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ABSTRACT. Schistosoma mansofatty acid binding protein (Sm14) was crystallized with bound oleic

acid (OLA) and arachidonic acid (ACD), and their structures were solved at 1.85 and 2.4 A resolution,
respectively. Sm14 is a vaccine target for schistosomiasis, the second most prevalent parasitic disease in
humans. The parasite is unable to synthesize fatty acids depending on the host for these nutrients. Moreover,
arachidonic acid (ACD) is required to synthesize prostaglandins employed by schistosomes to evade the
host’s immune defenses. In the complex, the hydrocarbon tail of bound OLA assumes two conformations,
whereas ACD adopts a unique hairpin-looped structure. ACD establishes more specific interactions with
the protein, among which the most important is-aation bond between Arg78 and the double bond at

C8. Comparison with homologous fatty acid binding proteins suggests that the binding site of Sm14 is
optimized to fit ACD. To test the functional implications of our structural data, the affinity of Sm14 for
1,8-anilinonaphthalenesulfonic acid (ANS) has been measured; moreover the binding constants of six
different fatty acids were determined from their ability to displace ANS. OLA and ACD exhibited the
highest affinities. To determine the rates of fatty acid binding and dissociation we carried out stopped
flow kinetic experiments monitoring displacement by (and of) ANS. The binding rate constant of ligands

is controlled by a slow pH dependent conformational change, which we propose to have physiological
relevance.

Schistosomiasis is the second most prevalent parasiticcomponents of the cell membrane, fatty acid derivatives
disease worldwide and affects more than 200 million people released by schistosomes play a role in the parasite evasion
in developing countries. Schistosomes are parasitic trema-from the host immune respons®.(Moreover, upon contact
todes whose complex life cycle involves an intermediate host with human skin, cercariae (the larval stage released by the
(a freshwater snail) and man as the definitive host. Adult intermediate host) respond to chemical stimuli, particularly
schistosomes live in the mesenteric or perivesical veins of medium-chain free fatty acids, to start skin invasi@). (
their definitive host and uptake their nutrients directly from Uptake and transport of fatty acids and other lipidsSin
the host’s blood. mansonidepend (probably to a large extent) on the fatty acid

The proteins that participate in the uptake and metabolism binding protein (Sm14)4). Sm14 is present in all the stages
of fatty acids and their derivatives may constitute a possible of the life cycle and is localized in the external cell layer,
target for therapy or vaccination, given the numerous and i.e., near the interface of the parasite/host contgct{rom
important roles played by these compounds. To briefly this short summary an important conclusion may be drawn:
review this subject, we remark that the parasite lacks the interfering with fatty acid uptake or metabolism may
metabolic pathways required for the biosynthesis of sterols constitute an important therapeutical approach. Accordingly,
and lipids; hence it is completely dependent on the host for the World Health Organization selected Sm14 as one out of
these substance$)( Besides being nutrients and structural six antischistosome vaccine candidates for tes#n@){ and
possibly the protein may also be a drug target, since blocking
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cycle of the parasite. This hypothesis is particularly relevant also allowed us to structurally highlight two previously
if one takes into account that there are only two available described antigenic determinants of the protein.

drugs against this diseass).(
. . . . EXPERIMENTAL PROCEDURES
The FABPs constitute a multigenic family of low molec-

ular mass proteins (3415 kDa). Analysis of 3D structures Cloning of Full-Length Sm14S. mansonadult worms

of FABPs revealed basic structural similarities among the Were freshly obtained by perfusion of mice, infected at least
members of this family despite low sequence identit®s (7 Weeks before, using HEPES-buffered RPMI-1640 medium
The actual physiological role of FABPs is still incompletely and containing 100 units/mL of heparin. Parasites, suspended
clear, and different hypotheses have been proposed, including® @ minimal amount of medium, were frozen in liquid
protection of cell membranes and enzymes from the effect Nitrogen and ground to a fine powder. Total RNA was
of high concentrations of free fatty acids (FAs) and of their €xtracted in Trizol reagent (Invitrogen) of which.g was
acyl-CoA derivatives, storage of FAs, lipid trafficking, and treated with SuperScript Il reverse transcriptase (Invitrogen)
regulation of cell growth and differentiationl@, 11). to synthesize cDNA, followm_g the protocol recommend_ed
Ambiguities mainly originate from the observation that these PY the manufacturer. To obtain the Sm14 full length coding
proteins can bind many different hydrophobic substrates r€gion, a PCR reaction was carried out on the cDNA template
(FAs, monoglycerols, diacylglycerol phosphates, lipooxy- Using the forward primer 'SGTTGAAACATATGTCT-
genase metabolites of arachidonic acid, acetyl Co-A, retin- AGTTTCTTGGGA-3 and the reverse primef-TGCTC-
oids, and even hema3?)); also, FABPs are able to reversibly CGAGTTAGGATAGTCGTTTATAATT-3'. The PCR reac-

associate with artificial phospholipid bilayers, releasing or tion was carried out using/L of template, 50 pmol of each
uptaking ther ligandsl(l). Thus, a very credible hypothesis Primer, and 2.5 units of Pfu DNA polymerase (Stratagene).
on the functional role of FABPs suggests that these are The PCR product obtained was subcloned into pPCRscript
involved in the intracellular trafficking of lipids to and from  AmP SK(+) (Stratagene), after which the plasmid was
cell membranes; an important piece of evidence is that the Sequenced with an ABI PRISM 310 genetic analyzer using
heart fatty acid uptake is decreased in heart-fatty acid bindingthe BigDye Terminator Cycle Sequencing Kit (ABI). The
protein gene-ablated mic&3). The important metabolic role ~ S@me PCR product was then cloned into the Gateway His-
of FABPs and structural similarity of FABPs in evolutionary t@9gedEscherichia coliexpression vector, pDEST17 (In-
related parasites may explain why immunization with Sm14 Vitrogen), following the protocol recommended by the
confers significant levels of cross-protection against infec- Manufacturer. Expression of recombinant protein was carried

tions with Schistosoma mansoand Fasciola hepatican out in E. coli BL21(DE3)pLysS cells. _
animal models §). Purification of Sm14Wet cells d a 3 L bacterial growth

. . . were resuspended in 40 mL of buffer A (0.5 M NaCl, 50
Despite the importance of Sm14 as a vaccine and drugm,vI Tris/HCI pH 8.0, 2 mM -mercaptoethanol, 1 mM

target candidgte, thelre is still !ittle.structural and functional EDTA, 2% Triton X-100, and 1 mM protease inhibitor
data about this protein. Thusz in this work, thg 3D structures phenylmethylsulfonyl fluoride) (Sigma-Aldrich, all reagents
of the complexes of Sm14 with ACD and oleic acid (OLA) yere”of analytical grade). Cell lysis was achieved after 5
were solved bY means of X-ray crystallogrgphy at 2'_4 qnd min sonication at 4°C. The protein was found to be
1.85 A, respectively. Moreover, we characterized the binding expressed in inclusion bodies; hence, after centrifugation at
and release reactions of Sm14 and several important FASlOOOOxg and removal of the supernatant, the remaining
using 1,8-anilinonaphthalenesulfonic acid (ANS) as & cOm- pajiats containing inclusion bodies were cyclically treated
petitor. The ligand with highest affinity, when water solubil- a6 times with the protocol described. Water washing of
ity is taken into accountl), is ACD, a compound essential  he residual pellet was employed to remove the excess
to schistosomes. ACD is incorporated by the parasite more yeergent. The pellets were then dissolved in 50 mL of buffer
readily than other lipids1(5) and is the immediate precursor g consisting 66 M urea, 20 mM Tris/HCI pH 7.8, 500 mM
of eicosanoid hormones, including the prostaglandins, critical NaCl, 5 mM imidazole, and 20 mM-mercaptoethanol and
in facilitating the skin penetration process of cercar®.(  gently stirred overnight at 4C. The resulting solution was
Kinetic expgriments were performed to clarify the mechanism fiitered with a 0.45m syringe filter and loaded onto aNi
of competition between FAs and ANS; a ternary complex co|ymn (chelating sepharose, Amersham Biosciences). The
between the protein and the two ligands was postulated topq,nd protein was washed with-3 column volumes of
account for the complex reaction mechanism. Since affinities p \ffer B without B-mercaptoethanol. A rapid change of
for FAs were shown to be pH dependent, pH jump experi- gq|ytion with buffer C (20 mM Na-phosphate pH 7.8, 500
ments were performed which proved the presence of a slow )\ NaCl) resulted in a properly folded His-tagged Sm14,
pH dependent conformational change, whose physiological yhich was eluted at about 250 mM imidazole by a linear
relevance is also discussed. gradient obtained by mixing buffer C with the same
A comparison of the functional data and the two structures containing 500 mM imidazole. SDSPAGE (17) showed
obtained by X-ray crystallography explains the structural the presence of the pure His-tagged Sm14 characterized by
basis of ligand selectivity. Indeed, ACD establishes a seriesa molecular mass of 18.5 kDa. Then, 50 mg of pure His-
of tight specific interactions, among which the most impor- tagged Sml14 was dialyzed against 100 mM Tris/HCI pH
tant one is a strong directionatcation interaction between 8.0, 250 mM NacCl, at 4C, concentrated to 3-:55 mg/mL
the guanidinium group of Arg 78 and the €89 double followed by addition of 0.1% octyp-glucopyranoside. The
bond. The shape and volume of the binding cavity is protein solution was then diluted 1:1 with buffer D (2 M
practically unchanged in the two complexes, but seems besturea, 400 mM NaCl, 100 mM Tris/HCI pH 8.0, 10 mM
adapted to bind ACD. Finally, the 3D structures of Sm14 CaCh, 2 mM f-mercaptoethanol), and 10 units/mL of
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Table 1: Summary of Data Collection and Refinement cases there was only one complex molecule per asymmetric

unit.

Smi4-OLA Smi4-ACD Structure Solution and Refinement of SmOLA Com-
space group P2,2,2 P212,2 plex The structure was solved by molecular replacement
no. of unique refins 13179 5746 techni ith th AMoR2 f the CCP4 suit
lo(l) 22.3 (4.8) 19.6 (8.8) echniques wi e program AMoRgq) of the suite
completeness (%) 99.3 (9227) 95.5 (86.9) (21), using the structure of the M-FABP complex (PDB code
redundancy 45 55 2HMB; ref 22) as search model after removal of FA and
unit CE” dimens water molecules. Data between 15 A and 3.5 A were used

EEAg gg'gg gf'gi and gave a clear solution with a correlation coefficient of
c(A) 36.22 35.33 0.42. Model building and electron density map inspection
Rmerge 0.046 (0.38) 0.067(0.17) were performed with the program XtalVie®3). For model
Ramachandran plot building both 2F,| — |F¢| and|F,| — |F¢| electron density
most preferred 116 110 maps were calculated and contoured atahd 37 levels,
allowed 7 13 respectively. Most of the loops and the twehelices were
gg’;‘mﬁg allowed 00 00 rebuilt. Subsequent rounds of rebuilding and refinement using
R 0.19 0.21 Refmac 24), for 13179 reflections between 20.0 A and 1.85
Riree 0.24 0.28 A, resulted in a complete model of SM@®LA complex,
rms deviations with an R value of 0.198 and af.e value of 0.246 (see
gggg fr?sgteh:((d/'\e)g) Oi0<32 01-0415 Table 1). OLA, Met 20, and the side chains of His 14, Glu
final model composition 110, Asp 124, and Lys 132 were ref_med Wlth two alternative
no. of protein atoms 1071 1057 conformations. Two additional amino acids (Gly and Ser)
no. of water molecules 209 76 resulting from the thrombin cleavage of the polyHis tag were
no. of ligand molecule 1 (OLA) 1 (ACD) found at the N-terminus.
a|ast shell (1.881.85 A).? Last shell (2.49-2.40 A). Structure Solution and Refinement of SmAMCD Com-

plex Since this complex was isomorphic to SmidLA,

thrombin from bovine plasma (Sigma-Aldrich) was added. the difference Fourier method was used to solve the structure,
The resulting solution was stirred overnight at room tem- using Sm14OLA, without OLA and waters as a model.
perature, then dialyzed against 0.1 M MES pH 5.5, and The refinement of SmI4ACD proceeded in a fashion
loaded onto a cation-exchange column (Source S-15, Am-similar to that described above. The difference density located
ersham Biosciences). The cleaved Sm14 was eluted with ain the binding cavity was modeled as C20:4 fatty acid. Final
NaCl gradient at about 100 mM salt and verified by SDS  refinement led to am factor of 0.213 and afe. value of
PAGE. 0.283 for 5746 reflections between 20.0 A and 2.4 A. The

Crystallization of the Complex with FABrior to crystal- final structure contained 135 amino acid residues, 77 water
lization the protein was equilibrated in 10 mM MES pH 5.5, molecules, and 1 molecule of ACD (see Table 1) and
50 mM NacCl, 1 mMpB-mercaptoethanol. The complexes with displayed only the side chains of Met 20 and His 14 in double
the two FAs were formed by adding a 2-fold molar excess conformations.
of each ligand to Sm14. FAs were added in ethanol to a1 Structural Analysis The models were monitored for
mg/mL solution of Sm14, so that the ethanol concentration geometrical quality by using PROCHECRSY). TheB factors
did not exceed 1% v/v. The mixture was gently stirred for several structural elements were calculated using the
overnight at room temperature, after which the excess of subroutine BAVERAGE of the CCP4 prograr@lj. The
ligands was removed by washing the sample in 3 kDa cutoff contacts between FAs, residues, and waters were considered
ultrafiltration devices (Amicon) and the protein was subse- up to 4.6 A and measured with the program CONTAQT)(
qguently concentrated to 10 mg/mL. Crystallization was The rms deviations between structures were calculated with
achieved using the hanging drop vapor diffusion method, the program LSQKAB 21). Volume and surface of the
employing drops consisting of AL of a well solution of protein cavity were calculated with Cast-E5). Sm14-OLA
0.1 M MES pH 6.0, 0.2 M Na acetate, 231% PEG 8K and Sm14-ACD structures have been deposited in the PDB
(w/v), 5 mM pB-mercaptoethanol, and AL of the protein with entry codes 1VYF and 1VYG, respectively.
sample. Rodlike crystals of dimensions 4.2 x 0.2 mm Spectrofluorimetry and Fluorescence-Based FA Binding.
grew within a few days at 2C. Crystals were cryoprotected The affinity of Sm14 for FAs was determined by taking
by using a solution containing 10% glycerol (v/v), 30% PEG advantage of the enhancement of the fluorescence quantum
8K, 0.1 M MES, 0.2 M Na acetate, 5 mptmercaptoethanol,  yield of ANS (Sigma-Aldrich) upon binding to Sm127).
pH 6.0 and flash-frozen in liquid nitrogen. The experiments were carried out using a Spex Fluoromax

Data Collection and Processindpata for the two struc-  spectrofluorimeter at 20C in 2 mL of 0.1 M MES pH 5.5.
tures were collected at Elettra (Trieste, Italy) at 100 K and Sample solutions of Sm14 were prepared by diluting a stock
then processed using the HKL suiti8). Both Sm14-OLA to concentrations of 0.4M for K4 determinations and to 5
and Sm14ACD complexes crystallized in the sarR2;2,2 uM for stoichiometric experiments. The stock solution (7
space group with the unit cell dimensions given in Table 1. mM) of the fluorescent probe was prepared in ethanol.
The datasets from 20.0 A to 1.85 A for Sm@LA and Aliquots of appropiately diluted solutions of ANS in 0.1 M
from 20.0 A to 2.4 A for Sm14ACD are complete, well MES were added to the protein and mixed in a cuvette with
measured, and uniformly distributed in reciprocal space. a magnetic stirrer for 2 min before spectra were collected.
Solvent volume was calculated, with the method of Matthews ANS and protein concentrations were verified spectropho-
(19), to be around 45% of total crystal volume, and in both tometrically €250 = 12750 M cm™* for Sm14,e,50 = 4990
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Table 2: Equilibrium Constants for the Dissociation of Six Fatty 0.1 M Mes pH 5.5). The final pH of the solutions after the

Acids from Sm14 and Geometrical Parameters of Sr4A and pH jump was assessed by mixing equal quantities of the
Sm14-ACD buffers.
, . ) Double mixing experiments were carried out in order to

fatty acid %’:AMC) (m) %d Ca\(/%ml test the time course of the pH dependent conformational

— - change. Sm14 (0.4M) dissolved in 10 mM HEPES pH
decanoic acid  (C10:0) 6100 . . .
myristic acid  (C14:0) 88 7.4 was mixed v_v|th 0.1 _M Mes pH. 5.5, and the solution
palmitic acid  (C16:0) 4000 33 was “aged” for different times (ranging from 15 ms to 150
oleic acid (C18:1) 6000 9 4679 5212 318.9 s). After the preset delay, the resulting solution was mixed
linoleic acid ~ (C18:2) 13000 24 with an equal volume of a buffer containing 0.1 M Mes pH

arachidonic acid (C20:4) 20000 10 441.1 608.2 300.1
a Critical micellar concentration2@).

5.5 and 4uM ANS.
RESULTS

M~1cm™ for ANS in water). The excitation wavelength was Overall Structure of SmI4FA ComplexesThe complexes
380 nm, and emission spectra were collected over the rangeof Sm14 with ACD and OLA were crystallized under the
of 400-500 nm; emission peaked at 480 nm, and readings experimental conditions described in the Experimental
between 470 and 490 nm were used for quantitative analysesProcedures section. We also attempted to crystallize the FA-
A 1:1 stoichiometry was achieved and tKgdetermined to ~ free Sm14 without success. The 3D structures of Sm14
be 0.5 uM, without significant dilution of the Smi14, ACD and Sm14OLA were solved at 2.4 and 1.85 A,
assuming simple equilibrium binding between aqueous ANS respectively, by X-ray crystallography with the two models
and Sm1i4. achieving finalR factors of 21.3% and 19.8%, respectively.
Competition experiments with FA were performed as As assessed by the program PROCHEQ@R)( the stereo-
described for the ANS binding measurements, starting with chemical parameters of the two structures lie within the mean
a protein solution containing 4.8M ANS as competitor. reference values (see Table 1 for a summary of crystal-
OLA, ACD, palmitic (PA), myristic (MA), linoleic (LA), lographic data). The protein main chain atoms and all the
and decanoic acid (DA) were purchased from Sigma. All protein atoms of the two complexes of Sm14 are super-
the FAs were dissolved in ethanol to a final concentration imposable, with an rmsd of 0.32 A and 0.75 A, respectively.
of 10 mM, then diluted in the experimental buffer prior to At the N-terminus both structures have two partially disor-
use, and used within a few hours. The concentrations of PA, dered amino acids, belonging to the linker region after the
LA, OLA, and ACD at the end of the titration were much His tag (see Experimental Procedures). Numbering of the
below their CMC determined at physiological pl§j; amino acids starts from the first native residue (Met 1), and
presumably this applies also to DA and MA, whose CMCs the two non-native residues are called Ght and Ser O.
have not been reported. Addition of FA aliquots resulted in ~ Similarly to the heart group of FABPs (H-FABPSs), Sm14
guenching of the emission peak of the bound ANS. Titration folds as a twisted V-shapetibarrel, formed by 10 antipar-
curves were fitted to a simple replacement equation; the allel 5-strands named from A to J (following the annotation
relative errors of the resultingy values (Table 2) lie within of Sacchettini et al.Z9)), closed on one side by interactions
0.2%. between the side chains and capped on the other side by a
Kinetic Measurements, pH Jump and Double Mixing helix(l)—turn—helix(Il) motif (Figure 1, panels A, C).
Experiments Stopped-flow experiments were carried out  The two complexes have one single molecule of either
using an Applied Photophysics MV18 (Leatherhead, U.K.) ACD or OLA, bound in a large internal cavity. The volume
apparatus equipped for fluorescence signal detection. Theof the cavity (calculated after removal of FA and waters from
excitation wavelength was 380 nm, and emission was the models) is~300A3 (see Table 2), comparable to the
collected using a filter with cutofk 455 nm. Solutions of  cavity volumes of other FABPs belonging to the same family
Sm14 (0.4uM) in 0.1 M MES pH 5.5 were mixed with (7).
buffered solutions of ANS at concentrations ranging between The gateway for entry of the substrate in the internal cavity
3 and 10uM at 20 °C. The time courses were fitted to a is formed by the helix(h-turn—helix(Il) motif (residues 16

double exponential. 35) and by two hairpin loops between strandsiCand E-F

The competition measurements were performed in two (residues 5658 and 74-78, respectively) (Figure 1). In both
ways: Sm14 0.4M was first incubated with ANS 5@M complexes, the gateway is closed and leaves no room for
and mixed with different amounts of OLA (1.2% uM); exit of the bound FAs; we hypothesize that diffusion of FAs
alternatively the protein was incubated with OLA (L.B) into and out of the cavity requires opening of this doorway.
and mixed with different solutions of ANS (100 to 400). In both structures Phe 57 on the—O loop, previously

These experiments were carried out under suboptimal condi-proposed to be a key residue in the binding proc&s, (
tions, given that the transmittance of the samples ranged fromcloses the entry of the lid, it is oriented toward the interior
56% to 10%. As a consequence the amplitude of the recordedof the cavity, and its ring is at 3.5 A to 4.5A distance from
signal cannot be trusted, whereas the rate constants ar¢he aliphatic chain of both OLA and ACD, respectively. In
reliable. Sm14-OLA complex, Phe 57 has a highBifactor (41.1%)

In pH jump experiments, a weakly buffered Sm14 solution as compared to the overd@lfactor of the protein (36.1 A,
(0.4uM) containing ANS at a concentration ranging from 2 index of certain mobility, whereas in SmtACD, Phe 57
to 3.3uM at one pH (10 mM Mes pH 5.5 or 10 mM Hepes has aB factor (53.6/&) similar to that of the whole protein.
pH 7.4) is mixed with an equal volume of a concentrated  On the rim of the portal region, Lys 22 at the end of helix-
buffer solution at the reciprocal pH (0.1 M Hepes pH 7.4 or (1) and Lys 58 on the €D loop have the same relative
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and J, close taul-helix. Most of the side chains of these
peptides are exposed to the solvent except Leu 92 and GIn
94 of Pepl and Val 118, Val 120, and Ala 125 of Pep2, all
of which point to the interior of the protein. Our structure
reveals that both peptides g¥ehairpins, i.e., they possess a
stable secondary structure motif possibly retained even when
the peptides are cleaved from the protein; and their sequence
is sufficiently different from the homologous human isoforms
to be recognized as “nonself’ (at most 33% and 28%
sequence identity, respectively).

The residue at position 20 of Sm14 is relevant to
antigenicity. In our protein this residue is Met, but a natural
allelic variant containing Thr has been described (Sm14-
T20). Ramos and co-workers34) studied the effect of
mutations of Met 20 to Ala and Thr with respect to
antigenicity, and observed a different protective response
againstS. mansoncercariae in mice. Sm14-M20 displayed
greater antigenicity than wild-type Sm14-T20 and artificial
mutant Sm14-A20. Met 20 (Figure 1) is at the beginning of
al-helix, but it is far from the two antigenic epitopes; thus
its effect can only be indirect. In both our structures, Met
20 presents a double conformation, with 50% occupancy;
in one conformation the sulfur atom lies in proximity with

=

o) ). the C9-C10 double bond in SmHOLA (3.8A) and of the
Cor ff) & _ S C11—C12 double bond in SmHACD (3.7 A), whereas in
/e the other it is found between the two helices (hence out of
FiGURE 1: 3D structures of SMHOLA and Sm14-ACD com- the FA binding site). The latter conformer may play a critical

plexes. (A) Overall structure of Sm#OLA with secondary role in stabilizing the closed conformation of the pocket lid
structure ele_ments highlighted. B_ound OLA (in blue ball-and-stick) when a FA is bound. It is possible, but it is not obvious
:nzht%"g”c'onrr'éss gggg:ﬁgcfgg%mﬁ'Og'lysg_cﬁiggfgg :;:j“g’“;%g'ige”tsfrom our structures, that the reason of the higher antigenicity
Leu 23a-helix I, Ala 28-Thr 35¢-helix II, Thr 39-Asp 45 strand ~ Of Sm14-M20 over Sm14-T20 lies in its greater thermo-
B, Lys 48-Ser 55 strand C, Lys 58-Cys 62 strand D, Phe 70-Lys dynamic stability 85).
73 strand E, Asn 79-Lys 86 strand F, Lys 91-Asp 98 strand G,  Structure of Bound Fatty AcidsThe greatest energy
fgg 15?;;‘(‘15% 1}%?&%2‘1 "t')'elTohnf %%3':{)&'&505;&2%'6 ”thzigéérgrecontribution for FAs binding to FABPs is expected to be
colored in IigHt gray, and Met 2% ig shown in m%gnolig bpall-and- due to the extraction o_f_th_e hydrqphoblc molecule from the
stick. (B) Zoom of the binding cavity with the network of H-bonds ~@dueous solvent; specific interactions between the bound FA
fixing the carboxyl headgroup of OLA highlighted. (C) Overall and amino acid side chains may be responsible for ligand
structure of the SmI4ACD complex. Strands and helices are selectivity. These were examined looking at the level of the
labeled as in A. ACD is shown in purple ball-and-stick. (D) Same jnternal surface of the cavity by comparing the structures of
as panel B, for SmI4ACD complex. the OLA and ACD complexes. The cavity is lined by polar
position and orientation as their homologues in H-FABP (Lys and hydrophobic amino acids, whose side chains are mostly
22, Lys 59), where they were shown to interact electrostati- oriented toward the interior of the protein.
cally with phospholipid headgroups and supposed to drag Bound OLA is completely surrounded by protein atoms
the carboxylate of FA toward the internal cavityl]. On and by structural waters (Figure 1, panel B). The carboxylate
the back of thex-helix lid, the hydrophobic side chains of is at H-bond distance with Arg 127 B¢ with Tyr 129 OH
Trp 27 and lle 32 are exposed to the solvent. This unusualand with two structural water molecules, W12 and W78.
orientation allows Trp 27 to insert among the phospholipid Although the relative orientation of the carboxylate is well
tails, thereby helping membrane binding, as shown by maintained in most of the FABPs, the geometry of H-bonds
Kennedy et al. §2) for Schistosoma japonicufRABP. In in the binding site is often different.
both our structures Trp 27 and lle 32 have the same relative Bound OLA is found in two conformations, which differ
orientation, consistent with the hypothesis that they interact in the orientation of the last five carbon atoms (Figure 2,
with the cell membrane. panel A). Conformer 1 is found to be in the same U-shaped
Structural Features Related to Antigeniciyaccination conformation previously observed for other FABBS,(36)
trials in Swiss mice showed that two peptides derived from and occupies the same portion of the cavity. Conformer 2
Sm14 are capable of inducing a level of protection compa- displays a chain bending similar to that found for ACD in
rable to that induced by the full length protei® 83). The the Sm14ACD complex (see below), with the last part of
two peptides, namely Pepl (from residue 85 to 94) and Pep2the aliphatic chain out of the plane defined by the rest of
(from residue 118 to 125), are topologically far from each the molecule. The difference maps clearly show electron
other in Sm14 crystal structure (Figure 1). Pepl, seen at thedensity for both conformations of OLA from the C14 to C18
bottom of the model in Figure 1, encompasses F and G atom of the aliphatic chain. The two conformers are
p-strands including the loop between them; Pep2 is also compatible with only slight differences in the positions of
located in a loop, more preciselypsaturn between strands | the first thirteen carbon atoms (Figure 2, panel A). The
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Ficure 2: Structures of Sm14 bound OLA and ACD. (A)
Representation of OLA and ACD bound to Sm14. The partial
superimposition of the G9C10 double bond of OLA (in dark gray)
and the C1+C12 double bond of ACD (in light gray) demonstrates
a similar configuration of the two FAs in the binding pocket. OLA
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20 (only in one of the two conformations of Met20) and
with Val 25, Ser 75, Asp 76, Arg 78.

Of the 21 residues that contact OLA in conformer 1, 10
are hydrophobic and 11 are polar. In detail: 8 residues belong
to 4 of the 10B-strands (GIn 96 on @-strand; Thr 103, lle
105, Arg 107 on H; Thr 116, Val 118 on I; and Arg 127,
Tyr 129 on J), 3 of these amino acids (Arg 107, Arg 127,
and Tyr 129) constitute the binding site of FA carboxylate,
2 residues (Val 36, Pro 38) come from the loop that connects
helix(Il) with B 5-sheet, 4 lie on the mobile loops that form
the rim of thep-barrel (Phe 57 in €D loop; Ser 75, Asp
76, and Arg 78 in EF loop), and the remaining 7 belong
to the helix(I)y-turn—helix(Il) motif (Phe 16, Met 20, Leu
23, Val 25, Thr 29, lle 32, Gly 33).

ACD, like OLA, is entirely buried within the cavity, but
it has a single conformer with a 100% occupancy. The
electron density map is complete without interruption.
Interestingly ACD is characterized by an averdgéactor
(37 A?) lower than that of the surrounding polypeptide chain
(48 A?). The carboxylic moiety makes the same types of
contacts as OLA (Figure 1, panel D) and assumes a
conformation similar to OLA conformer 2, making the same
contacts, plus some additional ones. The contacts between
ACD and the side chains of Thr 53, Ser 55, Lys 58, and
Leu 60, characteristic of OLA conformer 2, are maintained
although closer in space. Moreover, the long chain of ACD
and the presence of four cis double bonds make its structure
rigid, force its convex shape, and consequently increase the
contact surface between the protein and the lipid, as
compared to OLA (Figure 2, panel A). Several specific sets
of contacts with side chains and water molecules stabilize
the four double bonds (i.e., Phe 16, Met 20, Leu 23, Val 25,
Thr 29, Gly 33, Phe 57, Ser 75, Asp 76, Arg 78, GIn 96,
Thr 103, lle 105, W26, W39).

In both ACD and OLA complexes, residue Met 20 adopt
two alternative side chain conformations; in one of those
Met 20 is closer to the double bond of the bound FA{C9
C10 for OLA and C11C12 for ACD). The double bonds
at C9-C10 in OLA and at C1¥C12 in ACD are found in
the same position (Figure 2, panel A), interacting with the

displays a double conformation (shown as 1 and 2). In conformer S&Me amino acids but in closer contact in the ACD adduct.

2 the aliphatic chain adopts a fold similar to the ACD in which the

This is indicative of how different FAs arrange their aliphatic

last carbon atoms of the tail are out of the plane defined by the chain for a better fit into the same protein pocket.

rest of the molecule; in conformer 1 the last carbon atom of OLA
points toward the carboxylic moiety, yielding a V-shaped confor-
mation. (B) Network of contacts in the binding site of the Sm14
ACD complex. The indicated residues interact with the double
bonds of ACD in C5 and C8. The same overall architecture is
conserved in the Sm4OLA complex.

relative occupancy of the two conformers is 50%, and their
averageB factors (43 ) are above the averagefactor of
the side chains of the surrounding cavity (33.AVloreover,
in conformer 1, OLA is disordered at its terminus, as
indicated by the interruption of the electron density map
between C15 and C16.

The hairpin conformation of bound OLA is induced by

Relative to the overall plan defined by the lipid, the first
two double bonds (C5C6, C8-C9) of ACD are out of the
plane, whereas the last two lie in it. Examination of the
protein—ligand interactions shows that specific polar contacts
stabilize the first two cis double bonds in that out-of-plane
orientation (Figure 2, panel B; Figure 3, panels A, C). Itis
interesting to note the continuous contact surface generated
by the side chains and by the two waters interacting with
the first two double bonds of ACD. This architecture is
maintained in Sm14O0LA structure, but it is not suitable
to allow specific interactions with a C18:1 FA.

The mobility of the E-F loop is a relevant structural
element of FABPSs since it controls the access of the FA to

the cis double bond between C9 and C10, and by gauchethe internal cavity 7). In Sm14 and the FABPs belonging
bonds between C5 and C6, C13 and C14, and stabilized byto the H family, the role of the EF loop is even more

a large number of van der Waals interactions with the protein important since it bears the residues Thr 74, Asp 76, and
side chains and with 7 ordered water molecules in conformer Arg 78. Our structures demonstrate that Arg 78 establishes

1 and 6 in conformer 2. In both conformers the-@310

a strong, directionat-cation interaction with C8C9 double

double bond interacts with the conserved Phe 16 and Metbond of ACD (Figure 2, panel B; Figure 3, panel A), whereas
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Ficure 3: Detail of the interactions between Sm14 and ACD. (A) Network of interactions between Sm14 and AGI®@8uble bond.
Residues belonging to the loop are highlighted. H-bonds between Asp 76 and Arg 78 keep the terminal NH2 of Arg 78 in orbital
overlap with C8-C9 double bond. (B) Network of interactions between residues belonging to-tkeldop of murine A-FABP (1ADL,

Lalonde et al., 1994) and bound ACD, in the same orientation as in panel A. ACD is bound with a different geometry; hence the conserved
Arg 78 loosely contacts the region between-@% and C8-C9 double bonds. (C) The SmEACD complex has been rotated by £80

around thex axis with respect to panel A to show the contacts between the pocket an@d@®ouble bond. Interaction distances have been
measured between conserved residues and water molecules andrthital of the double bond. (D) Same as in C for the A-FABRCD

complex. In this case only one of the conserved residues contacts ACD via the two water molecules.

Thr 74 and Asp76 are involved in a network of H-bonds between Sm14 and six FAs, differing in length and degree
that helps in bending the-B loop toward the interior of  of saturation,. Binding of ANS to Sm14 is associated with a
the protein and hence toward ACD. Moreover, Asp 76 substantial increase in fluorescence intensity and a blue shift
establishes a double H-bond with Arg 78 that stabilizes the of the maximum emission, indicative of transfer from water
position of the latter in close proximity with the bound FA to an apolar environmen8®). Moreover, the crystallographic
(Figure 3, panel C). Consistently, in the complex with OLA, structure of the adduct of ANS with murine adipocyte lipid
which lacks the double bond at €&9, the interaction binding protein (A-FABP) shows that this probe is located
between FA and Arg 78 is looser with tBsfactors of E-F in the FA’s binding site with the sulfonate moiety placed
loop greater by about 10%Awith respect to the mean value between the two arginines involved in the FA’s carboxylate
of the whole protein, whereas in the SmIACD structure binding site (see re39 and above). Given the low solubility
they are in the same range as the overall structure. of FAs and the high affinity of FABPs for these ligands, a
In conclusion, the binding pocket is relatively rigid and method based on a competitive fluorescent probe seemed
does not change upon binding different ligands; OLA and ideally suited to determine formation of a complex between
ACD are accommodated in the pocket with respectively Sm14 and various ligands.
lower or higher shape complementarity, due to their intrinsic ~ The functional properties of Sm14 were initially character-
geometrical and stereochemical parameters. ized at pH 7.4 and 5.5. The acidic pH was preferred for three
Ligand Binding Properties of Sm14revious work by reasons: (i) the equilibrium isotherm of the reaction between
Moser et al. 4) showed that Sm14 bind4C-labeled palmitic ANS and Sm14 at physiological pH (7.4) is complex and
and linoleic acid at physiological pH, with dissociation suggests a stoichiometry greater than 1; on the other hand,
equilibrium constants of-2 uM. Using the environment-  at pH 5.5, Sm14 binds ANS with 1:1 stoichiometry and high
sensitive fluorescent probe ANS, we carried out a thorough affinity (Kq = 0.5 uM); (ii) at this pH the protein is stable
equilibrium and kinetic investigation of complex formation for a long time; and (iii) crystals of Sm14 were obtained at
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a similar pH (see Experimental Procedures), hence granting
a better comparison between functional and structural data.
For comparison, th&q values reported for ANS binding to
A-FABP and I-FABP ranged from 1 to 5@M, under
different conditions 27, 38).

Addition of FAs to the Sm14ANS complex quenches
emission at 475 nm, indicating that FAs displace ANS. The
best fit analysis of the titration data is compatible with a
single FA molecule binding. The valuesi§f calculated for
6 FAs are reported in Table 2. The results show that
formation of the complex between Sm14 and OLA or ACD o 01 0z 03 04 05
has essentially the same dissociation constant: 9 and 10 nM, time (s)
respectively. Thé&y values for decanoic, myristic, palmitic,  FIGURE 4:. Time course of oleic acid rgplacement by .ANS..Sml4
and linoleic acids are respectively 610-, 9-, 3-, and 2.5-fold gilfé:jMV%ilt?]CXRlaStet?u\]:fwetpe(?I;ﬁ]ngiban@/lz)itlr::m?:inﬁrat?b?]slso'}af(l)%)ly(
greater_ than for_ OLA and .ACD' The maximum AN_S 200 @), and 400uM (O). Experimental points are fitted with a
quenching found in our experiments occurs at concentrationsmodel including a ternary complex between SOLA—ANS.
much below the FA critical micellar concentrations (CMC) The slow decrease in fluorescence signal (always present but best
as determined at pH 7.4 under physiological conditi@8}. ( seen at the highest ANS concentration) is the dissociation of OLA
This is important since above the CMC the equilibrium from the termary intermediate.

becomes heterogeneous. ) )
The high affinity of FABPs for their ligands is explained guestion arises whether release occurs to an extent and at a

because (i) FAs are poorly soluble in water: hence there is "at€ compatible with physiological requirements. At pH 5.5,
a favorable free energy change associated with their transfe"NS combination with Sm1_41 |s_Iast, and its second-order
to the less polar protein interior; (i) FAs establish extensive, até constant i22 x 10° M™* s™, thus approaching the
though weak, contacts with the residues lining the internal diffusion limit. Given the affinity of ANS Kq = 0.5uM)
cavity of FABPs, accounting for enthalpic contributions to and t.he sensitivity of the instrument, it is |m_p033|bl_e to dilute
binding; (iii) given their low X, (~4.7), FAs are predomi- the I|.gand enough_ to obtain a more precise estimate. The
nantly in the anionic form, both at pH 5.5 and at pH 7.4, kinetics of d|_ssomat|on of AN_S bound to Sm14 can be
thus favoring the interactions with the conserved positively followed by displacement, adding an excess of OLA. The
charged guanidinium group of Arg 127 (see the section on "€corded time courses have half-times-af s and are best
the structure above). However, these same considerationglescribed by two exponentials, irrespective of the concentra-
challenge the data reported in Table 2, because one wouldion of OLA (data not shown). Although it is obvious that
expect that the lower the solubility of a given FA, the higher the observed slow qu_orescence d_ecrease |s.ass.ouated with
the apparent affinity. Indeed, this occurs in several FABPs the release of ANS, itis unclear if the reaction involves a
that bind FAs with affinities correlated to their solubilities ternary complex with both ANS and OLA transiently bound
(14), i.e., in agreement with the expectation that the greater {0 the protein cavity. Furthermore, the ratio between the
energy contribution to binding comes from the extraction of ©Verallke andker does not equal the equilibrium constant,
the poorly soluble FA from the aqueous phase. The case ofSuggesting a complex reaction mechanism.

Sm14 and unsaturated FAs violates this rule, and ACD is Release of bound OLA was achieved by rapidly mixing
particularly noteworthy since its critical micellar concentra- the complex with a 70- to 1000-fold excess of ANS (Figure
tion is relatively high, yet ity is the lowest in the group  4). Even at the lowest concentration, ANS is able to displace
(together with that of OLA). This result is explained by the over 50% of the bound OLA. The observed rate constants
structure of the SmHACD complex, which reveals specific ~ for the first process vary from 92 5(at the highest ANS:

normalized fluorescence

interactions at the level of the two double bonds—T% OLA ratio) to 28 s? (at the lowest ratio), leading to an

and C8-C9, thus implying a specificity for this physiologi- extrapolated dissociation rate constant for the complex

cally important ligand. between Smi14 and OLA of 200 This value seems
ANS could not be replaced by prostaglandins, uphb unreasonable because, given the high affinity of the complex

concentrations, proving that Sm14 does not bind these(Kq= 9 nM), the calculated combination rate constant would
derivatives of ACD, even at concentrations higher than those have to be as high as»2 101° M~ s, Therefore, we assume
prevailing under physiological conditions in the human body. that the reaction mechanism is complex and involves a
The differences between thé;s reported in Table 2 at  ternary complex of Sm14 with both ANS and OLA to the
pH 5.5 and older data4] can be rationalized by the protein as an unstable intermediate, from which OLA would
difference in pH. Indeed, when the same ligand titration then dissociate. Accordingly, the main fluorescence increase
experiments were carried out at pH 7.4, we observed an(Figure 4) could be assigned to the second-order combination
increase irKy by a factor of 10 or more. This reduction in  between the complex Sm#OLA and ANS (rate constant
affinity as pH increases is observed for both ANS and FAs of 3 x 10° M~! s71), whereas the subsequent fluorescence
and may be of physiological relevance in the release of bounddecrease (rate constant of 3swould be assigned to the
FAs (see below). dissociation of OLA from the ternary complex and the
Kinetics of Complex FormatiorMhe kinetic rate constants  coupled entrance of water in the pocket. This hypothesis is
for binding and release of ANS and OLA were determined consistent with data foEchinococcus granulosuBABP
by fluorescence stopped flow. When dealing with a carrier (EQFABP), a carrier with high sequence identity with Sm14,
protein displaying such a high affinity for its ligands, the which at pH 7.4 binds more than one ligartd). The rate
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FiGURE 5: Time course of ANS release after a pH jump from 5.5 time (5)
to 7.4: dissociation of ANS, following the pH jump 5% .4, 06
monitored by a decrease in fluorescence. A solution of /0 '
Sm14 containing 2«M ANS in 0.01 M Mes buffer pH 5.5 was
mixed in the stopped flow apparatus with an equal volume of 0.1
M Hepes buffer pH 7.4.

05}

of release of the bound FA from Sm14 is independent of
the ionic strength of the medium.

Since the affinity of Sm14 for its ligands depends on pH
and decreases by over an order of magnitude as the pH is 034 50 100 150
raised from 5.5 to 7.4, it is possible to induce ANS binding incubation time (s)
or release by rapidly changing the pH of the solution. Indeed Ficure 6: Time course of ANS combination after a pH jump from
if the Sm14-ANS complex in diluted buffer at pH 7.4 is  7-4t0 5.5. (A) Trace 1: Binding of ANS at pH 5.5, monitored by

. . . P an increase in fluorescence, is fast. A solution of @M Sm14 in
rapldly-r'nlxed with cj‘oncen.trated. buffe.r at pH 5'5’ bm.d".]g 0.1 M Mes buffer pH 5.5 was mixed with an equal volume of a
occurs; if the opposite pH jump is realized, the dissociation sg|tion of 3.3:M ANS in the same identical buffer. Trace 2: The

of ANS can be followed (Figure 5). It is often observed that binding of ANS at pH 5.5 after an instantaneous pH jump-75%

pH changes affect the ligand affinity of proteins that function is quite different from trace 1, because the protein is still in the
as carriers of small ligands; e.g., this occurs for hemoglobin Slowly reacting pH 7.4 conformational state; this was obtained by
and transferrin. Since this mechanism helps the protein to MXInd @ solution of 0.4tV Sm14 in 0.01 M Hepes buffer pH 7.4

oo . S with an equal volume of a solution of 3:8V1 ANS in 0.1 M Mes
upload its ligand even when its concentration is low, and to pffer pH 5.5. Other conditionsT = 20 °C; excitation wavelength

download it even when its concentration is relatively high, 380 nm, emission wavelength455 nm. (B) Fraction of the quickly
therefore it seemed worth of detailed investigation. reacting form (QRF) of Sm14 as a function of the incubation time
Unexpectedly, after a pH jump the change in ligand at pH 5.5 after a pH jump 745.5. A solution of 0.4«M Sm14 in

- . 0.01 M Hepes buffer pH 7.4 was first mixed with an equal volume
affinity occurred at a relatively slow rate. Indeed, when Sm14 ¢'5 1"\ Mes buffer pH 5.5, and then, after variable incubation

equilibrated in diluted Hepes buffer at pH 7.4 was rapidly time, with a double volume of a solution of:M ANS in 0.1 M
mixed with a concentrated buffer at pH 5.5 containing ANS Mes buffer pH 5.5. The time courses of fluorescence increase
(Figure 6, panel A, trace 1), the binding time course was (indicating complex formation) were fitted to double exponentials
slower than that observed with Sm14 equilibrated at pH 5.5 under the assumption that the two kinetic rate constants were

. . - independent of the incubation time, while the relative amplitude
and mixed with ANS at the same pH (Figure 6, panel A, of the fast and slow binding events changed. Each experimental

trace 2). This shows that the low-pH conformation, corre- point represents the fraction of fluorescence increase assigned to
sponding to the fast reacting state, was not yet populatedthe faster kinetic process. The solid curve drawn through the
immediatly after the acidification to pH 5.5. To determine €xperimental points is the best fit for a simple exponential relaxation
the rate constant of the pH dependent conformational changd® the equilibrium condition, with™ = 0.1 s
we carried out a double mixing experiment, in which Sm14
equilibrated in diluted buffer at pH 7.4 was mixed with
concentrated buffer at pH 5.5 and then, after a variable delay,i'e', schistosomulum, adult worm, and eg8s (n the adult
with ANS dissolved in buffer at pH 5.5. All time courses \yorm the basal lamella of the tegument and the gut
could be described by two exponentials whose rate constantg,ihelium are strongly labeled by immunofluorescent probes
are independent of the final pH while the relative amplitude against Sm14. These tissues have a high flow of lipids,
of the two processes (corresponding to the two kinetic g,hnaring the putative role of Sm14 as an intracellular carrier
phases) was the only parameter that varied with pH. The ¢ Fag (4). Therefore a detailed investigation of its structure
results of this analysis are shown in Figure 6, panel B; the 54 function is demanded and is reported in this paper.
rate constant of the conformational change is 04 be., Comparison with Other FABPSFABPs are grouped
possibly compatible with physiological requirements. according to sequence comparison. Within this classification,
DISCUSSION Sml4 bellongs to the family group re_presented by H-FABF_’
(mammalian heart, muscle, brain, adipose tissue, and myelin
Sm14 is the only vaccine candidate shown to achieve FABPs; parasite Sj- and Eg-FABR)). It seems that all
significant immune protection against schistosomiasis as well these proteins have higher affinity for polyunsaturated FAs
as against the helminth infection of cattle causedFoy  compared to those belonging to the I-FABP group, whose
hepatica(6). The protein is present in all the stages of the affinity correlates with the water solubility of different FAs

04

fraction of QR.F.

life cycle of the parasite which occur in the definitive host,
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and, hence, decreases as the level of unsaturation increase
(24).

The equilibrium dissociation constant of H-, B-, M-FABP WUV UUUWURUUU U UCLL LU
is in the range 47 nM for OLA and 18-27 nM for ACD High affinity, Y b * Acidic pH >
(14). In general our estimates fall within this range, although (ra=Tom ‘%’Smm A %,
the affinity of Sm14 for ACD Ky = 10 nM) remains the I I
highest of the group. Interestingly, Eg-FABP (expressed by " 2 >
another parasite lacking de novo synthesis of FAs) shows a rowa m{% FA  pHe7A4 % Hiah affini
similar trend in affinities versus OLA, LA, and ACDBL(). ) ' A g o
An important difference between Sm14 and the FABPs

(Kd=100-200nM)
belonging to the heart group is that the affinity for FAs is S.mansoni Adipocyte
maximal at QCldlC pH, Wherea§ n the group of FABPs from Fgure 7: A schematic representation of the physiological implica-
mammals it is greater at physiological pH. tions of the pH-affinity dependence of FABPs ii. mansonand
Several structures of FABPs are deposited in the PDB, in mammalian adipocytes. The scheme depicts the hypothetical

most of them bound to FAs. The finding that FABPs principal direction of FA transport if5. mansontegument (left)
includina Sm14) can be cr s;tallized almost onlv in the and in mammalian adipocyte (right). The main functional difference
( 9 ) Y y between Sm14 and A-FABP (apart from their ligand specificity)

liganded state implies that binding of FAs stabilizes the is the opposite effect of pH (see text) that is suggested to determine
protein. This is now understandable by looking at the the preferential direction of the FA trafficking in the two cases.
structures of Sm14 complexes with OLA and ACD (Figure

1), given that the flap constituted by the two helices is less their hydrocarbon tail. Comparison between the ACD and
mobile in the complex and seems to contribute to stabilize OLA complexes is instructive, since OLA retains some
a more compact state. Only two structures of FABP mobility inside the pocket and binding is favored by its lower
complexes with polyunsaturated FAs are deposited in the solubility (Table 2); consistently, the averagefactor of

FA Plasma, [FA]=7nM FA
AnnAANANAAIAAMANAASA  AAAAAARARANAATRAANAMAN
VAW

affinity

*
Adipocyte-FABP+FA

PDB: human B-FABP36) with docosahexanoic acid (DHA,
22:6) and murine A-FABP with ACD (PDB code: 1ADL
(42). The dissociation equilibrium constant measured for
ACD binding to the latter protein is reported to be 4M

(by means of calorimetrg@)) and 0.2uM (by the acrylo-

ACD is lower than that of the protein, whereas that of OLA
is higher.

The crystallographic structure demonstrates a remarkable
complementarity between ACD and the binding cavity of
Sm14, involving (among others) a strong and highly specific

dated intestinal fatty acid binding protein ADIFAB method s-cation interaction between the double bond at-C® and
(14)). A comparison of the 3D structures of the complexes the guanidinium group of Arg 78, in turn kept in a favorable
of Sm14-ACD and murine A-FABP-ACD (Figure 3, stereochemistry by Asp 76. In addition, a specific network
panels B, D) shows that the former is characterized by more of interactions is established between the—@©% double
specific and stronger contacts with the ligand than the latter, bond of ACD and GIn 96, Thr 103, lle 105, W26, and W39.
since, in spite of the fact that the relevant amino acid residuesFinally, the double bonds G5C6, C8-C9, C11+-C12, and
are conserved, their orientation is not. This shows the crucial C13—C14 are organized around Phe 18 in a optimal manner
role of the precise stereochemistry of residues in the binding for s-stacking interactions. Other interactions, including those
site in determining the free energy of complex formation of with the carboxylate head of the FA, are less specific and,
ACD, as detailed below. although they may contribute to the overall free energy of
Binding Specificity of FAs to Sm1%he overall structure  binding, probably have a minor role in selecting among
of Sm14 is a V-shapefl barrel (Figure 1) closed on the top different FAs.
by a lid of helices and on the bottom by side chains, similarly ~ Structure-Function Relationship and Physiological Role.
to other FABPs. The homology model of Sm14 without In view of the high affinity of Sm14 for OLA and ACD, we
bound FA, presented by Tendler et ab),(is in overall have addressed the physiologically significant question of
satisfactory agreement with our structures. Our results extendthe mechanism of release of these FAs. Our experiments
information on the structure and provide the details necessarydemonstrate that the affinity of Sm14 for FAs is higher at
to account for ligand affinity and specificity. Our data on acidic pH than at neutral or basic pH, which is opposite to
the affinity of Sm14 for several FAs suggest that the protein the behavior observed in mammalian FABPs; e.g., A-FABP
is selectively designed to accommodate unsaturated FAs anddisplays a higher affinity at alkaline pHt8), although its
in particular, ACD. ACD is not synthesized by schistosomes isoelectric point is similar to that of Sm14, suggesting a
(as the worm is incapable of FA biosynthesis), but its similarity in electrostatic interactions with membranes. Local
derivatives play an essential role in the evasion of the pH changes inside the cell occur in proximity with the
immunological defenses of the host6f; therefore, the membrane due to the buffering power of the anionic
preference of Sm14 for ACD may confer an evolutionary phospolipid headgroups; the microenvironment near the
advantage to the parasite, and inactivation of Sm14 may havemembrane is thus more acidic than the bulk of the cytoplasm
therapeutic consequences. (44). Since the affinity of Sm14 is higher at lower pH, its
ACD is a priori a relatively difficult ligand for a FABP,  main physiological role may be transfer or facilitated
since it is more soluble and less concentrated in the host’sdiffusion of ACD (and other FAs) from the external tegument
blood than other important FAs. The rigid structure of ACD membrane (i.e., from the contact interface with the host's
demands a precise complementarity with the binding site of blood) to the internal one (i.e., to the worm’s body); on the
Sm14, and implies a minor change in entropy upon binding; other hand mammalian A-FABP in the adipocytes (whose
on the contrary, OLA and saturated FAs are relatively mobile interior is very rich in FAs) would transport FAs in the
and binding to the protein cavity diminishes the entropy of opposite direction. This is schematically shown in Figure 7,
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where we have highlighted a possible scheme of FA transport
in these two cases.

Over and above the pH dependent change in ligand
affinity, we have documented that the kinetics are compatible
with physiology and that the decrease in affinity at alkaline
pH is coupled to a slowk(~ 0.1 s'!) conformational change
of the protein. This unexpected effect may be due to a
widening of the protein cavity at pH 7.4, causing a reduction
of affinity, an observation crucial to understand the role of
Sm14. The free FA concentration in human blood is about
7 nM (45), compatible with the high affinity of Sm14 for
ACD at the acidic pH prevailing in proximity with the cell
membrane, whereas in the cytoplasm the release of ACD
would be facilitated by the relatively higher pH. If we
consider that the schistosome needs to uptake FAs from
plasma whereas adipocytes need to discharge them, not only 9.
different affinities among different FABP families but also
different pH dependences of affinity appear to us relevant
to physiology. The reversible association of FABPs with the
internal surface of the cell membrane further strengthens our
hypothesis and suggests that their isoelectric point is physi-
ologically important. H-FABPs are acidic proteins, L-FABPs
are neutral, and M-FABP and murine A-FABP are ba$).(
Sm14 is, however, unique because, although belonging to 12.
the H-FABP family (which is generally acidic), it has & p
= 7.8, which is similar to that of M-FABP and A-FABP,
promoting the interaction with anionic membranes. More-
over, it has been shown that the uptake of FAs can also occur
in close proximity with specific receptordl) and it was
recently reported that schistosomes express receptors for
human lipoproteins that display acidic properti¢6)( These
data support the hypothesis that Sm14 binds FAs from the 15.
host’s blood and diffuses inside the tegumental cells to
enhance their intracellular transport, exploiting the pH
gradient between the microenvironment near the membrane
and the bulk cytosol, as schematically summarized in Figure
7.

In conclusion, our findings demonstrate how much the 17
lipid affinity, specificity, and pH dependence of FABPs may
vary according to subtle differences in the amino acid
sequence and especially the details of the 3D structure to
suit the needs of the tissue or organism in which they are
expressed. Within this range of characteristics, Sm14 is 19.
particularly suited to effect the uptake of FAs by the parasite
from the host.
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