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Biological systems utilize a series of elementary interactions to
carry out an incredible array of cellular and physiological processes.
Duringproteinsynthesis, forexample,protein-DNA,protein-protein,
and protein-RNA complexes are all necessary to produce a
polypeptide.1 In addition to these biopolymer systems, small
molecules also play a vital role in biology through protein-metabolite
interactions (PMIs).2 The development of methods that identify
connections betweens proteins and metabolites will complement
current functional proteomic approaches. Here, we outline a process
for assigning PMIs that relies on global metabolite profiling3 to
characterize protein-bound metabolites.

In the initial step of the workflow, a protein is immobilized onto
a solid support through an affinity handle, such as a glutathione
S-transferase (GST) fusion protein4 (Figure 1). The bound protein
is subsequently incubated with a mixture of cellular metabolites
that are isolated from cells and tissues where the protein is naturally
expressed. During the incubation step, metabolites can bind to the
protein resulting in a protein–metabolite complex on the solid
support. After isolation of this complex away from other metabolites
by filtration, the protein is eluted, and the eluate is analyzed by
using a liquid chromatography-mass spectrometry (LC-MS)-based
global metabolite profiling platform. In contrast to “targeted”
metabolite analysis methods, global profiling quantifies metabolites
based on their absolute mass ion intensity (MSII), which obviates
the need for internal standards and allows measurements of both
known and structurally novel metabolites.3 Finally, comparison of
the LC-MS chromatograms from the protein sample to the
appropriate controls, using the XCMS5 software package, can
identify specific protein bound metabolites in an unbiased manner.

Examples with radiolabeled lipids,6 as well as targeted7 and
untargeted8 MS detection methods have demonstrated the feasibility
of immobilized protein-mediated metabolite enrichment. Moreover,
immobilized proteins have also been used to screen for drug
candidates from mixtures of synthetic compounds through similar
enrichment protocols.9 Using a series of lipid binding proteins
(LBPs), we attempt to combine protein-mediated metabolite enrich-
ment with global metabolite profiling. If successful, the integration
of these methods will enable the discovery of PMIs without
requiring any prior knowledge of the structure of the metabolite.

LBPs carry out a variety of different functions in the cell, ranging
from lipid transport to lipid sensing and signaling.10-12 We chose
cytosolic retinoic acid binding protein 2 (CRABP2),13 a tight binder
of retinoic acid (RA), to develop this approach. In ViVo, CRABP2
regulates aspects of RA metabolism14 and signaling15 through the
binding and transport of RA. Recombinant expression of CRABP2
as a GST fusion protein (CRABP-GST) provided active protein,
as determined by fluorescent binding assays with RA and 1-anili-
nonaphthalene-8-sulfonic acid (ANS) (Supporting Information).

Incubation of CRABP-GST at room temperature for thirty
minutes with glutathione resin saturated the resin with protein

(Supporting Information). The final amount of active CRABP-GST
on the solid support was estimated to be 5 µg/µL of resin, based
on RA binding experiments and the amount of protein released
upon elution with glutathione. We developed the enrichment
protocols using a binary mixture of RA and 13C-oleic acid (13C-
OA). Starting with two lipids, instead of a complex lipid mixture,
simplified the optimization of the lipid enrichment protocols. The
selection of the unnatural 13C-OA sidestepped any challenges that
could arise through background ion interference from naturally
occurring 12C-OA while optimizing the enrichment step.

Resin bound CRABP-GST (5 nmol total protein) was incubated
with RA and 13C-OA (4 nmol, 20 µM) for 1 h at room temperature.
After incubation, the unbound lipid was rapidly filtered away from
the resin, which was then briefly washed. Following the elution of

Figure 1. Assignment of protein-metabolite interactions using global
metabolite profiling. An immobilized metabolite binding protein is incubated
with a mixture of small molecule metabolites, resulting in the formation of
a protein-metabolite complex between the protein and its natural binding
partner. The protein-metabolite complex is separated from the unbound
metabolites and subsequently eluted from the solid support. Global
metabolite profiling of the eluate and comparison to the appropriate controls
(no protein and protein without lipid), using the XCMS software package,
identifies those metabolites specifically enriched by the protein.
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the CRABP-GST-metabolite complex with a glutathione solution
(10 mM), the eluate was analyzed directly using negative mode
ionization LC-MS.

We analyzed the data by integrating the peak areas for RA and
13C-OA in the LC-MS chromatograms from CRABP-GST, GST,
and no lipid samples. The highest level of RA was found in the
CRABP-GST sample (Figure 2a), which demonstrated the ability
to detect CRABP-GST mediated binding and enrichment of RA.
Unexpectedly, the data also revealed that 13C-OA was enriched in
the CRABP-GST sample. This enrichment was surprising because
CRABP2 has not been reported to bind fatty acids, but it is possible
that the fusion of CRABP2 to GST created a binding site for fatty
acids. We confirmed fatty acid binding to CRABP-GST by
displacing ANS from CRABP-GST with OA16 (Figure 2b). These
initial experiments demonstrate the identification and discovery of
binding interactions between proteins and small molecule metabo-
lites from simple lipid mixtures.

In practice, however, this feat needs to be accomplished from a
much more complex lipid mixture, such as the lipid extract from a
cell or a tissue, to be considered a generally useful approach for
identifying natural binding partners. Thus, we set out to test whether
we could identify CRABP2 binding partners by enriching RA from
a complex mixture of cellular lipids. In these experiments, the
complex lipid mixture was composed of fresh lipid extract from
mouse tissue (brain)3 and exogenously added RA and 13C-OA.
Analysis of this complex mixture by LC-MS identified fatty acids,
RA (added), phospholipids, acyl glycerols, cholesterol esters, and
cholesterol.3

A portion of this mixture (corresponding to 1 nmole of RA) was
incubated with CRABP-GST bound beads. After incubation, the
beads were washed, the CRABP-GST was eluted, and the eluate
was analyzed by LC-MS. These experiments were performed in
positive and negative ionization modes to provide coverage over
the entire metabolome. In addition, three control experiments were

also analyzed (CRABP-GST without lipid, GST with lipid, and GST
without lipid). The samples that lack any added lipid reveal those
background ions that are associated with protein prior to the
enrichment step.

In this case, we tested whether XCMS could be used to identify
enriched ions from these samples, which circumvents any need for
prior structural knowledge of the protein bound metabolites. XCMS
aligns, quantifies, and statistically ranks differences between two
sets of LC-MS chromatograms (e.g., CRABP-GST vs GST
samples) based on the ion intensity of a metabolite peak. The data
analysis was divided into two steps: (1) automated analysis using
XCMS followed by (2) manual processing of the XCMS output
files (Supporting Information). Because XCMS is only designed
to perform pairwise comparisons, manual processing was necessary
to identify the overlap in CRABP-GST enriched ions from the
XCMS analysis of CRABP-GST with lipid vs CRABP-GST without
lipid and CRABP-GST with lipid vs GST with lipid samples.
Despite this manual intervention, overall this process was still
completely unbiased since the initial lists of ions were all generated
automatically.

After analysis of the CRABP-GST samples with XCMS, and
manual cross-referencing of the XCMS output files, we were left
with two statistically significant changes (m/z 299 and 279). Based
on known elution times, and coelution with standards, as well as
the accurate masses we confirmed that these ions correspond to
RA and linoleic acid (C18:2 free fatty acid) (Figure 3a). Moreover,
the fold change for RA (∼14-fold) is much larger than linoleic
acid (2-fold), as expected for CRABP. These results validate our
data analysis method and, more generally, highlight the utility of
global metabolite profiling in identifying natural PMIs from
complex lipid mixtures.

The lack of 13C-OA enrichment is an obvious, but not surprising,
difference when comparing the analysis of complex mixtures to
those using only binary mixtures. We speculate that during our
initial experiments 13C-OA was binding to a nonspecific binding
site(s) on CRABP-GST. When the same experiment is repeated in
the presence of a complex lipid mixture the nonspecific binding
site(s) were occupied by a variety of different metabolites, which

Figure 2. Enrichment experiments and binding of fatty acids to CRABP-
GST. (a) Binary mixture of RA and 13C-OA was added to resin-bound
CRABP-GST. After incubation, the resin-bound protein was isolated,
washed, and eluted prior to LC-MS analysis. Comparison of the ion counts
from the CRABP-GST sample (black) to the GST control (white) showed
that CRABP-GST enriched RA and 13C-OA. (b) Fatty acid binding site on
CRABP-GST was demonstrated using displacement of ANS by OA in a
solution-based fluorescence assay ([CRABP] ) 10 µM, [ANS] ) 500 µM,
ex. 400 nm, em. 500 nm). (*, p-value < 0.01, N ) 4, Student’s t test.)

Figure 3. Identification of specific binding partners from complex lipid
mixtures. (a) RA and C18:2 free fatty acid are specifically enriched in
CRABP-GST samples (black) from a complex mixture of brain lipids, which
were spiked with RA and 13C-OA. (b) Same experiment performed with
FABP-GST results in the enrichment of free fatty acids (linoleic acid, 12C-
OA, 13C-OA, and arachidonic acid) but not RA. (c) StarD3 mediated
enrichment of cholesterol from a brain lipid extract. (*, p-value <0.05; **,
p-value <0.01, N ) 3-4, Student’s t test.)
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means that no single species, including OA, was significantly
enriched. Thus, the use of a complex lipid mixture benefits the
analysis because it provided an internal mechanism to reduce the
signal associated with nonspecific binding events.

The next goal was to determine whether this method is general
and can be used for other classes of LBPs. Specifically, we looked
at the binding interactions of fatty acid binding protein 2 (FABP2)17

and StAR-related lipid transfer (START) domain containing 3
(StarD3).18 FABP2 is an intracellular intestinal fatty acid binding
protein that has been linked to metabolic disorders and cardiovas-
cular disease.19 We expressed FABP2 as a GST fusion (FABP-
GST) and confirmed the activity upon binding of OA using an ANS
displacement assay20 (Supporting Information). Resin bound FABP-
GST was incubated with brain lipid extracts, with exogenously
added RA (negative control) and 13C-OA (positive control), washed,
and eluted as described previously. Analysis of the eluate by global
metabolite profiling and XCMS revealed the specific enrichment
of fatty acids, but not RA, by FABP from the lipid extracts (Figure
3b). Indeed, oleic (12C and 13C), linoleic, and arachidonic acid were
all enriched 3-40-fold in the FABP-GST samples, consistent with
observed lipid specificity of FABP2.21

Lastly, to ensure that the affinity enrichment is not biased toward
anionic lipids, we examined StarD3. StarD3 is a member of the
StarD family of LBPs that are found in mammalian systems and is
responsible for binding and shuttling cholesterol from the outer
plasma membrane to organelles within the cell for use in metabo-
lism.22 The binding activity of the StarD3-GST fusion was
confirmed using cholesterol-nitrobenzoxadiazole (ch-NBD),23 a
fluorescent cholesterol derivative that increases its fluorescence upon
binding to StarD3 (Supporting Information). Resin bound StarD3-
GST was incubated with the lipid mixture, washed, eluted, and
analyzed by global metabolite profiling. After data analysis with
XCMS, the natural ligand of StarD3, cholesterol, was identified as
the only significant difference between the samples and controls
(Figure 3c). Together the examples of CRABP, FABP, and StarD3
underscore the potential and generality of global metabolite profiling
in the analysis of protein-lipid interactions.

The global metabolite profiling platform described here provides
broad coverage across the lipid metabolome and will enable the
classification of other LBPs, even if the structures of their lipid
binding partners are currently unknown.3 Moreover, the use of
different analytical conditions will expand the metabolome
coverage24,25 and in the process enable the identification of binding
interactions between proteins and other classes of metabolites, such
as hydrophilic small molecules.8 In the future, we plan to apply
this approach to discover the interactions between metabolites and
orphan lipid binding proteins, such as nuclear receptors.12 Ad-
ditionally, this method might also be extended for the identification

of interactions between proteins and synthetic small molecules,26

providing a parallel strategy for small molecule screening.
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