were dissolved in
mother liquor. Crystals were transferred into the resulting
solution and soaked for-26 h. The final concentrations of

corresponding to the trimer, was pooled, and the protein wasjigands were as follows: 330 mM,p-heptose, 250 mM

concentrated by ultrafiltration to approximately 15 mg/mL
prior to being frozen at-80 °C.

All proteins migrated as a single major band via SDS
PAGE and migrated more slowly upon being reduced,
consistent with normal folding of the intrachain disulfide
bonds 81, 41) (data not shown). Endotoxin was routinely
quantified using a QCI-1000 chromogenic assay kit

2-deoxyheptose, 100 mM 7-carbamoyl derivative, 200 mM
D,D-heptose, 100 mM heptose disaccharide, and 100 mM
Kdo. After soaking, crystals were briefly dipped in soak

solution with 20% MPD (2-methyl-2,4-pentanediol) as

cryoprotectant and then flash-frozen in a 100 K stream of
nitrogen gas. Data were collected either on a Raxis4
instrument or at beamline X8C at the National Synchrotron

(Cambrex Corp., East Rutherford, NJ), and concentrations Light Source, Brookhaven National Laboratory (Upton, NY).

for the current preparations ranged from 0.02 to 0.0@g/

of purified protein. Protein concentrations were determined

by the bicinchoninic acid (BCA) assay using BSA as a
standard.
Binding and Competition AssayBhe binding of trimeric

Data were processed using DENZO and SCALEPACK
(42). Model building and structure refinement were per-
formed using Coot and CNS, while topology and parameter
files for all ligands were obtained using Xplo2t 43, 44).

fusion proteins to surface-adsorbed LPS, mannan, or mal-ResyLTS

tosyl-BSA was assessed using 96-well plates and an S-

protein-HRP detection system as previously descrilzdd (
41). We obtained a uniform dispersion of LPS (1 mg/mL in
binding buffer) by warming the sample to 3T and
vigorously agitating it for 15 min using a vortex mixer; each
subsequent dilution was also performed with vigorous
mixing. The wells of 96-well plates (Corning, 3590) were
coated with LPS (£10 ug/mL), or with 50xg/mL mannan

Previous studies have shown specific binding of full-length
rat SP-D dodecamers to various forms of R-LPS by ligand
blotting of LPS molecules following resolution by SBS
PAGE (13, 16, 17). To confirm interactions of the trimeric
human NCRDs with LPS, we used a well-characterized SP-D
ligand, E. coli J-5 LPS, which has a truncated R3 core
oligosaccharide with terminal glucose attached to Hep-II

as a control. Washed and coated wells were incubated with(Figure 1A). In preliminary experiments, both human and

blocking/binding buffer containing 1% (w/v) low-endotoxin,
low-immunoglobulin fatty acid-free BSA. The proteins were

rat NCRDs showed carbohydrate-sensitive binding to solid-
phase J-5 LPS. Binding was largely abrogated by maltose,
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Table 1: Apparent Affinities of NCRDs for Solid-Phase R-LPS c INCRD
appareny (mean+ SEM x 1078 M) S sl L
trimeric NCRD E. coli J-5 LPS E. coli Rd2-LPS S{ ®
human wild-type 15.5 3.7 (3¢ 15.6+ 1.4 (6) 810 - hNCRD
rat wild-type 2.4+ 0.6 (3) 2.4+ 0.9 (3) 8
human R343K 2.5-0.8 (4) 1.6+ 1.2 (3) S 0.5
human R343A 14 (1) not determined 87
rat K343R 52+ 14 (2) 22.8(2) <
aNumber of independent experiments. 00 . . . . . . s
0.0 1.0e-7 2.0e-7 3.0e-7
0.5 Trimeric NCRD, [M]
= 10ug/ml P3 . . . .
€ o4 Ficure 3: Trimeric NCRDs bind to solid-phase Rd2-LPS. The
8™ dose-dependent, specific binding of rat and human NCRD fusion
~ 03 proteins toE. coli Rd2-LPS (10ug/mL) was examined as it was
g~ for the J5 LPS.
@© -
_g 0.2 . Ca 120.
a
801
< ﬂ 100
0.0 2
10 pug/ml 20 pg/ml 2 0]
Ficure 2: Human trimeric NCRDs bind to the purified core OS o
of J-5 LPS. The dose-dependent binding of the human NCRD fusion £ 60
protein to nonasaccharide trisphosphate conjugated to BSA was 5
examined in the presence and absence of calcium as described in © 404
Experimental Procedures. S
X
20
the prototypical competitive inhibitor, or EDTA, indicating
calcium-dependent binding mediated by the CRD (data not 0 : : : : : : .
shown). By comparison with the INCRDs, hNCRDs always 005 00 08 10 A8 200 28
exhibited weaker maximum binding (e.g., as shown in Figure Log LPS Concentration, ug/ml

5), and the apparent affinity of the rat protein for J-5 LPS Ficure4: Trimeric NCRDs bind to R-LPS micelles and aggregates.
was at least 6-fold greater (Table 1). Similar differences were The binding of the wild-type human NCRD fusion protein (2§
observed using equivalent coating concentrations of severafmb) 10 J-5 and Rd2-LPS was exam'”eﬁ at rl%omhtem?.era“ére D
different available preparations of the J-5 LPS, albeit with competition assays using mannan as the solid-phase ligand. L
availd. p .p i ’ A concentrations spanned the very approximate, nominal critical
some variation in maximum binding among preparations. As micelle concentration (16g/mL). R-LPS caused a dose-dependent
previously observed, the human and rat NCRDs showed inhibition, and complete inhibition of binding was achieved at
nearly identical concentration-dependent binding to solid- concentrations greater than approximately 1@0mL. Although

inhibitory activity varied with the specific preparation of LPS, Rd2-

pha;e mgnnamﬂ.). . - . LPS was at least as potent as J-5 LPS.
Trimeric NCRDs Bind to the Purified Core Oligosaccha-

ride of J-5 LPS.To confirm interactions with the core OS
domain of the LPS, we examined binding to the purified, rat SP-D (3), neither protein showed calcium-dependent or
full-length E. coli J-5 LPS nonasaccharide trisphosphate sugar-sensitive binding to immobilized Re-LPS frd®n
(Figure 1A) coupled to bovine serum album88(-35). The entericasv. Minnesota, a deep rough mutant that terminates
NCRDs exhibited maltose-sensitive binding to the neogly- with the a2—4-linked Kdo disaccharide and lacks heptose
coproteins (Figure 2). Binding was also significantly inhibited or glucose (data not shown).
by the al?sence of calcium (data not shown). L|r_n|ted amounts Trimeric NCRDs Bind to R-LPS Micelles and Aggregates.
of material precluded saturation binding experiments. How- ) : . : -

To further confirm these interactions in the solution phase,

ever, the findings were reproduced in three mdependentwe examined the ability of suspensions of LPS to compete

experiments. . .
Trimeric NCRDs Bind to Solid-Phase Rd-LPS but Not Re- for the b'r?o_"”g of the NC.RDS.tO so_lld-_phase mannan. Under
the conditions of physiological ionic strength, pH, and

LPS.To further localize binding determinants within the core, . ! . .
calcium concentration, the dilutions of LPS, which span the

we examined interactions with deeper rough LPS mutants. _ o i :
The NCRDs showed concentration-dependent binding to nominal critical micelle concentration (CMC), are expected

solid-phase Rd2-LPS (Figure 3), which is characterized by {0 contain varying proportions of LPS monomers and
further truncation of the core (Figure 1B). As for J-5 LPS, Micellar and/or complex layered arrangements of LPS
binding was both calcium-dependent and saccharide-sensitivanolecules. As illustrated in Figure 4, suspensions of Rd2
(data not shown). Maximum binding of the human protein and J-5 LPS exhibited dose-dependent inhibition of human
was weaker than that observed for the rat, but the magnitudeNCRD binding to mannan. The inhibitory activity of Rd2
of this difference was smaller at all examined coating was slightly greater [16 4 and 30+ 17 ug/mL (n = 3),
concentrations. Nevertheless, the apparent affinity of the respectively]. Similar dose-dependent inhibition was ob-
hNCRD for Rd-LPS was several-fold lower than that served for the rat protein, with averade, values of
observed for the rINCRD and comparable to that observedapproximately 2Qug/mL for both forms of LPS (data not
for J-5 LPS (Table 1). Consistent with earlier work using shown).
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g 16 A
§ 4 hR343K 100 ® Human and L,D-Heptose
¥ 1.2 o 90 O Human and D-Mannose
8 1.0- RatWT £ 80 ¥ Ratand L,D-Heptose
c T 70 A Ratand D-Mannose
g 0.8 £
£ 06 m 60
o V.04 —_
@ Hum WT o 50
2 04 hR343A S 40
02 s
rK343R (&) 28
1.0e-7 2.0e-7 3.0e-7 X 10
Trimeric NCRD, [M] 0
Ficure 5: Residue 343 contributes to R-LPS recognition. The dose- ' ' ' ' ' ' ‘
dependent, specific binding of rat and human NCRD fusion proteins A5 -1.0 -05 00 05 10 15 20
to E. coli J-5 LPS (1ug/mL) was examined, as described in B
Experimental Procedures. The substitution of lysine at position 343
in the human NCRD (hR343K) greatly enhances binding relative 100 e
to that of the wild-type (WT) human form. The substitution of @ 90 1 v DLMann%se
arginine at position 343 in rat SP-D (rK343R) greatly reduces the 5 %01
level of binding compared to that of the wild-type rat form. The £ 70
findings localize LPS binding to the vicinity of the carbohydrate @ 60 |
binding site of the SP-D CRD. £ 50
c 40
8 30 1
Table 2: Apparent Affinities for Maltose X 20
10 1
trimeric NCRD Iso (MM; mean+ SEM) 0
human wild-type 41) 27+0.4(12) 15 -1.0 -05 00 05 1.0 15 20
rat wild-type @1) 0.55+ 0.08 (10) C
human R343K 0.35+ 0.04 (4) 100
human R343A 1.6 0.18 (3) 90
rat K343R 1.4+ 0.26 (5) D40 Kdo
aUsing maltosyl-BSA as the solid-phase ligaAignificantly 'g 70
different from that of the wild-type human formp (< 0.05). & 60
¢ Significantly different from that of the wild-type rat form S 50
(p < 0.05). £ 40
8 30
. " . 20
The Nonconseed Residue at Position 343 Contributes R 10
to R-LPS Recognitiorl.he solid-phase binding data indicate 0

differences in LPS recognition by rat and human lectin 45 10 -05 00 05 10 15 20
domains. Human SP-D contains Arg343, while this position log, mM Sugar

is occupied by lysine in all other known SP-Ds, including Ficure 6: Competition with heptoses and Kdo. The binding of
rat and mouse forms. Given the known effects of residue heptoses and Kdo to wild-type NCRD fusion proteinsu(BmL)

43 on bindina to other al ni t nd PI. we explored Was examined in competition assays using mannan as the solid-
343 on binding to other glycoconjugates and PI, we explored hase ligand. (A) Binding of rat NCRD tgp-heptose ¥), human

the hypothesis that nonconserved residues adjacent to CaICiu”RlCRDs toL,o-heptose @), rat NCRDs top-mannose ), and

at the carbohydrate binding site contribute to R-LPS recogni- hyman NCRDs tm-mannose®). (B) Binding of human NCRDs

tion. to L,0-heptose @), p,p-heptose @), and b-mannose Y). (C)
Although lysine is nominally a conservative substitution, Binding of human NCRDs to Kdo) and maltose®). Iso values

we initially examined a human mutant with the sub- are summarized in Table 3.

stitution of lysine for arginine 343 (hR343K). As illustrated

in Figure 5 and summarized in Table 1, hR343K showed to J-5 LPS was greatly decreased as compared to that of
stronger binding to J-5 and Rd2-LPS. The apparent affinity wild-type rat NCRD, and the apparent affinity was decreased
was also increased, compared to that of the human form,in two independent determinations (Figure 5 and Table 1).
and not significantly different from that of the wild-type The level of binding to Rd2-LPS was also decreased and
rat protein (Table 1). By contrast, this mutant showed more comparable to that of the wild-type human form (Table
greatly weakened binding to mannab2). The apparent  1). Thus, lysine 343, whether occurring in the context of
affinity for maltose was also increased, to levels com- the mutant human or wild-type rat protein, enhances interac-
parable to that of the wild-type rat form (Table 2). However, tions with J-5 and Rd2-LPS.

there was only a small increase in affinity formannose,
and no significant change in affinity foN-acetylman-

To further confirm the dependence on the amino acid side
chain, we examined a mutant with alanine at position 343

nosamine (data not shown), a preferred ligand for the humanin the human protein (hR343A). Previous studies have shown

protein @1).

We also examined the LPS binding activity of a reciprocal
rat mutant with a substitution of arginine for lysine at position
343 (rK343R). Rat K343R binds efficiently to mannan,
which is comparable to that of the wild-type rat and human
NCRDs (12). Nevertheless, the level of binding of rat K343R

that the affinity of hR343A for mannan is comparable to
that of the wild type 12). The level of binding of hR343A

to J-5 LPS was only slightly increased compared to that of
the human NCRD and substantially lower than that of
hR343K or wild-type rat NCRDs (Figure 5). The apparent
affinity was not different from that of the human protein in
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Table 3: Apparent Affinities of hNCRD for Heptoses Human NCRDs Bind to Heptose-glycerop-manne
— - Heptose is the most common heptose found in the core
competing ligand Iso (MM; mean- SEM) regions of Gram-negative bacteria and is present in all forms
prmannose 22,:15 8-%3 (g) of LPS known to react with SP-D. As shown in Figure 6A
E’D_ﬁegtsoese 15013 ESg and Table 3, highly purified ,p-heptose was an efficient
p,p-heptose 2.7(1) competitor of SP-D binding to mannan, and thgvalues
2-deoxyheptose not determined of rat and human NCRDs were similar. Although the number
7-carbamoyk:b-heptose 17(@) of determinations is small, the apparent affinity appears to

be increased relative to thatmfmannose. Similar inhibitory
the single-saturation binding experiment that used the sameactivity was obtained fop,n-heptose (Figure 6B), and a0-
preparation of LPS (Table 1). There was also no significant carbamoyl derivative ofL,p-heptose (Table 3). In one
effect of the interspecies substitution of asparagine for experiment, a 7-phosphate derivativeogi-heptose showed
aspartate at position 325 (data not shown), a substitutionno inhibitory activity (data not shown). Purified Kdo was
previously observed to enhance mannan bind#i. ( also an ineffective competitor (Figure 6C).

Ficure 7: Crystallographic complexes of the wild-type human NCRD wititheptoses and,b-heptose. (A)L,D-Heptose (red and green

sticks) binds to Cal (green) by the 6- and 7-OH groups of its side chain. (B) 2-Deoxyheptose (aqua and red sticks) also interacts with Cal
via the side chain. (C) The 7-carbamoyl derivative gfheptose binds to Cal via the equatorial 3- and 4-OH groups of the pyranose ring,
with the carbamoy! group pointing toward, but not H-bonding to R343.gD)Heptose (red and pink sticks) also interacts with Cal via

the sugar ring. Electron density maps &e— F. simulated annealing omit maps of the ligands, contouredraH3Bonding patterns are

given in Table 4 Data collection and refinement statistics are listed in Talle 5.
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A

R343

Ficure 8: Superimpositions af,p- andb,p-heptose. (Ap,p-Heptose (pink sticks) andp-heptose (green sticks) crystal complexes illustrated
in panels A and D of Figure 7 were aligned. The side chain OH group®dieptose show the same spatial distribution as the vicinal OH
groups of the pyranose ring afp-heptose. (B),D-Heptose (pink sticks) was reoriented and superimposed on,thleeptose crystal
structure (green sticks). The spatial distribution of the 6- and 7-OH groups of the side chamtwptose does not allow coordination
with Cal.

Crystallographic Analysis Demonstrates Binding the NCRD complex, although the density was weak in subunit
L-Glyceryl Side Chain of b-Heptosé. To define how SP-D  A. pb,b-Heptose bound to Cal by the sugar ring, using the
interacts with heptose, crystal structures of human NCRD equatorial 3-OH and 4-OH groups, identical to previous
in complex with selected heptose forms were determined monosaccharide structures and the 7-carbamoyl derivative.
(Figure 7). Electron density corresponding to bouno- As shown in Figure 8A, the vicinal hydroxyl groups mb-
heptose was well-represented in all three subunits of theheptose could be superimposed on the side chain hydroxyl
NCRD (Figure 7A). However, the mode of binding differed groups oftL,p0-heptose. On the other hand, superimposition
from that of previously characterized saccharitheCRD of a reorientedp,pb-heptose on the ,pb-heptose structure
complexes in that the side chain coordinated with Cal via (Figure 8B) demonstrated that the 6- and 7-OH groups of
the 6-OH and 7-OH groups. In all previous structures of the side chain ob,p-heptose cannot be similarly oriented
SP-D bound with sugars or inositols, binding involved vicinal to coordinate with Cal.

OH groups of the sugar rindL{, 12). The positions of the The sugar ring and all ring hydroxyl groupsmb-heptose

glyceryl OH groups oft,b-heptose in the complex were \ere well-represented by electron density in the B and C
almost superimposed on those of the equatorial 3- and 4-OHg,pnits; however, the density of the side chains beyond C6
groups in our previous ligand structures. The ring orientation < weak. Binding by the ring orients theglyceryl moiety

in the bound. ,0-heptose was stabilized in part by a H-bond 44rq R343. Although there was some displacement of the
between the 2-OH group and ND2 of N323. To assess thega43 side chain away from the ligand (Figure 8A), there

significance of this interaction, we also determined the |, o< no evidence of hydrogen bonding. This appears to leave
structure of the 2-deoxy derivative op-heptose but found 1,4 side chain free to rotate around the-G&7 bond, giving

that the binding orientation, via 6- and 7-OH groups, Was |ittje electron density beyond CB6.

unchanged (Figure 7B). A slight tilting of the ring enabled Kd . o . L

a new H-bond to form between O5 and ND2 of N323. 0, an octu_Iosomc sugar ac.|d W'th.a §|de chain similar
Substitution at the C7-OH group af,p-heptose, as in to the side chain ob,b-heptose, is a ubiquitous component

7-O-carbamoyle ,p-heptose, was found to force the ligand of the I_'PS inn.er core. Although Kdo was an ineffe_ct_ive
to bind by the ring, in an orientation similar to that of competitor of binding of SP-D to mannan and lacks vicinal

thep,p-heptose (Figure 7C). However, the carbamoy! group OH groups suitable for coordination to calcium,. crystals
and the Ol-linked allyl substituent of this ligand were SOaked with Kdo showed some electron density in the
disordered. binding sites of all three subunits (data not shown). Most of

the density for this ligand was poorly defined but could be
modeled as an unconventional complex with one of the

for binding toL,p-heptose, we also examined complexes with coordinating oxygen atoms contributed by the 2-OH group

this sugar (Figure 7D). Electron density corresponding to of the ring and the second by the 1-carboxylate group.

boundp,p-heptose was present in all three subunits of the ~ Crystallographic Complex with a Diheptoséo further
assess interactions of SP-D with the LPS inner core, the

2 Atorm g or th | - T structure of the NCRD complexed wittl—3-linked heptose
tomic coordinates for the crystal structures of this protein have ; ; ; ;
been submitted to the Research Collaboratory for Structural Bioinfor- disaccharide was also determined. This corresponds to the

matics Protein Data Bank as entries 2RIA, 2RIB, 2RIC, 2RID, and Hep-l and Hep-II present in many LPS core structures.
2RIE. Electron density corresponding to both Hep-l and Hep-Il was

Because,b-heptose can occasionally be found in the LPS
inner core, and given the importance of thglyceryl group
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Table 4: Hydrogen Bonds between SP-D and Ligands
distance (A)

atom 1 atom 2 chain A chain B chain C
|,d-Heptose
6-OH Glu321 OE2 2.50 2.56 2.52
Asn323 ND2 3.19 3.00 3.22
Asn341 0OD1 2.98 3.30 3.27
7-OH Asn341 ND2 3.16 3.02 3.02
Glu329 OE2 2.69 2.68 2.63
Asp342 O N/R 3.32 3.30
2-OH Asn323 ND2 3.27 3.25 3.18
2-Deoxyheptose
6-OH Glu321 OE2 254 2.61 2.57
Asn323 ND2 3.01 291 3.03
Asn341 OD1 3.09 3.34 3.34
7-OH Asn341 ND2 3.10 3.01 3.01
Glu329 OE2 2.69 2.62 2.60
Asp342 O 3.34 3.21 3.17
5-OH Asn323 ND2 3.27 3.26 3.03
d,d-Heptose
, , : . 3-OH Glu321 OE2  2.66 2.47 2.62
FiGURE 9: Crystallographic complex with a heptose dlsacqharlo_le. Asn323ND2 N/A 305 N/AR
We also examined complexes with heptose disaccharide, Asn341 OD1 2.88 3.19 2.89
L-glycerca-p-manneheptopyranosyl(*3)-L-glycerco-bD-manne 4 OH Asn341 ND2 3.18 3.07 3.19
heptopyranose. This disaccharide corresponds to Hep-I and Hep-lI Glu329 OE2 2.62 256 2.59
of the inner core. Notably, binding was exclusively mediated by Asp342 O 3.33 N/A N/A2
the side chain of Hep-I. Heptose disaccharide is shown in red and Diheptose
orange sticks. Electron density maps df¢ — F. simulated
; ; ; 6-OH Glu321 OE2 2.60 2.61 2.65
annealing omit maps of the ligands, contoured @t 3 Asn323 ND2  N/& 306 310
Asn341 0OD1 3.00 3.28 3.31
well-represented in subunit B, with Hep-I binding to Cal 7-OH Asn341ND2 N/A 3.07 2.97
by the 6-OH and 7-OH groups (Figure 9). Other protein 22;)3324%%52 ’%I-/%‘ N%Aiz 3%31
molecules packeq in the c'rystlal impose constraints on bmdm_gz_OH /50 ASn323ND2 3.35(5-0) 3.22 (2-OH)  3.24 (2-OH)
of the heptose disaccharide in subunits A and C. In subunit 7 Carb -Hent
C, only Hep-l is yvell-defined,_ bound as in subu_nit B, but Glu321 OE2 a;génoy epzogg 249
the electron density for Hep-II is broken. In subunit A, where Asn323ND2 3.03 2.99 2.99
there is the closest approach of an NCRD packing mate, there Asn3410D1 NI/A 3.22 3.34
was little evidence of the ligand. 4-OH Asn341ND2  3.20 3.13 3.12
Glu329 OE2 2.62 2.54 2.63
Asp342 O N/R 3.34 N/A?
DISCUSSION 6-OH Asp3250D2 N/A 271 2.94
; W ; 2-OH Asp3250D2 N/A 3.01 2.73
These studies demonstrate specific interactions of the 5 oH Aen323 ND2  N/A N/AS )

carbohydrate binding regions of the SP-D lectin domain with :
the core oligosaccharide of enteric LPS. In aggregate, the_ *Not available.
data suggest a dominant role of carbohydrate interactions in
recognition of this important bacterial glycoconjugate and  Second, some respiratory pathogens show characteristic
strongly implicate inner core heptose as the primary site of modifications of specific heptoses that can now be predicted
the carbohydrate interaction, at least for Rd-LPS. to alter recognition by SP-D. For example, the LPS of several
Crystallographic analysis revealed a novel, selective, andP. aeruginosastrains is characterized by aQ~carbamoyl
stereospecific mode of interaction between the C6- and C7-substitution of_,o-Hep-Ill (45—48), which precludes interac-
OH groups ofL,p-heptose and Cal at the carbohydrate tions with the side chain. Notably?. aeruginosd_PS also
binding site. More importantly, the side chain of Hep-l of shows a higher degree of phosphorylation of the heptose
the heptose disaccharide exhibited the same mode of interacresidues thatk. coli LPS. In additionK. pneumoniaé.PS
tion. This binding orientation leaves hydroxyl groups avail- characteristically shows a negatively charged substityent (
able for participation in glycosidic linkages with Kdo, Hex- GalUA) at position 7 of Hep-Ill, but no phosphate on any
I, and Hep-lll, when placed within the context of an enteric of the heptose residuasb-Heptose is restricted to a smaller
LPS. These observations have diverse and important implica-subset of Gram-negative bacteria, and our findings suggest
tions for LPS recognition. that it could only contribute to SP-D binding if exposed as
First, interactions with the heptose side chain provide a a terminal sugar.
potential mechanism of inner core recognition that does not  Third, many Gram-negative bacteria show nonstoichio-
require exposed 3- and 4-OH groups on the sugar ring. metric modifications of the conserved inner core oligosac-
Because the inner core is highly conserved, interactions with charide, leading to structural variations and microheteroge-
nonterminalL,b-heptose residues provide a reasonable ex- neity (3). Although still poorly understood, these enzymatically
planation for interactions with diverse types of LPS, even catalyzed modifications are subject to regulation by envi-
in the absence of exposed vicinal 3- and 4-OH groups on ronmental or growth conditions, and some are known to alter
Hep-I, Hep-Il, or other sugars. membrane permeability. Potential nonstoichiometric heptose
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Table 5: Statistics from Data Collection and Refinement

L,D-heptose 2-deoxyheptose diheptose D,D-heptose carbamoyl derivative
Diffraction Data

wavelength (A) 1.5418 1.1000 1.5418 1.5418 1.5418
resolution (A) 1.80 1.60 1.80 1.80 1.80
space group P2, P2, P2, P2, P2,
unit cell dimensions

a(A) 55.200 55.285 55.404 55.414 55.603

b (A) 107.441 108.180 107.531 108.606 108.615

c(A) 55.506 55.543 55.698 55.548 55.628

p (deg) 91.513 90.992 90.280 91.028 90.907
no. of reflections 59219 83562 57647 58216 59548
completenesg%) 98.6 (85.3) 97.3 (87.8) 95.3 (68.3) 95.6 (92.6) 97.5 (87.0)
redundancy 3.0(2.5) 5.2(2.3) 3.4(2.3) 2.7(2.4) 2.7(2.0)
Rmergé (%) 4.8 (24.3) 3.2(17.5) 4.9 (37.2) 7.4 (30.3) 6.6 (35.6)

Refinement

resolution range (A) 561.8 50-1.6 50-1.8 50-1.8 50-1.8
Rerys® 0.1864 0.1986 0.2050 0.2089 0.2051
Rired 0.2040 0.2120 0.2299 0.2369 0.2320
no. of protein atoms 3459 3347 3540 3345 3421
no. of ions 9 9 9 9 9
no. of water molecules 460 554 427 378 392
rmsd for angles (deg) 1.1374 1.1369 1.1102 1.1447 1.1427
rmsd for bonds (A) 0.0051 0.0048 0.0054 0.0053 0.0055
mean(BLfor protein Xﬁ?)f 26.7 21.1 32.9 26.0 27.8
meanBTor ligand (A2)f 28.2 23.9 42.4 355 39.7
Ramachandran plot (%)

most favored 93.6 93.3 94.5 91.7 92.2

additional allowed 6.4 6.7 5.5 8.3 7.8

a Completeness, redundancy, aRgkqereported for all reflections and for the highest-resolution shell (values in parentheRgs)e= Y |li —
mOVy I;, wherel; is the intensity of an individual reflection arifillis the mean intensity of that reflectiohReryst = Y ||Fp| — |Fead /Y |Fpl, where
|Fead and|F,| are the calculated and observed structure factors, respecthRlydefined as in Bioger. ® Root-mean-square deviatioiCalculated
using Moleman? Calculated using Procheck.

modifications include phosphorylation or substitutions with  Uncorventional Interactions of Kdo with CaXdo is a
PPEtn, N-acetylglucosamine, or glucosamine. Such effects key structural component of the inner core, providing the
could prove to be significant, if not critical, determinants of linkage between lipid A and the core oligosaccharide. Thus,
SP-D recognition for specific organisms. For example, low affinity for this sugar is consistent with poor binding to
phosphorylation at position 7 af,p-heptose rendered the Re-LPS and further supports the importance of heptose
sugar ineffective as a competitor. Thus, nonstoichiometric recognition for observed interactions with Rd-LPS. Although
or constitutive modifications of heptose introduce an element some weak occupancy of the carbohydrate binding site was
of complexity in LPS recognition that has previously not observed, these interactions were apparently restricted to the
been considered in the context of innate immune recognition 2-OH group and the 1-carboxyl group. Because the 2-OH
by any LPS binding protein. group of Kdo normally participates in a glycosidic linkage,
Mechanism of Heptose Recognitidihe molecular basis  this weak interaction is unlikely to be relevant to observed
for the stereospecific interaction of the human NCRD with interactions with LPS.
the side chain of ,p-heptose is evident from the crystal- Species Differences in LPS Recognition by NCRDthe
lographic analyses. The OH groups at C6 and C7 can assumeriginal studies of SP-BLPS interactions, rat and human
a conformation similar to that of the equatorially oriented SP-D were found to interact with LPS and various Gram-
OH groups at C3 and C4 and participate in direct interactions negative bacterial@). Ligand blots of various truncated
with Cal at the carbohydrate binding site. This interaction forms of LPS showed preferential interactions of SP-D
is stabilized by H-bonds with coordinating amino acids in a dodecamers with rough forms of LPS that were isolated from
manner virtually identical to that of mannose or other simple rough mutants oE. coli or S. entericasv. Minnesota 13).
sugars (Table 4)%-12). This configuration is not possible  However, the human and rat proteins were not directly
with the side chain hydroxyl groups mbp-heptose (Figure  compared, and all experiments that aimed to examine the
8B). It is less clear why the human NCRD so preferentially interactions of SP-D with various forms of LPS used
selects the side chain over the vicinal OH groups of the ring. iodinated rat SP-D. In the studies presented here, we observed
The apparent affinity for,p-heptose was only slightly higher  significant differences in LPS recognition by the lectin
than that foro-mannose (Table 3). We saw no evidence of domains of rat and human SP-D. Given the diversity of forms
the latter mode of interaction with the ring OH groups in of LPS known to be recognized by SP-D, and the wide range
any of the three subunits with eithep-heptose or 2-deoxy-  of concentrations potentially encountered in vivo, it is
L,D-heptose. When the 7-OH group ofp-heptose was  important to avoid the inference that human SP-D is
blocked with the carbamoyl moiety, the binding affinity was intrinsically less active than rat SP-D with respect to
comparable to that of,p-heptose; however, binding was interactions with LPS or Gram-negative bacteria. Although
exclusively mediated by the 3- and 4-OH groups of the the affinity of the human protein was lower for solid-phase
pyranose ring. R-LPS, this was influenced by ligand density (data not
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shown), and there were less marked differences in maximumdetermined but suggests evolutionary divergence in the
binding for Rd2-LPS. Notably, the rat and human proteins recognition of specific core oligosaccharides by the human
were similarly inhibited by LPS micelles and aggregates. protein.
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