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Lipid-bindingproteins exhibit important functions in lipid trans-
port, cellular signaling, gene transcription, and cytoprotection.
Their functional analogues in nematodes are nematode polyprotein
allergens/antigens and fatty acid and retinoid-binding proteins.
This work describes a novel 55-kDa protein, Ag-lbp55, purified
from the parasitic nematode Ascaridia galli. By direct N-terminal
sequencing, a partial amino acid sequence was obtained that
allowed the design of oligonucleotide primers to obtain the full-
length cDNA sequence. Sequence analysis revealed the presence of
an N-terminal signal peptide of 25 amino acid residues and a FAR
domain at the C terminus. Data base searches showed almost no
significant homologies to other described proteins. The secondary
structure of Ag-lbp55 was predominantly �-helical (65%) as shown
by CD spectroscopy. It was found to bind with high affinity fatty
acids (caprylic, oleic, and palmitic acid) and their fluorescent ana-
logue dansylaminoundecanic acid. Immunolocalization showed
that Ag-lbp55 is a highly abundant protein, mainly distributed in
the inner hypodermis and extracellularly in the pseudocoelomatic
fluid. A similar staining pattern was observed in other pathogenic
nematodes, indicating the existence of similar proteins in these
species.

Parasitic nematodes are the most significant helminths in terms of
numbers of species and distribution, causing many serious diseases in
humans and animals. Furthermore, they have a great economic impact
on many agricultural products. Differences between host and parasite
biochemistry present possible targets for chemotherapy and are the
object of intensive research in parasitology. In parasitic nematodes, spe-
cific metabolic pathways are modified to meet their actual physico-
chemical environment, the host organism. Because of the low oxygen
tension in the host organs and tissues, helminths show a down-regula-
tion of enzymes from the oxygen-dependent pathways, such as �-oxi-
dation (1, 2). They exhibit restricted lipid metabolism but contain high

levels of lipid as long chain fatty acids, retinoids, and steroids (1). The
import of these metabolites from the host organism is essential for par-
asite survival, and consequently, the lipid transporters are possible tar-
gets for therapeutic agents (3).
The lipophilic ligands, such as long chain fatty acids, eicosanoids,

retinoids, and steroids, play an important role in cellular homeostasis.
Triacylglycerols are the major cell energy storage compounds. Some of
the polyunsaturated fatty acids, retinoids, and steroids act as signaling
molecules and take part in important cell processes such as gene tran-
scription, cell development, inflammation, and immune response (4).
As a consequence of their similar physical properties, principally hydro-
phobicity, these chemically and functionally different metabolites are
unified into the group of “lipids.” Because the tissue and cell environ-
ment is hydrophilic, these metabolites need to be solubilized and pro-
tected from chemical damage, and their transport and function have to
be tightly regulated. The lipid-binding proteins (LBPs)4 perform the
important role of lipid carriers. Recently, proteins of the LBP family,
related to the oxysterol-binding protein, were identified to play a major
role in intracellular lipid targeting and are also structural components of
the membrane contact sites (5, 6).
In vertebrates, three major structural groups of soluble LBPs are

described, namely albumin, lipocalins, and cytosolic fatty acid-binding
proteins (FABPs). Although lipocalins and FABPs are small �-sheet
proteins (20 and 14 kDa, respectively), albumin is a larger �-helical
protein (67 kDa) (7). Although mammalian FABPs are cytosolic and
possess various tissue isoforms, lipocalins and albumin are involved in
the extracellular lipid transport (8).
Nematodes secrete structurally different classes of small (15–20

kDa), helical lipid-binding proteins into host tissues, referred to as nem-
atode polyprotein allergens/antigens (NPA) and fatty acid and retinoid-
binding proteins (FAR) (9–11). The first representatives were identified
as major nematode antigens (As-NPA-1 from Ascaris suum and Ov-
FAR-1 from Onchocerca volvulus). They show a high affinity for
amphipathic molecules, such as fatty acids and retinoids, and these fea-
tures appear to be true for all members of both families (12–14). The
completion of the genome from the model nematode Caenorhabditis
elegans revealed eight FAR protein sequences, Ce-FAR-1 to 8 (11).
Because FAR and NPA play a critical role in the fatty acid and retinoid
import from the host and their ligands are essential for parasite survival,
these proteins are of great interest. Additionally, a localized decrease of
such lipids may have immunomodulatory effects that compromise the
host immune response (1, 3).
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In the chicken parasite, Ascaridia galli, the most abundant and pro-
lific proteins have affinity for fatty acids. These are the NPA represent-
ative, Ag-NPA-1 (14, 15), and a novel 55-kDa protein, Ag-lbp55, that
have no significant homology, besides a C-terminal FAR domain, with
any proteins described so far. In the present study, Ag-lbp55 was puri-
fied, and its primary and secondary structures were identified. Its affin-
ity for long chain fatty acids was studied by fluorescence spectroscopy.
Furthermore, immunolocalization was performed, indicating an extra-
cellular localization and the presence of similar proteins in other nem-
atode parasites.

MATERIALS AND METHODS

Protein Purification—Native Ag-lbp55 was purified from adult A.
galli worms, as described for Ag-NPA-1 (14, 16). The purification pro-
cedure included homogenization of the worms and ultracentrifugation
and ammonium sulfate precipitation of the soluble protein fraction,
followed by dialysis. The supernatant was further purified by anion
exchange chromatography on DEAE-cellulose. The eluate was sub-
jected to size exclusion chromatography on a Superdex 75 column. To
avoid degradation of the native protein, all steps were performed at 4 °C
and in the presence of the protease inhibitor (Complete Protease Inhib-
itorMixture; Roche Applied Science). Additionally, a truncated form of
the native proteinwas purified. The fatty acid binding activity during the
purification procedure was checked by the binding of [14C]palmitate
(14, 16). The molecular size of the protein was determined by SDS-
PAGE, using 12 and 4–20% gradient gels (Bio-Rad). The oligomeric
state of the native protein in the presence or absence of ligand was
studied by native gel electrophoresis, performed on 4–20% gradient gels
as described in Ref. 17. The protein concentration was determined ini-
tially by the method of Bradford (18). After obtaining the amino acid
sequence of Ag-lbp55, the concentration was also determined spectro-

photometrically using a molar extinction coefficient of 32.79� 103 M�1

cm�1 at 280 nm as calculated on the basis of the aromatic amino acid
content of 3 Trp and 12 Tyr residues per protein monomer with Prot-
Param tool (www.expasy.org/).
The purity and homogeneity of the full-length protein were demon-

strated by two-dimensional gel electrophoresis, performed according to
the two-dimensional electrophoresis manual (Amersham Biosciences),
and the protein bands were further analyzed by MALDI-TOF mass
spectrometry. MALDI-TOF analysis of the peptides, obtained after
tryptic digestion of Ag-lbp55 bands, was performed as described previ-
ously (17, 19). The data were additionally analyzed with PEPTIDE
MASS software (www.expasy.org/).

CDMeasurements—CDspectrawere recorded in 10mMTris, pH7.5,
20 °C, using a Jascomodel 715 automatic recordingCD spectrophotom-
eter with a thermostatically controlled cell holder. A fused quartz cell
with a path length of 0.1 cm was used. The protein concentration was
12.2 �M. The spectra, measured in the far UV-region of 190–260 nm,
were averages of four scans and were corrected by subtracting the base
line of the buffer. They are reported as mean residue molar ellipticity
([�]R) in degrees cm2 dmol�1. Spectra subtraction, normalization, and
smoothing were performed using Jasco CD J-715 data manipulation
software, and the analyses of the data were carried out with the pro-
grams SELCON and CONTIN (20).

Peptide Sequencing—For internal sequencing, protein bandswere cut
out of the gel and digested with trypsin and the endoproteinases Lys-C
and Asp-N (Roche Applied Science) as described (21). The obtained
peptides were subjected to N-terminal sequencing and MALDI-TOF
analysis.Microsequencingwas performed using a gas-phase sequenator
Procise 492 cLC (Applied Biosystems GmbH).

Nucleotide and Amino Acid Sequence—Based on the obtainedN-ter-
minal and internal peptide sequences, various combinations of degen-

TABLE ONE

Oligonucleotide primers used to obtain the full length cDNA sequence of Ag-lbp55.
The specific primers for 3�- and 5�-RACE experiments are marked with asterisk (see text for details).

Degenerate oligonucleotide primers

Forward
S1 GA(A/G)GT(A/C/G/T)CA(C/T)GA(A/G)GA(C/T)(C/T)T(A/C/G/T)CA(C/T)CA(C/T)AT(A/C/T)GC
S2 CA(C/T)CA(C/T)AT(A/C/T)GC(A/C/G/T)AA(A/G)AA(A/G)AA(A/G)GC
S3 GA(C/T)CC(A/C/G/T)ATG(C/T)T(A/C/G/T)TA(C/T)GA(C/T)GG(A/C/G/T)GT(A/C/G/T)AC
S4 GC(A/C/G/T)AC(A/C/G/T)GA(C/T)TT(C/T)CA(C/T)GC(A/C/TG)(C/T)T(A/C/G/T)GC(A/C/G/T)CC(A/C/G/T)GA(C/T)GT
S5 GA(C/T)GC(A/C/G/T)GC(A/C/G/T)AT(A/C/T)GA(A/G)CT(A/G/C/T)GA(A/G)AA(A/G)GC
S6 GA(A/G)AA(A/G)GC(A/C/G/T)AA(A/G)CC(A/C/G/T)GG(A/C/G/T)GC(A/C/G/T)GA(C/T)AT(A/C/T)TA(C/T)G

Reverse
AS1 GT(A/C/G/T)AC(A/C/G/T)CC(A/G)TC(A/G)TA(A/C/G/T)A(A/G)CAT(A/C/G/T)GG(A/G)TC
AS2 (C/T)TT(C/T)TG(A/C/G/T)A(A/G)(A/G)TT(C/T)TC(A/C/G/T)C(T/G)(A/G)AA
AS3 AC(A/G)TC(A/C/G/T)GG(A/C/G/T)GC(A/C/G/T)A(A/G)(A/C/G/T)GC(A/G)TG(A/G)AA(A/G)TC(A/C/G/T)GT(A/C/G/T)GC
AS4 GC(C/T)TT(C/T)TC(A/C/G/T)AC(C/T)TC(C/T)TC(T/G/A)AT(A/C/G/T)GC(A/C/G/T)GC(A/G)CT
AS5 C(A/G)TA(T/G/A)AT(A/G)TC(A/C/G/T)GC(A/C/G/T)CC(A/C/G/T)GG(C/T)TT(A/C/G/T)GC(C/T)TT(C/T)TC

Specific oligonucleotide primers
Forward
S11 CCAGTACATCTAAAACGTGAGTGTCAT
S22* GAAACTGTTC AGAGAAGTTGTGGACTC
S33* CATCATCAGGCGGACCAGGTTGCAGAG
S44 TGGGGAAGTCATCTTGATGT ATTC

Reverse
AS11* TAGAACATGAGCAAAACTTCT TGC
AS22* ATGACACTCACGTTTTAGATGTACTGG
AS33 GAGTCCACAACTTCTCTGAACAGTTTC
AS44 GAATACATCAAGATGACTTCCCCA
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erate oligonucleotides were designed, from the N-terminal sequence
three forward primers S1, S2, and S3 and one reverse primer AS1, and
from internal peptides three forward S4, S5, and S6 and four reverse
primers AS2, AS3, AS4, and AS5 (TABLE ONE and Fig. 3). Total RNA
was isolated from adult worms, using the TRIzol reagent (Invitrogen).
Reverse transcription was performed with 4 �g of RNA, oligo(dT)
primer, and Moloney-murine leukemia virus-reverse transcriptase
(MBI) or Transcriptor Reverse Transcriptase (Roche Applied Science).
Gene fragments were amplified from the cDNA preparation by PCR
with randomcombinations of the forward and reverse degenerate prim-
ers, using PCR Supermix (Invitrogen). The annealing temperature was
55 °C. The PCR fragmentswere cloned intoTOPO-TA-modified vector
(pCR II, Invitrogen) and sequenced. The obtained sequence data were
used to design new and specific oligonucleotide primers. Amplification
with the standard PCR protocol of the ag-lbp55 gene fragment and the
internal regions of the degenerated primers was performed with the
specific forward and reverse primers S11, S44, AS33, and AS44 (TABLE
ONE and Fig. 3). The missing 5� and 3� ends of the cDNA from the
ag-lbp55 gene as well as the 5�- and 3�-degenerated oligonucleotide
regions were isolated and sequenced using the 5�- and 3�-RACE meth-
ods, according to the manufacturer’s manual (Invitrogen). The primers
used for RACE experiments were S33 and S22 for the 3�-RACE and
AS11 and AS22 for the 5�-RACE (TABLE ONE and Fig. 3). All oligonu-
cleotides were purchased from Qiagen.

Deglycosylation—To investigate the existence of asparagine-linked
glycan chains on Ag-lbp55, the A. galli extract was treated with N-gly-
cosidase F (N-glycosidase F deglycosylation kit) according to the man-
ufacturer’s manual (RocheApplied Science). Following deglycosylation,
treated and nontreated protein extracts were loaded on SDS-PAGE and
transferred to a nitrocellulose membrane (Schleicher & Schuell). Ag-
lbp55 was detected with mouse anti-Ag-lbp55 serum (see under
“Immunohistology”), used at a 1:1000 dilution, and the second antibody
was horseradish peroxidase-conjugated rabbit anti-mouse (Dako), used
at a 1:10,000 dilution. Western blotting was prepared according to a
standard protocol (22).

Data Analysis and Structure Predictions—Blast (23) and Psi-blast
(24) were used for local sequence data base searches, and realignments
were calculated using ClustalW (25). Searches of predefined sequence
families were performed using the web interfaces to Pfam (26) the con-
served domain data base (27) and SAM-T02 (28, 29). Molecular mass,
molar extinction coefficient, and isoelectric point (pI) of the protein
were estimated with the ProtParam program.

Ligand Binding Experiments and Reagents—The fluorescent fatty
acid analogue 11-((5-dimethylaminonaphthalene-1-sulfonyl)amin-
o)undecanoic acid (DAUDA) was obtained from Molecular Probes
(Invitrogen). The fatty acids were products of Sigma. All ligands were
dissolved in ethanol in concentrations of either 1 or 0.1 mM. The con-
centration of DAUDAwas calculated from its absorption spectra, using
the correspondingmolar extinction coefficient of 4.8� 10�3 cm�1 M�1.
Steady-state fluorescence was measured with a Shimadzu model
RF5000 and PerkinElmer Life Sciences LS50B spectrofluorometers,
equipped with a thermostatically controlled cuvette holder.
Ligand binding experiments were performed with 0.1 �m Ag-lbp55

and an initial sample volume of 800�l. Binding affinities of Ag-lbp55 for
fatty acids were studied by changes in the intrinsic tryptophan emission
of the protein (excitation wavelength �ex of 295 nm and emission wave-
length �em 340 nm). Binding of the fluorescent ligand DAUDA was
monitored by measuring changes in its specific emission intensity (�ex

350 nm and �em(max) 510 nm) that was expected to increase upon com-
plex formation with the protein. Increasing amounts of fatty acids or

DAUDA were added to Ag-lbp55, and the samples were equilibrated
until a steady emission reading was obtained (usually 5 min). All titra-
tion experiments were performed in 10 mM Tris-HCl buffer, pH 7.5, at
20 °C. The concentration of the organic solvent in the final reaction did
not exceed 2.5%. In order to minimize inner filter and self-absorption
effects, absorbance of the samples at the excitation wavelength was
always less than 0.05. Because DAUDA absorbs at the excitation wave-
length (�ex 350 nm), its emission spectra were corrected for inner filter
effects and background fluorescence. All emission spectra were cor-
rected for progressive dilution (�2.5% maximum) (30).

The apparent dissociation constants (Kd) and the maximal fluores-
cence change upon saturation of the Ag-lbp55-binding site (�Fmax)
were calculated from the experimental data with GraphPad Prism pro-
gram. The data were analyzed by nonlinear regression and fitted to
one-site binding hyperbola, by using Equation 1,

�Fobs �
Fmax�L�

Kd � [L] (Eq. 1)

where �Fobs is the observed change in the fluorescence and [L] is the
ligand concentration.
The stoichiometry of the complexes was computed by the Hill Equa-

tion 2 (31),

log�F

1 � �F
� log Kd � nH log L (Eq. 2)

if �Fmax represents saturation of all binding sites then �F corresponds
to the fraction of full sites at certain ligand concentrations; (1 � �F)
corresponds to the fraction of empty sites, and nH is the Hill coefficient,
which equals 1 if the stoichiometry of the protein-ligand complexes is
1:1.

Immunohistology—Antisera against Ag-lbp55 were raised in mice,
using a standard immunization protocol (Eurogentec). The preimmune
serum was used as a control. Immunolocalization on the light micro-
scopic level was performed as described previously (15, 32). Anti-Ag-
lbp55 serum was used as primary antibody at dilutions of 1:50 to 1:100.

FIGURE 1. A, purification of Ag-lbp55 from A. galli, followed by SDS-PAGE. Lane 1, soluble
protein fraction after ultracentrifugation (7.9 �g of protein); lane 2, supernatant after
70% saturation with ammonium sulfate (4.3 �g of protein); lane 3, eluted protein fraction
after DEAE-cellulose chromatography (1.2 �g of protein); and lane 4, protein after Super-
dex 75 gel filtration (0.6 �g of protein). Proteins were visualized by Coomassie Blue
staining. B, two-dimensional gel electrophoresis of Ag-lbp55. The three isoforms are
marked with arrows.
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As secondary antibody, goat anti-mouse antibody conjugated with alka-
line phosphatase was employed, and Fast Red TR salt (Sigma) was used
as the chromogen, whereas hematoxylin acted as the counterstain. For
immunolocalization, adult A. galli worms were fixed in either 4% buff-
ered formaldehyde or in 80% ethanol and embedded in paraffin. For
comparison with other ascarids or with filarial nematodes, sections of
female A. suum and of femaleO. volvulus,Onchocerca gutturosa, Acan-
thocheilonema viteae, and Dirofilaria immitis were used.

RESULTS

Protein Purification—Following gel filtration the nativeAg-lbp55was
eluted as a single peak, corresponding to the molecular mass of the

monomers, 55 kDa. By using the same procedure, another LBP from A.
galli, the 15-kDa NPA representative, Ag-NPA-1, was purified (14, 15).
These two proteins show the same biophysical and biochemical fea-
tures, except that they differ in molecular masses, so their separation
was possible by size exclusion chromatography. The binding activity of
the eluted peaks was followed with [14C]palmitate, and both proteins
showed a high affinity for that ligand (data not shown). The native gel
electrophoresis and gel filtration data indicate that under native condi-
tions Ag-lbp55 is a monomer. The SDS-PAGE of the purification steps
is shown in Fig. 1A. Moreover, Fig. 1A, lane 1, clearly shows that Ag-
lbp55 together with theNPA protein are themost abundant and soluble
A. galli proteins.

TABLE TWO

N-terminal sequence of Ag-lbp55 and internal peptide sequences, determinated by Edman degradation
The fragments were obtained with proteolytic enzymes Lys-C and Asp-N, and Asp-N, respectively. For most of the peptides MALDI-TOF masses were obtained
as well. The main part of the protein sequencing was done by Reinhard Mentele (MPI, Martinsried). (Also see Footnotes a and b below.)

Sequenced peptides Mass fromMALDI-TOF (Da) Theoretical mass (Da)/com-
ments

N-terminal sequence
EVHEDLHHIAKKKARSFAHV

Lys-C
K16, FRENLQK No mass
K17, - 1327.7 Fits to N-terminal sequence
K18, AKPGADIYEETK 1321.6 1321.7
K21, LRDPMLYDXVTK 1446.9 � 1636.9 Fits not, glycosylated site
K23, ARSFAHVLSK 1115.6 1115.6
K24, same as K21
K26, LATDFHALAPDVKK 1525.9 1525.9

GEHPSPEAFLK 1211.6 1211.6
K30, DENIHALQEVAAA Total 3312.6 Average 3312.5
K33, TVTFPNALHLIQRYA..T No mass Glycosylated site
K41, HFPFRSILLFSTLD 1693 1692.9

Asp-N
D10, DSAHGELA 799.25 799.35
D20, DENIHALQ 939.4 939.4
D31, DVFPQHFAH 1097.4 1097.5
D6, DEAKLKE 832.9 832.4
D7, EKLAT No mass
D22, DRKLFR 834.4 834.5
D44, DELINALFAGHSYLK 1690.9 1690.9
D33, ELSAKIRAIHV 1236.6 1236.7
D11, SLVEHE No mass
D25, DPMLY No mass
D28, DHVAMLRRYNELS 1619.7 1603.8 � 16 (Ox)

DAAIEEVEKAKPGA 1427.7 1427.7
D32, DRKLFRE No mass
D8, EEMTNLAK No mass

EKSPEK No mass
D24, EKAPRSHARAVILR 1603.9 1603.9
D35/36, DIMMLRSLVEHEH 1641.7 1609.8 � 32 (Ox)
D15, EVAAAHVHSP 1017.4 1017.5
D42, EEMTNLAKELSAKIRAIHV 2169.2 2153.2 � 16 (Ox)
D45, EVKAKNEKLYYILFLIN 2098.3 2098.2

Additional internal sequences
LYYILFLINDHVAMLRRYNELSDPAEAFFHa Contains D45 and D28
TVTFPNALHLIQRYAXTTEEYHHQADQVAEKLATa Contains K33, glycosylated site
DENIHALQEVAAAHVHSPD..HVN..a Contains K30, D15, and D20
GKPAHPAHb

a Additional internal sequences received from John Barrett (Institute of Biological Sciences, Aberystwyth).
b Additional peptide sequence received from Karlheinz Mann (Max Planck Institute, Martinsried).
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The two-dimensional gel electrophoresis analysis, in combination
withMALDI-TOF analysis, demonstrated the homogeneity of the puri-
fied Ag-lbp55 fraction. The two-dimensional gel electrophoresis
showed the presence of at least three isoforms with pI values of 	7.65,
7.7, and 7.8 (Fig. 1B). From the amino acid sequence of Ag-lbp55, the
calculated pI is 6.99. The differences between calculated and measured
pI values suggest post-translational modifications of the molecules, fur-
ther supported by the presence of three isoforms. Subsequent proteo-
lytic cleavage, followed by MALDI-TOF analysis of the obtained pep-
tides confirmed that the three bands contain the same protein. These
masses correspond to the one obtained from the digested Ag-lbp55
band, loaded on one dimensional SDS-PAGE. Themass spectrumof the
tryptically cleaved Ag-lbp55 was compared with known parasitic or
mammalian proteins, using the software MASCOT (33) (www.matrix-
science.com), but no homology was observed.

Peptide Sequencing—In order to identify the purified protein and
obtain some information on its amino acid sequence, N-terminal and
internal peptide sequencing were performed. The sequence of the first
amino acids of the native protein chain was obtained by direct N-termi-
nal sequencing by Edman degradation and showed no homology with
other described proteins. The N-terminal amino acid residue was glu-
tamate and not the expectedmethionine, which suggested the presence
of a signal peptide. In order to get more information about the amino
acid sequence, the protein was proteolytically cleaved with trypsin and
the endoproteinases Lys-C and Asp-N, and the obtained peptides were
sequenced. This approach yielded 35 internal sequences, around 60% of
the total protein sequence (TABLE TWO). The mass and the accuracy
of most of the sequences were confirmed by mass spectroscopic
MALDI-TOF analysis (TABLE TWO). Some of the peptides obtained
with different proteases overlapped, allowing identification of the first

FIGURE 2. Nucleotide and derived amino acid
sequence of Ag-lbp55. The signal peptide is
underlined. GenBankTM accession number is
AY587609.
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35 N-terminal residues. Most interestingly, the amino acid residues at
position 32 and 436 could not be identified, due to a post-translational
modification. After obtaining the cDNA sequence, these were found to
be asparagine residues, and the sites were identified as potential N-gly-
cosylation sites (Figs. 2 and 3).

Glycosylation of Ag-lbp55—The post-translational modification of
Ag-lbp55 in the form of N-glycosylation was investigated by digesting
the protein with the endoglycosidase N-glycosidase F. Fig. 4 shows a
Western blot in which the native Ag-lbp55 was detected with anti-Ag-
lbp55 serum before (Fig. 4, 1st lane) and after (2nd lane) cleavage by the
enzyme N-glycosidase F. The presence of oligosaccharides in protein
molecule is clearly indicated by the observed size difference.

Primary Structure—Initially, two neighboring PCR fragments of the
ag-lbp55 gene, 	1000 and 500 bp, were amplified. The 1000-bp frag-
ment was amplified with the N terminus-based S1 forward primer and
AS4 and AS5 reverse primers, and 500-bp fragment was obtained with
S5 and S6 forward and AS3 reverse primers. Based on these sequences,
specific primers were designed, and the main gene fragment was ampli-
fied by standard PCR. The following 5�- and 3�-RACE results revealed
the full-length cDNA sequence. The ag-lbp55 gene identification strat-
egy is shown in Fig. 3. The nucleotide sequence consists of 1719 bp and
contains both the 5�- and the 3�-noncoding regions (Figs. 2 and 3). The
transcript has a single open reading frame, which translates into 508
amino acids that compose the full-length protein (Fig. 2). The sequence
of Ag-lbp55 has been deposited inGenBankTMunder accession number
AY587609. The full-length protein starts with a 25-amino acid signal
peptide that indicates an extracellular localization. Asmentioned above,
the protein sequence contains two N-glycosylation sites at positions 32
and 436, respectively (Fig. 2). The molecular mass of the native protein
was calculated at 55,396 Da, a value similar to the experimentally
obtained data.
A simple sequence data base search using Blast or Psi-blast with Ag-

lbp55 against the nonredundant sequence data base reveals no homo-
logues at all, which one would normally consider reliable. There are no
homologues with an expectation value (e-value) less than 0.08 and, con-
sequently, no hits thatwould be included in a Psi-blast profile using even
a loose acceptance criterion. The weak hits found with e-values �10�1

are in the N-terminal half of the sequence and include a likely nuclear
hormone receptor (E75_CHOFU) and genes annotated as RNA heli-
cases. These are statistically not significant. The list also includes several

fatty acid and retinoid (FAR)-binding proteins possibly related to the
C-terminal half of Ag-lbp55 with even weaker e-values. The closest
homologue, Wb-FAR-1 from Wuchereria bancrofti (accession
Q8WT54), had only 27% sequence identity to the C-terminal Ag-lbp55
region from residues 359 to 497. This, however, was significant as
explained below.
Searching against one set of precomputed domain profiles (27) or

hidden Markov models (28, 29) with Ag-lbp55 provides no hits of sig-
nificance, but a search of Pfam (26) finds the family labeled gp-FAR-1
with an e-value of 6 � 10�3. This led to a very directed and controlled
search. A sequence profile was constructed in Psi-blast, based on the
178 residues of Wb-FAR-1 protein precursor using an acceptance cri-
terion of 5� 10�13 and just two rounds of homologue collection. This is
exactly 10 orders of magnitude more conservative than the Psi-blast
default. This sequence profile returns a hit to Ag-lbp55 with an e-value
of 2� 10�5. Obviously with this stringent criterion for profile construc-
tion and the very low expectation value, there is little room for doubt.
Ag-lbp55 contains a sub-sequence very distantly related to the set of
FAR proteins, including Wb-FAR-1. The profile contained 30 proteins
either annotated as FAR proteins or not yet annotated.

Secondary Structure—The sequence of Ag-lbp55 was given to several
secondary structure prediction programs, using their web interfaces
(34–37). This produced a very clear result. Almost every regionwith any
predicted secondary structure was most likely to be �-helical. To be
strictly correct, Profsec predicted only 15 �-strand residues, mostly in
the presumed signal peptide. Psipred predicted six �-strand residues. It
did not even predict residues anywhere else that could join to form a
�-sheet. It is fair to conclude that on the basis of predictions, this protein
and any constituent domains are most likely all �-helical. CD spectros-
copy in the far-UV region (190–260 nm) generally agrees (Fig. 5), pre-
dicting 	65% �-helical structure. �-Structures and coil were estimated
at 	17 and 18%, respectively.

Binding of Fatty Acids and DAUDA—The fluorescence properties of
Ag-lbp55 are determined by its three Trp and 12 Tyr residues. Its fluo-
rescence emission spectra were dominated by Trp emission. Binding of

FIGURE 5. CD spectrum of Ag-lbp55 in the far-UV region (190 –260 nm).

FIGURE 3. Cloning strategy and organization of ag-lbp55 gene and protein chain.
Full-length cDNA sequence was obtained using degenerated (white and arrow) and spe-
cific (black and arrow) oligonucleotides. The specific primers for 3�- and 5�-RACE are
marked in gray and arrow, the noncoding 3� and 5� regions are shown in white. The signal
peptide of the translated protein sequence, the recognized FAR domain, and the two
potential N-glycosylation sites are shown.

FIGURE 4. Western blot showing deglycosylation of Ag-lbp55 with N-glycosidase F.
1st lane (�), undigested protein; 2nd lane (�), digested protein.
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fatty acids, varying in length and saturation, caused significant changes
in Trp fluorescence expressed in enhancement and approximately a 10
nm red-shift of the Trp emission of Ag-lbp55 from 330 to 340 nm. The
dissociation constant (Kd), the maximum fluorescence change upon
saturation of the binding sites (�Fmax), and theHill coefficient (nH)were
calculated from the fluorescence enhancement at 340 nm. Analysis of
the fluorescence-binding isotherms showed that the protein has one
binding site shared by caprylic (nH 
 1.1 � 0.4), oleic (nH 
 1.0 � 0.1),
and palmitic acids (nH 
 1.0 � 0.1). For the first two acids (caprylic and
oleic), we estimated quite similar values forKd of 0.36� 0.10 and 0.19�
0.05 �M, whereas palmitic acid was bound with almost an order of
magnitude lower affinity, Kd of 1.26 � 0.18 �M. Binding of the tested
fatty acids caused similar enhancement of Trp fluorescence (�Fmax),
reaching up to 50–60%. The saturation of theAg-lbp55 affinity sitewith
fatty acids followed a hyperbolic curve as shown by the example binding
curve for caprylic acid in Fig. 6.
Binding of DAUDA to Ag-lbp55 caused a relatively small increase of

the fluorescence intensity of the dye (up to 28%) and 9 nm blue-shift of
the emissionmaximumposition, suggesting a rather polar environment
of the probe, which is most probably located close to the surface of the
protein molecule. The hyperbolic shape of the titration curve again
suggested the existence of one class of high affinity binding sitewith aKd

of 0.14 � 0.03 �M.
Immunohistology—By using the Ag-lbp55 antiserum, worms fixed

either with ethanol or formalin were stained. The preimmune serum,
which was employed as a negative control, showed a complete absence
of unspecific reactions (Fig. 7A). By using the Ag-lbp55 antiserum,
intense staining of the fluid in the pseudocoelomatic cavity of A. galli
was observed (Fig. 7B). A weaker staining was observed in the lumen of
the intestine, although no staining of the intestinal wall, the muscle
syncytia, the uterus, and the ovary was detected. Intracellularly, staining
for Ag-lbp55was found especially in the inner hypodermis (Fig. 7,C and
D). A similar staining pattern was found in the closely related speciesA.
suum, with strong labeling of the median (Fig. 7F) and lateral cords.
These results confirm the finding that Ag-lbp55 is one of the most
abundant proteins inA. galli and also show an extracellular distribution,
similar to that of the other LBP-Ag-NPA-1 (15) (Fig. 7, A–D).
The staining pattern of the anti-Ag-lbp55 serum in the ascaridworms

was compared with the one in filarial nematodes, which included the
agent of human riverblindnessO. volvulus, the related cattle parasiteO.
gutturosa, the rodent parasite A. viteae, and the dog heartworm D.
immitis. A similar staining pattern was observed in all species, indicat-
ing the presence of similar proteins that cross-react with Ag-lbp55 anti-
serum (Fig. 8). Extracellular staining of the pseudocoelomwas observed
in some sections (Fig. 8A), but not in all (Fig. 8B), because pseudocoe-

lomatic fluid appeared to be not preserved in these sections. Additional
labeling of the inner uterus epithelium was observed in female O. gut-
turosa with empty uterus branches (Fig. 8B), although in a few cases, in
D. immitis, a weak to moderate staining of the inner epithelium and the
lumen of the intestine was seen (Fig. 8D).

DISCUSSION

Ag-lbp55 is the first described 55-kDa nematode protein that exhibits
an affinity for amphipathicmolecules. It was initially isolated during the
purification of Ag-NPA-1 (14, 15), and an affinity for both radioactive
palmitate and dansylated fatty acid DAUDA was demonstrated. Direct
N-terminal sequencing showed that it differed from the polyprotein
units, but the sequence could not be identified (14). The protein con-
tains	65%�-helices (Fig. 5), a secondary structure organization similar
to that of FAR and NPA representatives (3, 9, 11) and is probably a new
structurally unique class within LBPs.
Two-dimensional gel electrophoresis shows the presence of different

isoforms of Ag-lbp55with pI of	7.65, 7.7, and 7.8, respectively. Tryptic
digestion andMALDI-TOF analysis of the different bands revealed that
they all contain only Ag-lbp55. The experimentally observed pI values
differ from the theoretically predicted value of 6.99, which is probably a
result of protein folding or post-translational modifications. The pres-
ence of isoforms might be due also to saturation of some binding sites

FIGURE 6. Binding of caprylic acid to Ag-lbp55, followed by the changes of the Trp
emission of the protein at 340 nm after excitation at 295 nm. The derived curve is
fitted by a nonlinear regression for a single binding site, and the calculated Kd value is
0.36 � 0.10 �M.

FIGURE 7. Immunohistological localization of Ag-lbp55 in A. galli (A–D) and compar-
ison with that in A. suum (E–F). The localization of Ag-lbp55 in adult worms was per-
formed with a polyclonal mouse antiserum raised against the native protein (dilutions
1:100 in A–D and 1:50 in E–F). A, preimmune serum showing no labeling of the
pseudocoelomatic fluid, the ovary (ov), and the uterus (ut). B, consecutive section to A
but stained with anti-Ag-lbp55 showing intensive red staining of the pseudocoel, weak
staining of the lumen of the intestine (i), and no labeling of the uterus and ovary. C,
strong labeling of the inner hypodermis (arrowhead, ihy) and space between the striate
musculature (mu). No labeling was observed within the cuticle (cu), and only a weak
staining was observed in the epicuticle (arrow). D, longitudinal section showing red
labeling of the inner hypodermis and the pseudocoel (star). E, cross-section of A. suum
indicating strong labeling of the inner hypodermis (arrowhead). F, same section as E
showing strong labeling of the median cord (arrow, mc). Bar size is 50 �m.
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with ligand(s), and as a result the purified protein fractionwould contain
differently charged molecule species.
The FAR and NPA proteins are major allergens in helminths and are

found in their excretory/secretory products. Sequencing suggested
modifications of Asn-32 and Asn-436, and further analysis showed that
Ag-lbp55 is glycosylated. Such a glycosylation is typical for secretory
proteins, and some of the filarial FAR proteins are found to be glycosy-
lated (38). The tissue localization of the protein in A. galli showed sim-

ilar distribution to the NPA polyprotein (15). The antiserum did not
cross-react with the NPA or any other protein from the worm extract,
and only areas rich in Ag-lbp55 were stained. Although there are some
findings that NPA and FAR proteins interact directly with membranes
(39), an undiscovered membrane receptor possibly exists. Ag-lbp55
would be suited for this function, but the pseudocoelomic distribution
shows that it is mainly extracellularly localized, and only in a few sec-
tions was a staining of the inner uterus epithelium or of the inner epi-
thelium of the intestine observed. Even though Ag-lbp55 might be a
soluble receptor, no direct interaction between it and Ag-NPA-1 was
found. The Ag-lbp55 antiserum cross-reacted with sections from A.
suum, O. volvulus, O. gutturosa, A. viteae, and D. immitis, and a similar
staining pattern was observed. Localization of Ag-lbp55 and Ag-NPA-1
(15) in the hypodermis is similar to the FAR distribution found in filarial
nematodes (40). Nevertheless, a Western blot with filarial extracts
showed protein bands at higher molecular mass than the FAR size of 20
kDa (data not shown). Therefore, we propose that the antiserum recog-
nizes analogues of Ag-lbp55 in the filarial parasites.
Aside from the physical-chemical properties of the protein, one may

ask what can be stated based on its sequence. This could be summarized
by saying that Ag-lbp55 appears to be a new type of fatty acid and
retinoid-binding protein, with two or more largely �-helical domains
and a unique N-terminal region about which one can only speculate.
These conclusions can be easily justified. One can begin with the prop-
osition that this is a new kind of FAR protein and remember that the
homology to other FAR proteins is so remote that its e-value would
normally be dismissed. It is only via a reverse, profile-based search,
seeded from an annotated FAR domain, that one can see the relation-
ship to Ag-lbp55. The weakness of the relationship also means that it
would be dangerous to over-interpret the results. A Psi-blast profile
suggests Ag-lbp55 has 27% sequence identity toWb-FAR-1 and that the
segment runs from residues 359 to 497. With ClustalW (25), one can
more carefully recalculate alignments and align a few more residues
(from position 358). The alignments, however, are not stable in the face
of different penalties or substitution matrices (results not shown), so it

FIGURE 8. Identification of cross-reactive proteins in filarial nematodes using the anti-
serum against Ag-lbp55. A, cross-section of a female O. volvulus showing labeling of the
inner hypodermis (arrowhead, ihy) and pseudocoelomatic fluid. No labeling was observed in
the uterus (ut) and the wall of the intestine (i). B, cross-section of the cattle parasite O. gut-
turosa demonstrating strong labeling of the inner hypodermis (arrowhead, ihy) and the
median and lateral cords. The inner epithelium of the uterus was also stained, but not the
intestine (i). C, also in the rodent filaria A. viteae the inner hypodermis and the pseudocoel was
labeled. D, a similar staining pattern was also observed in the dog heartworm D. immitis with
additional staining of the inner epithelium of the intestine (i) and the lumen of the intestine.
Antiserum was used at a dilution of 1: 50, bar size is 50 �m.

FIGURE 9. Possible mode of action of A. galli
LBPs in the lipid host-parasite-host trafficking
(see text for details). RI, retinoid; FA, fatty acid.
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would be premature to discuss Ag-lbp55 in terms of conserved residues.
This will change as the data bases contain more sequences and one can
build a profile that better covers sequence space near Ag-lbp55.
For the C-terminal region, onemay ask what can be said in structural

terms. There are no known structures of any related sequences. The
secondary structure predictions suggest this region is entirely �-helical,
and the CD spectroscopy suggests it is largely helical. The sequence of
Ag-lbp55 was also given to a barrage of protein fold recognition servers
(FFAS (41), wurst (42), 3DPSSM (43), GenTHREADER (44), and Fugue
(45)), but this yielded absolutely no consensus beyond the fact that all
high-ranked guesses from all servers were entirely �-helical proteins. A
cynic may note that many of these servers do use an initial secondary
structure prediction as part of their calculations, so the resultmay not be
a surprise.
This leads to the question of the N-terminal 358 residues and what

similarity can be found. On the basis of the simple sequence searches,
there are no homologues of statistical significance. Searching against
precomputed families (26, 27) finds no similarities. Finally, sequence
profiles were built, seeded by the sequences corresponding to the very
weak hits mentioned above (RNA helicase and nuclear hormone recep-
tor). These profiles do not return any plausible similarities to Ag-lbp55.
The protein fold recognition servers do not even provide any consensus
as to SCOP (46) or CATH (47) grouping. It was stated above that Ag-
lbp55 is unusual because its only homology is weak and limited to the
C-terminal region. One can now go further and say it seems to be the
first example of a FAR protein with an extra N-terminal domain(s) of
unknown structure and function.
One can finish the discussion of the sequence with some pure spec-

ulation. A simple blast search using Ag-lbp55 aligns residues 20–157 to
a sequence known as E75_CHOFU (accession gb AAB52717.1), but
with an e-value one would normally dismiss as insignificant (0.1).
E75_CHOFU, however, is part of a large family of proteins involved in
steroid and lipid binding, transport, and import. The group of related
sequences even includes many structures (all �-helical proteins). It is
certainly attractive to propose some fatty acid transport role for this
stretch of sequence, but at the moment, there is no good statistical
evidence.
The LBP proteins are highly expressed in adultA. galli possibly point-

ing to the essential function within the mature worm. The parasitic
stages of nematodes cannot synthesize long chain fatty acids and ste-
roids de novo, lack functional �-oxidation, and consequently, cannot
catabolize thesemetabolites (1). However, parasitic helminths accumu-
late fatty acids, steroids, and fat-soluble vitamins and therefore exhibit a
nutritional requirement for exogenous lipids. In nematodes, lipids are
found in muscles, lateral chord, reproductive organs, and the intestine.
In infective larvae, the intestine has been proposed as an important lipid
storage place (1). In adult A. galli, the LBP distribution correlates well
with the places of lipid accumulation, which is an indication for their
importance in internal lipid trafficking and targeting in adult parasites.
Additionally, it could be assumed that these or other LBPs are active in
distinct larval stages of the nematode because metabolism of many hel-
minths changes from aerobic to anaerobic during their development
(1). Differences in the type and level of expressed LBPs in the larval and
adult stage of the parasite Trichinella spiralis were found by data base
mining.5 Because of the limited ability of helminths to synthesize long
chain fatty acids and steroids and the necessity to import them from the
host organism, there is a need for finely regulated storage and traffic of
these metabolites.

As mentioned above, both LBPs are the most abundant soluble pro-
teins inA. galli. They share identical biochemical and biophysical prop-
erties, belong to the structural family of “all�” proteins, and have similar
distribution and affinity for fatty acids. The high levels of Ag-lbp55 inA.
galli extract and the abundant distribution suggest an essential func-
tion(s) in nematode lipid metabolism, perhaps regulating the lipid host-
parasite-host trafficking as well. This raises the question as to why the
nematode needs two proteins with affinity for hydrophobic ligands and
what is the relation between them. If Ag-NPA-1 simply binds and trans-
ports lipids, Ag-lbp55 could act as a reservoir of these molecules in the
pseudocoelome fluid. It would regulate the lipid levels in the parasite
tissue by binding and/or releasing the necessary metabolites for the
functional stage (Fig. 9). Although a direct interaction between both
LBPs was not observed, it is possible that an intermediate protein exists.
In contrast to Ag-NPA-1, Ag-lbp55 is too big to pass through mem-
branes, and according to the localization data, it is not membrane-
bound. However, it might act as a soluble receptor or interact with a still
unidentified membrane receptor. It was shown that the family of LBP
related to oxysterol-binding proteins is involved in the cellular nonve-
sicular traffic of lipids. They fulfill the two functions of lipid binding and
applying selectivity to the lipid traffic, andmoreover, they are structural
components of the membrane contact sites (5, 6).
One of the highest requirements of a parasite worm is to take up lipid

and other essential metabolites from the host organism and to prevent
or escape the host response. Expression of several proteins with specific
transport function could be part of an evolutionary adaptation to the
parasitic mode of life. Another adaptation would be to combine several
activities of a reduced metabolic pathway to just one protein, separated
on different domains. Finally, the sheer abundance of Ag-lbp55 and its
affinity for fatty acids suggest its importance for lipid homeostasis in the
nematode, but there is much room for further work. One would like to
confirm or rule out interactions with other proteins, and it could be that
either conventional biochemistry or simply the cataloguing of more
sequences will help find a role for the N-terminal 3/5 of the protein.
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