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Carbohydrate Recognition Properties of Human Ficolins
GLYCAN ARRAY SCREENING REVEALS THE SIALIC ACID BINDING SPECIFICITY
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Ficolins are oligomeric innate immune recognition proteins
consisting of a collagen-like region and a fibrinogen-like recogni-
tion domain that bind to pathogen- and apoptotic cell-associated
molecular patterns. To investigate their carbohydrate binding
specificities, serum-derived L-ficolin and recombinant H- and
M-ficolins were fluorescently labeled, and their carbohydrate
binding ability was analyzed by glycan array screening. L-ficolin
preferentially recognized disulfated N-acetyllactosamine and
tri- and tetrasaccharides containing terminal galactose or
N-acetylglucosamine. Binding was sensitive to the position and
orientation of the bond between N-acetyllactosamine and the
adjacent carbohydrate. No significant binding of H-ficolin to
any of the 377 glycans probed could be detected, providing fur-
ther evidence for its poor lectin activity. M-ficolin bound pref-
erentially to 9-O-acetylated 2-6-linked sialic acid derivatives
and to various glycans containing sialic acid engaged in a 2-3
linkage. To further investigate the structural basis of sialic acid
recognition by M-ficolin, point mutants were produced in which
three residues of the fibrinogen domain were replaced by their
counterparts in L-ficolin. Mutations G221F and A256V inhib-
ited binding to the 9-O-acetylated sialic acid derivatives,
whereas Y271F abolished interaction with all sialic acid-con-
taining glycans. The crystal structure of the Y271F mutant
fibrinogen domain was solved, showing that the mutation does
not alter the structure of the ligand binding pocket. These anal-
yses reveal novel ficolin ligands such as sulfated N-acetyllac-
tosamine (L-ficolin) and gangliosides (M-ficolin) and provide
precise insights into the sialic acid binding specificity of M-fico-
lin, emphasizing the essential role of Tyr*’! in this respect.

Innate immunity relies on the capacity of constitutive rec-
ognition molecules to sense characteristic pathogen-associ-
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ated molecular patterns at the surface of microbes, which are
often carbohydrates contributed by invariant components of
microorganisms. Recognition of these microbial patterns elicits
effector mechanisms aimed at containing early infection while
instructing an appropriate adaptive immune response (1, 2).
Among these innate immune molecules are the defense colla-
gens, including the soluble oligomeric proteins C1q, mannan-
binding lectin, and ficolins, which recognize both pathogens
and potentially noxious elements from self, such as apoptotic
cells (3). Ficolins constitute a family of evolutionarily conserved
proteins present in species ranging from invertebrates to mam-
mals, assembled from homotrimeric subunits comprising col-
lagen-like triple helices and globular fibrinogen-like recogni-
tion domains (4). Subunit oligomerization involves disulfide
linkages between cysteines located at the N-terminal end of the
polypeptide chains (5). Three ficolins have been identified in
humans: M-ficolin (ficolin-1), L-ficolin (ficolin-2), and H-fico-
lin (ficolin-3) (6-9). Rodents and pigs have only two ficolins
that are orthologous to L- and M-ficolins (10). L- and M-fico-
lins are serum proteins with average concentrations of 3-5 and
18 ug/ml, respectively (11-14), whereas M-ficolin has been
localized at the surface of blood monocytes and in secretory
granules of neutrophils, monocytes, and lung epithelial cells
(15-17). However, two recent studies have reported its detec-
tion in serum, with mean concentrations ranging from 0.06 to 1
pg/ml (18, 19). The three human ficolins share with mannan-
binding lectin the ability to associate with mannan-binding lec-
tin-associated serine protease-2. The resulting complexes trig-
ger activation of the lectin complement pathway, a major
effector of innate host defense, upon binding to suitable targets.

L-ficolin has been shown to recognize several strains of
opportunistic capsulated bacteria (13) and apoptotic HL60,
U937, and Jurkat cells (20, 21). It specifically binds to various
ligands including acetylated compounds (22, 23), 1,3-B-p-glu-
can (24), lipoteichoic acid (25), the capsular polysaccharide of
group B streptococci (26,27), and DNA (21). H-ficolin is known
to specifically recognize Aerococcus viridans (13, 28) and apo-
ptotic Jurkat cells (20, 29) and to bind a few ligands such as
D-fucose, galactose (30), and acetylated albumin (31, 32).
Recombinant M-ficolin displays a binding preference for vari-
ous acetylated compounds including sialic acid (16, 17) and has
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been shown to bind to Staphylococcus aureus and the smooth
type of Salmonella typhimurium (17).

The crystal structures of the trimeric recognition domains of
the three human ficolins alone and in complex with various
ligands have been determined recently (30, 33, 34), revealing
striking differences in their ligand recognition properties. A
single ligand binding site was observed in M-ficolin, located
close to the Ca®" -binding site in the outer part of the trimer and
homologous to the GlcNAc? binding pocket of the invertebrate
tachylectin TL5A (35). The homologous sites in H- and L-fico-
lin were not found to bind acetylated ligands but accommo-
dated p-fucose and galactose in the case of H-ficolin. Three
additional binding sites were identified in L-ficolin, defining an
extended charged binding surface able to recognize elongated
polysaccharides such as 1,3-B-p-glucan through binding sub-
sites for small acetylated compounds and neutral carbohy-
drates (30).

To further decipher and compare the carbohydrate binding
specificities of the three human ficolins, these were used to
probe the glycan array developed by the Consortium for Func-
tional Glycomics, comprising several hundreds diverse natural
and synthetic glycans (36). Our results confirm that the three
ficolins have different specificities and provide new insights
about the recognition properties of L- and M-ficolins. Site-di-
rected mutagenesis was also used to identify the amino acid
residues of the M-ficolin fibrinogen (FBG) domain involved in
sialic acid binding.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—BSA glycoconjugates derivatized
with GIcNAc, Gal, GalNAc, LacNAc, Neu5Aca2-3LacNAc,
and Man were purchased from Dextra Laboratories (Reading,
UK). Acetylated BSA, streptavidin, and 6-kDa heparin were
from Sigma, and biotin-LC-hydrazine was from Pierce. Human
serum L-ficolin and recombinant H-ficolin expressed in Chi-
nese hamster ovary cells were purified as described previously,
and their molar concentrations were determined using absorp-
tion coefficients (A1%, 1 cm at 280 nm) of 17.6 and 19.4 and M,
values of 406,000 and 396,000 (i.e. 12 polypeptide chains of M,
33,600 and 33,000), respectively (37). The recombinant FBG
domain of L-ficolin was expressed in a baculovirus/insect cells sys-
tem and purified as described by Garlatti et al. (30). Its molar con-
centration was determined using an absorption coefficient of 2.2
and a M, value of 78,000 (3 polypeptide chains of M, 26,000).

Site-directed Mutagenesis—The expression plasmids cod-
ing for the mutants of full-length M-ficolin and of its FBG
domain were generated using the QuikChange™ XL site-
directed mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer’s protocol. A pMT/Bip/V5-His A Drosophila
expression system plasmid coding for full-length wild-type
M-ficolin without the His tag (17) (kindly provided by Dr. T.
Fujita) and a pNT-Bac baculovirus transfer vector coding for

2 The abbreviations used are: GIcNAc, N-acetyl-D-glucosamine; FBG, fibrinogen;
GalNAc, N-acetylgalactosamine; LacNAc, N-acetyllactosamine; Neu5Ac, N-
acetylneuraminic acid; SPR, surface plasmon resonance; RU, resonance
units; RFU, relative fluorescence units; BSA, bovine serum albumin; GM,
monosialoganglioside; GD, disialoganglioside.
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the FBG domain of M-ficolin (33) were used as templates.
Mutagenic oligonucleotides were purchased from Eurogentec
(Seraing, Belgium). The sequences of all mutants were con-
firmed by double-stranded DNA sequencing (Cogenics, Mey-
lan, France).

Production and Purification of the Ficolins—The recombi-
nant full-length M-ficolin variants were produced in Schneider
S2 Drosophila cells after stable transfection with the pMT/Bip/
V5-His A vector containing the cDNA of M-ficolin, as de-
scribed by Liu et al. (17). Stable transfectants were expanded in
Schneider’s Drosophila medium supplemented with 10% (v/v)
heat-inactivated fetal calf serum. Production of the M-ficolin
variants was induced by adding 500 um CuSO, to the culture
medium containing 50 ug/ml ascorbic acid (Sigma) without
added serum, and the culture supernatants were harvested after
72 h incubation.

The M-ficolin variants were purified from the culture super-
natants by affinity chromatography on a GlcNAc-agarose col-
umn (Sigma) equilibrated in 145 mm NaCl, 5 mm CaCl,, 20 mm
Tris-HCI, pH 7.4. Elution of bound M-ficolin was performed by
applying the same buffer containing 0.3 M GIcNAc. The puri-
fied proteins were dialyzed against 145 mm NaCl, 2 mm CacCl,,
50 mM triethanolamine-HCI, pH 7.4, and concentrated to 0.5—
1.0 mg/ml. The concentration of purified wild-type M-ficolin
was estimated using an absorption coefficient (A1%, 1 cm at 280
nm) of 17.6 and a protomer M, value of 32,342 as determined by
mass spectrometry. The same absorption coefficient and M,
values of 32,432, 32,360, 32,450, and 32,326 were used for the
G221F, A256V, Y271F/A256V, and Y271F mutants, respec-
tively. The molar concentrations were expressed relative to the
protomers as the oligomeric state of the M-ficolin variants has
not been determined precisely.

The recombinant baculovirus for expression of the Y271F
mutant of the FBG domain of M-ficolin was generated using the
Bac-to-Bac™ system (Invitrogen) as described for the wild-
type domain (33). The recombinant protein was produced in
baculovirus-infected High Five insect cells and purified from
the culture supernatant by ion-exchange chromatography as
described previously (33).

SDS-PAGE Analysis of the Oligomerization State of the M-fi-
colin Variants—Ficolin samples were analyzed by SDS-PAGE
under non-reducing conditions using 7.5% polyacrylamide gels
as described previously (32).

SPR Analyses on Immobilized BSA Glycoconjugates—Analy-
ses were performed using a BIAcore 3000 instrument (GE
Healthcare). Acetylated BSA and BSA glycoconjugates were
diluted to 25 pg/ml in 10 mM sodium formate, pH 3.0, and 10
mM sodium acetate, pH 4.0, respectively, and immobilized on
the surface of a CM5 sensor chip (GE Healthcare) using the
amine coupling chemistry in 10 mm Hepes, 150 mm NaCl,
EDTA 5 mwm, pH 7.4. Binding of L- and M-ficolins and of the
M-ficolin variants to the immobilized BSA conjugates (3800 —
4200 RU) and to acetylated BSA (900 RU) was measured at a
flow rate of 20 wl/min in 150 mm NaCl, 1 mm CaCl,, 20 mm
Hepes, pH 7.4, containing 0.005% surfactant P20 (GE Health-
care). Regeneration of the surface was achieved by injection of
10 ul of 1 M sodium acetate, pH 7.2. Equivalent volumes of each
protein sample were injected over a reference surface with
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immobilized BSA (4000 RU) to serve as blank sensorgrams for
subtraction of the bulk refractive index background.

SPR Analyses on Immobilized Heparin—Streptavidin (200
pg/ml in 10 mMm sodium acetate, pH 4.2) was immobilized on a
CM4 sensor chip (GE Healthcare) using the amine-coupling
chemistry until a coupling level of 2500 RU was reached. 6-kDa
heparin was biotinylated as described previously (38) and cap-
tured on the streptavidin surface in 10 mm Hepes, 300 mm
NaCl, 0.005% surfactant P20, pH 7.4, to reach a final level of
50 RU. L-, H-, and M-ficolins and the FBG domain of L-fi-
colin were injected over the heparin-bound surface at 20
ul/min in 50 mMm triethanolamine-HCI, 145 mwm NacCl,
0.005% surfactant P20, pH 7.4. Surfaces were regenerated
with 10 ul of 1 M Na,SO,, with additional injections of 2 M
NaCl when needed. A flow cell with 2500 RU streptavidin
was used as a control surface.

SPR Data Evaluation—Data were analyzed by global fitting
to a 1:1 Langmuir binding model of both the association and
dissociation phases for at least five concentrations simulta-
neously (0.5- 8 nMm L-ficolin, 15-240 nm L-ficolin FBG domain,
and 0.75-12 nM M-ficolin protomer) using the BIAevaluation
3.2 software (GE Healthcare). The apparent equilibrium disso-
ciation constants (Kj) were calculated from the ratio of the
dissociation and association rate constants (k,/k,,), and the
maximal binding capacities (R,,) were determined using
the same model. Although interaction of oligomeric lectins
with multivalent glycoconjugates is inherently more complex
than a simple 1:1 binding model, data fitting using this model
yielded satisfactory Chi2 values (below 4 in all cases) and was,
thus, used for comparison purposes.

Glycan Array Screening—DPurified ficolins were labeled with
Alexa Fluor® 488 using the monoclonal antibody labeling kit
according to the manufacturer’s instructions (Molecular Probes).
The incorporation of the fluorescent dye varied from 0.54 to 1.1
mol of dye/mol of ficolin monomer. Alexa Fluor® 488-labeled
ficolins were used to probe the glycan arrays (Versions 3.0, 3.1,
and 3.2) developed by the Consortium for Functional Glycom-
ics. Ficolins were diluted to the desired concentration in stand-
ard binding buffer (20 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 2
mM CaCl, 2 mm MgCl, containing 1% (w/v) BSA and 0.05%
(v/v) Tween 20). Seventy microliters of protein were applied to
the printed surface of the array and incubated at room temper-
ature in a dark humidified chamber for 1 h before washing and
reading in a PerkinElmer Life Sciences Microscanarray XL 4000
scanner. The average relative fluorescence units for binding to
each glycan, printed in replicates of six, was calculated by aver-
aging four values after removing the highest and lowest values
from the six data points. The error bars in histograms represent
the S.E., and % CV is the coefficient of variation (S.D./mean)
calculated as %.

Assay of the Ability of the M-ficolin Variants to Trigger the
Lectin Complement Pathway—Ficolin-deficient serum was
obtained by incubating 3 ml of normal human serum from a
healthy donor with 1 ml of acetylated BSA-Sepharose for 3 h at
4.°C as described by Lacroix et al. (32). Microtiter plates of 96
wells (Maxisorp Nunc) were coated with 50 ug/ml acetylated
BSA in 10 mm NaHCO,, pH 9.6, for 2 h at room temperature.
Wells were washed with phosphate-buffered saline (PBS; (136
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mM NaCl, 2.7 mm KCl, 1.45 mm KH,PO,, 8 mm Na,HPO,, pH
7.2) and incubated for 1 h at room temperature with PBS con-
taining 0.1% Tween 20 (w/v). The recombinant M-ficolin vari-
ants were added to the wells at different concentrations and
incubated on ice for 1 h with ficolin-deficient serum diluted
1:25 in 5 mM sodium veronal, 145 mm NaCl, 5 mm CaCl,, 1.5
mMm MgCl,, pH 7.5. The wells were washed with 5 mm sodium
veronal, 145 mm NaCl, 5 mm EDTA, pH 7.5, and a rabbit
anti-C4 polyclonal antibody (1:500 dilution) (Siemens Health-
care Diagnostics) was added to each well and incubated for 1 h
at room temperature. After washing with 50 mm Tris-HCl, 150
mMm NaCl, 0.05% (w/v) Tween 20, pH 8.0, a peroxidase-conju-
gated goat anti-rabbit polyclonal antibody (1:20,000 dilution)
(Jackson ImmunoResearch) was added and incubated for 1 h at
room temperature. After washing as mentioned, the plates
were developed in the dark with tetramethylbenzidine (Sigma),
the reaction was stopped with 1 N H,SO,, and absorbance was
read at 450 nm.

Evaluation of the amounts of M-ficolin variants bound to
immobilized acetylated BSA was performed as described above,
except that a rabbit polyclonal antibody against the L-ficolin
FBG domain, which cross-reacts with M-ficolin (32), was used
for detection instead of the anti-C4 antibody. The amounts of
M-ficolin variants added had to be reduced 50 times compared
with the C4b deposition assay to avoid saturation of the signal.

Crystallization, Structure Determination, and Refinement—
Crystals of the Y271F FBG domain of M-ficolin were obtained
as described for the native domain (33). Briefly, the protein was
concentrated in 145 mm NaCl, 50 mm Tris-HCI, pH 7.6, and if
necessary supplemented with 50 mm GlcNAc. Crystals were
obtained by the hanging-drop vapor diffusion method, with the
well solution containing 11% polyethylene glycol 4000, 5% iso-
propanol, 0.1 m Hepes, pH 7.0. Diffraction data were collected
on European Synchrotron Radiation Facility beam lines ID29
and BM30. Reflection data were processed using the XDS pack-
age (39). Crystals grew in the H3 space group (@ = b = 73.550 A,
c=124.760 A, o = B = 90.00°, y = 120.00°) or in the presence
of GIcNAc in the monoclinic P1 space group (a = 59.526 A, b =
59.696 A, ¢ = 59.700 A, o = 76.99°, B = 76.96°, v = 76.69°). The
structure was solved by automated molecular replacement
using Phaser (40) with the native FBG domain (PDB code
2JHM) as a search model. Refinement was done using Refmac5
(41) alternately with inspection of electron density maps and
model corrections using Coot (42). Five percent of the reflec-
tions were not included in the refinement to monitor Ry,... The
crystallographic collection data and final refinement statistics
are listed in supplemental Table S1.

RESULTS

With a view to gain insight into their carbohydrate binding
specificity, L-ficolin was purified from serum, and H- and M-fi-
colins were produced in recombinant form, as described under
“Experimental Procedures.” SDS-PAGE analysis of the purified
proteins yielded a single band at 33—34 kDa under reducing
conditions and ladder-like patterns under non-reducing
conditions (supplemental Fig. S1), as expected from the mul-
timeric state of the proteins and consistent with previous
analyses (17, 32).
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A TABLE 1
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FIGURE 1. Analysis by SPR spectroscopy of the interaction of the three
human ficolins with various immobilized BSA glycoconjugates. L-ficolin
(A) and H-ficolin (B) at a concentration of 4.2 ug/ml were injected over immo-
bilized GIcNAc-, Gal-,and GaINAc-BSA (3800-4200 RU) in 150 mm NaCl, 20 mm
Hepes, pH 7.4, containing 0.005% surfactant P20 at a flow rate of 20 ul/minin
the presence of 1 mm CaCl, (solid lines) or 1 mm EDTA (dashed lines). M-ficolin
(C) at a concentration of 1.1 ug/ml was injected over immobilized GIcNAc-,
Gal-, GalNAc-, LacNAc-, and Neu5Aca2-3LacNAc-BSA (3800-4200 RU) under
the same conditions in the presence of 1 mm CaCl,. The specific signal shown
was obtained by subtracting the background signal recorded over a surface
with immobilized BSA.

SPR Spectroscopy Analysis of the Carbohydrate Binding Prop-
erties of Human Ficolins—The ability of the ficolins to bind
carbohydrate ligands was first investigated by SPR using immo-
bilized BSA glycoconjugates selected according to the previ-
ously described ligand specificity of these proteins (17, 22, 30).
In the presence of 1 mm CaCl, L-ficolin bound to GIcNAc-BSA
and to a lesser extent to Gal-BSA but not to GalNAc-BSA (Fig.
1A). Under the same conditions, H-ficolin bound significantly
to Gal-BSA but not to GIcNAc- and GalNAc-BSA (Fig. 1B). For
both ficolins, no significant interaction was observed with
LacNAc- and Neu5Aca2-3LacNAc-BSA (not shown). As illus-
trated in Fig. 1C, M-ficolin strongly bound to and slowly disso-
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site, in agreement with our previous structural data (30).
Glycan Array Screening of the Carbohydrate Binding Speci-
ficity of Human Ficolins—Because only a limited range of car-
bohydrate ligands and BSA glycoconjugates is commercially
available, the carbohydrate binding specificity of ficolins was
further investigated using the glycan array screening facility
provided by the Consortium for Functional Glycomics. The
three ficolins were fluorescently labeled as described under
“Experimental Procedures” and probed at concentrations of
1-200 pug/ml using the v3.0 and v3.1 versions of the glycan array
which display 320 and 377 different glycan species, respectively.
As illustrated in Fig. 2A using the v3.0 array version, L-ficolin
(200 wg/ml) specifically bound to four groups of glycans. Group
L-1 encompasses disaccharides with terminal disulfated Gal
B-linked to non-sulfated or mono-sulfated GIcNAc (glycans 26
and 27). Group L-2 consists of GIcNAc-Gal-GlcNAc trisaccha-
rides, with different a or B GlcNAc-Gal linkages (glycans 156,
157, and 175). The L-3 group comprises two glycans with ter-
minal Gal-GlcNAc (LacNAc) B1-6-linked to GalNAc (151) or
al-6-linked to a second LacNAc unit (298). A fourth group
(L-4) is composed of Neu5Aca2-6- or 32-6-linked to GalNAc
(glycans 242 and 254). Binding to these same glycans was also
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observed when a different prepara-
tion of L-ficolin was probed using
the v3.1 version of the glycan array
(supplemental Fig. S2A4). However,
it should be mentioned that the
binding profiles exhibited some var-
iability, and therefore, the ligands
considered to be reliable were those
yielding reproducible binding val-
ues in three distinct experiments
(two separate analyses using the
same labeled ficolin sample plus one
using a different sample). This ex-
cludes glycan 77 (Fucal-4GlcNAc,
indicated by a starin Fig. 2A) and gly-
cans 48 and 49 (9-O-AcNeu5Ac and
9-O-AcNeu5Aca2-6GalB1-4GIcNAc),
which, respectively, yielded 100 and
73% of the maximal binding signal
in one experiment (supplemental
Fig. S2B) but less than 10% in the
other two (Fig. 24 and supplemen-
tal Fig. S2A). Glycan 49 was
recently reported to be the strong-
est ligand of L-ficolin in a glycan
array screening based on a single
analysis (43). Decreasing L-ficolin
concentration to 100 ug/ml led to
an overall decrease in binding
to glycan 298 (21,400 RFU) and to
glycans of groups L-1 (19,900-
21,700 RFU) and L-2 (11,500-
17,900 RFU), whereas no residual
binding to group L-4 glycans was
observed (supplemental Fig. S3).
Taking into account the SPR data
(Fig. 1A), this latter observation
likely reflects a weak and probably
not significant affinity of L-ficolin
for sialylated ligands. Probing H-fi-
colin at a concentration of 200
pg/ml yielded no significant bind-
ing to any glycan of the v3.0 and v3.1
versions of the glycan array (Fig. 2B
and supplemental Fig. S4).
M-ficolin yielded similar bind-
ing patterns when probed at con-
centrations of 200 and 100 ug/ml
(supplemental Fig. S5A and Fig. 2C,
Version 3.0), with a lower back-
ground than L-ficolin. As illustrated
in Fig. 2C, the carbohydrate ligands
of M-ficolin could be divided into
six groups, their common hallmark
being the presence of sialic acid.
Group M-1 encompasses glycans
containing 9-O-acetylated sialic acid
(9-O-AcNeu5Ac) either alone (48)
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or a2-6-linked to LacNAc (49). Group M-2 comprises gan-
gliosides such as GM1 (128), fucosyl-GM1 with different
spacer arms (59/60), and GD1a (212), exhibiting a GalB1-
3GalNAcB1-4(Neu5Aca2-3)GalB1-4Glc core. Group M-3
comprises ganglioside GM2 (211) and the related glycans 209/
210 and 389 (v3.2 array version, see Fig. 4), in which the GM2
glucose unit is substituted with GIcNAc and GIcNAcB1-3GalNAc,
respectively. The fourth group (M-4) corresponds to an o2-3 sia-
lylated biantennary N-linked type glycan (143), whereas groups
M-5 and M-6 encompass «2-3 sialylated polyLacNAc (235) and
a2-8-linked di- and trisialic acids (2, 3), respectively. Interestingly,
no binding was observed to glycans 129, 52, and 146, the non-
sialylated counterparts of glycans 128, 143, and 235, respectively.
Comparable results were obtained using the v3.1 version of the
array (supplemental Fig. S5B). It should be mentioned that the
length of the spacer between the glycan and the surface had an
impact on M-ficolin binding. Thus, glycan 59 with a (CH,),-NH,
linker yielded consistently lower signals than glycan 60 with the
longer (CH,);-NH, linker, possibly due to a lower flexibility
and/or decreased accessibility of the saccharide chain. Decreasing
M-ficolin concentration to 10 ug/ml yielded decreased, but still
significant binding to glycans of groups M-2 to M-4 and M-6 along
with disappearance of binding to glycan 235 (supplemental Fig.
S6). Binding to group M-1 glycans containing 9-O-AcNeu5Ac was
maintained at a high level under these conditions and even when
M-ficolin concentration was decreased to 1 ug/ml, reflecting high
affinity binding (Fig. 2D).

Binding of L-ficolin to Heparin—Our finding that L-ficolin
bound sulfated galactose raised the possibility that this protein
could bind to sulfated glycans such as heparan sulfates or hep-
arin. To test this hypothesis, the ability of L-ficolin to interact
with heparin was investigated using SPR spectroscopy. As
shown in Fig. 34, L-ficolin readily bound to immobilized hep-
arin, whereas no interaction was observed in the case of H- and
M-ficolins. Complete elution of the bound L-ficolin could be
achieved by pulse injections of 1 M sodium sulfate. The kinetic
parameters of the interaction were determined as described
under “Experimental Procedures,” yielding association (k)
and dissociation (k) rate constants of 1.9 X 10’ M~ ' s~ " and
3.4 X 1072 s, respectively, with a resulting apparent K, of
0.17 nm. This value is in the same range as that determined
previously for binding of L-ficolin to acetylated BSA (0.13 nm)
(32). Additional experiments were carried out using the iso-
lated FBG domain of L-ficolin, which was also found to interact
in a dose-dependent manner with immobilized heparin (Fig.
3C). Analysis of the binding data yielded k_, and k_. values of
23X 10*m 's tand 3.4 X 10~ * s !, respectively, yielding a
K, of 14.8 nMm. The decrease in affinity arose mainly from a
reduced k_, value, which is consistent with the fact that the
recognition domain lacks the binding avidity inherent in the
intact oligomeric L-ficolin molecule. Interestingly, the complex
between heparin and the FBG domain was more stable than
that obtained for the full-length L-ficolin molecule. This is in
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FIGURE 3. SPR analysis of the interaction of ficolins with immobilized
heparin. A, L-, H-and M-ficolins were injected at a concentration of 1.7 ug/ml
over immobilized 6-kDa biotinylated heparin (50 RU) as described under
“Experimental Procedures.” B, L-ficolin was injected at 6 concentrations rang-
ing from 0.25 to 4 nm (from bottom to top) over immobilized heparin. C, the
FBG domain of L-ficolin was injected at 6 concentrations ranging from 15 to
240 nm (from bottom to top) over immobilized heparin. Results are represen-
tative of two independent experiments.

contrast with previous results obtained for binding of the FBG
domain to immobilized acetylated BSA (44).

Production of M-ficolin Point Mutants—In light of the key
role of the Tyr?”* hydroxyl group of M-ficolin in the binding
of acetyl groups, we have previously proposed that replace-
ment of this residue by Phe in L-ficolin may explain its inability
to bind N-acetylated ligands through its S1 site (30). We also
hypothesized that accommodation of the relatively large sialic
acid molecule in site S1 of M-ficolin may be conditioned by the

FIGURE 2. Glycan array screening of human ficolins. Version 3.0 of the printed array of the Consortium for Functional Glycomics was probed with L-ficolin
(200 ug/ml) (A), H-ficolin (200 wg/ml) (B), M-ficolin (100 wg/ml) (C), and M-ficolin (1 wg/ml) (D). Error bars represent the means = S.D. of four measurements.
Glycans yielding significant binding are shown with their numbers and structures, and the glycan groups defined in the text are indicated. One representative
experiment of three is shown. The asterisk indicates non-reproducible binding from one experiment to the other.
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interactions were determined as
described under “Experimental Pro-
cedures.” As listed in Table 1, wild-
type M-ficolin bound GlcNAc-,
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likely reflecting binding avidity. A
10-fold higher K, value was
obtained for GaINAc-BSA due to a
faster dissociation of the complex
(Fig. 1Cand Table 1). The values for
M-ficolin binding to acetylated BSA
were in the same range as those
reported previously for L-ficolin
(32). As expected from the binding
curves shown in Fig. 4B, the A256V
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-0 mutant yielded kinetic parameters
and R, values comparable with
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FIGURE 4. A, shown is SDS-PAGE analysis of the M-ficolin variants; Coomassie Blue staining of unreduced wild-type
M-ficolin (lane 1) and mutants G221F (lane 2), A256V (lane 3), G221F/A256V (lane 4), and Y271F (lane 5). B, shown is
analysis by SPR spectroscopy of the interaction of the M-ficolin variants with immobilized Neu5Aca2-3LacNAc-BSA.
Immobilization of the BSA glycoconjugate and injection of 12 nm Mficolin (protomer concentration) were per- R
formed as described under “Experimental Procedures.” WT, wild type. C, analysis of the ability of the M-ficolin
variants to activate the lectin complement pathway. Increasing concentrations of each M-ficolin variant were added
to ficolin-depleted human serum in microtiter wells coated with 50 pg/ml acetylated BSA, and the resulting man-
nan-binding lectin-associated serine protease-2 C4-cleaving activity was measured by a C4b deposition assay as
described under “Experimental Procedures.” Results are expressed as the means = S.D. of three independent

experiments.

presence in the vicinity of this site of two small residues, Gly**'
and Ala**®, which are replaced by bulkier residues in other fico-
lins with no sialic acid binding ability (33). To test these hypoth-
eses, single mutants of full-length M-ficolin were generated in
which Tyr*”! was replaced by Phe, and Gly**' and Ala®*® were
replaced by the corresponding residues Phe and Val of L-ficolin.
The double mutant G221F/A256V was also produced, and all
mutants were purified by affinity chromatography on a
GlcNAc-agarose column, as described for wild-type M-ficolin.
SDS-PAGE analysis of the four mutants under non-reducing
conditions yielded ladder-like patterns similar to those
obtained for the wild-type protein, indicating that the muta-
tions had no significant impact on their oligomerization state
(Fig. 4A).

SPR Analysis of the Ligand Binding Properties of the M-ficolin
Variants—The ligand binding capacity of the M-ficolin vari-
ants was first analyzed by SPR spectroscopy using GlcNAc-,
Neu5Aca2-3LacNAc-, GalNAc-, and Ac-BSA as immobilized
ligands and the M-ficolin variants as soluble analytes. Bind-
ing of M-ficolin to each of the BSA derivatives was not
affected by mutation A256V as illustrated for Neu5Aca2-
3LacNAc-BSA in Fig. 4B. Mutations G221F and G221F/
A256V each resulted in comparable lower binding levels at
the end of injection (about 50%). Mutation Y271F abolished
interaction with Neu5Aca2-3LacNAc-, GalNAc-, and Ac-BSA
and strongly inhibited binding to GIcNAc-BSA, thus precluding
kinetic analysis (Fig. 4B and Table 1). The kinetic parameters of the
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max

those obtained for the wild-type
protein (Table 1). The G221F and
G221F/A256V mutants consis-
tently exhibited similar decreased
values for all BSA derivatives,
whereas both the &, and kg values
were in the same range as those of
the wild-type protein (Table 1).
Although both variants containing
the G221F mutation exhibited elec-
trophoretic patterns comparable with those of the other vari-
ants (Fig. 44), gel filtration analysis of these mutants revealed
the presence of an additional peak corresponding to species
eluting later than the high order oligomers contained in the
major peak common to all variants (data not shown). If one
assumes that molecules of different oligomeric states bind to
the same targets on the chip, the decreased mean molecular
mass of the G221F oligomers could account for the observed
decrease of the R_,  values, which are expressed in RU. As
judged from the SPR data, the G221F and A256V mutations had
no significant impact on the apparent binding affinity of M-fi-
colin for acetylated molecules, including Neu5Aca2-3LacNAc.
In contrast, mutation of Tyr*>”" to Phe clearly prevented binding
to acetylated ligands, thus confirming its crucial role in the
ligand binding activity of M-ficolin.

Ability of the M-ficolin Variants to Trigger Activation of the
Lectin Complement Pathway—The ability of wild-type M-fico-
lin to trigger activation of the lectin pathway was measured as
described previously for L- and H-ficolins by assaying its capac-
ity to induce C4b deposition after incubation with ficolin-defi-
cient serum in microplate wells coated with acetylated BSA
(32). The addition of increasing amounts of M-ficolin yielded a
signal that reached a maximum value at a concentration of 30
pg/ml (Fig. 4C). The A256V and G221F mutants were less effi-
cient, with C4b deposition values at 30 ug/ml corresponding to
71 and 47%, respectively, of that measured for wild-type M-fi-
colin. In contrast, no detectable C4b deposition was observed

max
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using the Y271F mutant (Fig. 4C). These results confirm that
the A256V and G221F mutants retain the ability to trigger com-
plement activation after binding to acetylated BSA, whereas the
Y271F mutant is not functional. Evaluation of the amount of
M-ficolin bound to acetylated BSA confirmed that the comple-
ment activating capacity of the variants correlated with their
binding ability. Although this variant did not induce C4b dep-
osition, a weak binding signal could be observed with the Y271F
mutant (supplemental Fig. S7). The decreased activating ability
of the G221F mutant may arise from its different oligomeric
composition, in accordance with its reduced binding level
observed by SPR (Fig. 4B) and an enzyme-linked immunosor-
bent assay (supplemental Fig. S7).

Glycan Array Profiling of the M-ficolin Variants—The effect
of the three single mutations on the glycan binding specificity of
M-ficolin was assessed using Version 3.2 of the glycan array. A
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FIGURE 5. Effect of M-ficolin mutations on its ability to bind sialylated gly-
cans. Binding of wild-type (WT) M-ficolin and its G221F, A256V, and Y271F
mutants at a concentration of 5 ug/ml is shown for selected sialylated glycans of
thearray version 3.2. Error bars represent the means =+ S.D. of four measurements.
The glycan numbers of array version 3.0 are indicated in parentheses.

FIGURE 6. Comparative views are shown of the external S1 ligand binding site in wild-type M-ficolin (A)
and in the Y271F mutant (B). A bound isopropanol molecule is shown in purple sticks. The red dashed lines
represent hydrogen bonds. The electron density map (2mFo-DFc) is shown in blue.
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first trial performed at the highest concentrations available for
G221F and A256V (66.5 and 42 ug/ml, respectively) and at 50
pg/ml for Y271F revealed a strong decrease in binding of the
former two mutants to group M-1 glycans (46 and 47), whereas
the latter virtually lost binding ability to all glycans (supplemen-
tal Fig. S8, A—D). All variants were then assayed at a concentra-
tion of 5 wg/ml, and the data obtained for the nine major ligands
(groups M-1 to M-4) are shown in Fig. 5 (see supplemental Fig.
S9, A-D for the complete binding profiles). In line with the
above results, no significant binding of the Y271F mutant to
any glycan was observed at this concentration. Maximal
binding of wild-type M-ficolin was obtained for the 9-O-
acetylated sialic acid derivatives 46 and 47 (48 and 49 in the
array Version 3.0), and binding of G221F and A256V to both
glycans was strongly decreased or abolished. Otherwise,
except for the sialylated biantennary N-linked type glycan 142
to which no significant binding was observed, the G221F
mutant exhibited binding levels close to those of wild-type
M-ficolin. Unexpectedly, whereas binding of A256V to glycan
142 was comparable with that of wild-type M-ficolin, interac-
tion of this mutant with the other six ligands was consistently
much higher. Thus, these results reveal a change in the speci-
ficity of the G221F and A256V mutants, resulting in a common
loss of binding to 9-O-AcNeu5Ac derivatives and a decreased
binding to sialylated biantennary N-linked type glycans.
Structure of the Y271F Mutant FBG Domain—Because the
Y271F mutation virtually abolished the glycan binding ability of
M-ficolin, the question arose of whether this could be due to a
modification of the overall folding of its N-acetyl binding
pocket. To answer this question, the mutated FBG domain was
produced in a baculovirus/insect cells system, and its x-ray
structure was solved and refined to 1.21 A resolution (supple-
mental Table S1). As expected, the protein is homotrimeric,
and the overall fold of the protomer, including the Ca*>* bind-
ing site, is fully conserved (root mean square deviation = 0.08
A, based on 217 Ca positions). Likewise, in the external S1
binding site, except for the replacement of Tyr*’! by Phe, the
architecture of the hydrophobic pocket, lined by Phe***, His**,
Phe*”!, Ala®>"?, and Tyr*®?, is conserved (Fig. 6, A and B). The
major functional feature of the S1 binding site, i.e. the cis con-
formation of the Asp>*3-Cys***, peptide bond is also retained.
As observed for the wild-type domain, an isopropanol mole-
cule, present in the crystallization medium, binds to this side
of the pocket, further indicating that its conformation is
unchanged (Fig. 6, A and B). No ligand was observed in this
pocket when crystallization was per-
formed in the presence of GIcNAc. It
may be concluded, therefore, that
the lack of binding of N-acetylated
compounds is a direct consequence
of the absence of the tyrosine OH
group, which provides H-bonding
stabilization of the N-acetylated
group in wild-type M-ficolin (33).
Further analysis of the electron den-
sity in the co-crystallization experi-
ments only showed poorly defined
extra-density in a region corre-
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sponding to the internal site of L-ficolin. Thus, the slight resid-
ual GlcNAc binding ability observed for the Y271F M-ficolin
mutant (Table 1) possibly arises from unspecific binding to this
site.

DISCUSSION

These studies confirm that the three human ficolins exhibit
striking differences in their carbohydrate binding specifici-
ties. Although H-ficolin was shown to bind to galactosylated
BSA using SPR spectroscopy, no significant interaction with
any of the glycans contained in the arrays probed in the
present study could be detected. However, it has been shown
recently that H-ficolin strongly binds to acetylated albumin
(31, 32), which could indicate a specificity for yet unidenti-
fied non-carbohydrate acetylated ligands from pathogens or
altered self. It should also be pointed out that currently avail-
able glycan arrays such as those used here are mostly dedi-
cated to mammalian carbohydrates and, therefore, do not
provide information regarding binding specificity toward
polysaccharides of microbial origin. The glycan array pro-
files obtained for L- and M-ficolins show no evidence for
common ligands; L-ficolin binds preferentially to sacchar-
ides with terminal Gal or GIcNAc residues, whereas M-fico-
lin specifically recognizes sialic acid and its 9-O-acetylated
derivative. It should also be stressed that significant glycan
binding could only be observed at high L-ficolin concentra-
tions (>100 pg/ml), with binding of M-ficolin to its best
ligands obtained at a 100-fold lower concentration, which is
in the range of its recently reported serum concentration
(19). This suggests that high affinity binding of L-ficolin to
physiological ligands likely requires additional factors such
as optimal spacing of repeated motifs.

The recognition specificity of L-ficolin for Gal and GlcNAc is
in agreement with our SPR analyses performed on BSA glyco-
conjugates. However, glycan array screening reveals that L-fi-
colin interacts only weakly with these monosaccharides but
binds preferentially to tri- and tetrasaccharides containing a
terminal LacNAc or GIcNAc unit, provided that the linkage
with the following carbohydrate is not of the B1-3 type (Table
2), in agreement with a recent report by Krarup et al. (43).
Intriguingly, strong binding to a single LacNAc unit was
observed only when the terminal Gal residue was substituted
with two sulfate groups at positions 3 and 6 (glycan 27) (Table
2). In line with this observation, SPR analyses allowed us to
confirm that L-ficolin is indeed able to bind with high affin-
ity to heparin, a highly sulfated glycosaminoglycan, through
its fibrinogen domain.

In agreement with previous dot-blot and competition analy-
ses (16, 17, 33), our SPR experiments show that M-ficolin binds
specifically to acetylated compounds, including the L-ficolin
ligand GlcNAc. However, the main GIcNAc binding sites of M-
and L-ficolins are clearly different, as indicated by the recogni-
tion properties of M-ficolin Y271F in which Tyr*”" is replaced
by Phe, its counterpart in L-ficolin. Indeed, the inability of this
mutant to bind acetylated and sialylated ligands demonstrates
that the OH group of Tyr*”" in site S1 is essential in the recog-
nition specificity of M-ficolin, in accordance with former stud-
ies (33, 45).
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TABLE 2

Binding of L-ficolin to selected carbohydrate structures; effects of
sulfation of group L-1 glycans and of the GIcNAc-Gal/GalNAc linkage
of groups L-2 and L-3 glycans

The values listed are those obtained in the glycan array analysis shown in Fig. 2A.
CV, coefficient of variation. The O-sulfo groups of L-1 glycans and the GIcNAc-Gal
and GlcNAc-GalNAc linkages of L-2 and L-3 glycans are indicated in bold
characters.

Glycan no. Structure Average” CV*®
RFU %
Group L-1
26 [3050;][60S0;]GalB1-4[60SO;]GlcNAcB-Sp0O° 49,405 16
27 [3050;][60S0;]GalB1-4GlcNAcB-Spo 40,226 19
287 [30S0,][40S0;]GalB1-4GIcNAcB-SpO 5,431 22
39 [40S0,][60S0;]GalB1-4GlcNAcB-SpO 982 60
286 [3050;]GalB1-4{60SO;]GlcNAcB-Spo 1,990 36
36 [30S0,]GalB1-4GIcNAcB-Sp8 5,873 10
152 GalB1-4GlcNAcB-Sp0 7,035 7
Group L-2
156 GlcNAcal-3GalB1-4GlcNAcB-Sp8 37,809 18
157 GlcNAcal-6GalB1-4GlcNAcB-Sp8 44,395 11
176 GlcNAcB1-6GalB1-4GlcNAcB-Sp8 41,449 18
165 GlcNAcB1-3GalB1-4GlcNAcB-Sp8 2,951 64
Group L-3
151 GalB1-4GlcNAcB1-6GalNAca-Sp8 35,929 11
144 GalB1-4GlcNAcB1-3GalNAca-Sp8 472 78

“ Average relative fluorescence of four replicates.
b Coefficient of variation expressed as %.
¢ Spacer arm code: Sp0, CH,CH,NH,; Sp8, CH,CH, CH,NH,.

The glycan array analysis of M-ficolin reveals that this pro-
tein is a sialic acid-binding lectin, able to recognize gangliosides
and sialylated biantennary N-linked type glycans, two types of
ligands that had never been identified before (see supplemental
Fig. S10 and Table S2 for binding data to all sialylated glycans of
the Version 3.2 array). Moreover, M-ficolin exhibits strong
binding to 9-O-acetylated sialic acid, defining a novel recogni-
tion specificity. Remarkably, binding to 9-O-acetylated sialy-
lated LacNAc occurs exclusively when sialic acid is connected
to galactose through an a2-6 linkage (glycan 49). In contrast,
binding to the unmodified sialic acid moiety is restricted to the
a2-3 linkage as illustrated when the underlying structure is a
biantennary N-linked glycan (Table 3). In addition, our site-
directed mutagenesis studies demonstrate that two small resi-
dues, Gly**' and Ala®*®, located in the vicinity of the acetyl
binding pocket, condition the specificity of M-ficolin for 9-O-
acetylated sialic acid. Indeed, replacement of either residue by
its bulkier counterpart in L-ficolin (Phe and Val, respectively)
virtually abolished binding to this ligand. In line with these data,
we have previously shown that, based on the superposition of
the S1 binding sites of L-ficolin and of the M-ficolin-sialic acid
complex, the Val and Phe residues are positioned within 2.3—
2.8 A of the OH group of the C9 atom of sialic acid (33). Grafting
a 9-O-linked acetyl group would, therefore, clearly prevent
binding of the sialic acid derivative by steric hindrance. Further
structural analysis of the FBG domain of M-ficolin in complex
with 9-O-acetylated sialic acid derivatives will be needed to
gain further insights into the determinants of this particular
binding specificity. Interestingly, mutations G221F and
A256V maintained the interaction of M-ficolin with the con-
served GalNAcB1-4(Neu5Aca2-3)Gal motif present in all gan-
glioside-related structures of groups M-2 and M-3. The fact
that the G221F mutation inhibits binding to the biantennary
N-linked type glycan 142 likely results from a less favorable
positioning of the sialic acid residue in the context of this par-
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TABLE 3

Glycan Binding Properties of Human Ficolins

Binding of M-ficolin to selected carbohydrate structures; effect of sialic acid linkage of glycans of groups M-1 and M-4
The values listed are those obtained at a concentration of M-ficolin of 120 ug/ml using the v3.2 version of the array. CV, coefficient of variation. The Neu5Ac linkages are

indicated in bold characters.

Glycan no. Structure Average® CV”
RFU %
Group M-1“
47 Neu5Ac(90Ac)a2-6GalB1-4GlcNAcB-Sp8© 28,171 13
244 Neu5Aca2-6GalB1-4GlcNAcB-Sp8 684 62
322 Neu5Ac(90Ac)a2-3GalB1-4GlcNAcB-Sp0 1,201 28
236 Neu5Aca2-3GalB1-4GlcNAcB-Sp8 626 17
Group M-4¢
142 Neu5Aca2-3GalB1-4GleNAcB1-2Manal-3(Neu5Aca2-3GalB1-4GlcNAcB1-2Manal-6)ManB1-4GlcNAcB1-4GlcNAcB-Spl2 22,846 6
52 Neu5Aca2-6GalB1-4GlcNAcB1-2Manal-3(Neu5Aca2-6Galf1-4GlcNAcB1-2Manal-6)ManB1-4GlcNAcB1-4GlcNAcB-Sp-12 70 63
53 Neu5Aca2-6GalB1-4GlcNAcB1-2Manal-3(Neu5Aca2-6Gal1-4GlcNAcB1-2Manal-6)ManB1-4GlcNAcB1-4GlcNAcB-Sp-13 89 65
51 GalB1-4GlcNAcB1-2Manal-3(GalB1-4GlcNAcB1-2Manal-6) ManB1-4GlcNAcB1-4GlcNAcB-Sp-13 57 49

“ Average relative fluorescence of four replicates.
? Coefficient of variation expressed as %.
¢ Spacer arm code: Sp0, CH,CH,NH,; Sp8, CH,CH, CH,NH,; Sp12, Asn; Sp13, Gly.

ticular glycan, as also reflected by the lower binding efficiency
of the A256V mutant (Fig. 5). In line with their preserved capac-
ity to recognize acetyl groups, the G221F and A256V mutants
retained the ability to activate the lectin complement pathway
on immobilized acetylated BSA, although less efficiently than
wild-type M-ficolin, the Y271F mutant exhibiting no comple-
ment activation ability.

Although previous studies have shown binding of L- and
H-ficolins to apoptotic cells and binding of the three ficolins to
certain pathogens as stated above, we lack precise information
about the molecular nature of their physiological ligands, and
the present study brings new information in this respect. The
capacity of L-ficolin to bind sulfated glycans such as heparin is
unlikely to be involved in pathogen recognition as sulfation of
microbial glycosaminoglycan chains has not been described
(46). However, heparin is known to interact with several com-
plement proteins and to regulate several steps in the comple-
ment cascade (47). In this respect, it has been proposed recently
that properdin, a component of the alternative complement
pathway, may interact with apoptotic cells through surface-
sulfated glycosaminoglycans chains (48). It will be interesting to
investigate whether L-ficolin fulfils the same function and what
would be its functional consequences.

The capacity of M-ficolin to recognize sialic acid as found in
human gangliosides and in common N-linked polysaccharide
chains of mammalian glycoproteins likely accounts for its
reported localization on the surface of host cells such as mono-
cytes (49). The physiological relevance of ganglioside binding is
difficult to assess as no preferential localization of M-ficolin in
the nervous system has been reported yet. However the pres-
ence of surface polysaccharides with ganglioside GM1 and
GD1lamimicry has been reported in bacterial pathogens such as
Campylobacter jejuni and Haemophilus influenzae (50). It
should also be kept in mind that sialic acids and their 9-O-
acetylated derivatives are found at the surface of many
pathogens, including capsulated bacteria (51), protozoa (52,
53) and fungi (54, 55). In addition, sialylation changes in host
glycoconjugates have been associated with malignant trans-
formation and tumor progression, and 9-O-acetylation of
sialic acid connected to GalNAc through an «2-6 linkage has
been proposed recently to be a prognostic marker in acute
lymphoblastic leukemia (56, 57). Further investigations will
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be needed to assess the functional relevance of the potential
interactions of M-ficolin with sialic acid-bearing pathogens
and malignant cells.

In conclusion glycan array screening of the three human
ficolins shows that L- and M-ficolin have different recognition
specificities and confirms the poor lectin activity of H-ficolin.
Novel ligands are revealed, such as sulfated N-acetyllac-
tosamine for L-ficolin and gangliosides for M-ficolin. More-
over, we show that M-ficolin has high specificity for 9-O-acety-
lated sialic acid in an «2-6 linkage to galactose, which is a
relatively rare specificity. Indeed, although sialic acids are rec-
ognized by a variety of animal, plant, or viral lectins, only a few
sialic acid-binding proteins show preferential binding to 9-O-
acetylated sialic acid (58). The physiological relevance of these
observations to pathogen and/or altered self cell recognition by
L- and M-ficolin awaits further investigation, whereas specific
ligands for H-ficolin remain to be identified.
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