X Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 5, pp. 2880-2887, January 31, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the U.S.A.

Crystal Structure of the Tetrameric Fibrinogen-like
Recognition Domain of Fibrinogen C Domain Containing

1 (FIBCD1) Protein”

Received for publication, September 19, 2013, and in revised form, November 27,2013 Published, JBC Papers in Press, November 28,2013, DOI 10.1074/jbc.M113.520577

Annette K. Shrive*'?, Jesper B. Moeller®', lan Burns®, Jenny M. Paterson*, Amy J. Shaw*, Anders Schlosser®,
Grith L. Sorensen®, Trevor J. Greenhough?, and Uffe Holmskov®

From the *Research Institute of Science and Technology in Medicine, School of Life Sciences, Keele University, Staffordshire
ST5 5BG, United Kingdom and the §Department of Cardiovascular and Renal Research, Institute of Molecular Medicine, University

of Southern Denmark, DK-5000 Odense, Denmark

pattern recognition of acetyl groups on chitin.

endogenous glycosaminoglycans.

(Background: FIBCD1 is a tetrameric plasma membrane protein that uses a fibrinogen-like recognition domain (FReD) for

Results: The x-ray structure of the FIBCD1 FReD reveals how FIBCD1 binds acetylated and sulfated molecules.
Conclusion: FReD domains combine versatility with conservation to recognize their targets.
Significance: The structure suggests how FIBCDI binds acetylated pathogen-associated molecular patterns (PAMPS) and

N

J

The high resolution crystal structures of a recombinant frag-
ment of the C-terminal fibrinogen-like recognition domain of
FIBCDI1, a vertebrate receptor that binds chitin, have been
determined. The overall tetrameric structure shows similarity in
structure and aggregation to the horseshoe crab innate immune
protein tachylectin 5A. The high affinity ligand N-acetylman-
nosamine (ManNAc) binds in the S1 site, predominantly via the
acetyl group with the oxygen and acetamide nitrogen hydrogen-
bonded to the protein and the methyl group inserted into a
hydrophobic pocket. The binding of the ManNAc pyranose ring
differs markedly between the two independent subunits, but in
all structures the binding of the N-acetyl group is conserved. In
the native structure, a crystal contact results in one of the inde-
pendent protomers binding the first GIcNAc of the Asn3*®
N-linked glycan on the other independent protomer. In the
ligand-bound structure this GIcNAc is replaced by the higher
affinity ligand ManNAc. In addition, a sulfate ion has been
modeled into the electron density at a location similar to the
S3 binding site in L-ficolin, whereas in the native structure an
acetate ion has been placed in the S1 N-acetyl binding site,
and a sulfate ion has been placed adjacent to this site. These
ion binding sites are ideally placed to receive the N-acetyl and
sulfate groups of sulfated GalNAc residues of glycosamino-
glycans such as chondroitin and dermatan sulfate. Together,
these structures give insight into important determinants of
ligand selectivity, demonstrating versatility in recognition
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and binding while maintaining conservation in N-acetyl and
calcium binding.

Fibrinogen-like recognition domain containing 1 (FIBCD1)?
is a recently discovered vertebrate acetyl group recognition
receptor that binds chitin (1). FIBCD1 forms tetramers in the
plasma membrane, and each of the chains of the homotetra-
meric protein consists of a short cytoplasmic tail, a trans-mem-
brane helix, and an ectodomain containing a coiled-coil region,
a polycationic region, and a C-terminal fibrinogen-like recog-
nition domain (FReD).

FIBCDL1 is expressed mainly apically on enterocytes and on
airway epithelial cells, but also on epithelial cells lining the sal-
ivary ducts. FIBCD1 mediates endocytosis of its bound ligand
which is released to the surroundings after degradation, with
FIBCD1 being recycled to the plasma membrane. Two poten-
tial phosphorylation sites in the cytoplasmic part of FIBCD1
suggest that FIBCD1 also may be a signaling protein.

The FIBCD1 gene is localized on chromosome 9q34.1 in
close proximity to the genes encoding L- and M-ficolin (2). The
FReD of FIBCD1 shows high homology to the vertebrate innate
immune proteins L-ficolin and M-ficolin and to the horseshoe
crab protein tachylectin 5A (TL5A) that all bind acetyl groups
through the fibrinogen-related domain (Fig. 1). FIBCD1 specif-
ically binds acetylated components including chitin, but fails to
bind lipopolysaccharides (LPS), lipoteichoic acid, mannan, or
peptidoglycan (1), the last consisting of GIcNAc and MurNAc
residues arranged in a structure similar to that of the (GlcNAc),,
structure of chitin. This binding is in contrast to L-ficolin
whose known ligands, in addition to acetyl groups (3), include
lipoteichoic acid and 3-1,3-glucan (4), and to TL5A, which rec-
ognizes the O-antigen of LPS (5). An extended binding surface
that incorporates four binding sites designated S1-S4, has been

3 The abbreviations used are: FIBCD1, fibrinogen C domain containing 1;
FReD, fibrinogen-like recognition domain; TL5A, tachylectin 5A.
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TL5A 196 DKDHDTHETHCAQTYKGGWWYDRCHESNLNGLYLNGEHNSYADGIEWRAWKGYHYSLPQVEMKIRPVEFNIIGN 47.2
L-Ficolin 222 DQDNDLNTGNCAVMEQGAWWYKNCHVSNLNGRYLRGTHGSFANGINWKSGKGYNYSYKVSEMKVRPA 50.7
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FIGURE 1. Alignment and sequence homology (identity) of the fibrinogen-like domains of FIBCD1, TL5A, L-ficolin, M-ficolin, and H-ficolin based on
structural superposition. Sequence numbers and secondary structure elements on the top refer to the FIBCD1 sequence with the numbering of the helices
and strands based on the secondary structure elements assigned in TL5A and L-ficolin. The loops L1, L2, and L3 (see “Results”) are indicated. The S1 and calcium
binding site residues are highlighted in green (S1) and yellow respectively, with the S3 binding site highlighted in gray. Residues that bind the additional sulfate

in proximity to S1 are boxed.

identified in L-ficolin, with various carbohydrate and noncar-
bohydrate ligands binding to sites S2—S4 (6). In contrast to
TL5A (7) and M-ficolin (8), which specifically bind N-acetyl
groups in site S1, acetylated ligands bind to L-ficolin in either S2
or S3 depending on the nature of the ligand (6).

The high homology to the ficolins, which are well character-
ized pattern recognition molecules that play important roles in
innate immunity, and the location at the apical part of mucosal
epithelial cells suggest that FIBCD1 plays an important role in
innate immunity. The oligomeric state of FIBCD1 supports
this, as oligomerization allows structural arrangement so
that an appropriate number of binding sites match the spa-
tial arrangement of microbial molecular patterns, leaving
endogenous ligands unbound due to alternative spacing. A
role in homeostasis cannot be ruled out as many repeating
acetylated components are present in, for example, mucins
on mucosal surfaces.

FIBCD1 is the first characterized plasma membrane protein
that exploits a FReD as ligand binding domain. In contrast to
the well characterized ficolins that form homotrimers, FIBCD1
is thought to form homotetramers. We here report the refined
three-dimensional structures of the FReD domain of FIBCD1
with and without bound ligand. We show that the FReD of
FIBCD1 indeed forms homotetramers of protomers with high
homology to the soluble horseshoe crab protein tachylectin 5A.
The results reveal not only the structural basis of both the
tetramerization of the FIBCD1 FReDs and acetyl group-specific
ligand binding through the S1 site, but also potential binding
sites for sulfated ligands including glycosaminoglycans such as
chondroitin and dermatan sulfate.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of the Fibrinogen-re-
lated Domain of FIBCD1—The DNA segment corresponding
to the fibrinogen-related domain of human FIBCD1 (residues
236-461) was cloned into the pNT-Bac vector (9) and
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expressed in insect cells as described previously (1). Purification of
the fibrinogen-related domain of FIBCD1 was achieved by affinity
chromatography using acetylated Toyopearl AF-Amino-650M
resin (Tosoh) essentially as described previously (1), followed by
ion-exchange chromatography using a Resource Q ion-exchange
column (GE Healthcare). In brief, eluates containing affinity-puri-
fied recombinant FIBCD1 were pooled and diluted 1:20 in TE
buffer (10 mm Tris, 5 mm EDTA, pH 7.4) before being applied onto
the column. The column was washed with 10 ml of TE buffer
followed by 20 ml of 10 mm Tris, pH 7.5, and elution was per-
formed by a two-step gradient of NaCl (0-200-1000 mm).
The fractions containing recombinant FIBCD1 were ana-
lyzed by SDS-PAGE/Coomassie staining and finally dialyzed
against TBS (10 mwm Tris, 140 mm NaCl, 0.02% NaN,, pH 7.4).

Crystallization and Data Collection—Recombinant FIBCD1
was concentrated, using Amicon® Ultra concentrators (Milli-
pore), to 8 mg/ml in 10 mm Tris, 140 mm NaCl, 10 mm CaCl,,
0.02% NaNj, pH 7.5, for crystallization. Native crystals of the
fibrinogen domain (residues 236 —461) were grown in sitting
drops consisting of an equal volume (1.5-2 ul) of protein solu-
tion and precipitant buffer of 1.6-1.7 m (NH,),SO,, 7-10%
dioxane, 0.1 m MES, pH 6.5. Crystals were prepared for cryo-
cooling using glycerol in precipitant buffer with the addition of
10 mm CacCl,. Successive addition of 2-ul aliquots of increasing
concentrations (5-25%) of glycerol cryobuffer were added to
the well, followed by addition of a further 2-ul aliquot of 25%
glycerol cryobuffer and an exchange of ~10 ul of the resulting
buffer with 25% glycerol cryobuffer. Ligand was introduced into
the crystal by the addition of 10 mm ManNAc to the cryobuffer.
Data were collected, from a single crystal in each case, on an
ADSC Quantum 4R CCD detector at Daresbury SRS (14.1) and
an ADSC Q315r at Diamond Light Source (104). Integrated
intensities were processed using MOSFLM (10) and CCP4 pro-
grams (11). Data collection and processing statistics are given in
Table 1.
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TABLE 1

Data collection and processing
Figures in parentheses refer to the highest resolution bin.

Data collection
Synchrotron station
Wavelength A)
Space group
Cell dimensions
Resolution range (A)
Observations

Native

SRS 14.1

1.488

P4

a=b=11856 A, c = 44.25 A
41.9-2.0 (2.11-2.00)

130,094 (16,153)

ManNAc bound

DLS 104

0.9745

P4

a=b=11954 A, c = 44.26 A
53.5-2.1 (2.21-2.10)

156,110 (23,101)

Unique reflections 41,125 (5,672) 36,910 (5,361)
Completeness (%) 97.8 (93.3) 99.8 (100.0)
R 0.066 (0.214) 0.069 (0.174)
Lol 8.0(2.9) 6.1 (4.2)
Refinement
Protein atoms 3,520 3,531
Residues chain A 239-457 239-458
Residues chain B 239-457 239-457
Water molecules 297 321
Other molecules
Subunit A B A B
Calcium ions 1 1 1 1
Sulfate ions 2 1 1 1
Acetate ions 1
GlcNAc 1 1
Glycerol 1
ManNAc ligand 1 1
R0l (%) 183 18.7
Ry (%) ) 209 214
r.m.s.d. bond length (A) 0.005 0.006
r.m.s.d. bond angle (°) 1.32 1.30
Average B-values (A?)
Protein 20.2 16.9
Water 324 28.8
Other hetero-atoms 40.7 34.1
PDB ID 4M7H 4M7F
Ramachandran plot values® (%)
Favored 93.3 93.5
Allowed 6.7 6.5
Outliers 0.0 0.0

“ Rierge = 253\, = L)/2,2 |1, |, where 1, is the jth observation of reflection / and Ii is the mean of the j measurements of reflection /.

b

Ryork = SllFon] = |Fonll 12 rFoh\ where Fj, and Fy, are the observed and calculated structure factor amplitudes, respectively, for the reflection 4.

€ Rgce is equivalent to R, for a randomly selected subset (5%) of reflections not used in the refinement.

r.m.s.d., root mean square deviation.
¢ Defined according to Molprobity.

Structure Solution and Refinement—The native FIBCD1
structure was solved by molecular replacement with AMoRe
(12) using the homologous tachylectin 5A structure (Protein
Data Bank ID code 1JC9) as a search model. The refined native
structure was then used as a starting model for the ligand-
bound structure. As the crystals were isomorphous, molecular
replacement was not necessary for the ligand structure. Model
building of the structures was carried out using maximum like-
lihood refinement with CNS (13) and alternated with rounds of
manual model building with O (14). Topology and parameter
files for ligand were obtained from the HIC-Up server (15).
Refinement statistics are given in Table 1, and the quality of
the final structures was verified by MolProbity (16). The
structures have >93% residues in favored regions of the
Ramachandran plot with no outliers. Residues 239 —457/8 of
FIBCD1 have been fitted into the electron density. The
coordinates and structure factors for native (4M7H) and
ManNAc-bound (4M7F) FIBCD1 have been deposited with
the Protein Data Bank. Molecular figures were generated
using MOLSCRIPT (17) and the PyMOL Molecular Graph-
ics System Version 1.4 (Schrodinger, LLC, 2011).

RESULTS

A single species of the expressed and purified FIBCD1 seg-
ment corresponding to residues 236 —461 was produced with
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an average mass of 27.3 with a spread of = 0.8 kDa as deter-
mined by MALDI-MS. The mass was greater than the calcu-
lated mass (25.9 kDa) based on the amino acid sequence, prob-
ably due to glycosylation (see below) during biosynthesis (2).

Overall Structure—The structure of the recombinant glyco-
sylated FReD of FIBCD1 was solved by molecular replacement
using the homologous TL5A structure (7) as a search model and
subsequently refined to a resolution of 2.0 A for the native frag-
ment and 2.1 A for the crystals soaked in ManNAc (Table 1).

The crystal structure contains two independent tetramers
(one composed of subunits A, the other of subunits B) in the
unit cell (Fig. 2). Each of these tetramers has 4-fold molecular
symmetry, tetramer A being positioned on the crystallographic
4-fold axis which is parallel to z (c) at x = 0, ¥ = 0 and tetramer
B on the 4-fold axis which is parallel to z at x = 1/2, y = 1/2.
Residues 239 — 457 are observed in the electron density for both
subunits. There is clear evidence for glycosylation at Asn>*, the
N-linked GIcNAc in one independent subunit (subunit A)
being clearly defined due to crystal contacts whereas in subunit
B the electron density does not allow linked carbohydrate to be
modeled with confidence.

There are extensive interactions between neighboring
protomers in the biologically relevant tetramer, involving the
loop L1 (Fig. 1), which connects strands 81 and 2 (residues

asEveN
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FIGURE 2. Homotetrameric structure of the recognition domains of
FIBCD1. g, subunit A tetrameric native structure of FIBCD1 illustrating the
crystal contact, mediated through the N-linked glycan, with the subunit B
tetramer (one protomer shown in green). The four binding sites S1-54 are
labeled. The key amino acids His?** and Val®*’ at the protomer-protomer
interface in loops L1 and L2, respectively, are shown as stick models. b, overlay
of the FIBCD1 and TL5A tetramers showing the relative orientation of the
protomers within the tetrameric molecule.

~261-268), and loop L3 (352-363) which includes a helical
region (a6) in L-ficolin (6). Loop L1 in each of the four protom-
ers in the tetramer contacts the same loop in each of the two
neighboring protomers, forming the major contact interface
close to the 4-fold axis. His*** inserts into a pocket in the neigh-
boring L1 (Fig. 2), forming hydrogen bonds with the main
chain carbonyl of Ala®*” (ND1-O 2.80A) and with Ser®* OG
(NE2-OG 2.72A), whereas there is a hydrophobic interaction
between Thr**®> CG2 and Phe®*'. In loop L3 the side chain of
Val®*” extends into a hydrophobic pocket in the 85-a5 region of
the neighboring protomer, with Val®**” encircled by the side
chains of Leu®* and Leu®'” and the main chain of residues
305-309 and 313-315.

In both native and ligand-bound structures, electron density
in the region corresponding to the acetyl binding site (S3) in
L-ficolin has been modeled as a sulfate ion, one of the S3 sulfate

JANUARY 31,2014 +VOLUME 289-NUMBER 5

Crystal Structure of FIBCD1

oxygens interacting with Arg®*’NE (3.1A), the main chain
nitrogen of Gly**® (2.7 A) and a water molecule. A second sul-
fate oxygen also interacts with Arg>*”NE although the distance
is slightly greater, and with Lys**°NZ.

Calcium Binding—A calcium ion is located in each protomer
in sites homologous to the calcium site in TL5A and the ficolins
(Fig. 2), coordinated here by Asp®®® (X2), Asp®®®, the main
chain carbonyls of Ser**” and Asn®**?, and two water molecules.
Each calcium ion is 7-coordinated with Asp®>*® and one water
forming the vertices of a pentagonal bipyramid and the remain-
der forming the pentagonal base. The average Ca-O bond dis-
tance in each of the two subunits in each of the two structures
agrees with the characteristic value of 2.4 A for Ca®* binding
sites in proteins (18). The 400 —405 helix a8 flanks the Ca®*
binding site and connects the metal binding site to the acetyl
group recognition site via the Cys*®'-Cys*'* disulfide with a
cis-peptide bond between Asn*'® and Cys*'*,

Native Structure—Electron density in the acetyl position of
the ligand binding site (as seen in TL5A and designated S1 in
ficolins) is present in both subunits of the native FIBCD1 crystal
structure. In subunit A this density corresponds closely to an
acetate ion, and this has been fitted. In close proximity to this
acetate in the S1 binding site of subunit A, a sulfate ion has been
modeled into a large piece of electron density (Figs. 3 and 4a).
This sulfate ion interacts with the protein main chain through
02-His™®N (3.2 A), and through O4-Asn*'*N and O4-Asn*'®O at
3.0 and 3.1, A respectively.

In the other independent subunit (subunit B) in the native
structure, a crystal contact results in the Asn®**° N-linked
GIcNAc from subunit A being bound in the subunit B ligand
binding site S1 (Figs. 4b and 5). There are no substantial differ-
ences in conformation between the two independent subunit
ligand binding sites except that in subunit B the conserved
Tyr**' moves in compared with subunit A, where the closest
approach of Tyr**'OH to the isolated acetate ion is 4.6 A to an
acetate oxygen, to interact with the N of the N-acetyl group of
the glycan GlcNAc (Tyr***OH-acetamide N 3.0A). The acetyl
oxygen is bound by two adjacent main chain nitrogens from
Cys** and His*'?, the latter being maintained in this orienta-
tion through the cis-conformation of Cys***. The N-acetyl
methyl group sits in a conserved hydrophobic and aromatic
pocket surrounded by Tyr*®®, His*'®, Tyr**!, and Trp**?, con-
tact distances with these residues ranging from 3.67 A
(Tyr**>CZ) to 3.93 A (Tyr**'CE2) (Figs. 4b and 5). Although
there is evidence of electron density for the second, linked
GlcNAc of the bound glycan, it is ill defined and of insufficient
quality to allow fitting.

ManNAc-bound Structure—In the ManNAc ligand-bound
structure there are major differences, due to the crystal con-
tacts, in the orientation of the ligand and its interactions in the
two independent subunits (Figs. 4 and 6). Nevertheless, the
position, orientation, and interactions of the N-acetyl group
are conserved (Fig. 7). In subunit A, the acetate, but not the
sulfate ion, in the native structure has been displaced by Man-
NAc whereas in subunit B the GIcNAc of the glycan is displaced
from the binding site where it is replaced by ManNAc. This
displacement is accompanied by a significant change in confor-
mation of Asn®**° in subunit A which holds the N-linked glycan.
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(@)

(b)

FIGURE 3. Acetyl binding site S1 in each protomer of the subunit A tetramer of the native FIBCD1 structure. The acetate and sulfate ions located in and
in proximity to the S1 acetyl binding pocket are shown. g, key interacting amino acids. b, charged surface representation of the extended S1 site including the
acetyl binding pocket and the adjacent pocket which accommodates a sulfate ion.
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FIGURE 4. Acetyl binding site S1 in FIBCD1 showing the key amino acids
and interactions between bound ligand and protein. g, native FIBCD1 sub-
unit A showing the acetate and sulfate ions. b, native FIBCD1 subunit B show-
ing the Asn*® glycan GIcNAc from the subunit A tetramer inserted in to the
acetyl binding pocket. ¢, subunit B of the ManNAc-bound structure showing
the bound ManNAc and the displaced subunit A glycan.

B413Asn

The ManNAc N-acetyl group in both subunits interacts with
Tyr**! and the main chain nitrogens of Cys*'* and His*'?, with
the methyl group inserting into the hydrophobic pocket. In
subunit A Tyr**' moves toward the ligand to form a hydrogen
bond (3.1 A) between the N-acetyl nitrogen and the Tyr**!
hydroxyl. The major difference between the ManNAc in the
two different subunits is a rotation of approximately 60° of the
pyranose ring about the acetyl C-N bond. In subunit A this
results in a close (2.3 A) contact between ManNAc O1’ and the
main chain carbonyl of Asn*'?, with the ManNAc O1’ and O6’
hydroxyls forming water-mediated contacts with the Tyr**®
hydroxyl. In subunit B the displaced GIcNAc moves out of the
ligand binding site, ManNAc O3’ interacting with the main
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(a)
FIGURE 5. Acetyl binding site S1 in each protomer of the subunit B

tetramer of the native FIBCD1 structure. The Asn®*° glycan GIcNAc from

the subunit A tetramer inserts in to the acetyl binding pocket S1 of subunit B.
a, structure of the binding site and the bound glycan. b, 2F, — F_ electron
density contoured at 2¢.

chain carbonyl of His*!® at 2.77 A with an unusually long 3.5 A
Tyr4310H-acetamide N interaction. The O3’ hydroxyl of the
displaced glycan GIcNAc interacts with the side chains of
Glu®**® and Asn*'? at the protein surface. There is also a clearer
indication than in the native structure of electron density in the
region of GIcNAc O4' for the first part of the adjoining GIcNAc
of the glycan. There is no evidence that residue Lys**' (equiva-
lent to the ligand binding Arg'®® in TL5A; see Fig. 1) interacts
with either the bound ManNAc or the bound glycan GIcNAc in
the native structure or with the sulfate ion close to the native
acetate site.

DISCUSSION

We have determined the three-dimensional structure of the
fibrinogen-like recognition domain of human FIBCD1. The
FReD-1 domain of FIBCD1 has an overall protomer topology
that is similar to that of TL5A and the ficolins, forming a
tetramer in agreement with the proposed association to form
noncovalent tetramers (2) as observed for TL5A (7). Although
the tetrameric arrangements of FIBCD1 and TL5A look similar,
there is a rearrangement of the protomers within the tetramer
with the FIBCD1 subunit rotated by ~23° about an axis parallel

asEveN
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FIGURE 6. Acetyl binding site S1 in the ManNAc-bound FIBCD1 structure. a and b, binding site in each protomer of the subunit A tetramer. ¢, binding site
in each protomer of the subunit B tetramer where the N-linked GIcNAc from the subunit A tetramer in the native structure is displaced by ManNAc.

FIGURE 7. Orthogonal views of the overlaid bound ligands in the FIBCD1 S1 acetyl binding site generated by superposing (least squares fit of the main
chain atoms) subunits A and B in both the ManNAc-bound structure and the native structure. Ligands shown are ManNAc in the subunit A tetramer of the
ManNAc-bound structure (yellow), the N-linked glycan GIcNAc from the subunit A tetramer bound in the native subunit B tetramer (orange), the acetate ion in
the subunit A tetramer of the native structure (green), and ManNAc in the subunit B tetramer of the ManNAc bound structure (cyan).

to the tetramer axis (z axis) with respect to the TL5A protomer
(see Fig. 2). This appears to be the result of the sequence differ-
ences (insertions/deletions) between loops L1 and L3 in
FIBCD1 and TL5A (Fig. 1). In TL5A the two loops, which,
unlike FIBCD1, include short a-helical structures, interact with
each other across the interprotomer interface, dominated by
the interaction of Trp'®! at the start of L3 with Arg®®, Thr”®, and
Asn”” in the 82-L1-83 region of the neighboring protomer (7).
In FIBCD1, however, the major contact interface close to the
4-fold axis is formed by L1-L1 interactions. In addition, Val**
in FIBCD1 loop L3 extends into a hydrophobic pocket in the
B4-B5 region of the neighboring protomer, the equivalent
interaction in TL5A being a side chain stacking of Tyr'®” (L2)
and Arg'*® (85).

Thus, as expected from sequence homology, the overall
protomer fold of the FReD-1 domain of FIBCD1 is the same as
that of TL5A and the ficolins, whereas the tetramer itself differs
due to sequence differences at the subunit-subunit interface.
This is reminiscent of the human innate immune pentraxins
SAP and CRP, where the protomer fold is closely similar, but
again the orientation of the protomers in the biological penta-
mer differs (19, 20), by approximately 15°. In both cases struc-
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ture solution by molecular replacement requires a monomer
model to be successful (21).

Within each protomer a calcium ion is located in sites
homologous to the calcium site in TL5A and the ficolins, with
equivalent residues and water coordinating the calcium ion.
This site is connected to the acetyl group recognition site S1 via
the Cys*'-Cys*'* disulfide, equivalent to the Cys*°®-Cys>"®
disulfide bridge in TL5A.

The Asn*'*-Cys*'* cis-peptide bond is equivalent to that
between Arg®'® and Cys*'? in TL5A. Both position backbone
NH groups (Cys*'*and Cys*'® here; Cys*'? in TL5A) to interact
directly with the bound acetyl group of the ligand thus contrib-
uting substantially to the acetyl group specificity (7) (see
below). This cis-peptide bond also corresponds to the pH-de-
pendent cis/trans bond seen for M-ficolin (8), perhaps corre-
sponding to a regulatory mechanism for ligand binding, the S1
site being disrupted by a transition of the peptide bond to trans
at acidic pH.

The origin of the acetate ion in the ligand binding site of
subunit A of the native structure is unclear (Fig. 3). Although
acetate has not been used in the protein buffer or crystallization
conditions, sodium acetate is used in the purification procedure
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and may have been bound at this time. The sulfate ions, in close
proximity to the S1 acetate in subunit A and at the S3 site,
however, could have arisen from the ammonium sulfate or MES
present in the crystallization condition (see Fig. 3). Electron
density in close proximity to O3’ of the bound glycan may cor-
respond to the second GlcNAc of the glycan, expected at the
neighboring O4’.

Binding of the N-acetyl group is conserved throughout the
structures, the acetyl nitrogen interacting with the conserved
Tyr**! and the oxygen with two adjacent main chain nitrogens
from Cys*'* and His*'®, both positioned by the cis-conforma-
tion of Cys (Fig. 4). The hydrophobic and aromatic pocket
which holds the N-acetyl methyl group is formed by residues
Tyr*%%, His*'®, Tyr**!, and Trp**?, with Ala®** at the base of the
pocket (Fig. 6). All of these residues are conserved in FIBCD1,
TL5A, and L- and M-ficolin except for Trp*** which is Tyr in
TL5A and in L- and M-ficolin (Fig. 1). Although the distance
from the N-acetyl C8 to Ala*** CB is somewhat long, for exam-
ple 3.8 A in the GlcNAc-bound structure, no other amino acid
would appropriately complete the pocket without spatially pre-
venting entry of C8. Trp**® is clearly and unambiguously
defined in the GlcNAc (subunit B, native structure) and
ManNAc (subunits A and B ManNAc-bound structure)-bound
subunits, whereas in the absence of a bound carbohydrate (sub-
unit A, native structure) the density is less well defined, suggest-
ing that this residue has some freedom of movement which is
stabilized by interaction with bound ligand.

In addition to the S1 ligand-binding site in TL5A and the
ficolins, L-ficolin is reported to contain three additional bind-
ing sites (S2—54) surrounding a cleft to form an extended ligand
binding surface. There is generally a conservation of the S1
pocket in FIBCD1, TL5A, and H- and M-ficolin. TL5A, H-, and
M-ficolin bind acetylated structures through S1 whereas L-fi-
colin binds acetylated structures primarily through S3 or S2.
The FIBCD1 site equivalent to the acetyl binding site S3 in
L-ficolin contains a sulfate ion and the FIBCD1 S3 residues
Lys**° and Arg®®” which interact with this sulfate ion are equiv-
alent to those in L-ficolin S3, Lys**! and Arg'*? (6).

An overlay of the FIBCD1 protomers (main chain) shows
that the isolated acetate in the native FIBCD1 structure is
essentially in the same position and orientation as the N-acetyl
group in TL5A and M- and H-ficolins and in the bound
ManNAc and (glycan) GIcNAc protomers here, but that the
remainder of the ligand, including the orientation of the pyra-
nose ring, differs markedly (Figs. 5-7). This difference is due to
the N-linked glycan constraints placed on the GIcNAc and the
crystal contacts that affect the orientation of the ManNAc in
the subunit B tetramer. The unusually long Tyr**'OH-acet-
amide N interaction in subunit B of the ManNAc-bound struc-
ture, which may arise from the influence of crystal contacts,
may indicate that this interaction, at least for ManNAg, is rela-
tively less critical for binding than the remaining binding deter-
minants. The O3’ hydroxyl of the displaced glycan GIcNAc
interacts with the side chains of Glu**® and Asn*'? at the pro-
tein surface.

In TL5A Arg'®® makes a key interaction with the O1’
hydroxyl of GIcNAc (7). The density for the equivalent FIBCD1
residue Lys®®! is very poorly defined in all structures suggesting
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mobility and either that the side chain is too short to reach the
sugar, or that it is not part of the mode of binding of the ligands
studied here. In the native acetate-bound site the sulfate adja-
cent to the S1 site is sufficiently close to Lys*®' for an interaction
to occur, but again none is indicated by the electron density.
Perhaps this interaction is of importance for longer ligands, for
example natural extended carbohydrate ligands.

The acetate and sulfate that are observed in the “native” sub-
unit (A) (Fig. 3) and the position of the extended density that is
attached to the GlcNAc glycan sugar (in subunit B) suggest that
the S1 binding site in FIBCD1 may well be extended with an
ability to bind a variety of ligands in a variety of orientations.
The ability to bind both GlcNAc and ManNAc, despite the
differing mannose/glucose stereochemistry at the C2 position,
is indicative of this flexibility and of the primary requirement
for the N-acetyl group. It is worthy of note that the S1 site in
L-ficolin may also have an extended character and that it too
accepts a sugar of a crystal contact glycan, although for L-ficolin
a mannose has been assigned to the electron density in the
pocket rather than the GlcNAc observed here (6). In L-ficolin
the first and second GIlcNAc residues of this neighboring oligo-
saccharide bind to the edge of the S1 site, but on the opposite
side of the pocket to the sulfate ion observed here.

Soaking experiments have been carried out to investigate
chitobiose binding to FIBCDI1, but current electron density
maps do not clearly define the bound ligand (data not shown).
This suggests that ManNAc, which readily displaces both the
acetate and the glycan from the binding site, is a higher affinity
FIBCD1 ligand than chitobiose. It may be that chitin binding
involves a number of B1-4 GlcNAc residues, interacting not
only with the acetyl binding pocket but also the extended
GIcNAc (glycan) binding surface adjacent to S1 identified in
L-ficolin. Increasing the concentration of low affinity, low
occupancy ligands in L-ficolin did not always lead to improve-
ment in quality of electron density maps but rather nonspecific
binding to different surface areas (22). FIBCD1, however, has
been postulated to be a chitin-binding molecule, and therefore
experiments to improve the occupancy of small B1-4 GlcNAc
chains in the binding site and to show GlcNAc binding
unconstrained by the N-link present here, are currently
being undertaken.

It will be interesting to see whether Lys®*" does interact with
an extended bound ligand and whether there are further inter-
actions in an extended S1 pocket including either the adjacent
GIcNAc binding surface identified in L-ficolin or the site occu-
pied by sulfate in the native FIBCD1 structure. Because FIBCD1
recognizes GlcNAc and GalNAc equally well (2), the proximity
of the acetyl and sulfate sites suggests that FIBCD1 may func-
tion as a pattern recognition receptor for mucus related sul-
fated GalNAc residues of glycosaminoglycans such as chon-
droitin and dermatan sulfate, suggesting a role in mucus
homeostasis. Indeed, both the sulfate and the acetyl group of
GalNAc 4-sulfate modeled into the extended FIBCD1 S1 site
overlie the sulfate and acetate ions observed here (Fig. 3). Struc-
tural studies are under way to investigate this previously unre-
ported but potentially significant recognition mode of FIBCD1.

Our structural data indicate that FIBCD1, in line with what is
known about the ficolins, plays an important role in innate
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immunity, acting as a pattern recognition receptor. However,
although our data indicate a substantial overlap in ligand bind-
ing between FIBCD1 and the ficolins, the FIBCD1 effector
mechanisms must be considerably different. After ligand bind-
ing the ficolins activate complement through binding of the
MASP serine proteases to the collagen regions of the ficolins.
No collagen region is found in FIBCD1, and, as FIBCD1 is a
membrane protein, the effector mechanism is expected to be
endocytosis of bound ligands or signaling. Indeed, we have
already shown that FIBCD1 can endocytose acetylated BSA.
Future studies will reveal whether FIBCD1 may act as a signal-
ing molecule.
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