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Biochemical characterization of the lipid-binding properties of
a broccoli cuticular wax-associated protein, WAX9D, and its

application
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In this study, we showed that WAX9D, a nonspecific lipid-transfer
protein found in broccoli, binds palmitate (C16) and stearate (C18)
with dissociation constants of 0.56 UM and 0.52 pM, respectively.
WAX9D was fused to thioredoxin protein by genetic manipu-
lation to enhance its solubility. The data revealed strong inter-
action of Trx-WAX9D with palmitate and stearate. The dis-
sociation constants of Trx-WAX9D for palmitate and stearate were
1.1 uM and 6.4 UM, respectively. The calculated number of bind-
ing sites for palmitate and stearate was 2.5 to 2.7, indicating that
Trx-WAX9D can bind three molecules of fatty acids. Additionally,
Trx-WAX9D was shown to inhibit the apoptotic effect of palmitate
in endothelial cells. Our data using Trx-WAX9D provide insight
into the broad spectrum of its biological applications with specific
palmitate binding. [BMB reports 2009; 42(6): 367-372]

INTRODUCTION

Nonspecific lipid-transfer proteins (nsLTPs) are present in a varie-
ty of plants, including maize, barley, rice, and broccoli (Brassica
oleracea). They are known to facilitate the intermembrane trans-
fer of various lipids (1). The lipid-transfer activity of nsLTPs has
been proposed to play an important role in the formation of a hy-
drophobic wax layer on the plant cell surface that provides a de-
fense against fungal and bacterial growth (2, 3). The three-dimen-
sional (3-D) structures of a variety of plant nsLTPs were de-
termined previously by X-ray crystallography and nuclear mag-
netic resonance spectroscopy (4-7). Comparison of these 3-D
structures has revealed two consensus sequences located in the
C-terminal hydrophobic cavity that contribute to lipid binding,
namely, T/S-X-X-D-R/K and P-Y-X-I-S (8). The tyrosine residue in
the lipid-binding cavity facilitates monitoring of lipid binding
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through its intrinsic fluorescence (9). Therefore, fluorescence
spectroscopy has been used to characterize the lipid-binding
properties of nsLTPs (10).

WAX9D (Gene ID: L33907), the major protein in the cu-
ticular wax of broccoli leaves, is localized to the outer surface of
the epidermis, as well as other tissues, including the mesophyll
and xylem (11). Composed of 118 residues, the amino acid se-
quence of WAX9D shows a high degree of homology with other
nsLTPs. Due to its highly homologous sequence, WAX9D has
been proposed to interact with a variety of fatty acids. However,
the lipid-binding activities of WAX9D remain unknown.

In the current study, we determined the in vitro fatty acid-
binding activity of the broccoli WAX9D by intrinsic fluo-
rescence spectroscopy. The data presented here also provide
insight into the in vivo functions of WAX9D and the diversity of
biological applications for the recombinant WAX9D protein.

RESULTS

Fatty acid binding of WAX9D

WAX9D was isolated from broccoli leaves by extraction with
an organic solvent [chloroform : methanol, 2 : 1 (v/v)]. Bands
corresponding to the WAX9D protein appeared homogeneous
in SDS-PAGE and native gel electrophoresis (Fig. 1), indicating
that the purity of extracted WAX9D was extremely high. The
molecular weight of WAX9D could not be estimated accu-
rately by these electrophoretic data due to band compression
of proteins smaller than 11 kDa.

Fatty acid binding experiments for broccoli WAX9D was per-
formed by assessing the intrinsic fluorescence of tyrosine. Based
on sequence alignment with other nsLTPs, broccoli WAX9D
may possess a tyrosine residue in the central pore (data not
shown) that most likely monitors the environmental change of
tyrosine in the central pore according to lipid binding. As
shown in Fig. 2A, when a small amount of palmitate (C16) was
added to broccoli WAX9D, the tyrosine fluorescence decreased
significantly. However, the additions of myristate and other sa-
turated fatty acids (C10 to C14) had no effect on tyrosine fluo-
rescence (Fig. 2B and C), indicating that short-length fatty acids
either do not bind broccoli WAX9D or that their binding may
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not be detected by tyrosine fluorescence. For palmitate and stea-
rate (C18) binding assays, saturation was reached at a li-
gand-to-protein ratio greater than 1. Therefore, for convenience
in data fitting, we used a simple multiple ligand-binding model,
called the all-or-none ligand-binding model, in which there are
only two WAX9D protein species, the free and ligand-saturated
forms. This data fitting procedure generated dissociation con-
stants (Kg) and the number of binding sites (n) of broccoli
WAX9D for palmitate and stearate. The Kq values for palmitate
and stearate were 0.56 + 0.09 uM and 0.52 + 0.03 UM,
respectively. The number of binding sites for palmitate and stea-
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Fig. 1. Native WAX9D is a major protein in the cuticular wax of broccoli.
WAX9D purified from broccoli leaves was resolved by SDS-PAGE. (A)
Duplicate samples were resolved by SDS-PAGE then stained with
Coomassie Brilliant Blue. (B) Duplicate samples were resolved by na-
tive gel electrophoresis then developed by using silver staining.
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rate were 1.48 + 0.32 and 1.74 + 0.15, respectively.

Solubility results for WAX9D

The limited amount of WAX9D was detected in water-based
extraction buffers when WAX9D was extracted from broccoli
leaves (data not shown). Thus, we estimated the solubility of
WAX9D based on its amino acid sequence using a software
program named PROSO (12). Comparison of solubility to oth-
er nsLTPs suggested that WAX9D is a water-insoluble protein
(data not shown).

To enhance the solubility of WAX9D, we constructed a thi-
oredoxin (Trx)-conjugated WAX9D protein and purified the re-
combinant His-tagged Trx-WAX9D protein from E. coli by NTA-
Ni** column chromatography. To obtain untagged WAX9D, Trx-
WAX9D-NTA-Ni** bead complexes were treated with a pro-
tease, thrombin, and the thrombin-cleaved protein was eluted.
Trx-untagged WAX9D was found predominantly in the insoluble
bead fraction, consistent with the finding that WAX9D is ex-
tremely water-insoluble (data not shown).

Lipid binding of the Trx-WAX9D protein

Because WAX9D is a water-insoluble protein, its character-
ization was performed using the soluble, Trx-conjugated form.
Structural analyses of other nsLTPs indicate the presence of ty-
rosine in the central pore, into which fatty acids can be
incorporated. Thus, we carried out tyrosine fluorescence spec-
troscopy to assess the lipid-binding properties of Trx-WAX9D.
The protein-intrinsic fluorescence spectra for Trx-WAX9D were
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Fig. 2. Fluorescence spectra and lipid-
binding properties of broccoli WAX9D
at various concentrations of fatty acids.
(A) Fluorescence spectra of broccoli
WAX9D at various concentrations of

Methanol
Dodecanoic acid
Decanoic acid

Myristic acid palmitate. (B) Fluorescence spectra at di-
Ralmitic. dcid verse myristate concentrations. (C) The F
Stearic acid

values for broccoli WAX9D were ob-
tained at various concentrations of fatty
acids with various chain lengths, C10
(0), C12 (1), C14 (), C16 (@), C18
(O), and methanol (x). Data are plotted
as a function of fatty acid concentration
and the data fits were obtained as de-
scribed in Materials and Methods.
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complex (data not shown); they appeared as a mixture of other
types of spectra (for two tryptophans and two tyrosines). To se-
lectively monitor alterations in fluorescence spectra for tyrosine
in the binding cavity, we plotted the average wavelength (<A>)
of each spectrum that might have been most affected by changes
in hydrophobicity near the tyrosine residue in the binding cavity.

Binding data for palmitic acid were fitted with two different
models (Fig. 3A). Scheme | was proposed according to the
structural basis for rice nsLTP (13). Rice nsLTP likely binds pal-
mitate in dual lipid-binding modes to one binding pocket.
Scheme Il represents a simple cooperative binding model ex-
pressing a modified Hill equation. Scheme Il fit our data better
than Scheme 1, implying that Trx-WAX9D interacts coopera-
tively with palmitate. Data from binding experiments with oth-
er fatty acids (C10 to C18) and cholesterol were fitted with the
equation derived from Scheme Il. As shown in Fig. 3B,
Trx-WAX9D bound both palmitate and stearate. The binding
data also determined that Trx-tagged proteins did not bind pal-
mitate, suggesting the binding specificity of Trx-WAX9D to
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Fig. 3. Binding profiles of Trx-WAX9D with various fatty acids. (A)
Average wavelengths (<A>) of Trx-WAX9D were obtained at vari-
ous palmitate concentrations, and then the data was fitted according
to two different models as described in Materials and Methods. The
dotted line represents the best fit obtained with Scheme | and the
solid line represents the best fit obtained with Scheme II. (B)
Average wavelengths of Trx-WAX9D for fatty acids with various
chain lengths, C10 (OJ), C12 (O), C14 (»), C16 (W), C18 (@), and
cholesterol (V) were obtained and plotted as a function of fatty
acid concentration. The <A> values of Trx-untagged WAX9D (<)
were also obtained as a control.
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palmitate. The Ky values for palmitate and stearate were 1.1 +
0.1 UM and 6.4 + 0.8 UM, respectively. The number of bind-
ing sites for palmitate and stearate were 2.7 + 0.2 and 2.5 +
0.5, respectively. Our binding site data indicate that one bind-
ing cavity of Trx-WAX9D accommodates binding of three mol-
ecules of palmitate or stearate.

We also studied the kinetics of palmitate binding to Trx-WAX9D.
The kinetic data were fitted to a single exponential equation
that revealed two possible scenarios (data not shown). One
possibility is that more than two palmitate molecules may be
associated simultaneously with a single binding cavity. It is al-
so possible that binding of the first palmitate molecule occurs
within 1.2 sec dead time of our time-resolved fluorescence or
that binding of the second or third molecules are not detectable.
The relaxation time (t;2) was approximately 0.75 + 0.08 min.
The binding rate was slower than that of other nsLTPs; the half-
times for lipid binding to maize nsLTP and wheat nsLTP are
approximately 2 to 8 sec (14).

Trx-WAX9D reversed the antiapoptotic effect of palmitate
Lipid-binding assays revealed the lipid-binding property of Trx-
WAX9D to be different from that of broccoli WAX9D. The dis-
sociation constants and number of lipid-binding sites for Trx-
WAX9D were higher than those for broccoli WAX9D. These
data indicate that Trx tagging may cause conformational changes
leading to alteration in the binding properties of WAX9D. One
notable change is the elevated palmitate-binding specificity of
Trx-WAX9D. The Ky value for palmitate changed little in Trx-
WAX9D, whereas that for stearate decreased 10-fold, indicat-
ing that Trx-WAX9D binds palmitate more specifically than
stearate. This specific binding property was not found in broc-
coli WAX9D (Fig. 2) and will be utilized in a broad area of bi-
ological applications.

As a biological application of Trx-WAX9D, we tested wheth-
er Trx-WA9D reversed the functional activities triggered by
palmitate. Data shown in Fig. 4 support previous documentation
that palmitate regulates vascular functions (15, 16). Our results
also suggest that, due to the elevated palmitate binding specific-
ity, Trx-WAX9D will be utilized more efficiently to inhibit pal-
mitate-induced vascular functions, including vascular cell apop-
tosis and cell signaling pathways (Fig. 4). Previously, it was
documented that p38 mitogen-activated protein kinase medi-
ates the palmitate-induced apoptosis in endothelial cells (15,
16), and this finding consistent with our data. In conclusion,
Trx-WAX9D reversed the palmitate-induced vascular activities.

DISCUSSION

WAX9D is found in the surface wax layer of broccoli leaves,
and its biological function has yet to be elucidated. Based on its
sequence homology to a diversity of nsLTPs, it has been pro-
posed that WAX9D binds and transfers lipids between mem-
branous vesicles. However, there is no evidence of shared
functional activities between WAX9D and other nsLTPs.
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Although our findings have established that WAX9D is a mono-
meric protein, consistent with the structure of other nsLTPs, we
also found that the solubility of WAX9D is extremely low, in-
consistent with that of other nsLTPs. A protein’s solubility is
partly responsible for its functionality in vivo. Water-insoluble
proteins may be selectively localized in hydrophobic sub-
cellular compartments, including the plasma membrane. Distinct
subcellular localization of a protein grants place-associated
functionality. The low solubility of WAX9D suggests a difference
in functionality in vivo compared with other nsLTPs.

One example showing that the lipid-binding property of broc-
coli WAX9D is distinct from that of other nsLTPs is the narrow
binding spectrum of fatty acids. WAX9D binds two fatty acids,
palmitate (C16) and stearate (C18), whereas other nsLTPs bind
various fatty acids with chain lengths ranging from C12 to C18
(10). On the contrary, the binding properties of broccoli WAX9D
for palmitate and stearate parallel those of other nsLTPs. Douliez
et al. reported that the dissociation constants for the two fatty
acids are approximately 0.5 UM and that the number of binding
sites ranges from 1.6 to 1.9 (10). These documented binding data
are highly consistent with our data (Fig. 2).

The low solubility of WAX9D makes it difficult to carry out
functional assays. Thus, we constructed Trx-WAX9D-conjugated
protein to increase its solubility. Lipid-binding data for Trx-
WAX9D indicate that the narrow binding spectrum of fatty
acids to Trx-WAX9D is consistent with that to broccoli WAX9D,
but that the binding affinities and the binding site number are
altered slightly. Both broccoli WAX9D and Trx-WAX9D se-
lectively binds two fatty acids, palmitate (C16) and stearate
(C18), whereas other nsLTPs bind various fatty acids with
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dependent experiments were performed.

chain lengths ranging from C12 to C18 (10). A distinct binding
property of Trx-WAX9D is the larger number of lipid-binding
sites (n = 3) compared to other nsLTPs, including broccoli
WAX9D (n < 2). Given that the number of binding sites repre-
sents the size of the lipid-binding cavity, the lipid-binding cav-
ity of Trx-WAX9D may be larger than that of other nsLTPs, in-
cluding broccoli WAX9D. For example, the hydrophobic cav-
ity of rice nsLTP2 is smaller than that of rice nsLTP1 (17). It still
remains unknown whether and to what degree the Trx domain
affects the lipid-binding properties of native WAX9D. However,
our fluorescence data revealed that the Trx-tagged protein had
little effect on monitoring the binding properties of WAX9D by
means of fluorescence spectra (data not shown). Still, we can-
not rule out structural interference of the Trx-tagged protein for
the WAX9D domain.

One notable feature of the Trx-WAX9D protein is its binding
specificity for palmitate. The binding affinity of Trx-WAX9D to
palmitate (K4 ~ 1.1 uM) was comparable to that of other nsLTPs
(10), whereas the binding affinity to stearate (K4 ~ 6.4 UM) was
greatly diminished. This specific binding property will be uti-
lized to assess palmitate-associated in vivo functions and in vi-
tro biochemical activities. For instance, an elevated amount of
free fatty acids, including palmitate, exists in patients with type
2 diabetes, inflammation, and cardiovascular disease (18-20).
In endothelial cells, palmitate plays an important role in apop-
totic and cell signaling pathways (14). Interestingly, our data in-
dicate that Trx-WAX9D reverses the apoptotic function and reg-
ulation of cell signaling pathways induced by palmitate. Thus,
our findings provide an insight into the diversity of biological
applications of the Trx-WAX9D protein.
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MATERIALS AND METHODS

Purification of Trx-tagged WAX9D

WAX9D cDNA was inserted into a thioredoxin (Trx) and histi-
dine (His) fusion vector (pET-32a). Then the fusion plasmid was
transformed to Escherichia coli BL21 (21). The transformed E.
coli strains were grown overnight in Luria-Bertani (LB) medium
containing 50 pg/mL ampicillin at 37°C. Harvested E. coli were
lysed as previously described (22). For apoptosis assays, lip-
opolysaccharide in the purified protein was removed as pre-
viously described (23).

The Trx-untagged WAX9D protein was prepared by throm-
bin digestion of the Trx-WAX9D-Ni**-affinity bead complexes
(24). Then the supernatant and bead fractions were resolved
by 15% SDS-PAGE and detected by either Coomassie Brilliant
Blue staining or western blotting with a polyclonal an-
ti-WAX9D antibody (11).

Purification of WAX9D from broccoli leaves

Broccoli (Brassica oleracea) leaves were obtained from Angel
Farm (Kongju, South Korea). Native WAX9D proteins were pu-
rified as previously described (11). Purified WAX9D was re-
solved by either 18% SDS-PAGE or native gel electrophoresis
(25), and resolved proteins were detected by silver staining ac-
cording to a previous report (26).

Fluorescence spectroscopy

Fluorescence spectra for WAX9D or its recombinant protein
were obtained by using a Shimadzu RF-5301PC spectro-
fluorometer (Kyoto, Japan). Protein samples were excited at 275
nm, and emission spectra were obtained in the range of 290 to
380 nm. For binding assays with broccoli WAX9D, 0.9 uM of
protein was placed in a cuvette, and a small volume of con-
centrated fatty acid solution was added to the cuvette in a step-
wise manner. The fluorescence intensity for a mixture was ob-
tained at 333 nm, and F was calculated according to Equation 1,

F = {(Fo — FJ/Fo} x 100 (1)

where Fo and F represent the fluorescence intensities of WAX9D,
free and at various concentration of fatty acids, respectively. A
nonlinear fitting procedure using the following equation
(Equation 2) for binding of protein (WAX9D) to fatty acids (L)
returns the dissociation constant (Kq) and the number of lip-
id-binding sites (n),

F = (Fnax X [LIV(Kg + [LI") ),

where Fay is the F value at fatty acid saturation. Data were fitted
using Origin software (Microcal, Northampton, MA, USA).

For binding assays with the Trx-WAX9D protein, 3 uM of pro-
tein was placed in a cuvette, and a small volume of con-
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centrated fatty acid solution was added to the cuvette in a step-
wise manner. The fluorescence spectrum for a mixture was ob-
tained, and the average wavelength (<A>) was calculated ac-
cording to Equation 3,

<A>=3FA/I2F 3),

where F; represents the fluorescence intensity at a specific
wavelength, Ai (27).

For nonlinear fits for binding of protein (Trx-WAX9D) to fatty
acids (L), two different binding schemes were constructed. Based
on a previous finding that nsLTP has two different binding modes
within a single lipid-binding site (13), we built the first scheme
(Scheme 1),

WAX9D - L % WAX9D % WAX9D - L' (Scheme I),

where dissociation constants of this scheme were described as Kg:
= [WAXID][L/[WAX9D - L], Kga = [WAX9D][LI/[WAX9D - L".
The bound protein fraction (Y) can be described using Equation 4.

Y = [bound protein]/[total protein] 4)

0 can also be expressed as (<A> — <Amin >W(<Amax> —
<Amin>), where <Amin> and <Amax> are representative for
lipid-bound and unbound Trx-WAX9D, respectively. From
Equations 3 and 4, an equation can be derived to describe the
average wavelength <A>.

<A> = {(Kar + Kao[LV/(Kar + Ka[L] + (KK}
(<;)4nax> - <ﬂmin>) + <;)4nin> (5)

Wheat and barley nsLTPs were previously revealed to have
multiple lipid-binding sites (10). Based on the lipid binding of
wheat nsLTP, we built another scheme (Scheme 1) describing
multiple bindings.

WAX9D + nLle’ WAX9D - L, (Scheme 1),

where the dissociation constant (K¢) equals [WAX9D][L]"/
[WAX9D - L] and Y represents [L]"/(Kqs + [L]"). Together, we
derived an equation (Equation 6),

<A> = {(Amin X Ka) + (Amax X [L}/(Ka + [LIY) (6),

where n is the number of lipid-binding sites. Data were fitted
using Origin software.

Induction of apoptosis
Apoptotic cells were identified via visual assessment of cell
morphology, namely cell rounding and shrinking. Bovine aort-
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ic endothelial cell (BAEC) apoptosis was induced via 200 uM
palmitate, and other procedures were performed as previously
described (28, 29). Morphological changes in nuclear chroma-
tin were detected by staining with the DNA-binding fluorescent
dye Hoechst 33258 (Sigma) as previously described (28).
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