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Parasitic nematodes cause serious diseases in humans, ani-
mals, and plants. They have limited lipid metabolism and are
reliant on lipid-binding proteins to acquire these metabolites
from their hosts. Several structurally novel families of lipid-
binding proteins in nematodes have been described, including
the fatty acid- and retinoid-binding protein family (FAR). In
Caenorhabditis elegans, used as a model for studying parasitic
nematodes, eight C. elegans FAR proteins have been described.
The crystal structure of C. elegans FAR-7 is the first structure of
a FAR protein, and it exhibits a novel fold. It differs radically
from the mammalian fatty acid-binding proteins and has two
ligand binding pockets joined by a surface groove. The first can
accommodate the aliphatic chain of fatty acids, whereas the sec-
ond can accommodate the bulkier retinoids. In addition to dem-
onstrating lipid binding by fluorescence spectroscopy, we pres-
ent evidence that retinol binding is positively regulated by
casein kinase II phosphorylation at a conserved site near the
bottom of the second pocket. far-7::GFP (green fluorescent pro-
tein) expression shows that it is localized in the head hypoder-
mal syncytia and the excretory cell but that this localization
changes under starvation conditions. In conclusion, our study
provides the basic structural and functional information for
investigation of inhibitors of lipid binding by FAR proteins.

Hydrophobic lipophilic molecules such as fatty acids, eicos-
anoids, retinoids, and steroids have important functions both
as energy sources and in metabolic signaling. They affect fun-
damental cellular processes such as gene transcription, cell
development, inflammation, and immune response (1-3). The
cellular cytosol is hydrophilic, and lipids need to be solubilized
and protected from chemical damage. Their transport and
availability are tightly regulated. Proteins that coordinate the
lipid traffic include lipoproteins (such as the low density
lipoprotein) and carrier proteins, known as lipid-binding pro-
teins (LBPs).? In vertebrates LBPs belong to the 3-sheet calycin
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superfamily (lipocalins and fatty acid-binding proteins (FABPs))
or the a-helical serum albumin-like superfamily.

Nematodes are one of the most abundant groups of multicel-
lular organisms. Parasitic nematodes cause serious and difficult
to treat diseases in humans, animals, and plants affecting
human health as well as having a negative impact on agricul-
tural economics. It is estimated that more than one-sixth of the
earth’s population (mainly in developing countries), suffers
from nematode infections, and at least 4 of the 15 neglected
tropical diseases listed by the World Health Organization are
caused by nematodes. Parasitic worms possess limited lipid
metabolism and depend on import of essential lipids from their
host (4), which makes the lipid transporters good targets for
chemoprophylactic treatments. A 14-kDa FABP (Sm14) has
been proposed as a vaccine candidate against Schistosoma man-
soni in humans and Fasciola hepatica in cattle and sheep (5, 6).
Work with parasitic species, which possess a complex life cycle
often involving several hosts, is difficult, and therefore, Cae-
norhabditis elegans has been proposed as a suitable model or-
ganism for studying roundworm diseases and nematode
metabolism (7, 8).

FABPs are found in vertebrates and invertebrates including
parasitic worms and the free-living nematode C. elegans (Refs. 9
and 10 and the Wormbase database). They have gained medical
importance as intracellular lipid chaperones (10), and they also
play a role in metabolic diseases (2, 11, 12). It has even been
suggested that inhibitors of FABPs could present a novel way
of treating these metabolic diseases (11). Despite varying
sequence identity (15-70%), different, tissue-specific, FABPs all
have similar B-barrel structures that encase the bound fatty
acid (Ref. 9 and references therein).

Nematodes have FABPs, but they also possess different and
unique LBPs such as nematode polyprotein allergen/antigen
proteins and fatty acid- and retinoid-binding proteins (FARs)
(13). Both groups are allergens and are generally secreted from
the parasite into the host tissues (13—15). There are no available
three-dimensional structural data, but circular dichroism (CD)
measurements and secondary structure predictions suggest
these proteins are predominantly a-helical. Their importance
for lipid metabolism, their antigenic properties, and the struc-
tural difference from their host FABP proteins makes them an
interesting target for structural work. The first described FAR
family member was Ov-FAR-1 from the filarial agent
Onchocerca volvulus, which causes human river blindness (15).

cent protein; Gp-, G. pdllida; Ce-, C. elegans; Ov-, O. volvulus; Ace, A. ceylan-
icu; Wb, W. bancrofti.
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Ten more FAR proteins from filarial species, all causing serious
sickness in humans and animals, have been studied (16). They
belong to two major clusters and share high sequence simi-
larity (79-100% as defined in Ref. 17). The first contains
proteins from nodule species such as O. volvulus (Ov-FAR-
1), and the second contains proteins from lymphatic species
such as Brugia malayi (Bm-FAR-1), which causes elephanti-
asis (16). FAR proteins are classified as a pfam domain
pfam05823:Gp-FAR-1 (17).

Parasitic nematodes possess one or two types of FAR pro-
teins (16, 18) (see the Nematode Genome Sequencing Center
website), but the free-living C. elegans produces eight FAR pro-
teins (Ce-FAR-1-8) (19). They belong to three groups: group A
(Ce-FAR-1, -2, and -6), group B (Ce-FAR-3, -4, and -5), and
group C (Ce-FAR-7 and -8). Group A has the highest sequence
identity to FARs from parasitic nematodes, such as Ov-FAR-1
(19). A majority of FAR proteins contain a signal peptide and
are shown or are likely to be secreted. Some FARs are glyco-
sylated (16, 19), and they apparently have a casein kinase II
phosphorylation site (19).

There is a report of a NMR structure of a nematode polypro-
tein allergen protein (20), although coordinates are not avail-
able, but there is no structural information available on FAR
proteins. Here we report the first high resolution x-ray crystal-
lographic structure of a representative of the FAR family, Ce-
FAR-7, from C. elegans, its affinity for some fatty acids, its phos-
phorylation effects, and its localization in C. elegans. The
structure reveals a totally new a-helical fold, and although the
sequence identity with other FAR proteins is low, structure-
based sequence alignment suggests that this is the common
FAR fold.

EXPERIMENTAL PROCEDURES

Protein Cloning, Expression, and Purification—Ce-FAR-7
was amplified from C. elegans cDNA and cloned into the
pETM-11-LIC expression vector.? The T26D mutant was pro-
duced by site-directed mutagenesis using the QuikChangelI®
site-directed mutagenesis kit (Stratagene). All primers are
given in supplemental Table S1. The recombinant full-length
proteins contained an N-terminal His, tag. Both were ex-
pressed in BL21 (DE3) pLysS Escherichia coli cells (Stratagene).
Recombinant Ce-FAR-7 was produced using a Biostat B-DCU
Quad benchtop fermenter system (B. Braun Biotech Interna-
tional) induced with 1 mm isopropyl 1-thio-B-p-galactopyran-
oside at 20 °C overnight. Recombinant Ce-FAR-7 T26D was
expressed in shaker cultures under the same conditions.
Seleno-L-methionine was obtained from Sigma, and selenome-
thionine-labeled protein was expressed in B834 (DE3) pLysS
E. coli cells using the standard protocol (21).

Native or selenomethionine proteins were purified by nickel
affinity chromatography on nickel-Sepharose™ 6 Fast Flow
(GE Healthcare). The His, tag was cleaved by incubation with
tobacco etch virus protease, and the samples were then further
purified by anion exchange chromatography on a 5/5 Mono Q
column (GE Healthcare) and gel filtration on a 16/60 Superdex™
75 (GE Healthcare) column. Purified protein was treated

3 A. Geerlof, unpublished information.
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with Lipidex-1000 (PerkinElmer Life Sciences) for two serial
incubations of 1 h while shaking at 37 °C to remove residual
lipids from the protein.

Crystallization—Initial crystallization conditions were de-
termined at the high throughput crystallization facility at the
EMBL Hamburg Outstation (22) using Ce-FAR-7 in 20 mm
Tris, pH 8.5, 50 mMm NaCl, and 5 mMm 2-mercaptoethanol at
concentrations ranging from 5 to 10 mg/ml. Subsequent opti-
mization and additive screening resulted in crystals that dif-
fracted to 1.8 A. Clusters of fine plates were obtained from
2.1-2.9 Mm ammonium sulfate, 100 mm Tris, pH 7.8 to 8.5, or 100
mM MES, pH 6.2-6.5, at 20 °C with 3% of a carbohydrate such
as D-(+)-glucose monohydrate, sucrose, or xylitol as an
additive.

Data Collection and Structure Determination—Data collec-
tion and refinement statistics are given in Table 2. The Ce-
FAR-7 structure was solved at 2.5 A using Se-SAD phasing with
data collected on beamline ID29 at the European Synchrotron
Radiation Facility, Grenoble. The model was refined against 1.8
A data collected on ID23-2 at the European Synchrotron Radi-
ation Facility. Data were processed with XDS (23) and scaled
with SCALA (24, 25). Phases and initial maps were obtained by
using the autoSHARP package (26). An initial model was built
automatically using ARP/WARP (27) followed by cycles of man-
ual rebuilding in Coot (28) and refinement with REFMAC5
(29). The final structure has good stereochemistry with 99.2% of
the residues in core regions of the Ramachandran plot and only
0.8% outliers.

Phosphorylation—Ce-FAR-7 was phosphorylated in vitro
with casein kinase II (CKII) (New England Biolabs) using 700
units of CKII/ug of protein in the presence of 1 mm ATP (New
England Biolabs) and CKII buffer (New England Biolabs). The
mixture was incubated for 3 h at 30 °C, and the phosphorylated
sample and nonphosphorylated control were sent for mass
spectral analysis at the Biomolecular Sciences Mass Spectrom-
etry and Proteomics Unit, University of St. Andrews. The pro-
tein sample (20 ul, 10 um) was desalted on-line through a
MassPrep On-Line Desalting Cartridge 2.1 X 10 mm and deliv-
ered to an electrospray ionization mass spectrometer (LCT,
Micromass, Manchester, UK) which had previously been cali-
brated using myoglobin. The envelope of multiply charged sig-
nals obtained was deconvoluted using MaxEntl software to
give the molecular mass of the protein. The in-gel digestion was
prepared according to Shevchenko et al. (30), and Lambda-
protein phosphatase (New England Biolabs) was used for fur-
ther dephosphorylation of the peptides. Experiments were per-
formed using a Q-Star XL tandem mass spectrometer (Applied
Biosystems, Foster City, CA) and a 4800 matrix-assisted laser
desorption ionization time-of-flight (MALDI TOF/TOF) ana-
lyzer (Applied Biosystems) and analyzed with the Mascot 2.1
search engine (Matrix Science, London, UK) against the
UniProt (Swiss-Prot and TREMBL combined) data base (April
2009).

Steady-state Fluorescence Binding Experiments—The fatty
acids and retinol were purchased from Sigma. All ligands were
dissolved in ethanol in concentrations of either 1, 0.1, 0.05, or
0.01 mMm. The concentration of retinol was calculated from the
absorption spectra using the molar extinction coefficient of
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52.48 X 1073 cm ™' M~ ' at 325 nm. The protein concentration
was calculated with molar extinction coefficients for protein
with or without a His, tag of 4.72 or 1.74 X 10 >cm ' m 1,
respectively (31). Steady-state fluorescence was measured with
a FluoroLog-3® (HORIBA Jobin Yvon) fluorimeter equipped
with a thermostatically controlled cuvette holder.

Ligand binding experiments for the fatty acids were per-
formed with 1.3 um Ce-FAR-7 (with or without His, tag) and an
initial sample volume of 1 ml. Binding affinities of Ce-FAR-7 for
fatty acids were studied by changes in the intrinsic tyrosine/
phenylalanine emission of the protein (excitation wavelength
Aexe Of 275 nm and emission wavelength A 307 nm).
Ligand binding experiments for retinol were performed with
either (i) a constant ligand concentration of 1 or 1.5 um and
titration with increasing protein concentrations or (ii) a con-
stant protein concentration of 1.3 uM and following changes in
specific emission intensity (A, 350 nm and A, ..., 420 nm)
with increasing retinol concentration. Displacement experi-
ments were performed after 5 min of incubation of 2 um Ce-
FAR-7 with 10 uM retinol (A, 350 nm and A, ., 420 nm)
followed by the addition of 10 uM fatty acid and a further 5-10
min of incubation time. The emission spectra were corrected
for background fluorescence and inner filter effects where nec-
essary. Samples were equilibrated until a steady emission read-
ing was obtained (usually 3—5 min). Binding experiments were
carried out in 1 X phosphate-buffered saline, pH 7.4 (32), with 5
mM 2-mercaptoethanol at 20 °C. Binding of oleic acid to Ce-
FAR-7 was also tested in 20 mm Tris, pH 8.0, 50 mM NaCl and 5
mM 2-mercaptoethanol, 1X phosphate-buffered saline, pH 7.4,
and 5 mM 2-mercaptoethanol as well as in a non-reducing
buffer (20 mm HEPES, pH 7.4, and 50 mm NaCl). The final
concentration of the organic solvent did not exceed 3%. To
minimize inner filter and self-absorption effects, absorbance of
the samples at the excitation wavelength was always less than
0.05. All emission spectra were corrected for progressive dilu-
tion (=3% maximum) (33).

The dissociation constant (K,) was calculated from the
experimental data of three to six independent measurements.
For all experiments the changes in the fluorescence emission
were converted to percent values and analyzed with GraphPad
Prism software package. The results are given in Table 1 includ-
ing the standard error of the K,.

Tissue Localization of Ce-FAR-7—The C. elegans strain used
in this study, pha-1(e2123) (34), was cultured at 15 °C on nem-
atode growth media agar plates with the E. coli strain OP50 as
food source using standard methods (35).

The entire far-7 gene along with 1000 bp upstream of the
start codon was amplified from C. elegans genomic DNA by
PCR (supplemental Table S1), and the insert was cloned into
the pPD95.77 vector. The vector contains a promoterless green
fluorescent protein (GFP) gene with the S65C mutation that
improves fluorescence levels (1995 Fire Vector Kit). Germline
transformation was performed using C. elegans pha-1(e2123)
mutants by co-injecting the construct with the dominant
marker gene pha-1 into the germline of L4 pha-1 mutants (a
kind gift from R. Schnabel, Technisches Universitat Braun-
schweig, Braunschweig, Germany). The selection of transgenic
worms of the pha-1/pBX system is based on the temperature-
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FIGURE 1. The structure of Ce-FAR-7. A, shown is a transparent electrostatic
surface rendering (produced with ccp4mg (50)) with the underlying sche-
matic colored from the N to the C terminus from red to blue to the right. The
helices are labeled in two schematic representations rotated relative to each
other by 90° about the vertical axis. B, the same images are shown with the
helices @4 and a5 removed to better illustrate the two pockets (P7 and P2) and
the surface groove between them that is partly covered by a4, a5, and the
connecting, partially missing, loop (L, _s).

sensitive embryonic lethal mutation pha-1. After microinjec-
tion, the animals were transferred to 25 °C, where only the
transformed progeny survive. Worms were cultivated for 24 h
on nematode growth media plates either seeded with OP50 (fed
condition) or unseeded (fasted condition). Images were cap-
tured with a Zeiss axiovert 100 microscope equipped with flu-
orescein isothiocyanate/GFP filters.

RESULTS

Ce-FAR-7 Structure—The structure (Fig. 1A and supplemen-
tal Figs. S3 and S4) is centered around two long amphipathic
helices, a6 and «7, which do not directly contact each other but
are inclined to each other by about 20 degrees. This angle is
constrained at one end by the turn and at the other by the
amphipathic helices a4 and a5. a6 and a7 together with a8 are
roughly coplanar and are covered on one side by the helices a1,
a2, a3, and 9. a4 and a5 cover the wider part of the other side.

This structural organization (Fig. 1B) results in two deep
hydrophobic pockets (P1 and P2) joined by a cleft, which would
allow Ce-FAR-7 to accommodate a variety of ligands with dif-
ferent lengths of aliphatic chain. This hypothesis is confirmed
by the ligand binding experiments described below. The cleft is
capped by the helices a4 and o5 and the linker (L, ;) which
joins them. This “lid” is flexible, at least when no ligand is
bound, and the region (Ser-41 to Cys-46) is ill-defined in the
electron density map and is not modeled in the structure. P1 is
relatively narrow and would appear able only to accommodate
an aliphatic chain with a maximum length of seven to eight
carbon atoms. P2 could accommodate the bulkier isoprenoid
chain of retinol. The DALI server (36) yields no structural
homologs for Ce-FAR-7, demonstrating that this structure has
a new fold and suggesting that the entire FAR family is struc-
turally unique.
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FIGURE 2. Sequence-related information. A, shown is multiple sequence alignment between representatives of
the FAR proteins from C. elegans groups A, B, and C as well as from parasitic nematodes. The figure was prepared
with Clustal W 1.83 (51). Ce-FAR-7 is Q9TZ51_CAEEL, Ce-FAR-4is Q19477_CEAEL, and Ce-FAR-1is FAR1_CAEEL from
C.elegans, Gp-FAR-1 is Q94569 from G.pallida, Ace-FAR-1 is B3UOR8_9BILA from A.ceylanicu, Ov-FAR-1 is
FAR1_ONCVO from O. volvulus, and Wb-FAR-1 is FAR1_WUCBA from W. bancrofti (protein IDs are from UniProtKB/
TrEMBL). Conserved residues are colored as follows; residues determining helix orientation are in raspberry, residues
on the surface of pocket P1 are in orange, residues on the surface of pocket P2 are in green, conserved salt bridges are
in purple, hydrogen-bonded residues are in blue, the conserved CKIl phosphorylation site is colored cyan, residues
from the flexible loop L, _s are pink, and all others are black. Underlined italics signify the predicted signal peptide
regions. Lowercase characters are residues appended to the gene sequence after tobacco etch virus cleavage of the
Hiss tag. Helices represent the secondary structure of Ce-FAR-7 and are colored as in Fig. 1. B, shown are a surface
representation of Ce-FAR-7 with conserved residue regions colored as in A (7) and the surface representation with-
out a5 to show more clearly the P2 pocket (2) and 180° rotation relative to 2 (3). The figures were produced with
Pymol (52). C, shown is a non-rooted phylogenic tree prepared with Clustal W (51) for sequences in A. Relative
distances are indicated, and proteins from parasitic nematodes are colored blue.

The C. elegans genome codes for eight FAR proteins that
belong to three distinct groups (19), and FAR proteins are
found in many parasitic nematodes, including filarial nema-
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todes (16). Fig. 2 shows a se-
quence alignment between Ce-FAR-7
(group C), one representative of
each of the other C.elegans FAR
groups (Ce-FAR-4 from group B
and Ce-FAR-1 from group A), one
of each of the main clusters from
the highly similar filarial FARs
(Ov-FAR-1 from O. volvulus and
Wb-FAR-1 from Wuchereria ban-
crofti), one from the plant parasite
Globodera pallida (Gp-FAR-1), and
one from the hookworm Ancylos-
toma ceylanicum. (Ace-FAR-1). An
extended alignment is provided in
supplemental Fig. S1. The residues
Leu-78, Ala-82, Leu-121, and Leu-
129 are well conserved and help
determine the angle between a6 and
a7. At the other end of the groove
formed by these helices the well
conserved residues Leu-33, Val-53,
and Leu-60 are involved in deter-
mining the orientation between a6
and both a4 and 5. A salt bridge
between a conserved acidic (Glu-35)
and basic (Lys-56) residue helps to
maintain the orientation between
a4 and o5. The residues lining the
pocket P1 (Leu-75, Tyr-85, Ala-86,
Leu-89, 1Ile-90, Leu-129, and
Ile-136) are all hydrophobic/
aromatic residues, conserved to a
high degree within the family mem-
bers. The aliphatic chain of Arg-74
also forms part of the cavity wall,
and this residue forms a conserved
salt bridge with Glu-17, although
acidic and basic residues are
exchanged in a few FARs. Ce-FAR-7
also differs from most other family
members in that the C terminus is
also stabilized by the interaction
between Asp-135 and Arg-74. The
residues lining the pocket P2 (Phe-
21, Ile-25, Leu-33, Phe-37, Leu-64,
and Val-67) are also always hydro-
phobic or aromatic except at the N
terminus (Met-1) and the end of a7
(Thr-101). However, the residues
lining P2 vary more than for P1.
Toward the bottom of this cavity is
also a conserved CKII phosphoryla-
tion site (Thr-26, Ala-27, Asp-28,
Glu-29) that is followed in

Ce-FAR-7 by a proline (Pro-31) residue in the middle of helix
a4, suggesting that the cavity might be altered in shape or
extent upon phosphorylation. The walls of the groove are
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TABLE 1
Binding data of lipophilic ligands to Ce-FAR-7

C:D is the number of carbon atoms in the fatty acid, and D is the number of double bonds in the fatty acid. n-x is the double bond located on the xth carbon bond, counting
from the terminal methyl carbon toward the carbonyl carbon. The single asterisk (*) indicates the position of the additional group, counting from the carbonyl group toward
the terminal methyl group. The double asterisk (**) indicates the K, calculated for the T26D mutant. n.m. indicates not measurable.

Ligand Aliphatic tail C:D, n-x Additional groups Binding to Ce-FAR-7 Kd (uM)
0.026 = 0.005
Caprylic (octanoic) acid saturated C8:0 yes, 1 site (0.01+ 0.004) **
o
Mon
0.084 + 0.006
cis-Oleic acid unsaturated C18:1,n-9 yes (0.35£0.02) **
o
MOH
0.17 +0.08
Methylmyristic acid saturated, branched C15:0 14-*, methyl yes, 1 site (0.12 £ 0.04) **
o
>\/\/\N\/\)J\OH
all-trans-Retinol isoprenoid chain ]i ionone ring yes n.m.
(4.05 +£0.87) **
R NS OH

1004 K.
I 1
e\o
[T
< 504
Kd = (0.026 + 0.005) uM
cY 1] v
0.0 0.2 0.4

[caprylic acid] uM

FIGURE 3. Binding of caprylic acid to Ce-FAR-7. Binding was followed by the
changes of the Tyr/Phe emission of the protein at 307 nm after excitation at
275 nm. The derived curve is fitted by a nonlinear regression using GraphPad
Prism software package. The saturation isotherm corresponds to ligand bid-
ing to one site, and the calculated K is 0.026 * 0.005 um. Other quantitative
binding data are given in Table 1 and the supplemental Fig. S2. AF is the %
change in fluorescence.

formed primarily from the hydrophobic residues of a6 and «7.
The orientation between helices a1 and «2, which forms the
base of P2, is maintained by a hydrogen bond between the con-
served Lys-11 and the carbonyl oxygen of Ala-4. The helix ini-
tiating prolines of a2 (Pro-7), a3 (Pro-15), and a7 (Pro-80) are
especially well conserved, as is Pro-134, and it is possible that in
other, longer, FAR family members this residue might initiate
an additional C-terminal helix («10).

Ligand Binding to Ce-FAR-7—Ligand binding affinities of
Ce-FAR-7 were investigated by steady-state fluorescence spec-
troscopy titration experiments. Four chemically and structur-
ally different ligands were used (Table 1). All lipids were bound
by Ce-FAR-7 although with quite different affinities (Table 1).
Caprylic acid was bound with the highest affinity (Fig. 3), with
lower affinities for oleic acid and 13-methyl myristic acid (see
supplemental Fig. S2). The binding of the fatty acids was mon-
itored by measuring the changes in the Tyr/Phe fluorescence of
Ce-FAR-7.
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Retinol binding was monitored by changes in its own fluores-
cence, namely, a blue shift and increased intensity upon the
addition of protein to the ligand (14, 37). It was bound with a
low affinity, and saturation was not reached even at protein
concentrations above 13 uMm. The lower affinity observed for
retinol could be an indirect result of the bulky ionone ring. The
changes observed in the self-fluorescence of retinol were simi-
lar to those previously reported (19) (supplemental Fig. S2).
Bound retinol was not displaced by caprylic or methyl myristic
acids but was by oleic acid. Because the Hill coefficient for oleic
acid was greater than unity (supplemental Fig. S2), it is possible
that this ligand binds to more than one site and is, therefore,
able the displace retinol bound in P2.

The dissociation constant and binding mode for oleic acid to
Ce-FAR-7 was not affected by varying the buffer (HEPES, Tris,
or phosphate-buffered saline), by the presence of reducing
agent (5 mm 2-mercaptoethanol), by pH within the range from
7.4—8.0, or by ionic strength as probed by salt concentrations of
50 mMm NaCl or phosphate-buffered saline (137 mm NaCl and
2.7 mm KCl) (32). The affinity did not depend upon the pres-
ence of the N-terminal His, tag. The lack of in vitro dependence
of ligand binding on reducing agent is an important observa-
tion, because Cys-42 in the flexible loop is probably close
enough to Cys-98 to form a disulfide bridge. Neither cysteine is
conserved in other FAR proteins, but such a disulfide link might
constrain the flexibility of the loop L, _, thus making the ligand
binding affinity or even specificity of Ce-FAR-7 dependent
upon redox potential.

Potential Regulation by Casein Kinase II—Using casein
kinase II, Ce-FAR-7 was phosphorylated in vitro. Intact mass
analysis showed an 81-Da (expected 80 Da) difference between
phosphorylated and non-phosphorylated samples, confirming
that Ce-FAR-7 has been phosphorylated. To map the phos-
phorylation, site-phosphorylated and non-phosphorylated Ce-
FAR-7 samples were subjected to in-gel digestion and mass
spectrometry. The peptide coverage for the non-phosphoryla-
ted control was 94%, whereas the coverage for the phosphory-
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FIGURE 4. Analysis of the expression pattern of Ce-FAR-7 in C. elegans. GFP images of adult C. elegans
carrying Pg,,_,far-7:GFP are shown. A, strong GFP signals detected in hypodermal syncytia (hyp) covering the
lips and head portion are shown. B, the large H-shaped excretory cell (e) that extends bilateral canals (ec)
anteriorly and posteriorly nearly the whole length of the animal is shown. C, GFP signals are located in the
excretory cell cytoplasm, not within the lumen of the excretory duct. D, shown are combined confocal differ-
ential interference contrast and fluorescence micrographs; pha, pharynx; int; intestine; ut, uterus; and gon,
gonads. E, GFP expression profile over the whole animal is shown. F, GFP expression profile of a nematode
starved for 24 h is shown. Scale bar for A and C, 10 um; scale bar for B, D, E, and F, 100 pwm.

lated sample was 74%, as the peptide (NFFPTEQLEFSSSITA-
DEKPVLHEVEQ) signal was missing. Specifically, neither this
signal at 1090 Da (triply charged) nor that of the phosphopep-
tide at 1116 Da (also triply charged) was present. Upon treat-
ment of the phosphorylated peptide with phosphatase, the sig-
nal at 1090 Da was again detected.

The phosphorylated product was unstable, and so to mimic
phosphorylation, Thr-26 was mutated to Asp (Ce-FAR-7 T26D
mutant) and used in comparative ligand binding experiments.
Binding of retinol and fatty acids was studied by the addition of
increasing concentrations of ligand to the T26D mutant. T26D
bound retinol with higher affinity, and unlike for the native
protein, saturation was reached (K, 4.05 = 0.87 um). In contrast
the affinity for fatty acids was not affected. As for the native
protein, caprylic acid was bound to Ce-FAR-7 with the highest
affinity followed by 13-methyl myristic and oleic acids (Table 1
and supplemental Fig. S2). These results would suggest that the
retinol binding site (P2) is probably regulated by casein kinase
11, whereas the fatty acid binding pocket (P1) is not affected by
phosphorylation of the protein. However, the affinity for retinol
of T26D is an order of magnitude lower than that for fatty acids,
implying that, in contrast to the other family members, trans-
port of retinoids is not the major function of Ce-FAR-7. Never-
theless we suggest that FAR protein affinity for signaling lipids,
such as retinoids, is probably regulated in all members, as the
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CKII phosphorylation site is con-
served within the family (cyan in
Fig. 2).

GEP Localization in C.elegans—
Ce-FAR-7 contains no classical
secretion signal, and consequently
we analyzed the expression pattern
of far-7. Transgenic worms were
created that expressed far-7:GFP
under the control of the far-7 pro-
moter (P, far-7:GFP) (Fig. 4).
GEFP signals were detected during all
stages of C. elegans development
(larvae L1-L4 and adult hermaphro-
dites). Strong far-7::GFP expression
was observed in parts of the hypo-
dermis, in particular the syncytia
covering the lips and parts of the
head region (Fig. 4, A, D,and E). The
C. elegans hypodermis acts in nutri-
ent storage, secretes the cuticle, and
takes up apoptotic cell bodies by
phagocytosis (Ref. 38; see also the
Wormbase database). Because Ce-
FAR-7 becomes intensively local-
ized in the hypodermis of the head
and the lips, this could point to an
indirect role of the protein in the
interaction of the worm with the
external environment.

The second major localization of
far-7:GFP expression was in the
H-shaped excretory cell (Fig. 4, B, D,
and E). The excretory cell, the largest cell in C. elegans, forms
two canals running the entire length of the nematode. The
canals are connected to the hypodermis (via extensive gap junc-
tions), and their basal surface remains in contact with the body
cavity (pseudocoelom) (39). The proposed functions of the
excretory system are osmoregulation, excretion of metabolic
waste, and secretion of molting fluid and/or secretion/export of
hormones to target tissues (Ref. 38; see also the Wormbase
database). All this suggests metabolites accumulate in this cell,
necessitating a good intracellular transport system for hydro-
phobic ligands as well as other metabolites. far-7::GFP expres-
sion is observed in the cytoplasm of the excretory cell and not in
the lumen of the excretory duct (Fig. 4C), in agreement with the
lack of classical signal peptide in the Ce-FAR-7. The fact that no
expression was observed in other interfacial or gland cells that
are associated with the excretory system (Ref. 38; see also the
Wormbase database) also supports a potential intracellular
function for Ce-FAR-7. Additional experiments by feeding
double-stranded Ce-FAR-7 RNA to the far-7:GFP worms
strongly inhibited GFP fluorescence, clearly indicating that the
GFP signal observed is not an artifact (data not shown). Expres-
sion in the head hypodermis and the excretory cell remains
upon fasting (Fig. 4F), but additional strong expression of
far-7:GFP is observed in the hypodermal syncytium (hyp) cov-
ering the body of the animal (Fig. 4F).
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FIGURE 5. Docking of fatty acids to Ce-FAR-7. A, caprylic acid bound to P1 is shown. B, retinol docked in P2 is
shown. C, methyl myristic acid bound in P1 is shown. Ligands were docked manually and the geometry was
idealized using REFMACS5 (29). 360° rotation movies are given in the supplemental Movies S1-S3.

TABLE 2

Data collection, phasing, and refinement statistics of Ce-FAR-7
One crystal was used for each of the datasets.

Native SeMet

Data collection
Space group
. Cell dimensions

P2|212| P21212]

a, b, c (A) 33.8,41.6,101.7 33.7,41.4,101.3
Peak

Wavelength 0.87260 0.97926
Resolution (A) 1.79 2.06
Rineas (XDS) 9.0 (59.0) 6.9 (13.7)
1/0(1) 10.1(2.2) 16.8 (8.6)
Completeness (%) 97.7 (94.6) 98.6 (91.1)
Redundancy 34(3.3) 53(3.8)
Refinement
Resolution (A) 509-1.8
No. reflections 13156
Ryork / Riree 17.1/25.1
No. of atoms

Protein 1087

Ligand/ion 10

Water 181
B-factors

Protein 20.1

Ligand/ion 39.6

Water 33.8
R.m.s deviations

Bond lengths (A) 0.022

Bond angles (°) 1.676

DISCUSSION

Structure—The sequence alignment (Fig. 2 and supplemen-
tal Fig. S1) and the structural analysis given above would sug-
gest that the structure (Fig. 1A) is representative of the com-
plete family of FAR proteins. Previous structural analysis of this
family has been limited to a small angle x-ray scattering study
(40), and although the overall molecular dimensions and shape
are consistent with our work, the assumption of a structural
similarity of the FAR proteins with the ligand binding domain
of the retinoic acid receptor (RXRa (41)) and the nematode
polyprotein allergens (20, 42) is incorrect. The fundamental
differences between Ce-FAR-7 and other FAR proteins are the
absence of an N-terminal secretion signal (see below) and the
possible existence of an additional C-terminal helix. The latter
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possibility has been previously pre-
dicted (19). The loop L,_; may also
be longer in other FARs, or alterna-
tively, 8 might have one more hel-
ical turn. Ce-FAR-7 is monomeric
in both liganded and unliganded
forms (data not shown). Ce-FAR-4
has been reported to be monomeric
in the unliganded state, whereas
Ov-FAR-1 is reported to be dimeric
in both liganded and unliganded
states (40). The structure reported
here indicates that the dimerization
interface would not include the
ligand binding face involving helices
a4 through o7 (Fig. 1A) but could
well be related to the existence of an additional C-terminal
helix.

Ligand Binding—The structure shows a complex potential
ligand binding site comprised of two pockets with a surface
groove joining them (Fig. 1B). This groove is partially covered
by helices a4, a5, and the flexible loop (L,_5) between them.
This loop shows strong conservation of residues with planar
ring systems in two places (His-40 and Phe-43). If the loop was
closed, it would cover most of the binding groove but would not
occlude pocket P1. These residues are unlikely to stabilize bind-
ing of an aliphatic chain but may well help stabilize the binding
of a more complex head group such as that found in retinol.
Circular dichroism experiments show that there is no detecta-
ble change in secondary structure (data not shown) upon bind-
ing of fatty acids.

Of the ligands we have examined, the highest affinity
observed is for caprylic (octanoic) acid. It is probably no coin-
cidence that the binding pocket P1 is sufficiently long and nar-
row to accommodate almost perfectly the aliphatic chain of
caprylic acid (Fig. 54 and supplemental Movie S1), with the
head group just extending out of the cavity. The bottom of P1 is
hydrophobic in nature and possibly too small to be able to bind
the carboxylate head group of a fatty acid. Indeed, modeling
suggests that P1 can barely accommodate the branched ali-
phatic tail of methyl myristic acid (see Table 2). Methyl myristic
acid would not be expected to bind well in P2 because the
pocket is too large. We believe that longer saturated or unsat-
urated fatty acids bind using P1, and the groove as shown for
methyl myristic acid in Fig. 5C and supplemental Movie S3. For
Ce-FAR-7, retinol cannot use cavity P1, because of the more
bulky and rigid isoprenoid chain. Nevertheless other FARs do
bind retinol with an affinity similar to that for fatty acids (15, 16,
18, 19), which means that P2 in other FARs might be better
matched to these ligands. That the binding pockets for fatty
acids and retinol are distinct (Fig. 5B and supplemental Movie
S2) is consistent with the observation that caprylic and
13-methyl myristic acids do not displace retinol from the wild
type protein despite having a higher affinity. However, oleic
acid does displace retinol, which suggests that it could bind in
P2 aswell asin P1. Its binding to more than one site is consistent
with the higher Hill coefficient (supplemental Fig. S2).
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In FABPs the ligand is bound within a large hydrophobic
cavity (Ref. 10 and references therein), and the fatty acids are
generally observed in a twisted horseshoe shape (Ref. 9 and
references therein). It appears that nematodes have developed a
different mechanism for binding a variety of different, predom-
inantly hydrophobic ligands, which in turn means that inhibi-
tors of FABPs are unlikely to be very effective at inhibiting
FARs. Conversely, inhibitors specifically designed for FARs are
not likely to interact with host FABPs.

All FAR proteins have a conserved casein kinase II phosphor-
ylation site (cyan in Fig. 2A4), and here we show that Ce-FAR-7
is indeed phosphorylated by this kinase in vitro and that mim-
icking phosphorylation results in increased affinity for retinol
but not for simple fatty acids. This would suggest that protein
function and/or localization are regulated by phosphorylation
in vivo. Two CKII genes exist in C. elegans, corresponding to
the two subunits of CKII (see the Wormbase database). Phos-
phorylation of a Tyr residue is also observed in mammalian
adipocyte (43) and heart (or muscle) FABPs, although the
reports on the latter are contradictory (44, 45).

A second isoform of Ce-FAR-7, Ce-FAR-7b (Q86s19_
CAEEL), has been postulated on the basis of cDNA (see the
Wormbase database). This isoform is truncated at the N termi-
nus and misses the first 4 helices. As mentioned above, a1 and
a2 form the bottom of pocket P2, which could in principle
produce a protein capable of binding an aliphatic chain of
almost any length in a nonspecific manner with low affinity.
Further work on this isoform is required to confirm its exist-
ence and to establish its specific function.

Localization and Function—The result of chaperoning
poorly soluble organic molecules, such as lipids and fatty acids,
can have many outcomes. If transport is desired, the affinity for
the ligand should not be too great, as high affinity binding could
act to negatively regulate signaling molecules of this type. Ce-
FAR-7 possesses two binding sites, P1 and P2, for two types of
ligands, fatty acids and retinoids, with only the latter regulated
by CKII. The phosphorylation results in increased affinity for
retinol, and this would imply that FARs play a role in the sig-
naling processes in the nematode even if the lower affinity for
retinol relative to that for fatty acids would suggest that this is
not the major function of Ce-FAR-7. As already mentioned,
Ce-FAR-7 does not contain a classical secretion signal peptide.
However, the SecretomeP Version 2.0 algorithm (46) does pre-
dict that it could be secreted via an alternative pathway (data
not shown).

Complete information on C. elegans lipid-binding protein
expression is not available. From localization and expression
patterns of FAR proteins and a comparison with other lipid
transporters, we can conclude that there is indeed a tissue and
stage-specific expression as well as different subcellular local-
izations. C. elegans LBPs are expressed in muscles, pseudocoe-
lom, intestine, hypodermis, pharynx, and reproductive system
(see the Wormbase database); however, Ce-FAR-7 is the first to
be localized in the excretory cell and the lips.

far-7—GEFP expression is observed in two functionally differ-
ent parts of C. elegans; that is, the hypodermis, involved in
nutrient storage and external environment contact, and the
excretory cell, which functions in osmotic regulation and
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metabolite excretion. We propose that Ce-FAR-7 plays an
important role in the intracellular lipid trafficking of both tis-
sues and is, therefore, important for more than one process in
C. elegans. Fasting stimulates the expression of various genes
that are involved in converting fat stores into energy, and fasted
C. elegans display decreased fat deposits and considerable
changes in fatty acid composition (47). Interestingly, Taubert et
al. (48) found that far-7 expression is up-regulated in response
to fasting, and our experiments support this observation (Fig.
4F). Their work demonstrated that up-regulation of far-7 does
not depend on the nuclear hormone receptor NHR-49 or
require the mediator subunit MDT-15 (48), and thus, uniden-
tified regulatory complexes modulate far-7 expression in
response to fasting. Expression of Ce-FAR-7 in the whole hypo-
dermis during starvation suggests an up-regulation to mobilize
to the greatest extent the fatty acids necessary for nematode
survival. This implies a function in nutritional rather than sig-
naling processes, in agreement with the higher affinity for
nutritional molecules, such as fatty acids, over retinol.

Although we describe the general structure-function rela-
tionships for this family of proteins, there are many differences
in detail. Parasitic nematodes, as opposed to the free-living
C. elegans, appear to have only one or two FAR proteins despite
their limited lipid metabolism and their strong dependence on
lipid transport proteins (see the Nematode Genome Sequenc-
ing Center website). Immunolocalization studies of Gp-FAR-1
from the potato cyst nematode G. pallida show that, like Ce-
FAR-7, itlocalizes to the hypodermis as well as to material shed
from the surface of the worm, making host-parasite interaction
indirectly feasible (18).

FAR domains do not necessarily occur alone; for example,
another unique nematode LBP, Ag-1bp55 from Ascaridia galli,
has also been described and contains a C-terminal FAR domain,
although its N-terminal part has no known homologues (49). In
conclusion we provide the basic structural information for
understanding the mode of action of FAR proteins and investi-
gation of inhibitors of lipid binding.
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