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and José Marı́a Delfino*

Department of Biological Chemistry and Institute of Biochemistry and Biophysics (IQUIFIB), School of Pharmacy and
Biochemistry, University of Buenos Aires, C1113AAD, Buenos Aires, Argentina.

Received 14 August 2009; Revised 7 October 2009; Accepted 9 October 2009

DOI: 10.1002/pro.273
Published online 20 October 2009 proteinscience.org

Abstract: A lingering issue in the area of protein engineering is the optimal design of b motifs. In

this regard, the framework provided by intestinal fatty acid binding protein (IFABP) was
successfully chosen to explore the consequences on structure and function of the redesign of

natural motifs. A truncated form of IFABP (D98D) served to illustrate the nonintuitive notion that the

integrity of the b-barrel can indeed be compromised with no effect on the ability to attain a native-
like fold. This is most likely the outcome of the key role played by the preservation of essential

core residues. In the search for the minimal structural determinants of this fold, D98D offered room

for further intervention. A dissection of this protein leads to a new abridged variant, D78D,
containing 60% of the amino acids of IFABP. Spectroscopic analyses indicate that D78D retains

substantial b-sheet content and preserves tertiary interactions, displaying cooperative unfolding

and binding activity. Most strikingly, this construct adopts a remarkably stable dimeric structure in
solution. This phenomenon takes advantage of the inherent structural plasticity of this motif, likely

profitting from edge-to-edge interactions between b-sheets, whereas avoiding the most commonly

occurring outcome represented by aggregation.

Keywords: abridged variant; b-barrel; IFABP; dimerization; protein truncation

Introduction

The b-sheet proteins are produced and folded up successfully in the cell, with only a few isolated cases of aggrega-

tion or insolubility. The understanding of the stability and folding mechanism of this class of proteins is becom-

ing increasingly relevant because many ‘‘conformational diseases’’ with severe consequences on animal and

human health are based on the generation of b-sheet structures.1

Abbreviations: ANS, 1-anilino naphthalene-8-sulfonic acid; DSS, disuccinimidyl suberate; GdnHCl, guanidinium chloride; IFABP, in-
testinal fatty acid binding protein; SEC, size exclusion chromatography; D98D, a truncated variant of IFABP corresponding to the
fragment 29–126 of the parent protein; D78D, a truncated variant of IFABP corresponding to the fragment 29–106 of the parent pro-
tein; apo- or holo-, prefixes that denote the absence or presence of fatty acid ligand, respectively.
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Although fatty acid binding proteins (FABP) dis-

play variable sequence identity, they share a common

3D structure consisting of a b-barrel composed of two

five-stranded b-sheets (bA–bE and bF–bJ) arranged

in a nearly orthogonal orientation (Fig. 1). Therefore,

FABPs arise as attractive models for the study of b-
sheet proteins.2–7 This structure differs from most

globular proteins in that its interior is occupied by a

large solvent-filled cavity that binds nonpolar ligands,

while the hydrophobic core is small and somewhat dis-

placed from the protein geometrical centre. All b-
strands are connected by b-turns, with the exception

of strands bA and bB, where an intervening helix-

turn-helix motif appears.8

Intestinal FABP (IFABP) is an intracellular pro-

tein of 15 kDa that binds exclusively long-chain fatty

acids.9 It is abundantly expressed in small intestine

enterocytes, and together with liver FABP, represents

a high proportion of the total cellular protein. Exten-

sive work has been done to elucidate the ligand-bind-

ing mechanism of this protein. The structures of apo-

and holo-forms of IFABP solved by NMR10,11 and X-

ray diffraction12,13 reveal a disordered region in the ab-

sence of the fatty acid, which comprises the distal half

of aII, the aII/bB linker, and the bC-bD and bE-bF
turns.11 These findings agree with previous evidence

derived from partial proteolysis experiments. This

technique uncovers the differential exposure of proteo-

lytic sites, thus providing information about the loca-

tion of ligand-binding sites or conformational changes

in proteins.14,15 Interestingly, the proteolytic pattern of

IFABP with clostripain (Arg C) displays a high level of

protection when bound to oleic acid, suggesting that

smaller fragments preserve the ability to bind fatty

acids.16 In this regard, a main proteolytic fragment

named D98D was recently cloned, expressed, and

structurally characterized in our laboratory.6,7

Although lacking one quarter of the sequence of the

parent protein (a stretch of 98 amino acids corre-

sponding to fragment 29–126 of IFABP), D98D is a

stable and functional form of IFABP. Interestingly,

this truncation leads to a loss of residues involved in

the closure of the b-barrel. Despite this fact, cumula-

tive evidence, including circular dichroism (CD), ultra-

violet (UV) absorption, and intrinsic fluorescence,

indicates that this fragment retains substantial b-sheet
content and tertiary interactions. The reasons for this

remarkable behavior lie in the ancillary role played by

the segments deleted and in the conservation of the

critical residues of the hydrophobic core.7 These amino

acids have been implicated in the initial nucleation

event leading to the folded state.17

Further investigations on the stabilizing role

played by the binding event led us to challenge the

D98D variant in a second round of proteolysis. Here

again, the holo-form gives rise to a main fragment

highly resistant to further degradation, which was

named D78D. This outcome led us to investigate this

new abridged variant of IFABP. The D78D was cloned,

purified, and biophysically characterized, which

revealed a well-folded and functional protein. Remark-

ably, this protein adopts a very stable dimeric struc-

ture in solution.

Results

Production and purification of D78D
Partial digestion of holo-D98D with clostripain gener-

ates a main fragment of about 8 kDa, which is resist-

ant to further proteolysis. The mass of this fragment

named D78D was indeed 8807.4 Da by ESI-MS, corre-

sponding to fragment 29–106 of IFABP and an addi-

tional M residue at the N-terminus. When compared

with IFABP, this new abridged variant contains only

60% of the amino acids of the full-length protein (Fig.

1). Specifically, it lacks the whole a-helical subdomain

plus bA, bI, and bJ. The D78D was cloned, overex-

pressed in Escherichia coli, and purified from inclu-

sion bodies (Supporting Information Fig. S1).

Aggregation state

The hydrodynamic properties of D78D were studied by

size exclusion chromatography (SEC) and compared

with those of intact IFABP and D98D (Fig. 2). As the

predicted Stokes radius (Rs) for a monomer of D78D is

16 Å, it should exhibit a higher elution volume than

IFABP and D98D. Nevertheless, D78D displays the

lowest elution volume of the three proteins assayed.

Unlike D98D that represents an expanded monomeric

species,6 the ‘‘anomalous" behavior shown by D78D
suggests that it adopts an oligomeric form. The Rs of

D78D (23.6 6 0.3 Å) is about 15% larger than that

predicted for a globular protein of a molecular weight

corresponding to that of a hypothetical dimer: 20.5 Å

Figure 1. Ribbon structure of IFABP (PDB 2IFB) where the

D78D construct is indicated. The excised N- and C-termini

stretches are shown in pink, D78D is painted in green, and

residues belonging to the hydrophobic core are depicted in

grey with their side chains in CPK representation, except

for W82 that is indicated in blue.
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(see Materials and Methods). To get further insight

into the nature of this oligomeric state, chemical

cross-linking experiments were performed using disuc-

cinimidyl suberate (DSS), an amine-reactive homo-

bifunctional reagent. Remarkably, unlike IFABP, the

fragment shows a clear propensity to exist as a dimer

under identical experimental conditions and over a

wide range of cross-linker concentrations (Fig. 3). This

behavior does not change in the presence of oleic acid.

Moreover, the progressive dilution of D78D (from 0.25

to 0.02 mg/mL) exerts no effect on the elution profile,

as assessed by SEC (Superdex-75, data not shown).

These results reveal the existence of tight interactions

between protomers.

Confirmatory evidence for these results came

from light scattering measurements. This technique

uncovers a monodisperse population corresponding to

a species of molecular weight 19,160 6 1916 Da. Taken

together, these data are consistent with D78D adopting

a dimeric, but slightly expanded/asymmetric confor-

mational state. The fact that D78D behaves as a stable

dimer in solution emerges as the most distinctive fea-

ture of this variant.

Fourth-derivative UV spectra
The fourth-derivative UV absorption spectrum pro-

vides insights into the protein conformation, as has

been proven for IFABP.4,16 The spectra recorded for

both IFABP and D78D show a similar fine structure,

suggesting a preserved environment for the aromatic

residues (Fig. 4). One should be reminded that each

protomer of D78D conserves 1 of 4 Y, 5 of 8 F, and 1

of 2 W residues. Characteristically, a decrease in the

intensity of the signal k4 is observed for D78D when

compared with the parent protein,6,18 a fact consistent

with the absence of W6 in the construct. In addition,

apo- and holo-IFABP spectra are almost superimpos-

able, in agreement with previously published data.6,19

In this regard, there are minor spectral differences

between the apo- and holo-forms of D78D. Specifically,
the k3 and k4 peaks are slightly blue shifted in the

holo-form, suggesting a more hydrophobic environ-

ment for the single remaining W residue (W82 in

IFABP), which is the main chromophore contributing

to the spectrum in that region.

Figure 3. SDS-PAGE separation of covalently linked

products after reaction of D78D or IFABP with DSS.

Proteins were assayed in their apo- (ligand free) forms. No

difference was observed in the presence of oleic acid (holo-

forms, results not shown). The number on each lane

indicates the DSS concentration used (in lg/mL).

Figure 2. SEC of D78D compared with IFABP and D98D.
The D78D, D98D, and IFABP were sampled separately onto

a Superdex-75 column equilibrated and eluted with buffer A

added with 100 mM NaCl.

Figure 4. Fourth-derivative absorption spectra of (A)

apo- ( ) and holo- ( ) IFABP; and (B) apo- (—) and

holo- (——) D78D.
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Intrinsic fluorescence measurements
The centre of mass of the spectrum20 of apo-D78D
indicates a W residue located in a hydrophobic envi-

ronment (336.3 nm). This signal is blue shifted with

respect to apo-IFABP [338.1 nm, Fig. 5(A)]. In addi-

tion, binding of oleic acid to D78D causes an increase

in the intensity and an extra 1.2 nm blue shift of the

centre of mass with respect to the apo-form [inset in

Fig. 5(A)].

Considering the fact that D78D is a stable dimer,

we should take into account that, in principle, each

protomer of the complex is contributing to the fluores-

cence spectrum. For this reason, the comparison of

the emission spectra of IFABP and D78D is presented

on a protomer basis. The maximum fluorescence in-

tensity of apo-D78D is �36 % of that observed for

IFABP. On the addition of oleic acid, the intensity

increases �10% with respect to the apo-form. The

reduced fluorescence emission of D78D can to some

extent be justified by the absence of W6, which

accounts for 35% of the fluorescence intensity of the

wild-type protein, as previously described for the

W6Y-IFABP mutant by Klimtchuk et al.21 In addition,

the loss of W6 by itself causes only a 1-nm red shift in

the maximum of the spectrum, as demonstrated for

this same mutant by Dalessio et al.22 Nevertheless, to

fully explain this observation, small perturbations in

the closely packed hydrophobic environment around

W82 appears to be a likely possibility. In summary,

these results suggest a transition to a slightly more

hydrophobic environment for W82 in D78D.

Circular dichroism

The far-UV CD spectra of apo- and holo-D78D show

minima at �216 nm, a characteristic feature of b-sheet
proteins. As is well known, IFABP shows similar spec-

tra, regardless of the presence of the ligand oleic acid

[Figs. 5(B); Ref. 6]. Nevertheless, the absolute elliptic-

ity value of apo-D78D is about 80% that of apo-IFABP,

but—at variance with the full-length protein—when

oleic acid is bound to D78D, a 30% increase in the

absolute value of the signal at 216 nm is observed.

Remarkably, this enhanced signal reaches a value very

close to that observed for IFABP. This fact is accompa-

nied by a narrowing of the spectrum, suggesting a

ligand-induced ordering effect in the abridged variant.

Two features of the spectrum of IFABP are con-

spicuously absent in that of D78D: (i) the strong posi-

tive band occurring below 200 nm, and (ii) the nega-

tive shoulder located at around 230 nm. Most likely,

the former trait (similarly to the reduced intensity at

216 nm) can be attributed to the absence of the helical

domain present in IFABP, whose contribution to ellip-

ticity is almost twice that of a b-sheet on a molar ba-

sis.23 In fact, it is possible that the construct might ex-

hibit a substantially high b-sheet content, despite the

absence of strands bA, bI, and bJ. It is noteworthy

that apo-D98D, lacking only bA and half of bJ, shows
a 65% of the absolute ellipticity signal at 216 nm of

apo-IFABP, whereas apo-D78D, putatively lacking a

larger portion of the b-structure, presents a stronger

signal than that of D98D.6 This apparent paradox

arises from considering the structure of a protomer in

isolation, that is, the dimeric nature of D78D where

interchain interaction is possible could likely make its

own contribution to the far-UV spectrum as well. On

the other hand, although secondary structure elements

are the main contributors to far-UV CD, in many

Figure 5. (A) Intrinsic fluorescence emission spectra of

IFABP and D78D in their apo- and holo-forms. The

wavelengths of the centre of mass are shown as an inset.

The far-UV CD (B) and near-UV CD (C) spectra of IFABP

and D78D are shown: apo-IFABP ( ), apo-D78D (—), and

holo-D78D (——). The spectra of holo-IFABP are not

displayed because they superimpose exactly over those of

the apo-form.

Franchini et al. PROTEIN SCIENCE VOL 18:2592—2602 2595



instances, aromatic residues add signal to this region

as well.24 For IFABP, it has been described that W6

contributes two negative bands at 202 and 225 nm,19

thus explaining the missing shoulder at around 230

nm in the abridged form.

Near-UV CD is a very sensitive tool to follow

changes in the environment around aromatic residues.

Remarkably, the presence of a structured spectrum in

this region [Fig. 5(C)] shows that D78D adopts a

folded state quite distinct from a classical molten glob-

ule.25 However, D78D presents a weaker signal in the

range 250–270 nm when compared with IFABP. More

precisely, loss of fine structure and reduced magnitude

of the bands occur. This region could be assigned, in

principle, to the dichroic absorption of F residues,

although H residues could contribute as well.26 The

changes observed could arise from the loss of F resi-

dues at 2, 17, and 128 in D78D and/or from reduced

asymmetry around the remaining F residues. Interest-

ingly, on oleic acid binding, the magnitude of the spec-

tral signals of D78D is significantly enhanced, suggest-

ing again a ligand-induced ordering phenomenon.

However, in this case, additional signals arising from

rearranged interactions between protomers in the

dimer can add to this effect as well.

Equilibrium unfolding transition
The guanidinium chloride (GdnHCl)-induced equilib-

rium unfolding transition for D78D was monitored by

the change in the intrinsic fluorescence emission. The

corresponding experiment for IFABP was included for

the sake of comparison. Significantly, the unfolding of

the abridged variant D78D exhibits a cooperative tran-

sition akin to that of a well-folded protein [Fig. 6(A)].

As a first approximation, nonlinear least-squares

fits describing a two-state model to the equilibrium

data were tested [Fig. 6(B)]. In the case of D78D, this
model considers that the only native species is a dimer

that dissociates and unfolds concomitantly. The free

energies of the overall process (expressed in protomer

equivalents) for apo- and holo-D78D are DGo
H2O

¼ 5.5

6 0.3 kcal mol�1 (m ¼ 2.2 6 0.3 kcal mol�1 M�1, PT

¼ 39 lM) and 5.6 6 0.7 kcal mol�1 (m ¼ 2.3 6 0.5

kcal mol�1 M�1, PT ¼ 24 lM), corresponding to the

transition midpoints of 1.17 6 0.03 and 1.10 6 0.04M

GdnHCl, respectively. These results do not support

any significant stabilization effect exerted by ligand

binding. By comparison, IFABP unfolds following co-

operative transitions centered at 1.51 6 0.02M

GdnHCl (apo- and holo-forms), indicating that no sig-

nificant stabilization occurs on oleic acid binding,

although a small increase in cooperativity might be

taking place (m ¼ 4.2 6 0.4 and 6.3 6 0.7 kcal/mol/

M, for the apo- and holo-forms, respectively).

Binding activity
The binding activity of D78D was assayed with three

ligands dissimilar in their chemical nature: the natural

ligand oleic acid and two fluorescent probes, namely 1-

anilino naphthalene-8-sulfonic acid (ANS) and trans-

Figure 6. Equilibrium unfolding transitions of D78D and

IFABP monitored by the change in fluorescence intensity:

apo-IFABP (h), holo-IFABP (n), apo-D78D (D), and holo-

D78D (~). (A) The fluorescence intensity at 330 nm, where

the left and right ordinate axes correspond to IFABP and

D78D, respectively. (B) Molar fraction of unfolded form

derived from the GdnHCl-induced equilibrium unfolding

transitions. The protein concentrations used were 39 and

24 lM for apo- and holo-D78D, respectively, and in the

latter, a 4:1 oleic acid:protein molar ratio was maintained.

Figure 7. Fatty acid binding activity of D78D and IFABP.

Binding isotherms for oleic acid evidenced by the change in

the intrinsic fluorescence emission of the proteins: IFABP

(h) and D78D (D).
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parinaric acid. Oleic acid binding was monitored by

changes in the tryptophan fluorescence emission of

the protein, whereas ANS binding was followed by

changes in the fluorescence of this probe. Lastly,

trans-parinaric acid binding was studied by the

appearance of induced bands in the far-UV CD

spectrum.

The dissociation constant (Kd) for oleic acid was

estimated by fitting the binding data to an equation

corresponding to a model considering a single class of

sites (Fig. 7). Interestingly, D78D retains the ability to

bind this ligand (Kd ¼ 0.4 lM), displaying a lower af-

finity than IFABP (Kd ¼ 0.07 lM) but higher than

D98D.6

The fluorescent probe ANS can shed light on the

structure and polarity of the binding site environment.

IFABP binds ANS with a high affinity and a 1:1 stoi-

chiometry.16,18,27,28 The emission maximum of the

D78D-ANS complex is 471 nm [Fig. 8(A)], indicating a

significantly more hydrophobic environment than that

observed for the IFABP complex (479 nm), but less

than that corresponding to ANS bound to D98D (466

nm; Ref. 7). In addition, the binding isotherm for ANS

to D78D yields a value for Kd [64 lM, Fig. 8(B)] con-

siderably higher than that measured for IFABP (Kd �
1–10 lM, see also Refs. 16, 28) and somewhat smaller

than that reported for D98D Kd � 133 lM; Ref. 7). To

get further insight into the nature of the ANS binding

site, a competition assay was run where increasing

amounts of oleic acid are added to a preformed

protein-ANS complex [Fig. 8(C)]. Previous evidence

pointed to a dissimilar behavior between IFABP and

the construct D98D: although the former presents a

single binding site for ANS that is fully displaceable by

the natural ligand oleic acid, the latter exhibits an

additional binding site where oleic acid cannot be

bound.7 As a result, D78D proved to behave in a simi-

lar fashion to D98D. A hyperbolic curve was fitted to

the data, yielding a value for Kdapp of 4.8 lM and a

DFres of 0.34. No significant difference exists in the

wavelength corresponding to the maximum of fluores-

cence emission between samples assayed either in the

absence or in the presence of an excess amount of

oleic acid (result not shown).

trans-Parinaric acid is a 18-carbon fluorescent

polyunsaturated fatty acid (18:4)—derived from the

naturally occurring (Z,E,E,Z) cis-parinaric acid—with

advantageous spectroscopic properties for biophysical

studies.29,30 trans-Parinaric acid exhibits a strong

p!p* transition above 300 nm, a region where most

Figure 8. Binding of ANS to D78D and IFABP. (A) Intensity

of fluorescence emission of ANS when bound to D78D (—)

or IFABP ( ). (B) Titration of D78D (D) or IFABP (h, inset)

with this fluorescent probe. (C) Competition of ANS bound

to D78D (D) or IFABP (h) by oleic acid. The continuous

lines correspond to the fitting of Eq. (2) (see Materials and

Methods) to the data. The values of the parameters thus

derived are the following: DF0 ¼ 0.66, Kdapp ¼ 4.8 lM, and

DFres ¼ 0.34 for D78D; and DF0 ¼ 0.98, Kdapp ¼ 0.14 lM,

and DFres ¼ 0.02 for IFABP.

Figure 9. Far-UV CD spectra of D78D in the presence

(dashed line) or in the absence (continuous line) of trans-

parinaric acid. The protein:probe molar ratio is 1:0.6.
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proteins hardly absorb light, and because of its sym-

metrical nature, this molecule shows no optical activity

either in organic or in aqueous solutions. These char-

acteristics enabled its use as a probe to study protein

binding sites by CD.7,31 The CD spectrum of the com-

plex between D78D and trans-parinaric acid was com-

pared with that of its ligand free form (Fig. 9). In the

far-UV CD region, both protein and ligand absorb

light. Therefore, the dichroic bands observed can most

likely be attributed to induced bands of the bound

chromophore. These are negative band centered at 247

nm and positive band centered at 235 nm, with a

crossover point at 242 nm. Strikingly, D98D shows a

remarkable similarity in this regard: a negative band

centered at 247 nm and a positive band centered at

238 nm—albeit of smaller magnitude—with a crossover

point at 243 nm.7 For comparison, two very weak

bands of opposite sign with a crossover point at 240

nm also appear in the case of IFABP (result not

shown). Relative differences in the conformational

flexibility of the constructs D78D and D98D with

respect to IFABP might explain this dissimilar

behavior.

Discussion
One main goal of our line of research is to learn about

those structural determinants giving rise to folded b-
barrel motifs. For this purpose, IFABP was chosen as

a model system. Previous work has demonstrated that

IFABP can withstand the deletion of about 25% of its

primary structure while still displaying a well-pre-

served protein scaffold. This abridged variant, named

D98D, has been described as the shortest form of

IFABP preserving binding activity.6,7 In this work, we

introduce D78D—a yet shorter version of IFABP—

which was cloned, expressed in bacteria, and purified

to yield a soluble and stable form. This fragment lacks

both the 1–28 and the 107–131 stretches (according to

the sequence numbering scheme accepted for the full-

length protein).

Extensive work has been performed on the IFABP

structure2–7,32 pointing toward establishing the impor-

tance of the a-helical subdomain and the region

involving the closure of the b-barrel. The helix-turn-

helix motif is neither required for the integrity of the

b-clam nor for the nucleation event initiating the fold-

ing process. On the other hand, key residues belonging

to the hydrophobic core—which is somewhat displaced

from the centre of the protein—play a critical role for

folding.7,17,33 These interactions are proposed to be

present even under highly denaturing conditions, illus-

trating their importance as structural determinants.34

It is noteworthy that all the residues belonging to the

hydrophobic core of IFABP are preserved in D78D, a
fact reflected on its biophysical behavior. Diverse spec-

troscopic techniques support the fact that D78D bears

a stable well-folded state.

The more distinctive feature of D78D is that it

exists in solution as a stable dimer, either in the pres-

ence or in the absence of fatty acid ligands. This is

based on the results obtained by SEC, static light scat-

tering, and chemical cross-linking. The fine structure

of the fourth-derivative spectrum reveals that D78D
has its single tryptophan residue placed in a microen-

vironment similar to that of IFABP. However, the

Stokes shift to a lower wavelength of the fluorescence

emission might point to a slight rearrangement of the

hydrophobic milieu around that tryptophan as a con-

sequence of dimer formation. The far-UV CD spectrum

of D78D is typical of a b-sheet protein, but shows 20%

less intensity at 216 nm than that of IFABP. Consider-

ing that the D78D lacks the whole a-helical subdomain

plus strands bA, bI, and bJ, one would expect a larger

loss in the signal. Nevertheless, it is tempting to specu-

late that, if dimer formation involves a rearrangement

of the b-barrel, an increased, b-sheet content would

occur. Remarkably, this new species appears also to

consolidate a stable tertiary fold, as revealed by the

weak but distinct signals present in the near-UV CD

spectrum.

Indeed, D78D unfolds through a cooperative tran-

sition where, in principle, dissociation and unfolding

represent coupled phenomena. We believe that this

construct illustrates a case of gain in thermodynamic

stability, where the interaction energy between proto-

mers partially compensates for the loss of intramolecu-

lar contacts. This effect might boost D78D to a value

(DGo
H2O

¼ 5.5 6 0.3 kcal/mol) comparable with that of

the full-length protein (DGo
H2O

¼ 6.4 6 0.6 kcal/mol).

Proof of this statement is the fact that the monomeric

form D98D exhibits a much lower stability (DGo
H2O

¼
2.3 6 0.3 kcal/mol; Ref. 7).

From a functional standpoint, D78D preserves the

ability to bind fatty acids. In fact, the interaction with

the ligand brings about a gain in structure, as attested

by the observed increase in ellipticity in both near-

and far-UV regions and the occurrence of a significant

blue shift of the centre of mass of the fluorescence

emission spectra on oleic acid addition. Here, one

should recall that D78D was originated by digestion of

holo-D98D with Arg-C, whereas the apo-form is com-

pletely degraded. In addition, the apo-form of D78D
appears to be larger than expected from its molecular

weight (of a dimer; Fig. 2). This cumulative evidence

emphasizes the role played by the binding of the fatty

acid on the consolidation of the structure, either by

reducing the overall mobility or the geometrical

asymmetry.

By its ability to bind to this protein, the fluores-

cent probe ANS sheds light on its structure. The affin-

ity measured for this ligand is well above the range

usually observed for typical molten globules.35 In addi-

tion, it is revealing to analyze the displacement of ANS

from the complex with the natural ligand oleic acid.

Indeed, the fatty acid effectively competes with ANS to
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cause the removal of a major part of the bound probe.

However, the fact that about one third remains bound,

even in the presence of a large excess of fatty acid,

uncovers the existence of a binding site in the con-

struct that is absent in the full-length protein. This

behavior is quite similar to that observed for D98D.7

However, D78D consistently exhibits a higher binding

affinity toward each ligand (oleic acid or ANS) than

that measured for D98D.
On the other hand, binding of trans-parinaric

acid uncovers an enhanced flexibility of D78D when

compared with IFABP. This fact is underscored by the

lack of defined induced bands giving rise to a fine-

structured CD spectrum in the near-UV region and the

occurrence, in turn, of a large spectral change in the

far-UV region (Fig. 10). This behavior is not unlike

that observed for D98D,7 albeit different in sign and of

much higher magnitude than that seen for IFABP.

Natural b-sheets in proteins present different

mechanisms to avoid edge-to-edge mediated aggrega-

tion. Particularly, b-barrel motifs escape this situation,

because they tend not to expose free edges. To accom-

plish this, a continuous b hydrogen bonding network,

all around the cylindrical barrel, is displayed.36 In

principle, the extensive stretches deleted in D78D
could determine the appearance of free edges prompt-

ing dimerization. The association of each protomer

with the other might implicate an interface involving

primarily a new set of backbone-backbone hydrogen

bonds stabilizing the dimeric structure. The findings

presented in this article illustrate the concept that re-

moval of key segments in a monomeric protein trig-

gers a switch mechanism that resorts to quaternary

interactions to achieve stabilization. Efforts to further

investigate this phenomenon of protein interaction eli-

cited by truncation are currently underway. Here, one

main goal points to the elucidation of those structural

features conducive to the appearance of a protein-pro-

tein interface out of a monomeric parent molecule. In

this fashion, lessons could be learned on key issues of

protein remodeling leading to attainment of oligomeric

character.

Materials and Methods

Materials

Rat IFABP cDNA, coded in the plasmid pET-11, was

expressed in E. coli strain BL21(DE3), and the protein

was purified as described previously.16 Recombinant

D98D was expressed and purified as described else-

where.7 DSS, GdnHCl, and buffers were purchased

from Sigma-Aldrich (St. Louis, MO).

Ligands

In experiments involving holo-proteins, a 10 mM solu-

tion of oleic acid in ethanol was added under stirring

to the protein dissolved in buffer A (20 mM Tris-HCl,

pH 8.0) in a 4:1 fatty acid:protein molar ratio. The

mixture was incubated for at least 40 min at 37�C.
ANS concentration was estimated by ultraviolet

absorption (e372 ¼ 7800/M/cm, in ethanol). trans-

Parinaric acid concentration was estimated by ultra-

violet absorption (e306 ¼ 77,000/M/cm, in ethanol).

The final concentration of ethanol in the assays never

exceeded 2% (v/v).

Expression and purification of recombinant

D78D
Recombinant D78D was cloned using primers 5’-

GGAATTCCATATGAAGCTTGGAGCTCATG-3’and 5’-

CGCGGATCCTCATCGGACAGCAATCAGC-3’. The PCR

product was digested with both NdeI and BamHI and

cloned in the pET-22b(þ) vector linearized with the

same enzymes. The protein was purified as described

previously for D98D (Ref. 7 and Supporting

Information).

Mass spectrometry analyses

ESI-MS analyses were carried out in a LCQ-Duo mass

spectrometer (Thermo-Finnigan, San José, CA) with

ion trap detector.

Fourth-derivative ultraviolet (UV) spectra
Spectra were collected on a Jasco 7850 spectropho-

tometer, using a 1-cm path length cuvette sealed with

a Teflon cap. IFABP or D78D (20 lM) dissolved in

buffer A were used. Scans were recorded 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-deriva-

tive spectra were calculated by applying two successive

cycles of second-order derivation: D2A/Dk2 ¼ (Aiþ20 �
2Ai þ Ai�20)/2Dk

2.37

Fluorescence measurements

Steady-state fluorescence measurements were per-

formed in an Aminco Bowman Series 2 spectro-

fluorimeter operating in the ratio mode and equipped

with a thermostated cell holder connected to a circu-

lating water bath set at 25�C. Either a 1-cm or a 0.3-

cm path cuvette sealed with a Teflon cap were used.

For ANS, excitation wavelength was 400 nm and

emission was collected in the range 420–600 nm.

Spectral slit widths were set to 4 and 8 nm, respec-

tively. When the intrinsic fluorescence of protein was

measured, excitation wavelength was set to 295 nm

and emission was collected in the range 310–400 nm.

In this case, the spectral slit widths were set to 4 nm

for both monochromators. Data were corrected for

dilution and inner filters effects.38 For intrinsic fluo-

rescence measurements, IFABP or D78D (15–20 lM)

dissolved in buffer A were used. For each spectrum,

the wavelength of the centre of mass,20 the maximum

intensity, the intensity at a given wavelength, or the

integrated intensity were considered for further

analysis.
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Circular dichroism
Spectra were recorded on a Jasco J-810 spectropo-

larimeter. Data in the near-UV (250–320 nm) or in

the far-UV (200–250 nm) regions were collected using

a 10-mm or a 1-mm path cuvettes, respectively. A scan

speed of 20 nm/min with a time constant of 1 s was

used. IFABP or D78D (15–20 lM) were dissolved in

buffer A. Each spectrum was measured at least three

times, and the data were averaged to reduce noise.

Molar ellipticity was calculated as described else-

where,39 using mean residue weight values of 114.5

and 111.5 for IFABP and D78D, respectively.

Size exclusion chromatography

SEC experiments were carried out in an FPLC system

(Amersham Biosciences) with a Superdex-75 HR10/30

(GE Healthcare Life Sciences, Uppsala, Sweden) col-

umn equilibrated in buffer A plus 100 mM NaCl. A

flow rate of 0.5 mL/min was used, and elution profiles

were recorded following the UV absorption at 280 nm.

Rs were calculated from a calibration curve of stand-

ard proteins according to Uversky.40

Cross-linking experiments

A fresh solution of DSS in dimethyl sulfoxide was

added to protein samples (0.2 mg/mL in 20 mM so-

dium phosphates buffer, pH 8.0) up to a final concen-

tration of 2.5 lg/mL. The mixture was incubated for

1 h at 27�C under continuous stirring. The reaction

was stopped by adding an excess amount of Tris (1 lL
of 200 mM Tris-HCl, pH 8.0, per 125 lL of mixture).

After this step, samples were dried in a Speed-Vac

system (Savant, Farmingdale, NY) and analyzed by

Tris-Tricine SDS-PAGE, as described earlier. Similarly

to IFABP and D98D, the new variant D78D shows a

normal electrophoretic behavior under SDS denaturing

condition. It presents mobility slightly higher than

that of a 10-kDa molecular weight marker (result not

shown).

Light scattering

A sample of D78D was subjected to SEC on a Super-

dex-200 HR10/30 column (GE Healthcare Life Scien-

ces). Eluted peaks were monitored at 690 nm with a

light scattering detector (miniDAWN; Wyatt Technol-

ogy, Santa Barbara, CA) and at 280 nm with a UV de-

tector (Rainin Dynamax, NY). The molar mass of the

protein sample was determined with the Astra soft-

ware (Wyatt Technology).

Equilibrium unfolding studies
Conformational transitions were monitored as a func-

tion of denaturant concentration by measuring the

change in the intrinsic fluorescence intensity of pro-

teins. GdnHCl stock solutions were prepared on the

same day of the experiment. Individual samples rang-

ing in denaturant concentration from 0 to 3 M

GdnHCl were obtained by dilution of a fixed volume of

protein stock solution in mixtures of buffer A and 8M

GdnHCl. Spectra were measured after incubation for

at least 2 h to ensure that the equilibrium had been

reached. Fluorescence data were corrected for the

background signal of buffer and denaturant and

expressed in arbitrary units. Nonlinear least-squares

fits to the equilibrium data were achieved using an

equation representing a two-state model for protein

denaturation adapted from Santoro and Bolen.41 For

D78D, a minimal two-state model considering simulta-

neous dissociation and unfolding (D � 2U) was used

for the fitting. The following equation relates the equi-

librium constant for the overall process (K) with the

unfolded fraction (fU) and the total protein concentra-

tion assayed, expressed in terms of moles of protomer

units per liter (PT):

K ¼ 2fU
2PT=ð1� fUÞ (1)

In addition, one assumes that the relationship

DGo ¼ DGo
H2O

� m [GdnHCl] holds true for this

process.

Binding experiments

Oleic acid binding. The binding of this ligand was

monitored by measuring changes in the intensity of

the intrinsic fluorescence of D78D or IFABP. For this

assay, the concentration of each protein was 2 lM.

The ligand was repeatedly added to each protein dis-

solved in buffer A or to buffer A alone (blank). Incuba-

tion for 2 min at 25�C ensured complete equilibration.

Nonlinear regression fitting to the binding data was

achieved with an equation corresponding to a model

of two nonidentical, noninteracting sites, using the

Microsoft Excel solver tool.

ANS binding. In this assay, the binding was moni-

tored by changes in the probe emission. The ligand

was repeatedly added from a stock solution to each

protein dissolved in buffer A or to buffer A alone

(blank). Incubation for 3 min at 25�C ensured com-

plete equilibration. Initially, nonlinear regression fit-

ting to the binding data was achieved to a model con-

sidering a single class of binding sites using the

Microsoft Excel solver tool.

Competition experiments
Displacement of bound ANS (10 lM) to D78D or

IFABP by oleic acid was measured by the decrease of

fluorescence intensity with increasing oleic acid con-

centration. Protein concentration was 2 or 4 lM in 20

mM potassium phosphates buffer, pH 7.4, for IFABP

or D78D, respectively. The spectra were recorded after

equilibration for 3 min at 25�C. The apparent dissocia-

tion constant (Kdapp) was calculated by fitting the fol-

lowing equation to the data:
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DF ¼ DFo

1þ ½oleic acid�
Kdapp

h iþ DFres (2)

where DF represents the value of the observed fluores-

cence intensity subtracted from the contribution of the

probe at each concentration of oleic acid assayed; DF0

is the difference in fluorescence intensity measured in

the absence or in the presence of an excess amount of

oleic acid; and DFres is a term that accounts for the

remnant fluorescence at high oleic acid concentration.

All fluorescence data were normalized by dividing each

difference by DFmax (¼DF0 þ DFres).

Binding to trans-parinaric acid followed by CD

The D78D or IFABP were incubated with trans-pari-

naric acid at a protein:fatty acid ratio of 1:0.6, and the

CD spectra of the complexes were measured both in

the far-UV and near-UV regions.
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