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ABSTRACT: Intestinal fatty acid binding protein (IFABP) is a 15 kDa intracellular lipid-binding protein
exhibiting af-barrel fold that resembles a clamshell. Thbarrel, which encloses the ligand binding
cavity, consists of two perpendicular five-strandggdheets with an intervening helix-turn-helix motif
between strands A and R\98A (fragment 29-126 of IFABP) was obtained either in its recombinant
form or by limited proteolysis with clostripain. Despite lacking extensive stretches involved in the closure
of the 8-barrel,A98A remains soluble and stable in solution. Spectroscopic analyses by circular dichroism,
ultraviolet absorption, and intrinsic fluorescence indicate that the fragment retains subgissiieet
content and tertiary interactions. In particular, the environment around W82 is identical im\B8th

and IFABP, a fact consistent with the conservation in the former of all the critical amino acid residues
belonging to the hydrophobic core. In addition, the Stokes radius9&A is similar to that of IFABP

and 16% larger than that calculated from its molecular weight (11 kDa). The monomeric stAl®&of

was further confirmed by chemical cross-linking experiments. Although lacking 25% of the amino acids
of the parent protein, in the presence of GdnHEIBA unfolds through a cooperative transition showing

a midpoint at 0.90 M. Remarkably, it also preserves binding activity for fatty aéids=(5.1 uM for

oleic acid andKq = 0.72uM for trans-parinaric acid), a fact that exerts a stabilizing effect on its structure.
These cumulative evidences show th&8A adopts a monomeric state with a compact core and a loose
periphery, being so far the smallest structure of its kind preserving binding function.

Fatty acid binding proteins (FABPS) belong to the intra- residues, thereby avoiding two major problems that com-
cellular lipid-binding proteins (iLBPs) family. FABPs share plicate the analysis of protein foldin@)(

a similar ﬁ—bal’l’e| fold that resembles a clamshell. This In accordance with the picture provided by NMR, the
p-barrel, which encloses the ligand binding cavity, consists structure of apo-IFABP (the protein without ligareind in
of two five-strandegb-sheets arranged in a nearly orthogonal contrast to holo-IFABP-shows local disorder at the distal
orientation. This structure differs from most globular proteins half of a-helix I1, the all =3B linker, and the3C—pD turn.
since its interior is occupied by a large solvent-filled cavity, These regions, plus théE—AF turn, undergo fluctuations
while the hydrophobic core is small and displaced from the postulated to be necessary for binding and release of ligands,
protein center. Allf-strands are connected by loops with jn a mechanism known as the “dynamic portal hypothesis”
the exception of strands A and B (see Figure 3), where an(3). Two variants of helix-less IFABPA17-SG andA27-
intervening helix-turn-helix motif appeard)( Given their  GG) show that the helical domain is not necessary to preserve
unusual features, FABPs are a useful model to StUdy thethe genera] t0p0|ogy of |FABP4( 5) |nteresting|y' these
structure and dynamics gf-sheet proteins. In particular, proteins retain the ability to bind fatty acids, although with
intestinal fatty acid binding protein (IFABP)s a monomeric 3 |esser affinity than the full-length protein, indicating that
protein of 131 amino acids (15 kDa) devoid of C or P the helical domain contributes to regulate the affinity of the
protein for different fatty acids. On the other hand, deletion
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the main fragment generated from proteolysis with clostripain
of holo-IFABP is highly resistant to further degradation. It
was then postulated that stability to proteolysis of this 11
kDa fragment is due to its ability to bind the ligand, a feature
that would help it remain structured. Here, we present the
making and structural characterizationA88A, the shortest
form of IFABP described so far preserving binding activity.

EXPERIMENTAL PROCEDURES

Materials.Rat IFABP cDNA, coded in the plasmid pET-
11a, was expressed Escherichia colistrain BL21(DES3),
and the protein was purified as described previou8ly (
RecombinantA98A was cloned by PCR using primers 5
GGAATTCCATATGAAGCTTGGAGCTCATG-3 and 53-
CGCGGATCCTCACCGCTTGGCCTCCACTCCTTCGTAC-
GTG-3. The PCR product was digested with both NdEI and
BamHI and cloned in the pET-22b{ vector linearized with
the same enzymedransParinaric acid was supplied by
Molecular Probes, Inc. (Eugene, OR}YJ]Oleic acid was
from Amersham Biosciences (Uppsala, Sweden). Clostripain
(endoproteinase Arg-C), disuccinimidyl suberate, and buffers
were purchased from Sigma-Aldrich (St. Louis, MO).

Ligands.In experiments involving holoproteins, a 10 mM
solution of oleic acid in ethanol was added under stirring to
the protein dissolved in buffer (2:1 fatty acid/protein molar
ratio), and the mixture was incubated for at least 40 min at
37 °C. Oleic acid purity was ascertained Bif NMR
spectroscopy in a Bruker MSL 300 spectrometeans
Parinaric acid concentration was estimated by ultraviolet
absorption €z0s nm= 77 000 Mt cm™1). The final concentra-
tion of ethanol in the assay never exceeded 1% (v/v).

Limited Proteolysis, Expression, and Purificatior/ Ai8A.
Clostripain (Arg-C, Sigma) was activated by incubation in
20 mM Tris-HCI, pH 8.0, and 1 mM DTT fo2 h prior to
its use. Holo-IFABP was incubated with 1 mM DTT at the
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up to 2 M concentration, the sample was further centrifuged
(at 30 00@ for 20 min at 4°C) and the supernatant applied
to a Superdex-75 column (Amersham Biosciences) equili-
brated and eluted with buffer A.

To ascertain the identity and purity of proteins along the
purification procedures, samples were mixed with sample
buffer (0.005% (w/v) bromophenol blue; 4% (w/v) SDS;
10% (v/v) glycerol; 15% (v/v) 0.33 M Tris-HCI, pH 6.8;
and 2%p-mercaptoethanol), heated for 3 min at5 and
analyzed by Tris-Tricine SDSPAGE (L0). The composition
of stacking and running gels was 4%T, 3%C and 16.5%T,
3%C, respectively. An initial voltage of 50 V was applied
until the sample reached the running gel, then it was raised
to 100 V for the remainder of the run. Gels were stained
with 0.1% (w/v) colloidal Coomassie Brilliant Blue G
dissolved in 2% (v/v) HPO, and 15% (w/v) (NH).SOy
during 2 h and destained with distilled water. Digital images
were processed with the Gel-Pro Analyzer Software (Media
Cybernetics, Silver Spring, MD) using ad-hocfilter to
obtain densitometric data.

Reversed-Phase HPLMAnalytical reversed-phase HPLC
was carried out on a Rainin Dynamax system equipped with
a C4 column (214TP52, Vydac, Hesperia, CA). Elution of
peptides and proteins was achieved with a linear gradient
(0.05% aqueous TFA/0.05% TFA in acetonitrile, 100:0 to
20:80, v/v) developed for 80 min at a flow rate of 0.2 mL/
min. Elution of peptidic material was monitored by measur-
ing the absorbance at 215 nm.

Peptide Sequencing and Mass Spectrometry Analyses.
Edman sequencing and amino acid analyses of peptides were
carried out on Applied Biosystems 477 and Applied Bio-
systems 140A equipments, respectively, at the LANAIS-PRO
facility (UBA-CONICET, Buenos Aires). MALDI-TOF
analyses were run at the Protein/DNA Technology Center,
Rockefeller University (New York, NY) through the kindness
of Dr. T. P. King. ES lon Trap-MS analyses were carried

same temperature for at least 15 min before protease additiongt in a Thermo-Finnigan LCQ-Duo with ion trap detector

To maximize the yield oA98A while reducing the appear-
ance of lower molecular weight fragments, the optimal ratio
of protein to protease was set to 200:1 (w/w). Digestion with
this enzyme of holo-IFABP (0.5 mg/mL) dissolved in the
same buffer was carried out at 3G for 1 h. To stop the

also installed at the LANAIS-PRO facility (UBA-CONICET,
Buenos Aires).

Fourth-Derivative UV SpectraSpectra were collected on
a Jasco 7850 spectrophotometer, gsinl cmpath length
cuvette sealed with a Teflon cap. IFABP A4B8A (15—20

digestion reaction, the mixture was dialyzed for 40 min at uM) dissolved in buffer A were used. Scans were recorded

room temperature against the same buffer without DTT.

The dialyzed digestion mixture was centrifuged (at 169100
for 10 min at room temperature), and the soluble material

was sampled onto an ion-exchange chromatography columnof second-order derivation A2A/A2

(Mono Q, Amersham Biosciences) previously equilibrated
in 20 mM Tris-HCI, pH 8.0 (buffer A), at a flow rate of 1.0
mL/min. After washing out the unbound material, bufferA
with the addition of 0.1 M NaCl firstol M NaCl later—
was used to elute peaks | and I, respectively. Fractions
containingA98A were pooled together and dialyzed against
buffer A.

On the other hand, purification of recombin&@88A was
performed as follows. Cells were lysed by a combined
treatment with lysozyme and DNAse | following an estab-
lished protocol 9). Inclusion bodies were isolated by
centrifugation (at 30 0apfor 20 min at 4°C) and washed
with buffer B (50 mM Tris-HCI, 2 mM EDTA, and 100 mM
NaCl, pH 8.0) added with urea up tL M concentration.
After the sample was dissolved in buffer B containing urea

from 250 to 320 nm, with a bandwidth of 1 nm at a 40 nm/
min speed. Data were taken every 0.2 nm. Fourth-derivative
spectra were calculated by applying two successive cycles
(Ait20 — 2A +

Ai_20)/2A4%, as described elsewhergl].

Fluorescence MeasurementSteady-state fluorescence
measurements were performed in an Aminco Bowman Series
2 spectrofluorometer operating in the ratio mode and
equipped with a thermostated cell holder connected to a
circulating water bath set at 282. A 1 cm path cuvette
sealed with a Teflon cap was used. E@ns-parinaric acid,
excitation wavelength was 324 nm and emission was
collected at 413 nm (a time trace of 7.5 s with sampling
every 0.5 s). Spectral slit-widths were set to 4 and 16 nm,
respectively. When the intrinsic fluorescence of proteins was
measured, excitation wavelength was 295 nm and emission
was collected in the range 33@00 nm. In this case, the
spectral slit-widths were set to 4 nm for both monochroma-
tors. Data were corrected for dilution and inner filter effects
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as indicated12). For intrinsic fluorescence measurements, corresponding to a model of two nonidentical, noninteracting
IFABP or A98A (15—20 uM) dissolved in buffer A was  sites using the Microsoft Excel solver tool. Data were
used. For each spectrum, either the wavelength of the centercorrected for the decrease in fluorescence emission due to
of mass (3), the intensity at the maximum of emission, or the presence of different amounts of ethanol. In no case the
the total integrated intensity were the parameters used forfinal concentration of ethanol exceeded 2% (v/v).
further analysis. 2. Binding to Parinaric Acid.The binding of this fatty
Circular Dichroism. Spectra were recorded on a Jasco acid was monitored by the enhancement of fluorescence
J-810 spectropolarimeter. Data in the near-UV (2320 nm)  observed for the bound ligand. For this assay, the concentra-
or in the far-UV (206-250 nm) regions were collected using tion of both proteins was 0,4M. The ligand was repeatedly
a 10 mmor a 1 mnpath cuvettes, respectively. A scan speed added to each protein dissolved in buffer A and to buffer A
of 20 nm/min with a time constantfd s was used for  alone (blank). Incubation for 3 min at 2%C ensured
IFABP, while for A98A, scan speed was 5 nm/min with a  complete equilibration. Nonlinear regression fitting to the
time constant of 4 s. IFABP ak98A (15—-25uM) dissolved  binding data was done as described above. Due to the strong
in buffer A was used. Each spectrum was measured at leastbsorption of the fatty acid, data were corrected for inner
three times, and the data were averaged to reduce noisefilter effect. Final concentration of ethanol never exceeded
Molar ellipticity was calculated as described elsewhere, using 29 (v/v).
mean residue weight values of 114.45 or 111.83 for IFABP  pjstance Maps, Neighborhood, and Surface Analyses.
or A98A, respectively 14). _ _ C, atoms file was generated from the pdb file of IFABP
Size-Exclusion Chromatograpltyxperiments were carried  (code 2IFB). A Microsoft Excel macro was written (i) to
out in an FPLC system (Amersham Biosciences) with a cajculate all pairwise distances betweep @@nters, (ii) to
Superdex-75 column equilibrated in 20 mM Tris-HCI, pH  sort those distances by comparison with a preset length, and
8.0, with the addition of NaCl to the indicated concentrations. (iii) to represent data in a graphical fashion. Data were plotted
Elution profiles were recorded following the ultraviolet 55 (j) a classical two-dimensional dot matrix map of contours
ab;orpt_|on at 280 nm. Stokes rad|_| were calpulated from a gt 4 given boundary distance (typically 8 or 20 &) and (ii) a
calibration curve of standard proteins according to Uversky one-dimensional plot representing the number of neighboring
(15). C, carbons as a function of the position in the amino acid
Cross-Linking Experiment# fresh solution of disuccin-  gsequence.
imidyl suberate (DSS) in dimethyl sulfoxide was added to 14 Surface Racer program (version 117)f was used

protein samples (0.2 mg/mL in 20 mM sodium phosphate 1, c5|cylate solvent accessible surface areas, with the choice
buffer,_ pH 8.0) tq a final concentration of up to /"‘@_/mL- of the F. M. Richards’ van der Waals radii set and a 1.4 A
The mixture was incubatedifd h at 27°C under continuous  ,5pe radius for the water molecule. A modification of the

stiring. The reaction was stopped by adding an excessgqrce code of the program was implemented to allow for
amount_of Tris (lul of 2.00 mM Tris-HCI, pl-_| 80 perl25  ihe automatic calculation of both nonpolar and total acces-
pL of mixture). After this, ;amples were dried in a Speed- sible surface areas on sets of edited pdb files. These were in
Vac system (Savant, Farmingdale, NY) and analyzed by Tris- 1y generated by removal of sequential fragments of seven

Tricine SDS-PAGE, as described above. L or nine amino acid residues (seven or nine residue windows)
Equilibrium Unfolding StudieConformational transitions .51 the original pdb file 2IFB.

were monitored as a function of denaturant concentration
by measuring the change in the intrinsic fluorescence ResuULTS
intensity of the proteins. GdnHCI stock solutions were
prepared on the day of the experiment. Individual samples Production and Purification oAA98A. It has been previ-
ranging in denaturant concentration frome0& M GdnHCI ously shown that apo-IFABP is much more sensitive toward
were obtained by dilution of a fixed volume of a stock protease digestion than holo-IFABP)(Partial digestion of
solution of protein in mixtures of 20 mM Tris-HCI buffer, holo-IFABP with clostripain generates an 11 kDa fragment
100 mM NaCl, pH 8.0, buffer ah8 M GdnHCI (4uM final which is resistant to further proteolysis. This process was
protein concentration). Following incubation for at least 1 h optimized in terms of time and enzyme/substrate ratio so as
to ensure that the equilibrium had been reached, samplego enhance the production of that fragment while minimizing
were analyzed. Fluorescence data were corrected for theadditional degradation (Figure 1A). The time course of
background signal of buffer and denaturant and expressedproteolysis of holo-IFABP follows a biphasic curve which
in relative units to equate protein species with different mirrors the appearance of the 11 kDa fragment. Smaller
intrinsic fluorescence. Nonlinear least-squares fits to the peptides, as evidenced by SBBAGE, appear at a much
equilibrium data were achieved using an equation representJOWGl’ rate. Similarly, a biphasic behavior is also evident for
ing a two-state model for protein denaturation adapted from the appearance of N-terminal peptides after C4 RP-HPLC
Santoro and Bolemil). analysis (Figure 1B). In particular, this holds true for the
Binding Experiments. 1. Binding to Oleic Acidhe intact N-terminal fragment, pointing to a common initial
binding of this ligand was monitored by measuring changes Cleavage event giving rise to this peptide and to the 11 kDa
in the intensity of intrinsic fluorescence of the proteins. For fragment.
this assay, the concentration of both proteins waM2The The latter polypeptide was purified in a single step by
ligand was repeatedly added to each protein dissolved inanion exchange chromatography (peak Il in Figure 2). IFABP
buffer A and to buffer A alone (blank). Incubation for 2 min  has six potential sites for the action of clostripain: R10, R28,
at 25°C ensured complete equilibration. Nonlinear regression R56, R95, R106, and R126. However, Edman degradation
fitting to the binding data was achieved with an equation of peak Il rendered a unique sequence (KLGAH), indicating
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.. 10 A aqueous acetic acid (data not shown). Indeed, no detectable
[ coelution of the ligand occurs with protein peak Il. Thus,
S 08 this procedure render§98A in its apo form.
S o6 Furthermore, to explore the possibility AB8A forming
§ a noncovalent complex in solution with the removed smaller
g 04 fragments, the composition of the protein eluting in peak Il
> 02 was compared to the full digestion mixture. For this purpose,
E 0o we employed a combination of reversed-phase chromatog-
T 0 200 400 600 800 1000 1200 raphy (RP-HPLC), amino acid an_aIyS|s, Edman sequencing,
Time (min) a_lnd mass spectrometry_. The elution profile of the full diges-
1000 tion mixture separated in a C4 RP-HPLC shows a complex
pattern dominated by a major peak (Figure 5B), whereas peak
§ 800 1 Il presents a single peak (Figure 5A). Peak A in Figure 5B
% 600 1 was identified as peptide-110 by amino acid analysis. Peak
s B is peptide 1128, as judged by its average mass of 2228.7
£ 400 ; Da and its N-terminal sequence (NENYExFM). Peak C
> represents a mixture of peptides-128 (N-terminal sequence
£ 2001 NENYEXFMEKMG) and 1-28 (3406.4 Da), while intact
0 IFABP andA98A elute as the poorly resolved peaks D and
0 200 400 600 800 1000 1200 E. Most significantly, the elution profile of peak Il treated
Time (min) with 4 M GdnHCl reveals a single peak in RP-HPLC at the

Ficure 1: Kinetics of proteolysis of holo-IFABP by clostripain.  same percentage of acetonitrile as peak E. Since no peak
(A) The integrated optical density of bano_ls stained by colloidal appears corresponding to any other proteolytic fragment
Coomassie Blue after SO’AGE is plotted: IFABPM), the 11 f5nq in the full digestion mixture, it can be inferred that

kDa fragment @), and low molecular weight fragmenty). (B) . . . .
The integrated peak areas of fragments derived from the N-terminus298A IS a single polypeptide. Moreover, Edman sequencing

separated by C4 RP-HPLC:~10 (), 11-28 (»), and 1-28 + of A98A purified in this fashion renders a unique result
11-28 (a). (KLGAH), thus, eliminating the possibility of a putative
noncovalent complex.

i To fulfill the requirements of available mass for a full

i structural analysis, we also undertook the cloning and
E i = overexpression aA98A and its purification from inclusion

2 r 0.6 3 bodies. Solubilization of this material in the presence of 2
< L 04 Z M urea and elution through Superdex-75 sufficed to yield
L 0.2 this fragment in pure form (data not shown). This cloned

0.0 variant differs from that obtained by digestion by the
0. 5 410 15 20 25 30 presence of an additional M residue at the N-terminus

Elution volume (ml) (11 089 Da).
FiIGUre 2: Elution profile of the digestion mixture of holo-IFABP Fourth-Derivative UV SpectraThe environment of the

by clostripain after anion exchange chromatography (Mono Q). The gromatic residues och98A and IEABP was studied by UV

inset shows an SDSPAGE analysis of each fraction: the pass- ; : :
through material (lane 1), peak | (lane 2), the full digestion mixture absorption spectroscopy. For this purpose, we applied fourth-

(lane 3), and peak Il (lane 4). derivative analysis, a sensitive technique previously em-
ployed to assess the conformation of several proteins,
cleavage at R28, a residue belonging to helix In addition, including IFABP @, 8). The main advantages of this method

the mass of this peptide measured by MALDI-TOF spec- have been pointed out by Butlet9): (i) the maxima of the
trometry was 10958.8 Da. Taken together, it can be fourth-derivative curves are located almost at the same
concluded that the 11 kDa fragment (henceforth named positions than those of the original zero-order spectrum; (ii)
A98A) spans from K29 to R126, thus, encompassing 98 the technique can reveal the presence of constituent bands
amino acids and lacking both the N- and C-termini of the that are not apparent in the original spectrum; and (iii) the
parent protein (Figure 3). We note that in IFABP the closure amplitude of the fourth-derivative curve shows an inverse
of the -barrel is achieved by hydrogen-bonding contacts fourth-power dependence on the half-width of the original
between residues of the distal part of strapédsand /J, band, thus, enhancing the narrow bands.
which are absent iFA98A. On the other handA98A Although A98A only conserves 3 out of 4 Y, 5 out of 8
preserves all residues involved in the hydrophobic collapse F, and 1 out of 2 W residues, overall, the fourth-derivative
(Figure 4), the earliest event in IFABP folding, that is, F47, spectra of both IFABP and\98A show a similar fine
F62, L64, F68, W82, M84, and L84.9). structure, suggesting a common environment for their
One issue worth considering at this stage was assessingaromatic residues (Figure 6). Characteristic wavelengths
the status (apo or holo form) of the protein obtained in this corresponding to the electronic transitions of Y and M/ (
fashion. To this end, a sample of IFABP loaded wittC]- andAZs3) in A98A are centered at the same positions as those
oleic acid was enzymatically digested and purified as usual found for the native full-length protein. The only significant
by anion exchange chromatography (Mono Q). Monitoring difference observed fok98A is a decrease in the amplitude
the radioactivity in the eluate indicated that fatty acids are of bands above 285 nm. This change can be attributed to
retained by the column and only later eluted with 75% the absence of W6, which leads to a broadening in the zero-
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Ficure 3: Amino acid sequences of IFABP an®8A. A schematic representation of the secondary structure elements of IFABP is shown

alongside.

-

Ficure 4: Ribbon structure of IFABP (PDB 2IFB) where th®8A
construct is indicated. The excised N- and C-termini are shown in
black, A98A is colored gray, and residues belonging to the
hydrophobic core are depicted with their side chains in poly-tube
representation colored black.
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Ficure 5: Elution profile of purifiedA98A as compared to the
full digestion mixture after C4 RP-HPLC. Peak Il (Figure 2) was
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FIGURE 6: Fourth-derivative absorption spectra of apo-IFABP)(
apoA98A (—), and holoA98A (---). The holo-IFABP spectrum is
not displayed because it superimposes exactly over that of apo-
IFABP. A table with the values of characteristic wavelengths is
shown as an inset.
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Ficure 7: Fluorescence emission spectra of apo-IFABH,(holo-
IFABP (---), apoA98A (—), and holoA98A (---). The wavelengths
of the center of mass are shown as an inset.

Fluorescence Spectroscopyhe center of mass of the
spectra of ap@98A is typical d a W residue located in a
hydrophobic environment (337.6 nm) and is minimally red-
shifted (0.2 nm) as compared to apo-IFABP (Figure 7).
Binding of oleic acid causes a slight increase in the intensity
and a blue shift of the center of mass of both proteins (inset
to Figure 7). This behavior can be readily explained after
examining the location of the fluorophore. W82 is deeply
buried in the hydrophobic core and surrounded by an array
of benzyl rings (F2, F47, F62, F68, and F93) and aliphatic
side chains (L64, M84, and L89). Although not accessible
to the external solvent, in apo-IFABP, W82 contacts two
internal water molecules and the guanidinium moiety of R106
(20). Upon ligand binding, this charged group forms an ion
bridge with the carboxylate of the ligand fatty acid, while
water contacts are lost, thus, explaining the blue shift

380

400

rechromatographed, and results (panel A) are shown above a similaobserved for the holo forms.

analysis of the sample originally loaded onto the Mono Q column

The fluorescence intensity &98A is approximately one-

(panel B). The inset shows the superimposition of a selected regionhf of that observed for IFABP. At least two reasons might

of each profile. Labeled peaks correspond to peptides identified

and mentioned in the main text.

order spectrum. Indeed, previous work with mutant IFABPs
having either W6 (IFABI?®?) or W82 (IFABP"®) replaced

by F has identified W6 as the main contributor to the 285
nm signal 20). Finally, oleic acid binding does not cause
any noticeable spectral change for eiti38A or IFABP
(holo vs apo forms).

account for this fact. One should bear in mind that W82,
the only W residue remaining in98A, has been recognized
as the main contributor to fluorescence. In this regard, mutant
IFABPY82 |acking W6 (see above) yields 65% of the
fluorescence intensity as compared to the wild-type protein
(E. M. Cléico and M. R. Ermeora, University of Quilmes,
Argentina, unpublished results). Therefore, removal of W6
might not fully account for the observed decrease in
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FiIGURE 8: Circular dichroism spectra ak98A and IFABP. The _ B COnCa TR ([T
(A) far-UV and (B) near-UV CD spectra are shown: apo-IFABP FIGURE 9: Size-exclusion chromatography 4B8A compared to
(=), holo-IFABP ¢--), apoA98A (—), and holoA98A (---). IFABP and other proteins. (A)98A was sampled onto a Superdex-

75 column and eluted at low—) and high ) ionic strength.

; ; " ‘o ; Arrows indicate the elution volumes of IFABP under the same
fluorescence intensity. In addition, minimal perturbations to conditions (low and high ionic strength in gray and black,

the tight aromatic environment around W82 and/or an yespectively). (B) The effect of increasing salt concentration on
increased solvent quenching effectABBA (expected from the elution volume of these and other proteins. The inset shows
a facilitated solvent access to the binding pocket) might also the difference between the elution volume &88A and IFABP
contribute to the changes observed. (AElution volume) as a function of ionic strength.

Circular Dichroism.The far-UV circular dichroism (CD)  presence of a structured spectrum in this region (Figure 8B)
spectra of apo- and hola98A show minima at ap-  emphasizes the fact thaBSA adopts a folded state showing
proximately 216 nm, a characteristic feature fdsheet  gimjlarities with that of the native protein and quite distinct
proteins. A similar result is observed for IFABP, regardless f,om a classical molten globul@®). In this regard, the fine
of the presence of oleic acid (Figure 8A). Nevertheless, the sy ctures of the spectra above 280 nmA6BA and IFABP
absolute ellipticity value of ap&98A is about 65% that of 516 quite similar, indicating that W82 is placed in a similar
apo-IFABP. At variance with the full protein, when oleic  mjjiey in both proteins. Howeve\98A presents a weaker
acid is bound taA98A, a 20% increase in the absolute value signal in the range 256270 nm as compared to IFABP.
of the signal at 216 nm is observed. This behavior could be \jore precisely, loss of fine structure and reduced magnitude
attributed to a ligand-induced ordering effect. In fact, if the ¢ the pands occur. This region could be assigned, in
holo forms of both proteins are compared, the dlfferen;:e principle, to the dichroic absorption of F residues, although
between the amplitudes becomes smaller (about 20%).y yesidues could contribute as well. The changes observed
Indeed, a simple theoretical quantitative analysis assumingcqyid arise from the loss of F residues 2. 17, and 128 in
a structure forA984 preserving the secondary structure - AggA and/or from slightly reduced asymmetry around the
features of IFABP yields an expected 20% decrease in theremaining F residues. We notice that these changes occur in
signal at 216 nm. _ a spectral region where IFABP shows extreme temperature

Two features of the spectrum of IFABP are conspicuously dependence well below the denaturation temperatgye (
absent inA98A: (i) the positive band centered at 200 nm  Upon oleic acid binding, the magnitude of the spectral signals
and (i) the shoulder at around 230 nm. Most prominently, of A98A is enhanced, suggesting the ligand induces a more
the absence of the 200 nm band and the diminished intenSityordered structure. This behavior is not uncommon and is
at 216 nm inA98A could be mainly attributed to the absence consistent with that observed in the far-UV region. A similar,
of the helical domain, whose contribution to ellipticity is put much less intense, effect is also observed for IFABP.
almost twice that of #-sheet on a molar basig1) and, to Aggregation State and Compactne$he hydrodynamic
a lesser extent, to the expected reduction in fhgheet  properties ofA98A were studied by size-exclusion chroma-
content due to the absence of the first strand. Although tography and compared with those of intact IFABP. The
secondary structure elements are the main contributors toelution profiles ofA98A at 0 and 100 mM NaCl added to
far-UV CD, in many instances, aromatic residues add signal the buffer are shown in Figure 9A, where arrows indicate
to this region as wellZ2). For IFABP, it has been described  the elution positions of IFABP under the same conditions.
that W6 contributes two negative bands at 202 and 225 nm Despite being 4 kDa smaller than IFABP, the Stokes radius
(20), thus, explaining the missing shoulder at around 230 (R) of A98A at 100 mM NaCl (20.14 0.7 A) is almost
nm in the abridged form. identical to that of IFABP (20.6t 0.5 A) and 16% larger

Near-UV CD is a very sensitive tool to follow changes in than the predicted value for a globular protein of the same
the environment around aromatic residues. Remarkably, themolecular weight (17.3 A). Taken together, these data are
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0.0 - - - " y linker concentrations, the fragment and the full-length protein
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exhibit the same minimal propensity to cross-link. Since
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_ _ IFABP is well-known to behave as a monomer, a fact
Ficure 10: (A) Size-exclusion chromatography &f98A as a confirmed by a light-scattering experiment (which yielded

function of protein concentration. The behaviorA#8A sampled ;
at low (¥) and high &) ionic strength is shown. (B) Results from a value of 14 750 Da), the evidence would support A88A

cross-linking experiments with DSS of boN98A (@) and IFABP is also a monomer.
(m). The dimer/monomer ratio is plotted as a function of reagent  Equilibrium Unfolding TransitionMost significantly, the

concentration. The inset shows the separation of covalent productsynfo|ding of the abridged varia#t98A shows a cooperative
L:noﬁggﬂtfaiisc?nbi% %ﬁggﬁ SN‘;Jé?t:ﬁirlﬁ"(t)grlanes indicate the DSS g nsition (Figure 11). The free energies of unfolding for apo-
' and holoA98A are AG°y,0 = 1.73 kcal mot? (m = 1.93

consistent withA98A adopting a monomeric, but slightly kcfill mol™* M) and 2.45 kcal mot' (m = 2.37 kcal mof*
expanded, conformational state. However, at low ionic M™1), corresponding to transition midpoints of 0.90 and 1.03

strength, an anomalous behavior is observed. Fhmea- M GdnHCI, respectively. By comparison, IFABP unfolds
sured forA98A (21.8+ 0.7 A) is 9% larger than that of th.rough a cooperative transition centered at 1.43 M GdnHClI,
IFABP (20.0 + 1.2 A). To assess whether the striking With @ AG°w,0 of 5.87 kcal mot* (m = 4.11 kcal mot*
differences observed are characteristic of this class of proteing¥ ). While oleic acid binding causes further stabilization
or a phenomenon common to many proteins, we undertook (AGr0 = 8.21 keal mof?, m= 5.32 kcal mot* M™*). The
the following experiment. The chromatographic behavior of atter results are in good agreement with previous reports
several proteins, including IFABP anti98A, was studied fo.r the full-length protein 2.).' Although oleic acid binding
at different salt concentrations (Figure 9B). As expected, no Slightly enhances the stability ?98A, the effect does not
significant change in the elution volume of any protein 2PP&ar to be as important as in IFABP.Thls_ difference likely
assayed was observed above 100 mM NaCl. Interestingly, 1iS€S as a consequence of the lesser affinity of the truncated
for all proteins below 55 mM NaCl, this parameter decreases Variant toward the ligand (see below).
as salt concentration is reduced. This behavior is probably Furthermore, it is noteworthy to compare our variant with
due to the interaction of the polypeptide chain with the small other truncated constructs of IFABP. Strikingly, a protein
number of negatively charged groups present in the columnlacking only the three C-terminal residues is reported to have
matrix. To explain the larger difference observed between very similar unfolding parameters (IFABR2s, AG®,0 Of
A98A and IFABP at low salt concentration, one could invoke 2.57 kcal mot?, (6)). On the other hand, althoughl7-SG
that A98A (pl 5.4, as measured by isoelectric focusing), andA27-GG are reported to be more stable th8A, their
being more negatively charged than IFABP (pl 6.9, also transition midpoints lie in the same range of GdnHCI
measured by isoelectric focusing), would be more strongly concentrations (0.86 and 1.13 M, respective$)).(
repelled by the matrix (inset to Figure 9B). Binding Actbity. Fatty acid binding toA98A and IFABP
Despite the anomaly pointed out above, Revalue of was assayed as follows. Oleic acid binding was monitored
A98A (21.8 A) at low ionic strength would match the size by changes in the steady-state tryptophan fluorescence
of a globular protein with a molecular weight corresponding emission of the protein, wherettans-parinaric acid allows
to that of a hypothetical dimer. To disprove this contention, binding to be measured by changes in the fluorescence
the following experiments were carried out. When sampling emission of the probe itself (Figure 12). Values for the
A98A in a low range of protein concentration, a single peak dissociation constantd{) were obtained by fitting to the
with identical retention volume was consistently obtained data an equation corresponding to a binding model consider-
at each ionic strength assayed (18:9.3 and 12.6+ 0.2 ing two sites. Both protein species present a binding phase
mL for 0 and 100 mM NacCl, respectively, Figure 10A), a of high affinity followed by a low-affinity one. Although
behavior that is in disagreement with the dissociation showing lower affinity for oleic acid than IFABRKg = 1.0
expected for a putative dimer. To confirm this last point, uM), A98A retains the ability to bind this liganK = 5.1
chemical cross-linking experiments were also performed uM). On the other hand, both proteins show an enhanced
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affinity for trans-parinaric acid Kq = 0.13 and 0.72M for
IFABP andA98A, respectively). Consistently, for both ligand
fatty acids, the affinity demonstrated B98A is about 5-fold
less than that shown by IFABP.

Similarly to our variant, &gy of 4—5 uM toward oleic
acid is reported fon17-SG. NMR studies of this helix-less
variant revealed that the interaction with the carboxylate end
of the fatty acid is similar to that observed for IFABP.
Clearly, the loss in affinity arises from the lack of the
a-helical domain. In addition, the kinetics of binding
indicates that the association rates for oleic acid17-SG
and IFABP are similar, while the dissociation rate is slower
for the latter R4). Recently, on the basis of oleate-binding
isotherms, it has been shown t#27-GG might bind more
than three fatty acid molecules, whergek/-SG and IFABP
would only bind two ligand molecules, albeit the second one
with very low affinity (5). However, in the absence of any
further structural information, the precise location of the
second site remains unclear.

A clear link can be established between conformational
and binding equilibria. Regardless of the complexities
associated with the conformational states of IFABP coexist-
ing in solution @), one can in principle postulate (i) a two-
state unfolding transition and (ii) the ligand binding solely

Curto et al.

oleic acid binding to IFABP oA98A (at a 16uM ligand
concentration), the measurad\G° values are 2.34 or 0.72
kcal/mol, in general agreement with the predictioR3 (n-
(1 + [L)/ Kg) equals 1.68 or 0.84 kcal/mol, respectively).

Distance Maps, Neighborhood, and Surface Analyges.
examine the topological consequences of excising the frag-
ments absent iIN98A, we undertook a geometrical analysis
upon the coordinates of IFABP. The local density within
the protein was estimated by counting the number of C
atoms located inside a sphere centered at eachathon
along the amino acid sequence. For this purpose, the number
and quality of neighbors around a particular residue were
calculated using spheres of 20daé A radii, respectively.
The latter produced a map in which amino acid proximity
was plotted (Figure 13A). A widening in the diagonal is
evident at the helix-turn-helix motif, while the hydrogen-
bonding network between antiparalfgistrands appears as
lines perpendicular to the diagonal. In this graph, anomalous
p-contacts show up as missinggd—pE) or truncated
segments, as it is evident for the pgi&—pB andA—fJ.

The closure of the barrel at one edge of fhelam involves

the twisting of strand A to allow contact with its neighbors.
Thus, the N-terminal end of strand A contacts strand B, while
the C-terminal end interacts with strand J. For fiiz—jE

pair, the interaction between these strands is through side-
chain atoms or bridging water molecules that serve to fill
the gap B). Remarkably A98A is devoid precisely of both
partners postulated to maintain the integrity of the barrel,
that is, the whole of-strand A and the end ¢-strand J.

In Figure 13B the number of Cneighbors around each
amino acid is represented. A sphere of 20 A radius proved
to be the most discriminating to evaluate the local density
around each residue (result not shown). Here, it becomes
evident that peptides128 and 127131 encompass a region
with the least number of neighboring residues in the whole
protein (at most, 82 £neighbors for Y14 and 88 for 1127).

By comparison, those strands including amino acids spatially
close to the core region exhibit a higher number of neighbors
(e.g., 119 for Q115, belonging to strand I). Moreover, on
average, the number of neighbors for peptide28 and
127-131 is 69 and 68, respectively, significantly smaller
than that for the sequence 2926 (77 G neighbors).

A surface analysis involving the calculation of both the
nonpolar and the total accessible surface areas (Figure 13,
panels C and D, respectively) sheds light on the consequences
of excising the peptides absent A98A. For this purpose,
we devised an automated procedure which systematically
removes from the original pdb file peptides of a desired
length (seven or nine residue windows) along the amino acid
sequence. For each edited file, both the nonpolar and the
total accessible surface area were calculated with Surface

to the native state N. Under these assumptions, the apparengacer (7). Interestingly, the removal of peptide-28 does

standard free-energy difference for the conformational transi-
tion (AG®4pp that measured for the holo form) relates to the
true free-energy differenc@G°, that measured for the apo
form) by the following equation:

AAG® = AG°,,,— AG®

app RTIn(1 + [L}/ Ky)

whereKy denotes the dissociation constant for the binding
equilibrium reported above and [L] is the concentration of
free ligand in equilibrium with the holo form. Indeed, for

not appear to expose so much new nonpolar area, as is the
case for most of the3-stands of the barrel lining the
hydrophobic core (with the exception of strands D and E,
which constitute the opposite edge of fhelam). Finally,
a similar analysis run with the total area as the parameter
plotted also yield the lowest peaks for the regions including
p-strands A, D, and E, pointing to the high convexity of
those sections of the protein.

These results numerically depict the fact that IFABP is
an oblate where peptides-28 and 127131 are placed at
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a peripheral position, along a distal edge located opposite toinserting an SG linker between strands A and B. NMR

the compact hydrophobic core (Figure 4). analysis of this protein showed that fisstrand topology is
nearly identical to that of IFABP, confirming that the helical
DISCUSSION domain is not essential to stabilize {Biesheet domain. There

The ultimate aim of this work is to draw critical features ré two main differences betweé17-SG and IFABP. First,
determining the folding and function of thzbarrel motif because of the large opening generateti/-SG resembles

protein IFABP. For this purpose, protein truncation provided & téacup rather than a clamshell. Second, the distal portion
the means to selectively isolate a stable fragment complying©f the -strand A, that adjacent to the deletion site, is
with those requirements. In this regami98A is the result ~ unstructured il17-SG as a consequence of the linking loop
of a major deletion of the parent protein and constitutes the P€ing longer than anticipated (spanning from residues 9 to
shortest form described so far preserving binding activity. 20 in the variant). A second generation of helix-less IFABP
Interestingly, one could learn from this model about the (A27-GG) was engineered by removing 27 residues (from
consequences of removing not only a peripheral helix-turn- residues 9 to 35) and inserting instead a GG linker. Despite

helix motif but also strands compromised in the closure of IS short size, the overall topology @i27-GG is similar to
the B-barrel. that of A17-SG and IFABP. Both generations of helix-less

A98A was obtained either in its recombinant form or by !FABPS lack bonds between strands A and J, leaving the
limited proteolysis of holo-IFABP with clostripain. This 11 p-barrel without its closure. Interestingly, these findings show

kDa fragment lacks the N-terminat-28 stretch and the last ~ that removingBA—fJ contacts does not necessary lead to
five amino acids belonging to the C-terminus. Protein &N opening of thg-barrel.
truncation has been extensively used to populate nonnative In our case, although conserving only 75% of the 131
states under physiological conditior5(26). In particular, residues of IFABPA98A remains stable in solution even
an abridged form of IFABP (IFABR1.¢ was generated by  in the absence of the ligand fatty acid. The possibility of
deleting the last three C-terminal residuy The rationale ~ A98A being a noncovalent complex with the excised
behind this approach was that by removing those residuesN-terminal peptide was rejected, because the main fragment
the 8-barrel would open, thus, leaving the two sheets free to elutes as a single peak after C4 RP-HPLC and shows a
slide against each other and allowing free rotation of the unique N-terminal amino acid sequence.
side chains at the internal interface. The resulting protein is A body of evidence derived form optical spectroscopies
a monomeric and compact nonnative state of IFABP, which supports the fact that98A bears a stable well-folded state.
is highly susceptible to proteolytic attack, and its unfolding The fine structure of the fourth-derivative UV spectra
behavior clearly indicates a loose tertiary structure. An revealed thatA98A has its unique tryptophan placed in a
important difference between IFABR2s and A98A is that similar milieu to that of IFABP. Moreover, the features of
the latter is devoid of both stretches responsible for the fluorescence emission @98A and the full-length protein
closure of thes-barrel. confirm the view of a common buried environment for the
The role of fJA—fJ contacts in maintaining the integrity conserved W. A hint regarding the binding function of the
of the 5-barrel can be drawn from the results obtained with fragment arises from the fact that a blue shift of the center
two helix-less variants of IFABP4( 5, 27). The first one of mass of fluorescence occurs upon addition of oleic acid.
(A17-SG) was generated by deleting residues-36 and This effect is likely the consequence of the proximity of the
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carboxylate group of the fatty acid to the guanidinium side interaction between both halves of the protein. It has been
chain of R106, which disrupts the contacts of W82 with R106 argued that peptides of IFABP composed of either half of
and two fixed waters28). On the other hand, the decrease the clamshell would not form f&-sheet structure. SinZ€98A
in fluorescence intensity can be accounted for mostly by the encompasses a sequence which corresponds to a continuous
loss of W6. stretch of the parent protein beginning at strgii@l and
The far-UV CD spectrum oA98A is typical of as-sheet ending at the N-terminal half of strangl, it might fold
protein but shows a 35% decrease in intensity as comparedhrough a similar hierarchical way as well. This process
to IFABP. This change is mainly due to the absence of the might lead to a native-like topology with a compact
o-helical moiety and the loss of several aromatic residues, hydrophobic core but endowed with an expanded periphery.
most prominently W6. Unlike the helix-less versions of Moreover, the ability ofA98A to bind fatty acids with
IFABP, in which only the distal part of strand A is absent affinities similar to those of the helix-less variants and IFABP
or unstructured A98A lacks the entire strand A and the suggests a conserved structure able to provide a suitable
N-terminal end of strand J. Remarkably, this new species environment for binding.
appears to preserve the integrity of the tertiary structure, as In summary, althougm98A lacks one-quarter of the
revealed by near-UV CD spectra. Upon ligand binding, sequence of the parent protein, it is a stable, monomeric,
A98A undergoes further stabilization, a fact substantiated and functional truncated form of IFABP. The reasons for
by the increase in ellipticity in both near- and far-UV CD this remarkable behavior lie in the ancillary role played by
regions. On the other hand, size-exclusion chromatographythe segments deleted. Firsi98A retains all the critical
revealed thah98A, despite being 4 kDa smaller than IFABP,  residues of the hydrophobic core, that is, those implicated
has a similaRs, suggesting a slightly less compact structure. in the nucleation event leading to the folded state. Second,
Unlike other truncated forms of IFABRA98A has only the analysis of the putative structure through the identification
one W residue. The side chain of this amino acid is buried and counting of amino acid neighbors and surface calcula-
within the hydrophobic core and becomes useful as a localtions predicts that removal of stretches28 and 127131
probe to follow conformational changes. Surprisingly, al- would have a relatively minor impact on the overall structure
thoughA98A is devoid of 12% of native contacts (see map of IFABP. In particular, distance profiles show that those
at 8 A disaince, Figure 13A), it unfolds through a cooperative fragments are positioned furthest away from the hydrophobic
transition. Its stability is similar to that of IFABP;,5 but core, whereas neighborhood maps reveal an imperfect
smaller compared to that of full-length IFABP or any of the hydrogen-bonding network between strand A and adjacent
two helix-less variants. The underlying reasons for the low strands B and J. Moreover, minimal increases in nonpolar
stability of IFABP,—1,g are still not known §). On the other and total accessible surface area are expected from the
hand, A27-GG is less stable than the wild-type protein, excision of the fragments giving rise to the truncated form.
possibly due to the loss of inter domain hydrogen bonds and  Naturally occurrings-sheet proteins avoid edge-to-edge
van der Waals contacts between tidnelical andjs-sheet aggregation through a variety of strategiea9)( It is
domains, but it is more stable thaxil7-SG, which has a  noteworthy than98A lacks any tendency to aggregate under
longer unstructured loogb). A common motif in all these  the conditions assayed. This happens despite the likely
constructs is the preservation of the key structural determi- occurrence of free edges in the construct. In this regard,
nants of the hydrophobic core. We believe that a delicate A98A might constitute a useful model to explore critical
balance exists between two opposing driving forces leading determinants leading t8-aggregates, a hot topic of study
to the overall stability of a given variant, that is, the intrinsic nowadays for its relevance in the formation of amyloid fibrils
cohesion provided by a compact well-folded core versus the jnvolved in a variety of diseases.
added entropy and loss of interstrand hydrogen bonds The results presented herein support a view by which
associated to an increased mobility of fhetrands and loops  A9gA would adopt a conformation with a compact core and

of the barrel. In this scenarioA98A might play with a loose periphery, representing so far the smallest structure
advantage by comparison witkil7-SG or IFABR_1,5 due of its kind preserving binding activity.

to the absence of the N-terminal moiety.
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