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ABSTRACT. We describe the crystal structure of human epidermal-type fatty acid binding protein (E-
FABP) that was recently found to be highly upregulated in human psoriatic keratinocytes. To characterize
E-FABP with respect to ligand-binding properties and tertiary structure, we cloned the respective cDNA,
overexpressed the protein Escherichia coliand purified it to homogeneity by a combination of ion-
exchange and size-exclusion chromatographic steps with a yield of 30 mg/L broth. The purified protein
revealed a 5-fold higher affinity for stearic acid than for oleic and arachidonic acids. The crystal structure
of recombinant human E-FABP was determined to 2.05 A and refined Rwas of 20.7%. The initial
residual electron density maps clearly showed the presence of a ligand, which was identified as endogenous
bacterial fatty acid. Within a central cavity of 252 Ahis ligand is bound in a U-shaped conformation,

its carboxyl group interacting with tyrosine 131 and arginines 129 and 109, the latter via an ordered
water molecule. The E-FABP crystal structure is unique in the FABP family because of the presence of
a disulfide bridge between cysteines 120 and 127 that may be physiologically as well as pathophysiologically
relevant. Cysteines 67 and 87 are also in close vicinity but in contrast do not form a disulfide bridge. We
postulate that this protein belongs to a particular FABP subfamily whose members share common structural
as well as functional features.

Long-chain fatty acids were traditionally regarded as (3). The ligand is noncovalently bound inside the internal
building blocks for membranes and as metabolic fuels, but central cavity and is almost inaccessible to the solvent.
in recent years they have been also recognized as molecules The human epidermal-type (E-) FABRvas originally
involved in cellular signaling affecting differentiation, requ- detected in and cloned from keratinocytes of patients
lation of growth, and gene expressiof).(Thus, at the  suffering from psoriasis, a hyperproliferative skin disease
transcriptional level nuclear receptors of the peroxisome characterized by abnormal differentiation and disordered lipid
proliferator-activated receptor type are activated by interac- metabolism 4). Expression levels are greatly enhanced in
tions with long-chain fatty acids and facilitate the expression this pathological situation and E-FABP, the product of the
of gene products involved in lipid metabolism and transport gene FABPS,was immuno-histochemically localized mainly
of fatty acids across the plasma membrane and through then differentiated keratinocyte$). Interestingly, the protein
aqueous compartment of the cel).(Taking part in these  turned out to be identical to a potent “melanogenic inhibitor”
intracellular events are the 345 kDa fatty acid binding  isolated from grafted human ski®)( which was shown to
proteins (FABPSs). Tertiary structures of this protein family inhibit not only tyrosinase activity in normal melanocytes
known up to date reveal a highly conserved folding motif, and in a melanoma cell line, but also to reduce cellular
i.e., ap-barrel forming the binding cavity and consisting of proliferation of these cells when added exogenously, while
two orthogonap-sheets with five antiparallgl-strands each  normal skin fibroblasts were unaffected).(
and ano-helix-turn-a-helix domain partly covering the cavity

1 Abbreviations: A-FABP, adipocyte-type fatty acid binding protein;
T This work was supported by a grant of the Deutsche Forschungs- B-FABP, brain-type fatty acid binding protein; E-FABP, epidermal-

gemeinschaft (Sp 135/10-1). type fatty acid binding protein; H-FABP, heart-type fatty acid binding
*The atomic coordinates for the human E-FABP crystal structure protein; I-FABP, intestinal-type fatty acid binding protein; ILBP, ileal

have been deposited with the Brookhaven Protein Data Bank (ID code lipid binding protein; M-FABP, myelin-type fatty acid binding pro-

1b56). tein also known as myelin protein 2; pl, isoelectric poBay, maxi-

* To whom correspondence should be addressed. Ph¢d®: 251 mal number of binding siteskp, dissociation constant; GC, gas
83—33100. E-mail: spener@uni-muenster.de. Fax49 251 83- chromatography; RMS, root-mean-square; VDW, van der Waals;
32132, MALDI-MS, matrix-assisted laser desorption/ionization mass-spec-

§ Westfdische Wilhelms-UniversitaMunster. trometry.

Institut fur Chemo- und Biosensorik. 2 According to the HUGO/GDB Nomenclature Committee, approved

Y Humboldt-Universitazu Berlin. gene symbols are on-line available via http://bioinfo.weizmann.ac.il/

# AFMB-UPR 9039 du CNRS. cards.

10.1021/bi990305u CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/03/1999



12230 Biochemistry, Vol. 38, No. 38, 1999

It is widely accepted that the ability to specifically bind a
particular ligand is determined by the three-dimensional
structure of a protein. The ability to identify the effect of a
particular ensemble of residues on binding affinity would

Hohoff et al.

j-D-thiogalactopyranoside (MBI Fermentas, St. Leon-Rot,
Germany). Rifampicin was added 45 min later to a final
concentration of 17%g/mL (9). The cells were harvested
after 16 h by centrifugation (50@0 15 min, 4 °C),

make possible, e.g., the rational design of future drug resuspended in a 3-fold volume of 10 mM Tris-HCI, pH 7.4,

compounds that will or will not bind with high specificity
to a particular FABP type, or even the design of FABPs

containing 20 units Benzonase (Merck, Darmstadt, Germany)
and disrupted by sonication (8 10 s, 20 W, 0°C). After

engineered for a given pharmaceutical ligand. No data on addition of 1.5% (w/v) streptomycin sulfate (final concentra-

the tertiary fold of E-FABP, one of the most recently

tion), a cleared lysate was obtained by centrifugation

discovered and probably most widely expressed members(2800@Q, 45 min, 4°C) and desalted on Sephadex G-25 (5

of the FABP family, was available. We were especially

x 20 cm, 5 mL/min), equilibrated in 10 mM Tris-HCI, pH

interested in the role of the six cysteines, a number unusually7.4. Pooled protein containing fractions, as monitored by the

high for members of the FABP family, for the three-
dimensional structure and in the fatty acid binding mode.

Bradford assay, were applied to a Q-Sepharose Big Beads
column (5x 20 cm, 5 mL/min) and eluted by a gradient of

To address these questions, human E-FABP was heterolo-Ll M NaCl in 10 mM Tris-HCI, pH 7.4. E-FABP-containing

gously expressed ikscherichia coli purified and crystal-
lized.

EXPERIMENTAL PROCEDURES
Materials All chemicals used were of analytical grade and

fractions, identified by SDSPAGE according to Laemmli
(10), were pooled, concentrated by ultrafiltration (Amicon,
Witten, Germany), and finally applied to a Superdex 75
column (1x 60 cm, 1 mL/min) equilibrated in phosphate-
buffered saline (PBS, 10 mM sodium phosphate and 154

from Sigma (Deisenhofen, Germany), unless otherwise mM NaCl, pH 7.4). Recombinant human E-FABP (1 mg/

stated. DNA restriction and modification enzymes were
purchased from Boehringer Mannheim, Mannheim, Ger-
many. For PCR, a Trio Block thermal cycler (Biometra,
Guttingen, Germany) anBfu DNA polymerase (Stratagene,

mL) was delipidated by incubation with Lipidex-1000
(Canberra Packard, Dreieich, Germany), suspended as 50%
(w/v) slurry in 20 mM Tris-HCI (pH 8.0), fo1 h at 37°C

with occasional mixing. The concentration of human E-

Heidelberg, Germany) were used. Oligonucleotides were FABP was determined spectrophotometrically based on the

purchased from MWG Biotech (Ebersberg, Germany). Mo-
lecular cloning procedures followed standard protoc8)s (

content of aromatic amino acids usiAgs(1%) = 9.7 (11).
Isolelectric focusing was done with the Pharmacia PhastGel

Sequencing of double-stranded plasmid DNA was carried system using precast PhastGel IEF gels (pl rang@)3and

out using a DIG Taq Sequencing Kit (Boehringer Mannheim)
and direct blotting onto nylon membrane with the GATC
1500 system (GATC, Konstanz, Germany) followed by

pl markers (broad pl kit, pH 3:59.3) according to the
manufacturer’s instructions.
Ligand-Binding StudiesThe Lipidex assay was performed

colorimetric detection. For all chromatographic steps, an according to the modification introduced by Xu et dl2),
FPLC system (Pharmacia, Freiburg, Germany) was used atBriefly, delipidated recombinant human E-FABP (@.5l)
room temperature with column materials from the same was at least in duplicate incubated with different concentra-

supplier.

Molecular Cloning of Human E-FABP and Expression in
E. coli. mRNA was isolated from human mammary gland
(divided into a skin and a subcutaneous fat fraction) with
the aid of the QuickPrep mRNA Purification Kit and
reversely transcribed employing the First-Strand cDNA
Synthesis Kit (both Pharmacia) and oligo-d(T) priming. The
coding region of the human E-FABP cDNA was amplified
with two primers derived from the nucleotide sequence for
the cDNA of the protein from psoriatic keratinocyte$).(
The upstream primer (ESCACCCACCATGGCCACA-3
contained amcd restriction site and the downstream primer
(5-GTGATGATGGATCCTTTATTCTA-3) a BanHl re-
striction site (underlined) for subsequent cloning into the

tions (up to 12uM) of 1-“C-fatty acids with a specific
activity of 53—55 Ci/mol (Amersham, Braunschweig, Ger-
many) in binding buffer (20 mM Tris-HCI, and 0.1 mM
Triton X-100, pH 8.0) at 37°C for 15 min. The assay
solution was chilled on ice and applied & 2 mL Lipidex
column at 4°C, and the fatty acid/FABP complex was eluted
with binding buffer, while fatty acids not bound to E-FABP
were eluted with 3 mL of methanol. The radioactivity of
both fractions was measured by liquid scintillation counting
(LKB 1219 Rackbeta, LKB, Freiburg, Germany) and pro-
vided the values for bound and unbound ligand, respectively.
After correction for a blank (i.e., buffer without protein),
the binding constant8mh.x and Kp were determined by
nonlinear regression (SigmaPlot, Jandel Scientific, Erkrath,

expression vector. PCR was performed with 35 cycles at Germany) fitting the following model to the data

melting, annealing and extension temperatures of 94 (1 min),

44 (1.5 min), and 72C (2 min), respectively, with a final
elongation at 72C for 10 min. The 431 bp PCR product
was cloned into the pCRII vector (Invitrogen, Leek, The
Netherlands) to give pCRIIhE-FABP which was subjected
to double stranded sequencing. Ted/BanHI fragment

of pCRIIhE-FABP was subcloned into the expression plas-

mid pET3d (Novagen, Madison, WI) to yield pEThE-FABP,
which was used to transforfa. coli BL21(DE3) Q). For
production of human E-FABP recombinagt coli were
grown in 2x TY medium @) until ODgqo reached 0.61.0
and induced with 0.4 mM (final concentration) isopropyl-

B=B,.F/(Kp+F)

whereF is unbound fatty acid concentration aBds bound
fatty acid concentration.

Typically, the blank was below 10% of the radioactivity
applied.

Thiol Titrations Purified human E-FABP was incubated
with a 20-fold molar excess of 3;8ithiobis(2-nitrobenzoate)
in 50 mM Tris-HCI, pH 8.0, containing 10% (w/v) sodium
dodecyl sulfate as denaturant. The thionitrobenzoate dianion
liberated was monitored with a Shimadzu UV-2100 spec-
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trophotometer, and the number of free cysteines was quanti-

fied using an absorption coefficient of 13 700-Mcm™* at
412 nm (3.

Analysis of Endogenous Ligand®ecombinant E-FABP
and theE. coli BL21(DE3) cells used as expression hosts
were extracted with chloroform/methanol (2:1, v:v) after
addition of G; margaric acid as internal standard. Fatty acids
extracted were esterified with trimethylsulfonium hydroxide
(Macherey-Nagel, Duen, Germany) in the injector of the
gas chromatograph at 25C. The resulting methyl esters
of fatty acids were analyzed with the aid of a Shimadzu GC-
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Table 1: Parameters for Resolution of the 3D Structure

native data set| native data set Il

Rmerge(%)a 98 70
resolution range (A) 2.8 2.05
no. of observations 27 096 72 226
no. of unique reflections collected 4204 10321
completeness (%) 99.5 99.7
I/o(1) at outer shell 11 12

8 Rmerge= Z|li — Iml|/Z Im, wherel; andl, are the observed intensity

and mean intensity of related reflections.

10A gas chromatograph equipped with a FS-FFAP column jdentity and 65% of the residues are similar to human

(25 m x 25 mm) (MachereyNagel). Helium served as

E-FABP. The translation function showed a very clear

carrier gas, while hydrogen and synthetic air (all gases from solution for theP4;2;,2 spacegroup option. Rigid refinement

Westfalen, Muster, Germany) were used for the flame-
ionization detector, which was maintained at 280 The
column temperature was held at 8C for 1 min, then
increased to 180C at 15°C/min, and further at 5C/min
on to 220°C, which was maintained for 20 min. Fatty acid
methyl esters were identified by comparison of their retention
times with those of known standards. Identification was
verified by applying gas chromatographgass spectrom-
etry.

Analysis of Primary StructureAfter dialysis against 10

of the molecular replacement solution model yielded a
correlation coefficient of 34% and a 50.7®Racor The
validity of the molecular replacement solution was confirmed
on the graphics screen by a good crystallographic packing
arrangement. All molecular graphics manipulations used the
crystallographic modeling program TURBQ§).

A high-resolution data set (set Il, Table 1) for refinement
was collected on the DW32 synchrotron beam line at LURE
(Paris). Ninety 1 oscillation images were collected at room
temperature using the MAR research detector(0.97 A).

mM ammonium acetate (pH 7.0) and lyophilization, N- pata reduction used the DENZO package and scaling was

terminal sequence analysis of recombinant human E-FABP 4one with SCALEPACK 19). A complete data set at 2.05
was carried out with a pulsed liquid sequenator (model 477A) R resolution was obtainedRferge = 7%). A summary of

equipped with a 120 A PTH analyzer (both from Applied
Biosystems, Weiterstadt, Germany).

The molecular mass of recombinant human E-FABP
dialyzed against 10 mM HEPES (pH 7.4), was measured b
matrix-assisted laser desorption/ionization mass-spectromet
(MALDI-MS), essentially as described earliei4). At least

three mass determinations were done with horse cytochrom

¢ (12 360.1 Da) and horsapo myoglobin (16 952.5 Da)
serving for mass calibration.

Crystallization and Structure Determinatiomhe protein
was kept for storage in PBS since a physiological ionic

strength was mandatory for maintenance of a folded protein.
NMR analyses of samples without salt have shown that the

protein was principally unfolded (data not shown). Crystals

were obtained by the vapor diffusion hanging drop method.

Initial conditions were obtained by the sparse matrix grid

screen (Hampton Research). One microliter of protein was

mixed with 1uL of well solution containig 2 M (NH,).-
SO, 0.2 M sodium/potassium-tartrate, and 0.1 M citrate
buffer, pH 5.6. Small crystals were obtained at room
temperature, which grew slowly over a few weeks to a final
size of 400x 400 x 200umq, The initial diffraction data of

the crystals were measured on a RIGAKU rotating anode,
equipped with a MAR research phospho-imaging detector

and the space group was determinedP4g2;,2 or P4,2,2 (a
=b=635A,c=76.7 A). A complete data set at 2.8 A
was collected at room temperature Byakcillations (native

these data collection can be found in Table 1.
The model was completed and refined using data between

' 6.0 and 2.05 A resolution by iterative cycles of model
y building and simulated annealing refinement using X-PLOR
YWersion 3.1 20). The progress of the refinement was

evaluated by theRq.e factor (calculated for 7% of the

Seflections never used in the refinement). After refinement

of the protein model to aRactor Of 24% (Riee = 29%), an
elongated and continuous stretch of residual well-defined
2F, — F. electron density was observed in the cavity of the
molecule, which is known to bind the fatty acid ligands in
the other members of the FABP family. Although no extra
fatty acids were included during the crystallization trials,
biochemical analysis of the purified recombinant protein
showed that it had a mixture of endogenous bacterial fatty
acids bound. No fatty acid analysis was carried out on the
crystals, but the shape and the length of the density clearly
indicated the presence of a;dCor Cig type fatty acid.
Therefore, palmitic acid was modeled into the electron
density and apparent water molecules were added. The
occupancy of the ligand was set to a constant value of 0.5
and Byeos refined to values comparable to those of the
surrounding side chains. The final refinement yielded an
Reactor = 20.7% Riee = 26.5%) and good stereochemistry
(Table 2).

RESULTS

data set I). Data statistics are gathered in Table 1. Further

data reduction used the CCP4 chain of crystallographic

programs 15).

Characterization of Recombinant Human E-FABhe
E-FABP cDNA cloned from both mammary gland fractions

The structure was solved by molecular replacement as(skin and subcutaneous adipose tissue) was found to be 100%

implemented in the AMORE packag#6) using data set |.
As a starting model we used thelo human heart-type (H-)
FABP structure 17) in which all the nonidentical residues

identical (data not shown) to the E-FABP cDNA from
psoriatic keratinocytes originally described by Madsen et al.
(4). It is noteworthy that despite the presence of six cysteines

were replaced by alanine. H-FABP has 48% strict sequencerecombinant human E-FABP was expressed as a soluble
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Table 2: Refinement Statistics _ N-Terminal seque_ncing_after automated Edman degrada-
rotal non-H atoms 1101 tion revealed the amino acid sequence Ala-Thr-Val-GIn-GIn-
ligand atoms 18 Leu-Asn-Gly-Arg-Trp. The molecular mass of human E-
water sites 51 FABP derived from collinear cDNA is 15 164 Da, without
data range (A) 6.62.05 the first methionine 15 033 Da. By MALDI-MS, the mo-
number of reflections used for refinement 9509 lecular mass was determined to 15 0275 Da, which is
S{Sﬁ%b gg:g very close to the value for E-FABP without the first
RMS deviations methionine. A small peak shoulder in the mass spectrum at

bonds (&) 0.01 15192 + 7 Da can be explained by the presence of
angles (deg) 1.79 unprocessed, formylated recombinant E-FABP (starting with

2R = X|Fobs — Feald/Z Fobs for the remaining 90% of the data  fMet-Ala-Thr-Val-GIn-GIn-Leu-Asn, molecular mass 15 193
included in the refinement.Riee = Z|Fobs — Fead/Z Fobs for 10% of Da). Since the N-terminus of this isoform is blocked, it would
data randomly selected and excluded from the refinement. remain undetected by Edman degradation as reported for

recombinant bovine heart-type FABR4].
protein inE. coli at 37°C in contrast to murine B-FABP, By application of Ellman’s assay, the number of cysteines
that contains five cysteines and was expressed as inclusiorof denatured recombinant human E-FABP was determined
bodies at this temperaturg2l). By inhibiting bacterial RNA to 3.6+ 0.2 (h = 3). This led us to assume one intramo-
polymerases with rifampicin during expression, the yield was lecular disulfide bridge in the recombinant protein since the
considerably increased (typically 30 mg/L broth). Most of cDNA encodes six cysteines.
the bacterial proteins were removed in the anion exchange Binding of Fatty AcidsGC analysis revealed that purified
chromatography step (Figure 1), where recombinant E-FABP recombinant human E-FABP was associated Vithcoli
eluted early in the salt gradient (at 120 mM NacCl). After long-chain fatty acids. Approximately 60% of E-FABP was
the final gel filtration, the protein was homogeneous as present akolo protein with palmitoleic acid as major ligand
judged from SDSPAGE (data not shown). Isoelectric (48.9 mol %).cis-Vaccenic acid (28.8 mol %), palmitic acid
focusing of recombinant human E-FABP under native (17.3 mol %), and a long-chain cyclopropylic fatty acid (5.8
conditions revealed two isoforms with pl values of 6.2 and mol %), which represents a new, naturally occurring ligand
6.4 (Figure 1, inset). The more basic isoform was at least for members of the FABP family resembling a cis-unsatur-

twice as intense as the acidic isoform. ated fatty acid, were other ligands identified (Table 3).
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Ficure 1: Anion-exchange chromatography on Q-Sepharose BB«(8&m, 5 mL/min) as most effective step in the course of purification
of recombinant human E-FABP (pooled fractions boxed). Buffet B1 NaCl in 10 mM Tris-HCI (pH 7.4). (Inset) Microheterogeneity of
recombinant human E-FABP (29). Native isoelectric focusing was performed with PhastGel IEF gels (pl ran@ &nd pl markers
(broad pl kit, pH 3.5-9.3, M).
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Table 3: Composition of Fatty Acids Extracted from Recombinant ~kamachandran regions. The vast majority of the residues has
Human E-FABP and from the Respectifze coli Expression Strain well-defined electron density. There are, however, two
problematic regions. First, only very weak and interrupted

mol % . . X . i

fatty acid  recombinant human E-FABP E. coli BL21(DE3) density was_observed 'for.the first three regldues (starting with
the N-terminal methionine). Interpretation of the weak

12:0 0 15 density did not lead to a consistent model, and therefore,
14:0 0 45 . . ) ; )
16:0 17.3 41.0 these N-terminal residues are not included in the final model.
17:0 0 1.1 The other less defined region is the loop between strands C
18§0b 0 0.9 and D, comprising residues 581. Introducing the confor-
12;; gg'g 12‘? mation of this loop as observed in the H-FABP structure,
cyclo-17 5.8 225 which was used for solving the molecular replacement, did
cyclo-19 0 7.5 not give a satisfactory result during refinement. This loop

aNo. of carbon atoms: number of double bontiBalmitoleic acid ~ Probably adopts two or more conformations in the crystal.
(cis-9-hexadecenoic acidjcis-Vaccenic acid ¢is-11-octadecenoic ~ Rebuilding of the loop and subsequent refinement with a
acid). 9 cis-9,10-Methylenehexadecanoic acfatis-9,10-Methyleneoc- 50% occupancy, however, did not yield sufficiently good
tadecanoic a<_:id_. Given are the means of three determinations with aoF, — Fe. maps to allow construction of other conformers.
standard deviation below 10%. - . . . . . .

This region in FABPs interacts with the aliphatic end of
bound fatty acids and is called the portal region because it
is believed that the fatty acid enters/exits the cavity at this
region @3). Multiple conformations of this loop may be
related to the partial occupancy of the bound fatty acid (see
further). This loop contains Val60, which is a phenylalanine
in most other FABP sequences (Figure 5B) and which is
thought to affect dynamics of lipid exchange with the exterior
(24). At this position, also the orthologs of human E-FABP,
detected in rat skin2b), lens @6), and nervous systen2?),
in mouse squamous cell carcinoma8y as well as in
adipocytes 29), and lens 80), retina, and testis3@) from
cattle, have a smaller but hydrophobic residue as can be seen

Resolution of the Structure and Quality of the Moded in Figure 5A. For a better visualization of the phylogenetic

could be expected from the sequence analogy with Otherrelationships, a radial rootless tree is shown in Figure 5C.
members of the FABP family, the 3D structure of E-FABP A remarkable difference between the amino acid sequence
is a typical member of the 10 strand@dclam structure ~ of human E-FABP, compared with the other paralogous
group. Its backbone structure is virtually identical to that FABPs, is the presence of six cysteines. Four of them are
from, e.g., H-FABP 47) or I-FABP (22). Root-mean-square  unique to the E-FABP (Cys43, Cys47, Cys67, and Cys87).
(RMS) deviations in @ positions (Figure 2) after superposi- Some FABPs have one or two cysteines homologous to the
tion of the structures are 0.62 A with H-FABP (115 residues) E-FABP Cys120 and/or Cys127 (but only M-FABP has both,
and 1.03 A with I-FABP (93 residues), reflecting the Figure 5B). The folding of the protein approaches two Cys
phylogenetic relationship (Figure 5C). couples close to each other in the 3D structure: Cys67/Cys87
The final model contains 1101 protein atoms, 16 ligand and Cys120/Cys127. This would in principle allow the for-
atoms, and 51 waters. The model has good stereochemistrynation of two Cys bridges. We therefore compared during
(Table 2), and 99.2% of the residues are in the allowed the initial stages of the refinement the results obtained with

Comparison of the fatty acid composition of the expression

strain and the recombinant human E-FABP reveals an

enrichment of palmitoleic acid (10-fold) ais-vaccenic acid

(2.5-fold), while palmitic acid (2.5-fold) andtis-9,10-

methylenehexadecanoic acid (4-fold) are reduced (Table 3).
On the basis of the Lipidex binding assay, saturated stearic

acid was the preferred ligan&g = 0.29+ 0.06 uM, Bmax

= 0.8+ 0.1) for delipidated recombinant human E-FABP,

while monounsaturated oleic acid and polyunsaturated

arachidonic acid were bound with lower affinitidéy(= 1.6

+ 0.2uM, Bmax= 0.54+ 0.11 andKp = 1.73+ 0.25uM,

Bmax = 0.53+ 0.15, respectively).

Ficure 2: Stereodiagram of thedCsuperposition of the E-FABP (thick line) and the H-FABP (thin line) 3D structures. The H-FABP
structure 47) was used as initial model for solving the molecular replacement.
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Ficure 3: Stereoview of the final B, — F¢ residual electron density map, contoured at thedelel, around two couples of cysteines:
Cys67/Cys87 (A) and Cys120/Cys127 (B).

two different models: one with and one without imposing between Cys67 and Cys87 in the next refinement round. This
the two disulfide bridges. The molecular replacement model resulted in an improveR.. factor, rubbing out the negative
only contained Ala side chains at the Cys positions, and afterand positive residual electron density features around these
the first refinement cycle, the Cys side chains could be two cysteines (Figure 3). The remaining two cysteines (Cys43
unambiguously placed into theé=2 — F. electron density. and Cys 47) are too far removed in the 3D structure from
Further refinement showed a negative peak at ihée8el any other cysteine partner to be engaged in a disulfide bridge.
between the sulfur atoms of Cys67 and Cys87 in the-2 Cys43 contacts the acidic headgroup of the bound ligand
F. electron density when the two disulfides were imposed. via a water molecule. We can therefore conclude on crystal-
The density map around the Cys120/Cys127 disulfide bridge lographic grounds that the E-FABP contains one disulfide
did not show any negative nor positive residual electron bridge between Cys120 and Cys127, which is in agreement
density features and seemed to envelop perfectly the imposedvith biochemical results showing the presence of a single
disulfide bridge. We therefore removed the disulfide bond disulfide bridge.
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| FA 136

Ficure 4: Detailed stereoview of fatty acid binding. The bound fatty acid is in thick and the contacting residues are in thin linds, The 2
— F¢ electron density is equally represented at thdelvel.

It is not clear why Cys67 and Cys87 do not form a chains inside the barrel and those for some internal well-
disulfide bond, although nothing apparent prevents them from fixed water molecules. Refinement with a fixed 50%
doing so. This disulfide would bridge strands D and F. One occupancy of the ligand yieldd®},..,s comparable with those
of the main characteristics of the disulfide bridge is the of surrounding protein side chains and waters. The shape of
dihedral angle around the-S bond §3). The tentative model  the electron density did not allow determination of the
of a Cys67-Cys87 disulfide bridge (which resulted in strong presence of double bonds in the bound ligand. Saturated and
negative and positive peaks in the residual electron densityunsaturated fatty acids bind for instance in a very similar
maps) yielded a value foys = 137, which did not way in the case of the I-FABP. We modeled a saturated fatty
correspond to the frequently observed lgff £ —90°)- or acid into the density to allow for more conformational
right (ys = 90°)-handed spiral structur82, 33. The majority freedom, but an unsaturated fatty acid could be introduced
of nonlocal disulfides adopts the left-handed spiral structure. without any problem. GC analyses revealed that fatty acids
The distance betweenoCatoms is 7.3 A, which is between  with a G acyl chain (hexadecanoicis-9-hexadecenoic and
the observed range for disulfides (4.8.4 A). The value cis-9,10-methylenehexadecanoic acids, respectively) repre-
for the y3 angle in the modeled FABP bridge is rare but not sent nearly two-thirds of the fatty acids associated with
exceptional since it is for instance observed in the immu- recombinant human E-FABP (Table 3). After refinement
noglobulin family. They, distribution of disulfides is very =~ some elongated residual density emanating from the lipid
broad and therefore not very discriminative. The remaining chain C5 carbon stretched out to the Tyr13H @roup.
torsion angles of the imposed disulfide bridge € 106°, Maybe this indicates some alternative binding mode with
x2 = —176, yo = 1422, y1 = 22°) are also rather remote  low occupancy. The program VOIDOCBY) was used to
from what is usually observed. The Cys120/Cys127 bridge delineate the cavity and assess its volume to 252ahich
has the following torsion angles;; = 58°, y» = —51°, y3 is very close to the value for H-FABP (26034

= 130, y> = 112, 1 = 80° and a @—Ca distance of 4.7 As can be observed from Figure 4, the interactions of
A. These values are closer to but still different from the right- E-FABP with the bound fatty acid are very similar to those
handed spiral configuration. observed for other FABP complexe8).( The carboxylic

Sequence similarity with other members of the FABP headgroup forms salt bridges with Arg109 and Arg129 and
family suggested that E-FABP could bind lipophilic mol- a direct hydrogen bond with Tyrl31 OH. The first part of
ecules with an acidic headgroup as well, which was the aliphatic chain is in van der Waals (VDW) contact with
experimentally verified¥4). Before refinement of the protein  a number of strongly bound water molecules, while from
structure, the initial electron density maps already indicated C9 on more hydrophobic VDW contacts are prevailing
that there was a ligand bound inside the barrel. A strong (Met23, Met35, and Gly36).
and elongatedf2, — F. electron density could accommodate
one fatty acid with a chain length of;€or Cis. A palmitic DISCUSSION
acid was fitted into the density. Including the ligand during  The overall X-ray structure of human E-FABP depicted
the refinement improved thByee factor. TheBiacios Of the in Figure 6 is very similar to M-FABP [also known as myelin
ligand (full occupancy) refined to a global value of about P2 36)], A-FABP (37), or H-FABP 38). For instance, the
42 A2 This value is higher than those for most of the side RMS deviation between & positions for 115 residues
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A . .

identity

100 %

91 %

81 %

80 %
human :
bovine :
rat H
murine :

B * 20 * 40 * 60 identity
E-FABP : 100 %
M-FABP : 54 %
A-FABP : 51 %
H-FABP : 48 %
B-FABP : 43 %
I-FABP : ‘T 24 %
L-FABP : ----Mslfs QE E AT PEEL T QKGKDIRGV S HFKFTIT- AGSNV:@N 19 %
ILBP  : ----- EVER YR e S S DV T ERRNFIR TV TE QDEﬁWSQHYEGGHTMTN 20 %

* 120 *
E-FABP : |8 T ADCRE 2 EWDR IFSTIHPI TR LVVIIC BCTRIYERWVIS
M-FABP : GOR NR]' I 9) p — S FTTIHT*LVN!] AN IMINC VUV CTRIYRRK
A-FABP : |REeOENEE lRthSuITLﬂL LRIV ~—uL§TTD'r§!EDu1L EgVIY \VﬁEthYLR‘—
H-FABP : RELETIL bLLIDﬂlLIL ﬂun C ; Eﬂ

B-FABP : =EF 2 I OKWDR S FE T

I-FABP : MYNLETEEGTWMGKFKL;TEN!NELNTG!E'EQ!YVYENEAKEKED-

L-FABP : CEL -—uT ---NIKS§T|
ILBP SET Amgu —————— ors EVS TY s

human |-FABP
C
human L-FABP
human H-FABP
human B-FABP
human A-FABP human ILBP

human E-FABP

human M-FABP bovine E-FABP

murine E-FABP rat E-FABP

Ficure 5: Amino acid alignment of E-FABP orthologs (A) and paralogs (B). Sequences were aligned using CLUSTAL W (implemented

in the HUSAR 5.0 package, DKFZ Heidelberg, Germany) and displayed with GeneDoc 2.4.000 [Nicholas, K. B., and Nicholas, H. B., Jr.
(1997). Distributed by the authors via http://www.cris.cerkétchup/genedoc.shtml]. Identical amino acids are shaded black and similar
amino acids gray. Subfamilies are separated by a gap. (C) Radial rootless phylogenetic tree of mammalian E-FABP orthologs and paralogs.
Subfamily of the cellular retinoid binding proteins4) has been omitted for clarity. Phylogenetic order was calculated with CLUSTAL W

and visualized by TreeViewbg). Branch length represents evolutionary distance between proteins with the scale bar representing a substitution
of 10 amino acids. GenBank accession numbers are (human E-FABP) M94856, (bovine E-FABP) U55188, (murine E-FABP) X70100, (rat
E-FABP) S69874, (human M-FABP) X62167, (human A-FABP) J02874, (human B-FABP) 015540, (human H-FABP) X56549, (human
I-FABP) P12104, (human L-FABP) P07148, (human ILBP) P51161. For a comprehensive phylogenetic tree of FABPs from all phyla see
(56).
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Ficure 6: Overall ribbon representation of the E-FABP tertiary structure. Bound ligand and the six cysteine residues are represented as
stick models (Cys43 is partially hidden behind strands B and C). Figure was generated using SwissPDBViewer 3.1 and PovRay 3.1. The
p-strands forming the barrel are consecutively labeled A to J, the helicaad all.

between E-FABP and H-FABP is 0.62 A, and this is in good for the oxidation of cysteines. Formation of the disulfide
agreement with the 0.7 A RMS deviation found for the bridge in E-FABP thus may have occurred during the puri-
backbone atoms of the A-FABP and H-FABP high-resolution fication procedure under atmospheric oxygen. In recombinant
X-ray structures39). The general structural aspects of fatty murine E-FABP (originally termed “keratinocyte lipid-
acid binding proteins have been amply discussed andbinding protein" or MAL-1), all six cysteines were detected
reviewed 8, 40. For this discussion we will therefore focus (34). It is not clear by comparing the purification protocol
on unique aspects of the structure presented here. for recombinant murine E-FABP with that for our recom-
A remarkable feature of E-FABP is the presence of one binant human E-FABP why there should be any difference
cystine bridge between Cys120 and Cys127. Such a post-n the oxidation state of the cysteines. Oleic and arachidonic
translational modification has not been reported for any other acid binding protected one to two cysteines in recombinant
fatty acid binding protein. Only few other FABP sequences murine E-FABP against modification. Cys120/Cys127 is
have cysteine at the equivalent positions. Cys127 seemsclose to the bound ligand in the E-FABP structure at the
better conserved than Cys120. M-FABP, purified from opposite site of the so-called portal region, but it does not
bovine caudal spinal root myelin, contains two cysteines at seem to interact directly with the bound ligand, nor to impose
analogous positions (117 and 124), and biochemical resultsany particular conformation that would influence ligand
suggested that they form a disulfide bridge)( while the interactions of neighboring residues. The influence of this
crystallographic structure determination, however, did not disulfide bridge on the lipid-binding capacities could be
confirm this observation. In the final model, thé @®sitions tested by site directed mutagenesis.
are separated by 4.5 /8¢). Comparison of the M-FABP Structure refinement was carried out using a palmitic acid
and E-FABP structures shows that the main-chain region model, which seemed the best fitting ligand for the observed
comprising these two cysteines are superposable and thaelectron density since the resolution of the diffraction data
there are no obvious structural reasons for the different does not allow unambiguous identification of the nature of
oxidation state of these two cysteines in these two proteins.the ligand bound inside the central cavity. The shape and
Cys bridges are not usually present in intracellular, but the volume of the residual electron density is clearly in favor
instead in extracellular proteins. On one hand, E-FABP has of a G5 or Cig-type fatty acid, which is in accordance with
been detected as a protein partially externalized by kerati-the GC data. There remains uncertainty, however, about (i)
nocytes 4). The observed function of E-FABP as “melano- the homogeneity of the bound ligand (the presence of a
genic inhibitor—if physiological at al-would require a mixture of various analogous ligands in the crystal is
release of E-FABP from keratinocytes and an uptake by possible), (ii) the occupancy of the ligand(s), and (iii)) the
melanocytes. It has been reported that keratinocytes produce@resence of double bonds in the acyl chain. Since no extra
polypeptides that regulate the phenotype of melanocytes,ligand was added in the crystallization liquid, the bound
which donate melanin pigments to neighboring keratinocytes ligand was picked up fronk. coli either during cytosolic
(42). Such a physiological disulfide bridge may help stabiliz- expression or during the cell disruption. We did not perform
ing E-FABP in such an extracellular trafficking. For bovine fatty acid analysis of the protein crystals and it therefore
E-FABP (originally termed “lens protein 2" or IP2), the cannot be excluded that the ligand distribution (if any) in
formation of a disulfide bond under appropriate pathophysi- the crystals is different from that in solution.
ological conditions (e.g., during oxidative stress leading to  The physiological ligand(s) of E-FABP are unknown.
lens cataract formation) was suggest&@)(On the other Binding experiments with recombinant murine E-FABP
hand, there are some recent reports on the existence 0{80% identical and 93% similar to human E-FABP on the
disulfide bonds in cytosolic proteins, e.g., in two members level of primary structure) revealed highest affinity for long-
of the S100 multigene family of calcium-binding proteins chain fatty acids. The affinity slightly decreased with in-
(43, 44. creasing number of double bonds and decreasing chain length
The E-FABP used in the present study was overexpressed34). Recombinant bovine E-FABRBY) had highest affinity
in E. coli, whose cytoplasm is not a favorable environment for palmitic acid, while the affinity for & fatty acids de-
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creased with increasing the number of double bonds (stearicside chains of the barrel interior: Phel9, Met23, Leu32,
acid was not analyzed). It is interesting to note tHite Met35, Gly36, and Val118 make one or more van der Waals
the recombinant proteifthe authentic human E-FABP, iso- contacts. This type of contact is equally observed in the
lated from human psoriatic keratinocytes, showed highest complexes of M-FABP, H-FABP, and A-FABP (the majority
affinity for the saturated ¢g stearic acid, while increasing of the contacting residues are strictly conserved). As the
chain length and degree of unsaturation reduced binding af-thorough thermodynamic study by Richieri et al. on fatty
finity (5). It is of vital interest for a cell to have a carrier acid binding to A-FABP and I-FABP mutants have shown,
available for such an important fatty acid that is virtually the importance of these individual interactions is very
insoluble in an aqueous environme#b). This ligand speci- difficult to predict from inspection of the structure alorfi,
ficity may be one reason for the widespread expression of Considering the close resemblance between A-FABP and
E-FABP, for which EST%are reported for adipose tissue, E-FABP, we may presume that the effect of substitutions in
aorta, brain, mammary gland, esophagus, eye, germ cell,E-FABP will follow the trend observed in A-FABP. Apart
heart, kidney, larynx, lung, placenta, prostate, testis, thyroid, from ligand, eight water molecules were identified inside
tonsil, and uterus. the cavity, some with thermal factors comparable to those
During the preparation of this manuscript, a paper describ- of the surrounding protein. Most of these water molecules
ing the heterologous expression and purification of human fill the pocket of the ligand-binding site, surrounded by the
E-FABP (fused to an N-terminal hexa-histidine tag) has bent fatty acid. A few of the water molecules are also situated
appeared46). In a dialysis binding assay, this His-tagged at VDW distances of acyl carbons (C5, C7, and C8). These
protein showed multiple binding of fatty acids, especially water molecules are all bound to hydrophilic side chains of
of medium chain length. Myristic acid was the longest fatty the protein or to other water molecules. They are found in
acid assayed with &p of 2.3 uM while the other shorter  the same position in other FABP structures, where they are
ligands were bound up to 50 times worse. There was noinvolved in similar interactions with their respective protein/
evidence for more than one fatty acid bound in our crystal ligand environments. The tail of the fatty acid is lying against
structure. A direct comparison of the binding parameters is the turn between strands C and D, which probably adopts
difficult due to different techniques used for the ligand two conformations in the crystal. This region (together with
binding studies (including different pH and ionic strength). the all-helix, Figure 6) is called the portal region, and a
The binding mode of the ligand in the E-FABP structure conformational flexibility was postulated for this part of the
is identical to that observed in M-FABP, H-FABP, and protein to explain entering of the fatty acid into the cavity.
A-FABP complexed to fatty acidsly, 24, 36, 4). The Interestingly, instead of a highly conserved phenylalanine,
bound ligand in E-FABP, which we interpreted as palmitic human and ruminant E-FABP contain Leu60 while rodent
acid, adopts a U-shaped conformation as observed in proteinE-FABP contains Val60 (Figure 5A). This residue is
fatty acid complexes of these three FABPs (Figures 2 andinwardly oriented inapo-A-FABP but outwardly oriented
6). The bend in the E-FABP bound fatty acid is induced by in holo-A-FABP. Mutations of this portal Phe57 (A-FABP
gauche conformations between C6/C7 and C11/C12. Thenumbering) revealed its importance for the formation of the
shape, volume, and physicochemical aspects of the lipid-fatty acic—FABP complex, but did not influence binding
binding cavity of these FABPs are very well conserved and selectivity @9). Substitution of Phe57 in A-FABP for alanine
therefore result in almost identical fatty acid binding. The results in a 3-fold loss of fatty acid binding affinit@).
binding mode is clearly distinct from that observed in  To conclude, the crystal structure very clearly indicates
I-FABP, where the fatty acid adopts a more elongated that E-FABP belongs to the FABP protein structure family.
conformation and occupies a different location. It is also The heterologously expressed functional protein contains one
clearly different from the binding modes observed for the disulfide bridge (for a total of six cysteines), which is unique
two fatty acids which are bound to L-FABR§). One for an FABP. The eventual importance of this bridge for
carboxyl oxygen of the fatty acid forms hydrogen bonds with function cannot be deduced from the crystal structure alone.
the OH group of Tyr131 and with thedjroup from Arg129, The recombinant protein clearly has a fatty acid type ligand
two residues which are absolutely conserved in the FABP bound, whose length is betweens@nd Gs. This ligand
family. These residues bind identically to the fatty acid in has a binding mode identical to those observed in A-FABP,
the complexes of M-FABP, H-FABP, and A-FABP. The B-FABP/H-FABP, and M-FABP that all are members of a
second carboxyl oxygen is bound to a water molecule, which subfamily sharing several common features from a structural
also forms a second hydrogen bond wita & Arg109. The as well a functional point of view: in these phylogenetically
association of this carboxyl oxygen is slightly different in closely related proteins the fatty acid molecule bound adopts
H-FABP and A-FABP, where it is bound to a second water a U-shaped conformation and the carboxyl group was
molecule, not observed in the E-FABP structure. From calculated to be protonated for A-FABP and H-FABP which
molecular dynamics calculations, a protonated fatty acid might also be the case for the other members of this FABP
headgroup has been proposed for the closely related A-FABPsubfamily addressed above. In addition, near the N-terminus
and H-FABP, in contrast to the evolutionary more distant a tyrosine resides within a recognition sequence for phos-
I-FABP, for which a charged carboxylate was calcula&g).( phorylation by a tyrosine kinase. The phosphorylation of
Site-directed mutagenesis of Arg129 or Arg109 in A-FABP A-FABP and H-FABP is well-documented and the putative
results in considerable loss of affinitp@. The aliphatic meaning for signal transduction events has been discussed
chain of the fatty acid interacts mainly with hydrophobic (51, 5. Evidence for a phosphorylation of Tyr22 in E-FABP

3See UniGene database, on-line available via the following site:  4G. Balendra, G. Scapin, F. Schgen, F. Spener, and J. C.
http://www.ncbi.nlm.nih.gov/UniGene/. Sacchettini, manuscript in preparation.
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has

also been suggested@0). The participation of the

members of this particular FABP subfamily in growth

inhibition and/or tumor suppression has been recognized on

numerous accounts and has recently been revied@d (
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