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Abstract: This study was undertaken to identify cellular proteins that
bind an orally active natural product insulin mimic. Phage display
cloning was used with a biotinylated derivative of this molecule as
bait. Among the proteins identified was glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which has recently been shown to affect
insulin receptor signaling. Binding data support a role for human
GAPDH as another target of the insulin mimic, which could explain
its action as a selective insulin receptor modulator.

The cytoplasmic tyrosine kinase domain of theâ-chain of
the insulin receptor was initially demonstrated to be the target
of the small-molecule insulin mimic demethylasterriquinone B1
(DAQ B1,a Figure 1).1 Identification of its cellular targets other
than the insulin receptor was viewed to be useful in developing
selective agents that act only on the insulin receptor and not on
other proteins. Knowledge of all proteins with which DAQ B1
interacts is thus essential to evaluate the selectivity of second-
generation compounds. The significance of this work is based on
the aim to eventually replace injections of the hormone insulin
in diabetes therapies with an orally administered drug.

Intracellular signaling by activated insulin receptor entails
two main branches (Figure 2). One branch signals through
phosphatidylinositol 3-kinase to the Akt kinase, whose phos-
phorylation state governs glucose transport via GLUT4 and
glycogen synthesis via the GSK-3 kinase. Another branch
signals through the Ras/MAPK (mitogen-activated protein
kinase) pathway, whose control of gene transcription is related
to the phosphorylation state of the ERK (extracellular regulated
kinase). This paradigm provides a useful framework for
understanding some of the biological properties of DAQ B1
and its relatives. For example, DAQ B1 possesses the desirable
property that, while mimicking the action of insulin in glucose
lowering, it does not promote the undesired proliferation of
vascular smooth muscle cells of the endothelium, as occurs in
insulin resistance2,3 and with insulin administration.4 Investiga-
tions of the basis for this effect suggested that DAQ B1
selectively stimulates the Akt branch of insulin signal trans-
duction at the expense of the ERK branch, whereas insulin
stimulates both equally.5,6 While we hypothesized that the action

of DAQ B1 on other cellular protein targets could be responsible
for this observation, the mechanism by which it could ac-
complish this task was unexplained and the target protein(s)
were unidentified. We therefore aimed to identify potential
protein binding partners for DAQ B1 using phage display
cloning.

Methods to search broadly for the protein binding partners
of small molecules have been developed by Austin7-9 and
Hidaka.10,11Like other strategies,12 these methods link the small
molecule to a solid phase to be used as an affinity matrix.
However, rather than using this matrix to purify binding protein-
(s) from a cellular extract, which requires subsequent protein
purification, sequencing, and identification, these methods use
a library of proteins expressed on the surface of T7 phage. Phage
display cloning is far easier than affinity protein purification
because protein identification comes directly from the cDNA
in the phage. This method has recently been applied to finding
a novel binding partner for the long-known drug doxorubicin.13

Austin’s method is particularly attractive because a biotinylated
form of the drug is used, reducing the synthetic task to the
introduction of biotin at a position that does not interfere with
biological activity. Such biotin-drug conjugates are useful for
other purposes, such as studies of drug transport, identification
of subcellular localization, or the direct determination of binding
affinities.

Using the method of methyl scanning, we recently identified
the sites at which DAQ B1 could be functionalized without
compromising its cell-based insulin mimetic activity.14 This
work also reported the preparation of a DAQ B1 analogue
derivatized with biotin at one position. This compound, called
DAQ-biotin (Figure 3), was used as bait in phage display cloning
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Figure 1. Small-molecule insulin mimic demethylasterriquinone B1.

Figure 2. Insulin receptor signaling. Upon activation by extracellular
ligand binding, insulin receptor first phosphorylates tyrosine residues
in its cytoplasmicâ-chain. One branch of the signal transduction
pathway involves phosphatidylinositol 3-kinase (PI3Kinase), its product
phosphatidylinositol 3,4,5-trisphosphate, and its signaling to the Akt
kinase. This branch promotes glucose uptake and glycogen synthesis.
The other branch of insulin receptor signal transduction is the mitogen-
activated protein kinase cascade common to several growth factor
signaling pathways. It promotes gene expression and cellular prolifera-
tion.
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using a T7 phage library. One outcomenot expected from this
experiment was the cloning of insulin receptor. As an integral
membrane protein, insulin receptor is not expected to be properly
expressed as a fusion with a T7 coat protein. However, other
cellular proteins with binding affinity to DAQ B1 could be
properly expressed and thereby be identified.

Biopanning of a T7 phage human liver cDNA library with
DAQ-biotin was performed using protocols adapted from those
of Austin and the library vendor (see Supporting Information).
The drug conjugate was immobilized on a NeutrAvidin coated
96-well plate, and at least five rounds of biopanning were
performed. The enrichment of phage binding to DAQ-biotin
was evaluated by polymerase chain reaction (PCR) and agarose
gel electrophoresis, examining the size of the cDNA inserts into
the gene for the phage coat proteincp10. Biopanning continued
until analysis of the resulting total phage lysate by PCR gave
less than 10 different fragment sizes (500-1500 nt). Of course,
each sized insert includes many different cDNAs. Following
biopanning, phage lysates were cloned out for individual
analysis. To minimize repetitive sequencing of the same cDNA,
phage lysates with the same insert sizes were further sorted by
restriction mapping of the inserts using enzymes with four-base
recognition sites. The restriction patterns appearing most
frequently were regarded as the phage most likely to bear DAQ
B1 binding proteins, and PCR products from these clones were
submitted for DNA sequencing. The sequences of these clones
were analyzed by BLAST against the human genome, with the
results summarized in Table 1. While explanations for some of
these putative DAQ B1 binding proteins are elusive, they include
fibrinogen R chain. Because angiopoietin-like 3 includes a
fibrinogen domain,15 this motif may be one involved in binding
to DAQ B1.

Most interesting was the identification of human GAPDH.
While well-known as a glycolytic enzyme, GAPDH is also
involved in several nonglycolytic functions (e.g., transcription,
DNA repair, apoptosis, and nuclear RNA export),16 and it binds
strongly with the glucose transporter.17 Identification of GAPDH
in this study is especially provocative in light of the recent report
from Chang et al. that GAPDH is the target of a molecule they
called GAPDS that reverses thedauerphenotype inC. elegans
mutants, which is caused by impaired insulin signaling.18 The
biochemical mechanism by which GAPDH plays a role in
insulin signaling is still unclear, but several lines of evidence
support a model in which a functional GAPDH is essential for
a cellular phosphatase activity that acts on phosphoinositides
(such as phosphatidylinositol 3,4,5-trisphosphate, Figure 2).
Evidence provided by Chang et al. suggests that GAPDH must
be in its tetrameric form to promote this cellular lipid phos-
phatase activity. Therefore, impairing GAPDH tetramerization
through a small-molecule binding event maintains the phos-

phorylation state of phosphoinositides that is essential for insulin
signaling to Akt. The ability of DAQ B1 to simultaneously
activate insulin receptor and inhibit lipid phosphatase action
upon phosphatidylinositol 3,4,5-trisphosphate could explain its
selective activation of Akt in 3T3-L1 preadipocytes as we earlier
described.5

To confirm the binding of DAQ B1 to GAPDH and measure
its affinity, surface plasmon resonance was used (Figure 4).
Assays were performed by immobilizing human erythrocyte
GAPDH on a dextran-coated chip. DAQ B1 and DAQ-biotin
were used as the binding analytes. TheirKD values are 7.2 and
7.5 µM, respectively. The close correspondence of these two
values shows that the attachment of biotin to the DAQ B1
structure does not affect its binding to GAPDH, as predicted
by the methyl scanning study. Neither data set is an excellent
fit to a pure 1:1 binding model (ø2 ) 0.44), but they fit better
to a two-state conformational change binding model (ø2 ) 0.37),
behavior expected for a molecule that causes dissociation of
tetrameric GAPDH following binding. Further studies are
needed to establish that DAQ B1 directly affects the tetrameric
structure of GAPDH. However, the observed maximum binding
of DAQ B1 was4× lower than expected for a 1:1 interaction.
While the measured binding affinity of DAQ B1 for human
GAPDH is perhaps less than might have been expected, the
small molecule identified by Chang et al. to reverse thedauer
phenotype ofC. elegansinhibits the enzymatic activity of rabbit
muscle GAPDH with an IC50 of 15 µM. Therefore, binding
affinities of this order of magnitude can still have profound
biological consequences.

Phage display cloning offers the possibility of not only
identifying the protein(s) that recognize(s) the small molecule
but also identifying the subdomains responsible for binding. This
is because the expressed cDNAs can be less than full length.
The region of human GAPDH identified as binding to DAQ
B1 is the extreme C-terminus. X-ray structures of human
GAPDHs have been determined19 and are similar to earlier
structures of bacterial GAPDHs.20 The C-terminus in all
GAPDHs is a mixed fold including theR3 helix and the
antiparallelâ6, â7, andâ8 sheets. A specific role in tetramer-
ization has not been ascribed to any region of GAPDH.21

This study supports the idea that the action of DAQ B1 on
multiple protein targets explains its action as a selective insulin
receptor modulator. It is ironic that it was aimed at identifying
new protein targets to design out their interactions with future
drug candidates, but the action of DAQ B1 against one of these
targets might prove to be one of its major advantages. Further
biochemical studies are needed to establish the details and
consequences of the interactions between DAQ B1 (and related
next-generation compounds) and human GAPDH in their
biological properties, specifically glucose lowering in cells
without promotion of cellular proliferation.

The major finding of this work is that a cellular binding
partner for demethylasterriquinone B1, an orally active small-
molecule activator of the human insulin receptor, is human
GAPDH. This study and theC. eleganswork of Chang et al.
strengthen each other because they independently converge on
the same target, GAPDH. Chang concluded that this enzyme
in its tetrameric form is essential for a cellular phosphatase
activity that dephosphorylates phosphatidylinositol lipids pro-
duced by phosphatidylinositol 3-kinase (PI3Kinase). Binding
of small molecules, such as demethylasterriquinone B1, to
GAPDH could therefore disrupt phosphatase(s) acting upon
phosphatidylinositol lipids and thereby potentiate insulin signal-
ing via the PI3Kinase pathway. The PI3Kinase branch of the

Figure 3. Bait molecule DAQ-biotin. Its structure preserves the major
pharmacophore of DAQ B1, the 7-prenylindole and the central quinone,
while attaching biotin through a linker arm that permits its immobiliza-
tion on an affinity matrix via avidin.
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insulin signaling pathway promotes glucose transport. The
MAPK branch of the insulin signaling pathway promotes
proliferation of vascular smooth muscle cells, an important step
in the atherosclerotic process. The abilities of demethylaster-
riquinone B1 to promote human insulin receptor phosphorylation
(stimulating both pathways) and to enhance signaling in the
PI3Kinase branch of intracellular insulin signal transduction by
inhibiting a lipid phosphatase activity explain its previously
described action as a selective insulin receptor modulator. Such
molecules offer the potential advantage not only of far easier
administration than the native hormone insulin but also of more
beneficial medicinal action.

The 1999 discovery of the insulin mimetic activity of DAQ
B1 represented a breakthrough in small-molecule replacements
for human therapeutic proteins. Through extensive medicinal
chemistry, a potent and selective compound related to DAQ
B1 was identified and further tested in rats, dogs, and primates.22

Yet this molecule has not advanced into clinical trials. While
there could be many reasons for this, it is certainly possible
that incomplete understanding of all of the cellular interactions
of a drug candidate such as this one could impede its clinical
development. Information on all of the proteins in a cell with
which a small molecule can interact should be invaluable for
the consideration of potential off-target activities and toxicity
of a drug candidate. The phage display cloning method, in
combination with an efficient synthetic route and the methyl
scanning method, permits many potential biological targets of

any small molecule to be identified. This information is gained
without the need for biochemistry or protein chemistry. Only
chemical synthesis and molecular biology, which are more
widely available, are needed. Application of this paradigm to
all small-molecule candidates for clinical development merits
consideration.
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than the maximum predicted, which is explained by the expected loss
of active GAPDH upon immobilization.
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