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Abstract: Fatty acid binding proteins (FABP) have been characterized as facilitating the
intracellular solubilization and transport of long-chain fatty acyl carboxylates via noncovalent
interactions. More recent work has shown that the adipocyte FABP is also covalently modified

in vivo on Cys117 with 4-hydroxy-2-nonenal (4-HNE), a bioactive aldehyde linked to oxidative stress
and inflammation. To evaluate 4-HNE binding and modification, the crystal structures of adipocyte
FABP covalently and noncovalently bound to 4-HNE have been solved to 1.9 Aand 2.3 A
resolution, respectively. While the 4-HNE in the noncovalently modified protein is coordinated
similarly to a carboxylate of a fatty acid, the covalent form show a novel coordination through a
water molecule at the polar end of the lipid. Other defining features between the two structures
with 4-HNE and previously solved structures of the protein include a peptide flip between residues
Ala36 and Lys37 and the rotation of the side chain of Phe57 into its closed conformation.
Representing the first structure of an endogenous target protein covalently modified by 4-HNE,

these results define a new class of in vivo ligands for FABPs and extend their physiological

substrates to include bioactive aldehydes.
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Introduction

Obesity-linked insulin resistance and a variety of
metabolic comorbidities are associated with inflam-
mation and have been causally linked to an increase
in reactive oxygen species (ROS) such as superoxide
anion, hydrogen peroxide, and hydroxyl radicals.'™
Of the various deleterious effects of ROS, particu-
larly hydroxyl radicals, oxidation of polyunsaturated
fatty acids (PUFA) and phospholipids in membranes
followed by Hock cleavage generates a family of
lipid-derived reactive aldehydes with the most
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common being malondialdehyde and 4-hydroxy-2-
nonenal (also known as (2E,4R)-4-hydroxynon-2-enal
or 4-HNE).>7 4-HNE is an o,p-unsaturated 9 carbon
aldehyde that undergoes Michael addition reactions
with the side chains of cysteine, histidine and lysine
residues. As such residues are frequently used in
catalysis, alkylation reactions typically result in
enzyme inactivation followed by targeted degrada-
tion leading to overall net loss of function.®
Grimsrud et al. recently discovered in murine
adipose tissue that the adipocyte fatty acid binding
protein (AFABP also known as aP2) is the soluble
protein most highly modified by 4-HNE.® Approxi-
mately 6-8% of the AFABP in adipose tissue of obese
mice is covalently modified on Cys117 by 4-HNE and
results in decreased affinity of the protein for fatty
acids.® AFABP facilitates the diffusion of fatty acids
in the adipocyte and mediates transport of fatty
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acids derived from triacylglycerol breakdown.!®!2

Molecular disruption of AFABP in mice leads to
reduced lipolysis and mild obesity as well as the sur-
prising finding of an anti-diabetic and anti-atherogenic
phenotype.'2717 The latter result has spurred on the
development of a variety of AFABP targeted small mol-
ecule drugs that may be efficacious in unlinking obe-
sity from diabetes and atherogenesis.*®*?

Like other intracellular lipid-binding proteins,
the structures of AFABP in both its apo and several
different holo forms consist of a B-barrel formed by
10 antiparallel B-strands (referred to as A-J) defin-
ing an interior water filled binding cavity that
serves as the ligand-binding site.2°2% One end of the
B-barrel is closed by the packing of protein side
chains while the other end is partially restricted by
a helix-turn-helix motif that serves as the portal for
ligand entry/exit. The ligand-binding cavity contains
several structurally conserved water molecules that
are present in both apo- and holo-protein. The helix-
turn-helix motif of AFABP and other FABP isoforms
are important for fatty acid transfer from FABPs to
membranes?* and four surface-exposed charged resi-
dues in this motif represent a protein-protein inter-
action domain.?*?6

Physiological ligands for AFABP are long-chain
fatty acids and carboxylate derivatives that bind to
the protein noncovalently through acyl chain hydro-
phobic and entropic interactions and salt bridges
between the carboxylate and Argl26 and Tyr128.
AFABP binds avidly to a variety of long-chain fatty
acids (K4 =~ 5-50 nM) with the affinity declining sub-
stantially when the fatty acid is less than 12 car-
bons.2"28 The discovery that AFABP is modified by
4-HNE in vivo represents a major shift in our under-
standing of AFABP biology. Firstly, 4-HNE has only
9 carbons and is shorter than any ligands previously
believed to interact with the adipocyte fatty acid
binding protein in vivo. Secondly, 4-HNE does not
possess a carboxyl group but is an aldehyde. Thirdly,
AFABP and 4-HNE interact through a covalent link-
age. Taken together, the above observations suggest
that the cellular functions and specificity of AFABP
is much broader than previously anticipated and
provides new interpretation of the anti-diabetes
function of AFABP inhibitors. Herein we report the
crystal structure and analysis of AFABP with nonco-
valently bound 4-HNE and covalently modified with
4-HNE. To the best of our knowledge this is the first
conformation of an endogenously modified AFABP as
well as the first structure of 4-HNE covalently modi-
fying an endogenous target protein.

Results

Enrichment of 4-HNE modified AFABP
Bacterially derived apo mouse AFABP was modified
with 4-HNE for 30-70 minutes and the reactions
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Figure 1. Enrichment of covalently 4-HNE modified AFABP.
Shown are mass spectrometric analysis spectra of (A)
sample after modification of AFABP with 4-HNE, (B) flow
through fraction from the long-chain fatty acid affinity
column, (C) eluted fraction from the long-chain fatty acid
affinity column. Unmodified AFABP as well as AFABP
modified with 4-HNE is indicated with arrows. * indicates a
matrix adduct. Errors in the m/z values are within the mass
accuracy of the instrument used.

quenched by addition of B-mercaptoethanol. The
modified protein was applied to a long-chain acyl
carboxylate affinity column and eluted with 1M
NaCl.2? Protein in the bound and unbound fractions
was analyzed by mass spectrometry (Fig. 1) where
covalent 4-HNE modification was accompanied by a
~156 Da increase in the detected molecular mass of
the protein. The bound fraction contained approxi-
mately 90% 4-HNE modified protein while a sample
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Table I. X-ray Data Collection and Refinement Statistics

Covalent 4-HNE?® Noncovalent 4-HNE?

Data collection

Space group P2:2:2; C222;
Cell dimensions

a, b, c A) 50.3, 81.3, 92.7 77.6,93.2,49.1
Resolution (A) 20.0-1.9 (1.94-1.90)* 50.0-2.3 (2.34-2.30)*
Ryym (%) 6.8 (45.6)* 6.5 (33.2)*
I/sI 20.3 (3.2)* 16.6 (2.9)*
Completeness (%) 97.4 (100.0)* 93.7 (73.5)*
Redundancy 4.4 (4.4)* 3.6 (3.2)*
Refinement

Resolution (A) 19.86-1.9 19.97-2.30

No. reflections 33276 7381

Ryork / Reee (%) 19.7/22.8 21.4/26.3
No. atoms

Protein 2039 1022

Ligand/ion 22/5 11/21

Water 365 91
B-factors (A?)

Protein 23.8 32.7

Ligand/ion 31.0/16.3 64.7/68.3

Water 37.1 45.3
R.m.s. deviations

Bond lengths (A) 0.010 0.016

Bond angles (°) 1.323 1.160

2 Data were collected from one crystal.
* Values in parentheses are at resolution limit.

not subject to affinity chromatography represented a
70:30 mixture of modified and unmodified AFABP,
respectively. Crystals were obtained from protein
prepared without or with affinity enrichment and
represented two forms; one with partial occupancy,
noncovalently bound 4-HNE and one with covalently
bound 4-HNE, respectively.

Overall structure and 4-HNE binding

Crystal structures were analyzed for AFABP con-
taining noncovalently and covalently bound 4-HNE.
Statistics for the diffraction data and subsequent
model refinement are shown in Table I. The overall
folds for both forms are very similar to previously
solved structures of AFABP with fatty acid ligands,
but present unique conformational changes in a
number of regions (Fig. 2). The overall fold consists
of 10 anti-parallel B-strands arranged into a B-barrel
and two a—helices forming a lid to the ligand-bind-
ing cavity where 4-HNE is located. The ligand-bind-
ing cavity also contains ordered water molecules,
some of which are conserved with respect to the
family of known structures.

Dimerization

For the covalent 4-HNE structure there are two mol-
ecules in the asymmetric unit cell and they are
related by a local two fold symmetry axis. The root
mean square deviation (RMSD) between the Co
atoms in the A and B chain is 0.182 A. The total sol-
vent accessible surface areas for chain A and chain
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B are 7145 and 7294 Az, respectively, as calculated
using Surface Racer 5.0°C with a probe radius of
1.4 A. The total solvent accessible surface area for
the dimer in the asymmetric unit cell is 12905 A?
resulting in a large contact area between the two
monomers of 1535 A2. This suggests that the AFABP
with 4-HNE covalently attached could potentially
form a biological dimer since crystallographic con-
tact areas are usually small. Residues 44-73, corre-
sponding to B-strands C, D, and E, are located in the
likely dimerization interface. Three holo-AFABP
structures have been proposed to lead to dimeriza-
tion formation previously based on crystal pack-
ing.3%®2 These ligands are linoleic acid, troglitazone
and 1l-anilinonaphthalene-8-sulfonate (ANS). The
noncovalent form crystallizes with one molecule in
the asymmetric unit cell. This monomer has a total
accessible surface area of 6587 A2 However, a plau-
sible dimer can be found in the crystal packing that
closely resembles the dimer found in the covalent
form of the protein with a RMSD of the Ca atoms
in the covalent and noncovalent 4-HNE dimers of
0.507 A. The monomers in the noncovalent dimer
are related by a crystallographic two-fold symmetry
axis. The total solvent accessible surface area of this
dimer is 11611 A2 leading to that 1563 A? of the sur-
face area is lost in the dimer compared to two indi-
vidual monomers, a number very similar to the area
lost in the covalent form. Despite the prediction that
AFABP may form a dimer, size exclusion chromatog-
raphy revealed that apo-AFABP and HNE-modified

AFABP Modified with 4-HNE
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Figure 2. The structure of AFABP with covalently and noncovalently bound 4-HNE. The cartoons illustrate the overall
structure of AFABP (A) covalently or (B) noncovalently modified with 4-HNE. AFABP is displayed in cartoon representation
with the 4-HNE molecule located in the ligand-binding cavity represented in sticks. The position of the Ala36/Lys37 region
and Phe57 is indicated. Electron density surrounding the 4-HNE molecule and Cys117 of AFABP in the (C) covalent and

(D) noncovalent forms are compared. 4-HNE, Cys117, and the AFABP backbone around Cys117 are shown in stick
representation. The 2|Fo|-|Fc| maps are contoured at 1.0 c. The CB and Sy atoms of Cys117 are indicated in the figure. The
bond distance (BD) between C3 of the covalently bound 4-HNE and Sy of Cys117 is given. Carbons are colored grey or

black, oxygens red, nitrogens blue, and sulfurs yellow.

AFABP chromatograph as monomeric proteins and
not a dimeric assembly (results not shown). This
point is further evaluated in the Discussion.

4-HNE modification

Analysis of the covalently modified AFABP revealed
that the chemical modification from the o,p-unsatu-
rated aldehyde results in a covalent bond to the sul-
fur atom of side chain of Cys117. The result is a pro-
tein-thioether bond [Fig. 2(C)]. Consistent with the
mass spectrometry results (Fig. 1) the electron den-
sity for the ligand is as strong as the electron den-
sity for most of the residues in the protein suggest-
ing that essentially all of the protein was covalently
modified. In the structure, the sulfur atom of Cys117
is covalently attached to 4-HNE in an S-configura-
tion at carbon 3 (C3) leading to an R-configuration
at C4. To ensure that the chirality of C3 was eval-
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uated correctly, C3 was modeled in an R-configura-
tion and one additional round of refinement per-
formed. This generated more negative electron
density in the F,-F, omit map, especially in the A
chain, consistent with the conclusion that C3 adopts
an S-configuration. In contrast to the covalent
4-HNE structure, 4-HNE in the noncovalent form is
too far away from the side chain sulfur of Cys117 to
be covalently attached [Fig. 2(D)]. In addition, the
electron density of the ligand in this noncovalent
form is much weaker compared to the density for
side chains in the protein suggesting that substitu-
tion was not stoichiometric.

Ligand coordination

Since 4-HNE is attached covalently to Cys117 the
ligand does not reach as far into the binding cavity as
does a fatty acid. In the covalent 4-HNE structure the
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Figure 3. Coordination of the 4-HNE aldehyde function. The free aldehyde of covalently attached 4-HNE is located about 4.5
A away from Arg126 and Tyr128, and instead of being directly coordinated to these residues a water bridges the aldehyde to
Arg126 and Tyr128. Residues Arg106, Arg126 and Tyr128 are represented as sticks in grey and (A) covalent 4-HNE, (B)
noncovalent 4-HNE and (C) oleic acid (PDB ID 1LID) are shown in black. Oxygen and nitrogen functional groups are colored
in red and blue, respectively. Water molecules are depicted as grey spheres. Hydrogen bonds are indicated by dashed lines.
The water molecule on the left in the covalent 4-HNE structure is hydrogen bonding with Arg106.

ligand aldehyde is positioned to far away (4.69 A) to
allow direct interaction with Tyr128 that has been
identified previously to coordinate fatty acid carboxyl
groups together with Arg1262! [Fig. 3(A,C)]. The dis-
tance between the aldehyde of 4-HNE and Argl26 is
4.47 A, while the distance to the fatty acid oleic acid
(PDB ID 1LID) is 2.77 A. Instead, there is an addi-
tional water molecule in the covalent 4-HNE struc-
ture located 2.69 A from the aldehyde of the ligand
that is not present in the structure with oleic acid.
This water molecule forms hydrogen bonds with both
the free aldehyde and with Arg126 thereby bridging
the two [Fig. 3(A)].

In contrast to the covalent 4-HNE structure, the
noncovalent 4-HNE bound form reveals that the
ligand aldehyde extends as far into the ligand-bind-
ing cavity as does the carboxyl group of a fatty acid,
and the aldehyde aligns well with the carboxyl oxy-
gen of a fatty acid facing Argl26 and Tyr128. This
permits the aldehyde to interact directly with both
Arg126 and Tyr128 [Fig. 3(B)] without the need for
any bridging water molecules. In addition to Argl126
and Tyr128, Argl06 has also been implicated in the
coordination of oleic acid by indirectly interacting
with the fatty acid carboxylate via a water mole-
cule?! [Fig. 3(C)]. This water molecule is absent in
the noncovalent structure. In the covalent structure
it is present and forms a hydrogen bond to Argl06
but it is located approximately 5 A away from the
free aldehyde of 4-HNE preventing it from forming
an interaction.
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Table II. Residues Within 4.5 A From the Different
Ligands

Covalent Noncovalent Oleic
Residue 4-HNE 4-HNE acid
F16 (s.c) X X X
Y19 (s.c) X X X
M20 (s.c) X X X
V25 (s.c) X X X
T29 (s.c, m.c) X
V32 (s.c) X
A33 (s.c, m.c) X X
M40 (s.c) X
F57 (s.c) X X X
K58 (s.c) X
A75 (s.c, m.c) X
D76 (s.c) X X X
R78 (s.c) X X X
1104 (s.c) X X
V115 (s.c) X X X
C117 (s.c, m.c) X X X
R126 (s.c) X X X
Y128 (s.c) X X

Structures were analyzed with PyMol (DeLano Scientific).
s.c and m.c refer to side chain and main chain atoms,
respectively.

The hydrophobic contacts between AFABP and
the hydrocarbon chain of 4-HNE are similar in the
covalent and noncovalent structure and also exhibit
some similarity to those utilized for oleic acid bind-
ing (Table II). Since oleic acid is longer than 4-HNE
(18 C compared to 9 C), it protrudes farther from
the head group coordination site than does 4-HNE.

AFABP Modified with 4-HNE
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Figure 4. The peptide flip around Ala36 and Lys37. Residue Gly34 to Asn39 are shown in stick representation in (A) apo
AFABP (PDB ID 1LIB), (B) AFABP with linoleic acid (PDB ID 2Q9S), (C) AFABP with oleic acid, (D) AFABP with covalently
attached 4-HNE, and (E) noncovalent 4-HNE. The Ala36/Lys37 peptide bonds are indicated by arrows. Carbon atoms are
colored grey, oxygen atoms red, nitrogen atoms blue and sulfur atoms are colored yellow. (F) The portal region of AFABP and
the orientation of Phe57. The structures illustrated are AFABP with oleic acid shown in green, AFABP with covalent 4-HNE in
grey and noncovalent 4-HNE in black. The side chains of Thr56, Phe57, and Lys58 are shown in stick representation and

ligands in line representation.

Consistent with this, the acyl chain of 4-HNE is
positioned more than 4.5 A away from Thr29 (helix
2), Val32 (helix 2), M40 (B-strand B), K58 (loop
between BC-D) and A75 (loop between BE-F), while
the acyl chain oleic acid is within 4.5 A from these
residues. In contrast, the hydrocarbon chain of cova-
lently bound 4-HNE is in close proximity to E116,
while the hydrocarbon chains of oleic acid and the
noncovalent ligand are not. The covalent 4-HNE
bound form is also contacting Ile104 as is oleic acid
but the noncovalent 4-HNE is farther away from
this residue. In addition to Tyr128, the noncovalent
4-HNE (but not the covalently bound form) is within
4.5 A distance from Ala33. These results suggest in
sum that even though mostly similar contacts are
made between AFABP and the three ligands eval-
uated, ligand specific interactions do take place.

Peptide flip

In some previously solved crystal structures of apo-
and holo-AFABP a peptide flip can be observed cen-
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tering on the amide bond between Ala36 and
Lys37.2! This peptide flip is accompanied by a per-
turbation of the adjacent residues leading to altera-
tions in the orientation of both main chain and side
chain atoms. As shown in Figure 4, the covalent 4-
HNE and noncovalent 4-HNE structures reveal a
similar flip in the peptide bond relative to the apo-
AFABP structure and with the ligand linoleic acid.
The flip of the amide bond between Ala36 and Lys37
leads to a rotation of approximately 180° in the
backbone carbonyl group of Ala36; similar to that
found in the AFABP structure with oleic acid.?! In
the apo-AFABP structure the Ala36 carbonyl group
cannot hydrogen bond to any residue while in the
linoleic acid structure a water molecule is located
within hydrogen bonding distance. In both the cova-
lent and noncovalent 4-HNE structures, as well as
the structure with oleic acid, the carbonyl group of
Ala36 forms a hydrogen bond with a water molecule
(2.48, 2.81 and 2.61 A, respectively). Interestingly
this water molecule is also within hydrogen bonding
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distance of the guanidinium group of Argl26, the
residue that coordinates the carboxyl group of fatty
acids. This water molecule is present in the apo
structure and can form a hydrogen bond to the
nitrogen backbone atom of Ala36 although the dis-
tance is slightly increased (3.15 A) compared to
when Ala36 undergo the peptide flip.

The portal amino acid Phe57

An important and potentially regulatory feature in
previous crystal structures of AFABP with different
ligands concerns Phe57. Phe57 is positioned in a
loop region between B-strand C and D, facing the
helical domain, and its side chain can adopt two dis-
tinct conformations referred to as open or closed.?!
This residue has been proposed to act as a gating
function affecting access from the external environ-
ment to the ligand-binding cavity.? In the apo struc-
ture the side chain of Phe57 is oriented inwardly in
what is referred to as the closed position, but when
bound with some long-chain fatty acids, the o-termi-
nus of the bound lipid forces rotation of Phe57 out-
wardly in what is referred to as the open conforma-
tion.2! In both the covalent and noncovalent 4-HNE
structures, the side chain of Phe57 adopts the closed
form [Fig. 4(F)]. Since 4-HNE is only nine carbons
long, it does not protrude as far from the head group
coordination towards the portal region as does a
long-chain fatty acid allowing the rotation of Phe57
into the closed conformation.

Discussion

Herein we report the structure of AFABP with 4-HNE
bound in the ligand-binding cavity. 4-HNE is pro-
duced endogenously in the cell as a product of lipid ox-
idation and this is, to the best of our knowledge, the
first structure of AFABP covalently modified with an
endogenous ligand and the first structure of 4-HNE
covalently modifying an endogenous binding protein.
However, this is not the first report of FABPs binding
to ligands covalently. Previous studies have suggested
that the liver isoform of FABP can bind metabolites of
the genotoxic carcinogens 2-acetylaminofluorene and
aminoazo dyes in a covalent manner.>4?® Based on
MALDI-TOF and LC/MS-MS analysis, it was previ-
ously concluded that 4-HNE bound covalently to
Cys117 of AFABP® and our structural results herein
confirm that finding. All structures of AFABP, solved
to date are more or less superimposable and this was
also the case for the AFABP covalently or noncova-
lently modified with 4-HNE. The overall structures
consist of a B-barrel and a helix-turn-helix motif that
define an interior cavity that functions as the ligand-
binding site. There is an extensive hydrogen-bonding
network in the cavity involving both ordered water
molecules and amino acid residues and in both struc-
tures solved herein, 4-HNE is positioned in the large
ligand-binding cavity of AFABP with the free alde-
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hyde group oriented farthest away from the cavity
portal and the hydrocarbon tail oriented towards the
opening. The modification fills most of the cavity’s
empty volume and makes further uptake of fatty
acids unlikely. This is consistent with the previous
observation that the affinity for fatty acids is
decreased in the modified protein.’

The attachment of 4-HNE to Cysll7 occurs
through a Michael addition reaction whereby the
sulfur atom of Cysll7 acts as a nucleophile and
attacks C3 of 4-HNE, thereby leading to a covalent
interaction. (R)-4-HNE was used for the binding
reactions and as such, the chirality at C4 is not
affected by the modification. Upon reduction of the
carbon-carbon double bond between C2 and C3 of
4-HNE, a new chiral center is generated in the mod-
ification process at C3 that adopts an S configura-
tion. It has been demonstrated previously that 4-
HNE attached to an amino acid residue in a protein
can be stabilized by undergoing cyclization to form a
hemiacetal.” The electron density of the covalent
structure is ambiguous in this matter and does not
exclude this possible orientation. Since C3 adopts
the S configuration, the distance between the
hydroxyl group of 4-HNE and the carbonyl aldehyde
is 2.08 A. This distance would be increased if C3
were to adopt an R configuration thereby eliminat-
ing possible hemiacetal formation.

Fatty acid carboxylates in the ligand-binding
cavity of AFABP are coordinated through hydrogen
bonds with the guanidinium group of Argl26 and
the hydroxyl group of Tyr128.2! Structural analysis
of AFABP covalently modified with 4-HNE demon-
strates that due to the Cysll7 4-HNE thioether
bond, the aldehyde function is positioned too far
away from Argl26 and Tyr128 for direct interaction.
To compensate for this distance, an extra water mol-
ecule is located at a similar position as the fatty acid
carboxylate that bridges the free aldehyde oxygen to
the guanidinium group of Argl26 thereby allowing
an indirect interaction. In contrast, the noncovalent
4-HNE reaches farther into the ligand-binding cav-
ity and is located at a position equivalent to a car-
boxylate in a fatty acid. This permits direct interac-
tions between the free aldehyde oxygen and the side
chains of both Arg126 and Tyr128 in a similar man-
ner as a fatty acid carboxylate. In both structures,
the hydrocarbon chain of 4-HNE adopts an orienta-
tion similar to the hydrocarbon chain of oleic acid
and the close contacts between the ligands and the
protein are highly conserved. The 4-HNE chains are
straighter than oleic acid, resulting in C9 of the
covalent 4-HNE ending at the same position as C10
of oleic acid and C9 in the noncovalent structure co-
localizing with C11 of oleic acid. However, 4-HNE in
the covalent form, 4-HNE in the noncovalent form
and oleic acid all make a few unique interactions
with the protein, as summarized in Table II.
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Previously all studies on AFABP have shown it
to function as a monomer in solution. However,
recently fluorescence anisotropy and small angle
x-ray scattering have indicated that the protein in
its apo form can exist as a homodimer.?! The crystal
lattice packing of the apoprotein suggests that this
potential homodimerization occur through interac-
tions involving the helix-turn-helix motif. The same
crystal lattice packing was obtained for AFABP com-
plexed with several different ligands such as oleic
acid, palmitic acid and hexadecanoic acid. Gillilan
et al. observed a shift in crystal lattice packing
when certain ligands are used (troglitazone, linoleic
acid and 1,8-ANS) to a dimer form characterized by
monomers interacting through p-sheets instead of
the helix-turn-helix motifs.?! Based on crystal lattice
packing and calculation of contact interface AFABP
bound either covalently or noncovalently to 4-HNE
is predicted to adopt a B-sheet dimer form. However,
sedimentation equilibrium analysis indicates that
the apoprotein is a monomer and if any dimer exists,
the K4 for monomer—monomer interaction is quite
high, minimally millimolar (Hellberg, Xu, and Bern-
lohr, unpublished data). Moreover, size exclusion
chromatography supports a monomeric form of the
protein in both the apo form and 4-HNE modified
form. As stated previously, the affinity of AFABP for
fatty acids is decreased upon 4-HNE-modification
and it is therefore unlikely that modified AFABP
bind additional fatty acids.® It remains undeter-
mined if 4-HNE-modified AFABP facilitates hetero-
typic protein-protein association as does AFABP bound
with fatty acid, which interacts with the hormone
sensitive lipase (HSL)?® and Janus kinase 2 (JAK2)*®
and regulates cellular metabolism and signalling.

A major conclusion reached from analysis of a
variety of AFABP structures is that the side chain of
Phe57 can be rotated inwardly or outwardly to adopt
a closed or an open conformation, respectively, in
response to different ligands. This residue is located
in a loop region adjacent to the entrance of the
ligand-binding cavity and has been the subject of
considerable debate as to its function as a gate-
keeper for ligand entry/exit.?>?337 The side chain
shift from a closed orientation to an open orientation
is seen with some ligands and not with others. One
possible explanation is that the favored conformation
is the closed position and that steric hindrance from
a bound lipid forces Phe57 to rotate to the open con-
formation. Consistent with this, Phe57 is oriented
inwardly in the apo structure, with bound linoleic
acid and arachidonic acid, as well as in both the
noncovalent and the covalent 4-HNE structures.
Linoleic acid and arachidonic acid adopt a bent con-
formation when bound to AFABP and are accommo-
dated in the ligand-binding cavity without nearing
Phe57. As 4-HNE is only 9 carbons long it is also
deep inside the ligand-binding cavity enabling
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Pheb57 inward rotation. In contrast, bound oleic acid
and palmitic acid protrude out of the ligand-binding
cavity and consequently Phe57 is rotated into its
open form. In this model, Phe57 does not serve as a
molecular gatekeeper but the position of its side chain
is defined somewhat by the type of ligand bound.

AFABP has been implicated in the development
of insulin resistance since mice deficient of this pro-
tein exhibit improved insulin sensitivity along with
decreased inflammation.'®'"?® The previous work of
Grimsrud et al. and Bennaars-Eiden et al. have sug-
gested that a major function for FABPs is as antioxi-
dant proteins functioning to bind to and sequester
reactive aldehydes from other proteins.®®® In this
capacity, AFABP fatty acid binding activity would be
potentially diminished. Since AFABP is perhaps the
most abundant protein in adipocytes and as such,
loss of a small fraction due to 4-HNE modification
would not likely affect fatty acid trafficking signifi-
cantly. In contrast, loss of AFABP in the null mice
would eliminate a major antioxidant protein and
likely lead to increased covalent modification of sec-
ondary targets in adipocytes. Similarly, high affinity
small molecule pharmacologic agents that target
AFABP may have the identical effect, to inhibit the
anti-oxidant activity of the FABPs and in turn, lead
to covalent modification of secondary targets. If mod-
ification of such targets were anti-inflammatory,
metabolic improvement may be realized. While the
identification of such secondary targets remains
speculative, previous studies by Karin and co-
workers have reported that IxB kinase is covalently
inactivated by Michael addition adducts resulting in
diminished inflammatory signaling.*® Future studies
will be needed to assess this possibility.

Materials and Methods

Purification, 4-HNE modification and
crystallization of AFABP

Mouse AFABP was expressed in E. coli BL21(DE3)
pLysS cells and purified as described previously
with minor modifications.*! Briefly, native protein
was purified using a combination of acid and prota-
mine sulfate fractionation followed by delipidation
with hydroxyalkoxypropyl dextran resin and gel
filtration chromatography using Superdex G-75.
4-HNE modification of AFABP was conducted as pre-
viously described.® The extent of modification was
analyzed using a Bruker Biflex III matrix-assisted
laser desorption ionization (MALDI) with time of
flight (TOF). AFABP with 4-HNE noncovalently
bound was concentrated to 10 mg/mL and dialyzed
in 12.5 mM HEPES pH 7.5, 1 mM DTT. The sitting
drop vapor diffusion method with 1 pL protein solu-
tion and 1 pL well solution was utilized to obtain
crystals. The best crystal was found in conditions
containing 0.1 M HEPES, 1.6 M NaH,PO/K,;HPO,
pH 7.5. The crystals grew within 2 weeks in 18 °C.
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To optimize the purification seme, a long-chain
fatty acid affinity column?® was added in the purifi-
cation procedure followed by 4-HNE modification in
room temperature for 70 minutes. The sample was
dialyzed and loaded onto the long-chain fatty acid
affinity column to enrich for modified protein, which
was eluted with 1 M NaCl. Samples from the modifi-
cation process were analyzed with MALDI-TOF. The
eluted fraction, containing covalently modified pro-
tein, was concentrated, dialyzed and crystallized as
described for the noncovalently bound 4-HNE pro-
tein above. The best crystal of AFABP covalently
modified with 4-HNE grew in 1.9 M NaH,PO,/
KoHPO4 pH 7.5. Crystals were obtained after 4 days
in 18 °C.

X-ray data collection and processing

Crystals were frozen in the well solution supple-
mented with 20% glycerol as a cryoprotectant. Dif-
fraction data were collected at Argonne Advanced
Photon Source (APS) at beamline 23-ID-B for the
noncovalently modified AFABP and in house using a
Rigaku MicroMax 007HF generator with a Cu anode
and a Rigaku Raxis IV++ detector for the covalent
form of AFABP. Collected data were integrated and
scaled using the HKL2000 software.*? Table I shows
statistics from the data collection.

Structure determination and refinement

Molecular replacement was used to solve the struc-
tures of both noncovalent and covalently modified
AFABP. AFABP bound to palmitic acid (PDB ID
1LIE) with the ligand removed was used as a probe
for the noncovalent structure while a modified ver-
sion of the same structure was used for the cova-
lently modified structure. Refinement was performed
using Refmach in the CCP4 suite and manual model
building was done in Coot.*>*° Analysis and figure
preparation were performed using PyMol.*®

Coordinates

The coordinates and structure factors for the struc-
tures have been deposited in the Protein Data Bank.
The accession number for AFABP with noncova-
lently bound 4-HNE is 3JSQ, and for AFABP cova-
lently modified with 4-HNE 3JS1.
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