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Abstract
Signaling lipids control many of the most important biological pathways, typically by recruiting
cognate protein binding targets to cell surfaces, thereby regulating both their function and
subcellular localization. A critical family of signaling lipids is that of the phosphatidylinositol
polyphosphates (PIPns), which is composed of seven isomers that vary based on phosphorylation
pattern. A key protein that is activated upon PIPn binding is Akt, which then plays important roles
in regulating the cell cycle, and is thus aberrant in disease. Characterization of protein–PIPn
binding interactions is hindered by the complexity of the membrane environment and of the PIPn
structures. Herein, we describe two rapid assays of use for characterizing protein–PIPn binding
interactions. First, a microplate-based binding assay was devised to characterize the binding of
effectors to immobilized synthetic PIPn headgroup–biotin conjugates corresponding to all seven
isomers. The assay was implemented for simultaneous analysis of Akt-PH domain, indicating
PI(3,4,5)P3 and PI(3,4)P2 as the primary ligands. In addition, density-dependant studies indicated
that the amount of ligand immobilized on the surface affected the amplitude of protein binding,
but not the affinity, for Akt-PH. Since the PIPn ligand motifs used in this analysis lack the
membrane environment and glycerolipid backbone, yet still exhibit high-affinity protein binding,
these results narrow down the structural requirements for Akt recognition. Additionally, binding
detection was also achieved through microarray analysis via the robotic pin printing of ligands
onto glass slides in a miniaturized format. Here, fluorescence-based detection provided sensitive
detection of binding using minimal amounts of materials. Due to their high-throughput and
versatile attributes, these assays provide invaluable tools for probing and perturbing protein–
membrane binding interactions.
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1. Introduction
Certain lipids present within plasma and organelle membranes act as critical regulatory
biomolecules that control many of the most important cellular pathways. The production of
these signaling lipids is tightly controlled in both a spatial and temporal manner, as they
exist at low physiological concentrations prior to upregulation caused by external stimuli. A
primary mode of action involves the binding of proteins through non-covalent interactions
that enforce the recruitment of effectors onto the cell membrane surface.(Cho and Stahelin,
2005; Hurley, 2006; Lemmon, 2007, 2008) These interactions not only control the function
of the target protein, generally through activation upon binding, but also dictate sub-cellular
localization due to the controlled presence of signaling lipids within specific membranes.
(Sprong et al., 2001) Since protein–lipid binding events often act as keystone interactions
that feed information into critical cellular pathways, aberrant lipid activities often correlate
to debilitating diseases.

A prominent family of signaling lipids is that of the phosphatidylinositol polyphosphates
(PIPns).(Best et al.; Conway and Miller, 2007) The PIPns consist of the conserved scaffold
of a myo-inositol headgroup linked via a phosphodiester tether at the 1-position to the
traditional glycerophospholipid backbone. The seven isomers of this family arise from
variations of phosphorylation on the myo-inositol headgroup, with every permutation of
phosphorylation at the 3-, 4-, and 5-positions existing in nature. Due to the key activities of
the PIPns in numerous cellular pathways, defects in lipid signaling often correlate diseases,
including cancer and diabetes.(Di Paolo and De Camilli, 2006; Pendaries et al., 2003;
Vicinanza et al., 2008; Wymann and Schneiter, 2008) A primary example pertains to
regulation of the cell cycle through the control of Akt (protein kinase B) activity.(Assinder
et al., 2009; Duronio, 2008; Engelman et al., 2006; Manning and Cantley, 2007; Salmena et
al., 2008; Yuan and Cantley, 2008) Here, the phosphorylation of PIPns by phosphoinositide
3-kinase (PI 3-K)(Katso et al., 2001) produces 3-phosphorylated products, PI(3,4,5)P3 and
PI(3,4)P2, which recruit Akt to the membrane surface, where it is activated through multiple
posttranslational phosphorylation events. Akt then feeds into a number of pathways that
control cell survival. The 3-phosphatase PTEN(Maehama and Dixon, 1998) catalyzes the
reverse reaction, and PI 3-K and PTEN are among the most heavily mutated oncoproteins,
and tumor suppressors, respectively, in cancer.(Chow and Baker, 2006; Samuels et al.,
2004) Additionally, the phosphoinositide 5-phosphatases (SHIPs) are also aberrant in
disease.(Ooms et al., 2009)

Despite the significance of protein–PIPn binding interactions, numerous challenges exist that
deter elucidation of the details of binding, including the complex nature of the membrane
environment and of the PIPn structures, and the diverse and intricate nature of the proteins
that bind to these lipids.(Cho and Stahelin, 2005; Lemmon, 2008) In the latter case, the
PIPns are targeted by a continually growing list of protein binding domain families, such as
the PH, PX, FYVE, ENTH, ANTH, FERM, Tubby, and PROPPIN modules. Among these
domains, variations exist in the details of binding, such as the PIPn binding selectivity, the
structural features required for recognition, and a range of other details such as the existence
and extent of multivalency in binding. Binding modules can even exhibit broad variation in
binding details within the same domain family, as is particularly evidenced with the diverse
PH domain family. Further complexity results from the fact that proteins can bind multiple
distinct lipids, even using a single domain. For example, the PH domain of Akt was recently
found to bind to phosphatidylserine (PS) in addition to PI(3,4,5)P3.(Huang et al., 2011)

Due to the complex nature of protein–PIPn binding interactions, model systems are typically
implemented to elucidate the details of binding at the molecular level. A number of effective
strategies for characterizing binding have been developed, including surface plasmon
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resonance (SPR) analysis employing both membrane and individual lipid motifs,
fluorescence quenching and polarization, monolayer penetration, vesicle pelleting, overlay
assays, and calorimetry.(Cho et al., 2001; Narayan and Lemmon, 2006) In addition, a
number of creative approaches for generating PIPn-presenting materials have been reported,
such as solid supports that have been used for affinity purification of target proteins,
(Anderson et al., 2010; Catimel et al., 2008; Catimel et al., 2009; Conway et al., 2010;
Conway and Miller, 2007; Krugmann et al., 2002; Lim et al., 2002; Manifava et al., 2001;
Osborne et al., 2007; Painter et al., 2001; Pasquali et al., 2007) as well as polymerized
liposomes,(Ferguson et al., 2005) and PIPn-decorated dendrimers.(Richer et al., 2008;
Richer et al., 2009; Webb et al., 2007) While previous PIPn-binding assays have been quite
advantageous, these techniques each have associated disadvantages, which can include the
inability to perform high-throughput analysis, the need for expensive and inaccessible
instrumentation, and detection that can be limited to specific systems. Furthermore, since
these approaches amount to model systems in which the membrane environment is
simplified, it would be ideal to perform analysis in multiple contexts that mimic different
aspects of the cell membrane to fully investigate binding. Finally, studies would benefit
from broadly accessible and applicable assays that are amenable to high-throughput
screening for efficient characterization.

Surface-based techniques for analyzing recognition have proven invaluable for probing
protein–ligand binding interactions, as evidenced by studies focusing on protein–
carbohydrate binding,(Liang et al., 2008; Oyelaran and Gildersleeve, 2009) which mirror
certain protein–lipid binding events since many of these ligands exist as glycolipids.
Carbohydrate microarray analysis has been applied to address the ligand specificities and
structural requirements of recognition among proteins, to quantify the effects that
multivalency has on protein binding affinity by controlling ligand density on the surface,
and for detection using cell extracts to characterize variations in protein binding associated
with disease.(Huang et al., 2006; Liang et al., 2007) Thus, this platform can be used for a
range of studies that are not possible using traditional methods. To exploit the advantages of
microarray analysis for elucidating protein–ligand binding events, we set out to develop a
surface platform for the rapid analysis of protein–PIPn binding employing all seven natural
isomers.

2. Experimental Procedures
2.1. Materials

Generally, reagents were purchased from Acros, Aldrich or Advanced ChemTech and used
as received. Dry solvents were obtained from a Pure Solv solvent delivery system purchased
from Innovative Technology, Inc. Column chromatography was performed using 230–400
mesh silica gel purchased from Sorbent Technologies and C18 (17%) reverse phase SPE
columns (6 ml, 2 g) purchased from Silicycle. NMR spectra were obtained using a Varian
Mercury 300 spectrometer and a Bruker Avance 400 spectrometer. Mass spectra were
obtained with JEOL DART-AccuTOF spectrometer and an ABI Voyager DE Pro MALDI
spectrometer with high resolution capabilities. Microplate chemiluminescence analysis was
performed using a BioTek Synergy 2 multidetection microplate reader. White reacti-bind
high binding capacity (HBC) streptavidin-coated 96-well microplates employed for
chemiluminescence studies were purchased from Pierce Biotechnology (Rockford, IL).
Mouse monoclonal anti-GST tag HRP-conjugate was purchased from Millipore (Billerica,
Ma). Supersignal ELISA femto maximum sensitivity substrate was purchased from Pierce
Biotechnology (Rockford, IL). The GST-tagged PH domain of Akt was expressed and
purified as previously described.(Manna et al., 2007) SuperAvidin coated slides were
purchased from Arrayit Corporation (Sunnyvale, CA). Slide printing was performed using a
BioRad VersArray ChipWriter Pro robotic pin printer (Hercules, CA). Fluorescence slide
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scans were performed using a GenePix 4000B Micorarray Scanner. Rabbit anti-GST
antibody and Cy3 conjugated goat anti-rabbit IgG antibody were obtained from Novus
Biologicals (Littleton, CO). Synthetic procedures for modular PIPn–amine conjugates 2a–
g(Gong et al., 2009a), as well as biotin-TEG-succinimidyl ester 3 and biotinylated PI(4,5)P2
analog 1c(Gong et al., 2009b) were previously described.

2.2. Synthesis
2.2.1. General Procedure for the synthesis of PIP-TEG-Biotin Conjugates—To
a solution of biotin–succinimidyl ester 3 in 1 mL of N,N-dimethylformamide was added the
appropriate PIPn–amine of type 2a–g in triethylammonium bicarbonate (TEAB) buffer.
Next, 0.5–1.5 mL of tetrahydrofuran was added to the solution until it turned clear. The
reaction mixture was then stirred at room temperature for 10 h, at which time the solvent
was removed under reduced pressure. Next, acetone was added to the residue, and the white
solid that formed was filtered and washed with acetone three times. The white solid was
dissolved in deionized water and Chelex 100 resin (Sigma, Na+ form) was added. This
solution was then stirred for 3 h and loaded onto a C18 reverse phase column (6 ml, 2 g).
The corresponding fractions were lyophilized to yield 1a–g (47–99% yield).

2.2.2. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 3,4,5-tris-(disodium phosphate) (1a)—PI(3,4,5)P3–
amine conjugate 2a (8 mg, 0.013 mmol) and biotin succinimidyl ester 3 (46 mg, 0.080
mmol) yielded 1a as a white solid (8 mg, 57%). 1H NMR (300 MHz, D2O): δ 4.36-4.34 (m,
1H), 4.18-4.15 (m, 1H), 3.84 (s, 2H), 3.74-3.70 (m, 4H), 3.52-3.38 (m, 18H), 3.20-3.18 (m,
2H), 3.14-3.12 (m, 2H), 3.08-3.02 (m, 3H), 2.10-2.05 (m, 2H), 1.46-1.32 (m, 8H), 1.20-1.16
(m, 6H). 31P NMR (121.5 MHz, D2O): δ 6.20 (1P), 5.11 (2P), 0.89 (1P). MALDI-MS [M
+H]+: calcd for C32H63N4O25P4S 1059.2447, found 1059.2393.

2.2.3. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 3,4-bis-(disodium phosphate) (1b)—PI(3,4)P2–
amine conjugate 2b (10 mg, 0.019 mmol) and biotin succinimidyl ester 3 (84 mg, 0.146
mmol) yielded 1b as a white solid (20 mg, 99%). 1H NMR (300 MHz, D2O): δ 4.38-4.36
(m, 1H), 4.20-4.17 (m, 1H), 4.13-3.99 (m, 2H), 3.83 (s, 2H), 3.76-3.60 (m, 4H), 3.48-3.38
(m, 18H), 3.17-3.13 (m, 2H), 3.02-3.00 (m, 1H), 2.77-2.73 (m, 1H), 2.56-2.52 (m, 1H), 2.04
(t, J = 6Hz, 2H), 1.44-1.30 (m, 8H), 1.18-1.10 (m, 6H). 31P NMR (121.5 MHz, D2O): δ 2.16
(1P), 1.24 (1P), −0.19 (1P). MALDI-MS [M+H]+: calcd for C32H62N4O22P3S 979.2784,
found 979.2723.

2.2.4. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 3,5-bis-(disodium phosphate) (1d)—PI(3,5)P2 amine
conjugate 2d (10 mg, 0.019 mmol) and biotin succinimidyl ester 3 (46 mg, 0.080 mmol)
yielded 1d as a white solid (17 mg, 72%). 1H NMR (300 M Hz, D2O): δ 4.44-4.39 (m, 1H),
4.27-4.22 (m, 1H), 4.07-4.05 (m, 2H), 3.88 (s, 2H), 3.76-3.70 (m, 4H), 3.58-3.42 (m, 18H),
3.21-3.18 (m, 2H), 3.08-3.03 (m, 1H), 2.83-2.77 (m, 1H), 2.60-2.58 (m, 1H), 2.08 (t, J = 6
Hz, 2H), 1.50-1.35 (m, 8H), 1.24-1.16 (m, 6H). 31P NMR (121.5 MHz, D2O): δ 1.64 (1P),
0.30 (1P), −0.31 (1P). MALDI-MS [M+H]+: calcd for C32H62N4O22P3S 979.2784, found
979.2639.

2.2.5. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 5-disodium phosphate) (1e)—PI(5)P–amine
conjugate 2e (10 mg, 0.023 mmol) and biotin succinimidyl ester 3 (46 mg, 0.080 mmol)
yielded 1e as a colorless crystal (14 mg, 65%). 1H NMR (300 MHz, D2O): δ 4.55-4.45 (m,
1H), 4.35-4.25 (m, 1H), 4.19-4.10 (m, 1H), 3.98-3.92 (m, 2H), 3.85-3.75 (m, 2H), 3.70-3.45
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(m, 20H), 3.32-3.22 (m, 4H), 3.16-2.12 (m, 1H), 2.89-2.85 (m, 1H), 2.18-2.14 (m, 2H),
1.70-1.40 (m, 8H), 1.40-1.20 (m, 6H). 31P NMR (121.5 MHz, D2O): δ 3.75 (1P), −0.30
(1P). MALDI-MS [M+H]+: calcd for C32H61N4O19P2S 899.3121, found 899.2996.

2.2.6. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 4-disodium phosphate) (1f)—PI(4)P–amine conjugate
2f (10 mg, 0.023 mmol) and biotin succinimidyl ester 3 (83 mg, 0.144 mmol) yielded 1f as a
colorless crystal (20 mg, 93%). 1H NMR (300MHz, D2O): δ 4.48-4.36 (m, 1H), 4.21-4.17
(m, 1H), 4.02-3.99 (m, 2H) 3.86-3.82 (s, 2H), 3.76-3.68 (m, 4H), 3.56-3.36 (m, 18H),
3.18-3.14 (m, 2H), 3.04-3.00 (m, 1H), 2.79-2.73 (m, 1H), 2.58-2.51 (m, 1H), 2.08-2.00 (t, J
= 6Hz, 2H), 1.44-1.32 (m, 8H), 1.19-1.07 (m, 6H).). 31P NMR (121.5 MHz, D2O): δ 3.99
(1P), −0.11 (1P). MALDI-MS [M+H]+: calcd for C32H61N4O19P2S 899.3121, found
899.3103.

2.2.7. 1-(6-(14-Biotinamido-3,6,9,12-tetraoxatetradecanamido)hexyl sodium
phosphate)-1D-myo-inositol 3-disodium phosphate) (1g)—PI(3)P–amine
conjugate 2a (12 mg, 0.027 mmol) and biotin–succinimidyl ester 3 (46 mg, 0.080 mmol)
yielded 1g as a colorless crystal (12 mg, 47%). 1H NMR (300 MHz, D2O): δ 4.50-4.44 (m,
1H), 4.31-4.27 (m, 1H), 3.80 (s, 2H), 3.65-3.54 (m, 18H), 3.51-3.47 (m, 4H), 3.27-3.23 (m,
4H), 3.13-3.09 (m, 1H), 2.89-2.83 (m, 1H), 2.66-2.62 (m, 1H), 2.14 (t, J = 6Hz, 2H),
1.65-1.38 (m, 8H), 1.38-1.16 (m, 6H). 31P NMR (121.5 MHz, D2O): δ 4.15 (1P), −0.08
(1P). MALDI-MS [M+H]+: calcd for C32H61N4O19P2S 899.3121, found 899.3007.

2.3. Binding Analysis
2.3.1. Akt-PH microplate binding analysis using PIPn-biotin conjugates 1a–g—
Each binding study involved side-by-side analysis of each headgroup isomer through
immobilization onto separate rows of a streptavidin-coated 96-well microplate. First, the
wells to be used were incubated with 200 μL of the wash buffer for the experiment, which
consisted of 20 mM Tris buffer at pH 8.0 with 0.05% tween as a blocking additive to avoid
nonspecific surface adsorption, for 30 minutes. This was removed, followed by the addition
of 100 μL of solutions of biotin-TEG-PIPn ligands of type 1a–g in wash buffer into different
rows (500 nM for studies in Figure 1; 500, 400, 300, and 200 nM for studies in Figure 2).
These solutions were incubated for 1h, removed, and the wells were washed with 3 × 250
μL wash buffer. Next, solutions of Akt-PH in wash buffer with varying concentrations (0, 1,
3, 5, 6, 7, 8, 9, 10, 12, 15, 20 nM) were added. These solutions were incubated for 1h,
removed, and the wells were washed with 3 × 250 μL wash buffer. Following this, 200 μL
solutions of HRP-tagged anti-GST antibody (100 ng/mL) in wash buffer were added to each
well. After a 1 h incubation, these solutions were removed, and the wells were washed with
3 × 250 μL wash buffer. Chemiluminescence detection of bound antibody was next
performed using supersignal ELISA femto maximum sensitivity substrate. For detection, a
1:1 mixture of the substrate and peroxide solutions were mixed, and 100 μL of the resulting
solution was added to each well. The microplate was then immediately placed in the
microplate reader, and the chemiluminescence at 425 nm was repeatedly measured for 10 m.
Several microplate readings from each experiment were then averaged, and the entire
experiment was rerun at least 3 times and averaged to produce the data depicted in Figures 1
and 2. In order to curve fit the data, for each data point, the blank well containing no added
protein, which generally yielded minimal signal, was subtracted from wells containing
added protein. The data were analyzed by non-linear least-square analysis using the program
SigmaPlot to obtain two different curve fits, a sigmoidal fit as well as a single site saturation
curve. While the date fit better to a sigmoidal fit, as is depicted in Figures 1–2, both fits
provided comparable results in terms of binding affinity. Sigmoidal properties typically
indicate the presence of more than one equilibria or cooperativity,(Connors, 1987) and have
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previously been reported for similar protein–PIPn binding interactions.(Ferguson et al.,
2005)

2.3.2. Akt-PH glass slide binding analysis using PIPn-biotin conjugate 1a—The
wash buffer employed for all glass slide experiments was 20 mM Tris buffer at pH 7.74,
with 0.05% tween, and all washings were performed in petri dishes with agitation. For the
uniform concentration grids (Figure 3A), 12 solutions of 1a at 500 μM were printed onto the
slide in 20 replicates (2 grids of 12×10) and then incubated in a humidifying chamber
overnight. For the varying concentration grids (Figure 3B), 12 solutions of 1a at 0, 15, 30,
45, 60, 75, 100, 200, 250, 300, 400, and 500 μM were printed onto the slide in 20 replicates
(2 grids of 12×10) and incubated in a humidifying chamber overnight. The grids were
outlined with a permanent marker, and the slide was washed 3 times in wash buffer in a
Petri dish. The slide was then dried under a stream of nitrogen gas, after which 50 μg/mL of
Akt-PH in wash buffer was added to the slide, such that the solution was retained held
within the boundaries produced by the permanent marker. After incubation for 1 h in a
humidifying chamber, the slide was then washed 3 times with wash buffer, dried under a
stream of nitrogen, and a solution containing 0.2 μg/mL rabbit anti-GST and 0.1 μg/mL goat
anti-rabbit–Cy3 in wash buffer was added and incubated in a humidifying chamber for 1 h.
Following the incubation, the slide was washed 2 times with wash buffer, 3 times with
deionized water, dried under a stream of nitrogen and then scanned for fluorescence using
detection at 532 nm.

3. Results
When considering an appropriate platform for surface-based analysis of protein–lipid
binding interactions, an important choice is the identity of the ligand, as these compounds
exist within membrane bilayers in the biological context. This is particularly noteworthy due
to the current understanding of the structural requirements for protein–lipid recognition,
which appears to vary distinctly among different binding domains. Certain proteins are
known to bind with high affinity to truncated lipid motifs outside of the membrane context,
particularly with the PIPns due to their highly charged headgroups.(Ferguson et al., 1995;
Garcia et al., 1995; Hirose et al., 1999; Kavran et al., 1998; Lemmon et al., 1995) However,
other peripheral proteins require the presence of the membrane bilayer to interact, typically
due to the insertion of hydrophobic residues into the membrane core.(Bravo et al., 2001;
Kutateladze, 2006) As a result of this variation in binding mode, we have devised separate
assays to detect protein–lipid binding employing lipid motifs both within and outside the
context of the membrane environment.(Best et al., 2011)

To analyze binding in a bilayer environment, we employed immobilized whole liposomes to
detect lipid recognition in a format that mimics cellular membranes, which we first used to
analyze Protein Kinase C recognition.(Losey et al., 2009) Alternatively, we have devised an
assay via the immobilization of simplified PIPn headgroup motifs for rapid characterization
of effectors that bind with high affinity to these moieties outside of the membrane context.
Our initial report of this latter approach utilized a synthetic PI(4,5)P2 analog linked via a
tetraethylene glycol (TEG) spacer to biotin in order to detect binding of the PH domain of β-
spectrin.(Gong et al., 2009b) This assay was shown to be effective for sensitive detection of
the binding and inhibition of PIPn-binding proteins. Due to the diversity of PIPn targets
exhibited by proteins, an important application of this approach involves the efficient
delineation of the PIPn-binding selectivity of effectors. Herein, we describe the utility of this
assay for characterizing PIPn specificity through studies focusing on the PH domain of the
prominent lipid-binding protein Akt.
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Probe design and synthesis
The devised PIPn assay employs PIPn-TEG-biotin conjugates as the recognition motif for
binding studies, based upon our initial study that successfully employed synthetic PI(4,5)P2–
TEG–biotin structure 1c (Scheme 1). The ligand structures include the appropriate
headgroup with a phosphodiester moiety located at the same position as the parent PIPn
lipids (P1). The phosphodiester linkage connects to a six-carbon hydrophobic region that is
designed to, in part, mimic the hydrophobicity of the natural glycerolipid backbone, which is
excluded in these structures. Next, the TEG linker is used to space the headgroup binding
motif from the microplate surface. Recently, Iyer and co-workers showed that a long tether
is critical in studies employing the coating of streptavidin-coated microplates, as the
systematic shortening of this linker led to drastic reductions in binding.(Lewallen et al.,
2009) Finally, the biotin moiety of 1c is employed for high-affinity non-covalent
immobilization of these ligands onto streptavidin-coated microplates in an effort to avoid
non-specific binding interactions.

To develop an assay for characterizing binding specificity, we set out to extend our previous
approach to produce the corresponding analogs of all seven naturally occurring PIPn isomers
(1a–g). With regard to synthesis, we have taken advantage of previously successful
strategies for inositol polyphosphate and PIPn probe development using modular scaffolds
bearing a reactive moiety that can be derivatized in the final step of synthesis for convenient
access to diverse structures.(Dorman et al., 1995; Henne et al., 1988; Inoue et al., 1999;
Marecek et al., 1992; Nakanishi et al., 2002; Olszewski et al., 1995; Prestwich et al., 1991;
Schafer et al., 1990; Tegge and Ballou, 1992) Using this approach, we recently described the
synthesis of amino-conjugates of all seven PIPn headgroup isomers (2a–g), and efficient
subsequent derivatization to produce different reporter-tagged analogs.(Gong et al., 2009a)
In the synthesis of enantiomerically pure headgroup analogs, we followed previously
devised procedures for myo-inositol desymmetrization that were developed by Bruzik and
co-worker(Kubiak and Bruzik, 2003), and Holmes and co-workers(Conway et al., 2010;
Painter et al., 1999). To synthesize ligands for binding analysis using all isomers, 2a–g were
allowed to react with synthetic biotin–TEG–succinimidyl ester reagent 3 to generate PIPn–
TEG–biotin conjugates 1a–g for studies.

Microplate binding studies employing PIPn headgroup-biotin conjugates
Following the synthesis of 1a–g, we sought to apply these compounds for side-by-side
microplate binding analysis in order to directly compare all seven PIPn isomers and thus
assess protein binding specificity. For studies, we employed the PH domain of Akt (Akt-PH)
due to the key role this protein plays in the cell cycle and since few binding studies have
been reported using all PIPn isomers. GST-tagged Akt-PH was expressed and purified as
described previously.(Manna et al., 2007) In the assay, compounds 1a–g were immobilized
in separate rows of streptavidin-coated 96-well microplates by incubating with solutions
with optimized concentrations, typically 500 nM (Scheme 2). Each isomer was then treated
with varying concentrations of GST-tagged Akt-PH, followed by detection via
chemiluminescence-based ELISA signal transduction using an HRP-tagged anti-GST
antibody. Each step of the assay was followed by washes to remove any unbound species.

The results from this approach are shown in Figure 1. Here, the analogs corresponding to
PI(3,4,5)P3 (1a) and PI(3,4)P2 (1b) yielded strong dose-dependant responses when
incubating with relatively low concentrations of Akt-PH (0–20 nM). The other isomers
yielded minimal signal and thus essentially doubled as negative controls for the experiment.
The data shown in Figure 1 represent the averages of at least three analyses with error bars
showing the standard error produced by multiple runs. This indicates the reproducibility of
the assay, despite the multiple components in the analysis and the potential variations for
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surface derivatization in the microplate. The results obtained from these are consistent with
previous reports implicating PI(3,4,5)P3 and PI(3,4)P2 as the primary ligands for Akt
binding, highlighting the importance of PI 3-K. While the other PIPn headgroups do not bind
in this particular case due to the headgroup binding specificity of Akt, related studies using
synthetic headgroup analogs indicate that these compounds are effective for studying other
target binding domains.(Conway et al., 2010) Results similar to those shown in Figure 1
have been reported through studies using full PIPn analogs including SPR, vesicle pelleting,
and tryptophan quenching assays.(Frech et al., 1997; James et al., 1996; Manna et al., 2007)
In the latter study, it was observed that full PIPn structures bound with significantly higher
affinity than the corresponding soluble inositol phosphates (InsPs), which contain a
phosphate group at P-1 instead of the phosphodiester-linked glycerolipid backbone. In the
current study we observe strong binding to headgroup analogs bearing the traditional
phosphodiester but lacking the full glycerolipid scaffold. However, these compounds also
contain a short hydrocarbon spacer linked to the phosphodiester that may mimic the
hydrophobic nature of the lipid backbone. Thus, this provides further evidence that
simplified headgroup analogs containing the phosphodiester linkage and a short
hydrophobic region are effective for binding.

As we observed in our previous report, binding studies employing microplate surfaces
coated with ligand yielded somewhat higher protein binding affinities than membrane- and
solution-phase analysis. In the current studies, apparent dissociation constants for protein–
surface association, commonly termed “Kd, surf”,(Liang et al., 2007) were determined to be
approximately 5 nM for both 1a and 1b. While these values are essentially identical to those
from other protein-PIPn binding studies employing immobilized biotinylated PIPn-motifs,
(Gong et al., 2009b; Mehrotra et al., 2000) they represent higher affinities than those
previously observed for the binding of PI(3,4,5)P3 (234 – 590 nM) and PI(3,4)P2 (350 – 570
nM) to Akt in membrane contexts.(Frech et al., 1997; James et al., 1996; Manna et al., 2007)
However, variations in observed binding strengths are not unexpected due to the different
conditions employed in the various assays. The primary differences in the current study
include the truncated structures of the PIPn ligands and the use of surfaces coated with the
ligand motif as the platform for analysis. In order to probe the latter characteristic, we next
sought to evaluate the effect of ligand density on protein binding.

One of the benefits of surface-based analysis is that the density of the ligand on the surface
can be controlled via the concentration of the solution employed for immobilization. This
approach has previously been used to measure variations in binding affinity resulting from
the modulation of ligand density.(Liang et al., 2008; Oyelaran and Gildersleeve, 2009) Since
the current studies employ an individual binding domain, it was expected that protein
affinity would not be affected by ligand density, which we set out to evaluate. Here, the
binding assay was pursued using solutions with different concentrations of PI(3,4,5)P3-
TEG-biotin ligand 1a ranging from 200 – 500 nM. The raw data from these studies, shown
in Figure 2A, indicated that the amount of Akt-PH recruited to the microplate surface
decreased upon the immobilization of decreased ligand, as judged by the amplitude of the
binding curves. This effect was only observed when varying the amount of ligand on the
surface, indicating that it does not result from non-selective binding. Further evidence of this
can be seen in Figure 1 where high concentrations of other PIPn headgroups did not lead to
protein binding.

While an increase in amplitude was observed, the alteration of ligand density did not affect
protein binding affinity, which is best seen through the overlay of normalized binding curves
at each concentration, obtained by dividing by the maximal signal for each case (Figure 2B).
In the resulting plot, normalized binding curves obtained at different surface densities were
essentially identical. Thus, increasing ligand deposition led to enhanced protein recruitment
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but did not affect the binding affinity in this case. This provides evidence against a “surface
effect” affecting binding through non-specific interactions caused by the accumulation of
charge on the microplate surface. Nevertheless, the primary difference between liposomal
binding studies and those employing individual lipid motifs immobilized onto surfaces
involves the presentation of the ligand, which likely leads to the variations that have been
observed in binding affinity between these methods. In liposomal studies, signaling lipids
such as PI(3,4,5)P3 are typically incorporated at low percentages and are fluid within the
bilayer, whereas surface studies would lead to higher concentrations and the constraining of
lipid mobility. It is possible that immobilization of PI(3,4,5)P3 onto the surface at higher
effective concentrations inherently passes a threshold in which a slight clustering effect is
observed to boost binding affinity. Formation of additional contacts with the protein would
be in line with previous work since Akt-PH has been found to possess a separate binding
domain for PS (Huang et al., 2011) and since reports have indicated that Akt membrane
recruitment may be affected by the presence of lipid rafts (Lasserre et al., 2008). Despite this
possibility for enhanced binding due to surface presentation, the assay is effective for
determining PIPn binding specificity, as depicted by the data in Figure 1 in which only the 3-
phosphorylated targets of Akt–PH result in protein binding.

Microarray analysis of Akt-PH binding using PI(3,4,5)P3 analogs printed on glass slides
While the previously described microplate binding assay allows for rapid detection of
protein–PIPn binding interactions, such studies would further benefit from true microarray
analysis, which generally employs glass slides as the platform for high-throughput detection
in a miniaturized format. To pursue this goal for the detection of Akt-PI(3,4,5)P3 binding,
we modified the prior microplate assay by immobilizing PI(3,4,5)P3-TEG-biotin conjugate
1a onto streptavidin-coated glass slides. For immobilization, a robotic pin printer was used
to deposit ~0.6 femtoliters of solutions of 1a at each location, resulting in spot sizes of ~50
microns. This minimizes the amount of compound required for analysis and allows for
thousands of experiments to be performed on a single 25mm × 75mm glass slide. In the
prior microplate binding studies, chemiluminescence-based detection was exploited due to
the beneficial enhancement in sensitivity. However, this is not effective for microarray
analysis on slides due to the mobility of the soluble luminal substrate. As such, we amended
our detection scheme to analyze bound protein via fluorescence by switching to an anti-GST
antibody followed by a secondary goat anti-rabbit antibody labeled with a cyanine-3 (Cy3)
fluorophore. Protein bound to the PI(3,4,5)P3-functionalized glass slide was then detected
using a fluorescence slide scanner. Blocking and washing steps were also probed to optimize
detection. We also pursued binding analysis via the immobilization of PI(3,4,5)P3-amine
conjugate 2a onto slides bearing epoxysilane groups as reactive electrophiles. However, we
generally found this latter approach to yield significantly increased background signal
compared to deposition via the biotin-avidin interaction.

Results from microarray studies using this assay are depicted in Figure 3. In an initial
experiment, we printed a 12×10 grid of spots consisting of PI(3,4,5)P3-TEG-biotin analog
1a at a constant concentration of 500 μM. Following protein binding analysis, the
fluorescence image depicted in Figure 3A was obtained. Here, green spots were present
corresponding to the locations of 1a on the slide surface, and minimal background
fluorescence was observed. One note is that variations in spot intensities were seen in this
grid, despite the fact that the ligand was immobilized at a constant concentration. This is a
common technical challenge in microarray analysis, which can be attributed to issues
including differences in the density of reactive functional groups on the slides, the numerous
steps that are required for the assay (ligand immobilization, blocking, washing, binding and
detection), and variations in the efficacy of pin printing at different locations. The latter
affect seems to be a factor in these studies, since spot intensity appears to decrease at the
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right and bottom of the grid, which correlates to the spots that were printed the latest in the
pin printer sequence.

Following these initial results, we set out to vary the concentration of 1a immobilized on the
surface to view the effect on protein binding. In this case, a 12×10 grid was produced with
12 different concentrations (0, 15, 30, 45, 60, 75, 100, 200, 250, 300, 400, and 500 μM)
printed that increased to the right along each row. Ten replicates were then printed for each
concentration in each column of the grid. Following protein binding analysis, the
fluorescence slide scan depicted in Figure 3B was obtained. In this case, the fluorescence
intensities were seen to increase to the right of the slide, correlating with increasing
concentration of 1a. Additionally, this experiment led to improved homogeneity of signal
among replicates when compared to the prior data shown in Figure 3A. Thus, these results
indicate successful initial microarray analysis through printing of synthetic PI(3,4,5)P3
ligands. Due to the high-throughput nature of this technique and the minimal amounts of
materials that are necessary for analysis, this approach could provide a valuable tool for
characterizing the biological activities of PIPns and their target proteins.

4. Summary
This report details two assays for the detection and characterization of protein–PIPn binding
interactions employing microplates and glass slides as the platforms. The microplate-based
binding platform was used to characterize protein–PIPn binding interactions using synthetic
headgroup ligands corresponding to all seven naturally occurring PIPn isomers. This
approach was applied for rapid side-by-side analysis of the binding of Akt-PH to the seven
PIPn headgroup isomers. The assay allowed for highly sensitive detection of binding, and
high-affinity interactions of the protein with its primary PIPn headgroup targets were
observed, exhibiting dissociation constants in the low nanomolar range. Results showed the
headgroup analogs corresponding to PI(3,4,5)P3 and PI(3,4)P2 to be the primary ligand
targets, with little binding observed from the other isomers, in agreement with previous
reports. Studies in which the density of the ligand on the microplate surface was modulated
indicated that increasing ligand enhanced the amount of protein recruited to the surface, but
did not affect the affinity of the interaction. These results also provided further information
regarding the structural features required for Akt binding, as immobilized headgroups
bearing the phosphodiester linkage and short hydrocarbon spacers exhibited high-affinity
protein binding outside of a membrane environment. Additionally, microarray analysis was
achieved in a miniaturized format through robotic pin printing of PI(3,4,5)P3 ligands onto
glass slides. Subsequently, sensitive fluorescence-based detection of binding was achieved,
and the assay benefits from the minimal amounts of materials that are required.

The described assays will be beneficial for probing and perturbing protein–PIPn binding for
numerous reasons. First, these platforms entail high-throughput screening to maximize the
efficiency of analysis. In addition, the surface-based ligand display involved in these assays
can be used to mimic the presentation of lipid motifs on the surfaces of cell membranes, thus
providing an effective model system for biological recognition. Furthermore, surface
deposition through the use of a high affinity non-covalent interaction, particularly biotin-
streptavidin, allows for the ligand density to be controlled, enabling the investigation of
potential ligand clustering effects. Finally, while traditional binding assays are limited to in
vitro binding studies using protein and ligand motifs in solution, antibody-based signal
transduction allows for the detection of a specific protein target, and could thus be used for
target detection in a more complex biological context, such as a cell extract. We are now
pursuing these avenues to apply this platform to address important issues in protein–PIPn
binding interactions.
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Highlights

• We have developed assays employing microarray analysis using 96-well
microplates and robotic pin printing onto glass slides for high-throughput
analysis of protein-phosphoinositide binding interactions.

• For these assays, we designed and synthesized biotin-conjugates corresponding
to the headgroups of all seven naturally occurring phosphoinositide isomers.

• Binding analysis was performed by immobilizing synthetic phosphoinositide-
conjugates onto surfaces followed by antibody-based detection of protein
binding.

• These platforms were applied to study the phosphoinositide-binding specificity
of the PH domain of Akt and understand the effects of ligand surface density on
protein binding.
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Figure 1.
Binding curves obtained from Akt-PH microplate binding results using analogs
corresponding to all seven PIPn headgroups.
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Figure 2.
Density-dependant studies to detect binding upon modulating the amount of ligand 1a on the
surface. A. Raw binding curves at different concentrations show that increased ligand leads
to increased protein recruitment. B. Normalized curves obtained by dividing by the maximal
signal indicate that results overlay closely, indicating that surface density does not affect
binding affinity.
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Figure 3.
Fluorescence scans of microarray slides indicate high-throughput detection of Protein–
PI(3,4,5)P3 binding using glass slides decorated with PI(3,4,5)P3-TEG-biotin 1a. A. Results
from a grid of 1a printed at uniform concentration. B. Results from grid of 1a printed at
varying concentration (each column includes 10 replicates of each concentration). In each
case, 1a was immobilized through robotic pin printing, followed by incubation with GST-
tagged Akt-PH and detection of bound protein using rabbit anti-GST and Cy3-labeled goat
anti-rabbit IgG.
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Scheme 1.
Synthesis of biotin conjugates of all seven naturally occurring phosphoinositide headgroup
isomers.
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Scheme 2.
Assay for high-throughput detection of Akt-PH binding to immobilized synthetic analogs of
all seven PIPn isomers.
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