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This paper describes the fabrication of arrays of G protein-
coupled receptors (GPCRs)1 and assays for screening of ligands
on these arrays. The attractiveness of obtaining large amounts of
bioinformation2 using extremely small volumes of samples has
inspired the extension of DNA microarray technology to proteins.3

There are two important reasons for the complementary develop-
ment of protein microarrays: (i) analysis of protein expression from
mRNA levels using DNA microarrays is prone to artifacts and does
not provide information regarding posttranslational modifications;
(ii) proteins are the molecular entities that bind drugs; hence, the
analysis of protein-drug interactions provides direct information
about compound design and selectivity. Although there have been
several reports on protein microarrays,4 there are no reports
describing membrane protein arrays and their use for ligand
screening.5 Membrane-bound proteins represent the single most
important class of drug targetssapproximately 50% of current
molecular targets are membrane-bound.6 Therefore, the lack of
microarray methods for membrane proteins is viewed as a
fundamental limitation of protein microchip technology.

Arraying membrane proteins requires printing mixtures of the
protein and associated lipids, which in turn warrants appropriate
surface chemistry for the immobilization of lipids. We investigated
the structure and properties of supported lipids on several surfaces
and found that surfaces modified withγ-aminopropylsilane (GAPS)7

uniquely provided the desired combination of properties for
supported lipids, as described below. Membrane microspots on
GAPS were obtained by printing vesicular solutions of dipalmitoyl-
phosphatidylcholine(DPPC)/dimyristylphosphtidylcholine (DMPC)
(4:1) or egg-yolk PC doped with 1% Texas-Red labeled dihexa-
decanoylphosphatidylethanolamine (TR-DHPE) on slides, using a
quill-pin printer.8,9 At room temperature, DPPC/DMPC lipids are
in the gel-phase and egg-yolk PC is in the fluid phase. Figure 1A
shows fluorescence images of lipid microspots on GAPS slides that
were subjected to repeated immersion in buffer and withdrawl
through the air-buffer interface. Remarkably, no loss in the
fluorescence intensity of the microspots was observed. When similar
experiments were performed on lipid microspots printed on bare-
glass substrates, significant loss of signal was observed. Boxer and
co-workers have reported that supported lipids on bare glass
spontaneously desorb when withdrawn through air-water inter-
faces.10 Our observations suggest that printed lipid microspots on
GAPS slides have high mechanical stability, independent of the
phase of the lipid.11

We probed the long-range lateral fluidity of supported mem-
branes on GAPS slides using fluorescence recovery after photo-
bleaching (FRAP) experiments.12 In these experiments, a GAPS
slide was incubated with a vesicular solution of dilaurylphosphati-
dylcholine (DLPC) (doped with TR-DHPE) to form a supported
membrane. Figure 1B shows the partial recovery of a photobleached
spot in the supported membrane, suggesting long-range fluidity;
analysis of the images reveals that the photobleached spot recovers

∼50% after bleaching. A parallel experiment on a bare-glass
substrate showed∼90% recovery in the same time period (15 min).
These results suggest that supported membranes on GAPS slides
have reduced mobility relative to supported membranes on bare
glass, consistent with the observation of Shen et al.13

Atomic force microscopy (AFM)14 was used to examine the
structure of lipid microspots on GAPS. Figure 1C shows an AFM
image of a portion of a DLPC spot on GAPS. The image shows a
smooth surface with raised edges at the microspot/substrate
boundary, suggesting a uniform distribution of lipids across the
bulk of the spot. The inset shows a height profile of the supported
lipid using a defect site as a reference; significantly, the height
difference is∼5 nm, which corresponds to the height of a single
supported lipid bilayer.13,15

To demonstrate the feasibility of fabricating arrays of real
biological membranes containing membrane-bound receptors, we
printed GPCRs. Figure 2A shows fluorescence false-color images
of five separate arrays of three GPCRs printed on a GAPS slide.
These GPCRs are the adrenergic receptor (â1), the neurotensin
receptor (NTR1) and the dopamine (D1) receptor. The first array
(Figure 2A (i)) was incubated with the binding buffer only. As
expected, no fluorescence is observed. The second array (Figure* To whom correspondence should be addressed. Email: lahirij@corning.com.

Figure 1. Characterization of model lipid arrays. (A) In situ fluorescence
images of microarrays of (i) DPPC/DMPC (4:1 mol ratio) lipids and (ii)
egg-yolk PC lipids, doped with TR-DHPE (1%, mol %) on GAPS slides.
After printing, the arrays were immersed in buffer and imaged to obtain
the initial image. The arrays were then rinsed 10 times by repeated
immersions in buffer and withdrawl through the air-buffer interface. Finally,
the arrays were dried and rehydrated by immersion in buffer. (B)
Fluorescence images of supported membranes of DLPC doped with 1%
TR-DHPE on a GAPS slide from a FRAP experiment (0, 2, and 15 min
after photobleaching for 2 min). (C) AFM image of a DLPC microspot
printed on a GAPS-coated slide.
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2A (ii)) was incubated with a solution containing fluorescently
labeled neurotensin (Bodipy-TMR-neurotensin (BT-NT)). The
image reveals that only the array corresponding to NTR1 shows a
strong fluorescence signal; this observation suggests that the binding
of BT-NT to NTR1 is specific. The specificity of the interaction
was further demonstrated by incubating the arrays with solutions
containing BT-NT and either CGP 12177, SCH 23390, or neuro-
tensin (Figure 2A (iii), (iv), (v), respectively). Relative to arrays
incubated with BT-NT, there is no significant decrease in signals
for arrays incubated with mixtures containing BT-NT and CGP
12177 or SCH 23390. These ligands have no known affinity for
NTR1 and are not expected to inhibit the binding of BT-NT to
NTR1. Neurotensin is the cognate ligand for NTR1 (Ki ≈ 2.0 nM)16

and competes for binding sites on the NTR1 array. Therefore, when
incubated with solutions containing excess neurotensin, complete
inhibition is expected, in accordance with the data.

Protein microarrays are particularly well-suited for determining
the selectivity of a compound between the different subtypes of a
receptor family. To test this application, we printed arrays containing
different adrenergic receptors and carried out binding assays with
labeled cognate ligands and unlabeled inhibitors. GAPS-derivatized
gold surfaces17 were used for this experiment because of background
issues related to nonspecific binding of fluorescent ligands on the
glass substrates. We hypothesized that distance-dependent quench-
ing by the gold surface would decrease the fluorescence due to
nonspecific binding outside the microspots relative to binding within
the microspots.18 Each array contained theâ1, â2, andR2A subtypes
of the adrenergic receptor. The first array was incubated with
Bodipy-TMR CGP 12177, aâ-selective antagonist analogue.19

Figure 2B (i) shows a fluorescence image of this array; only spots
corresponding to theâ1 and â2 subtypes show binding to
CGP12177, in agreement with the known selectivity of this
compound. The arrays were incubated with solutions containing
labeled CGP 12177 and ICI 118551, a selectiveâ2 antagonist,20 at

two different concentrations (shown in Figure 2B, (ii) and (iii),
respectively). At 10 nM ICI 118551, we observed decreases of 75
and 6% in the fluorescence intensity of the spots corresponding to
the â2 receptor and theâ1 receptor, respectively. When the
concentration of ICI 118551 was increased to 500 nM, the
fluorescence intensities of the spots of theâ1 receptor decreased
to approximately 48% and no further decrease was observed for
spots of theâ2 receptor. These results are consistent with the higher
affinity of ICI 118551 for theâ2 receptor (Ki ≈ 1 nM) relative to
the â1 receptor (Ki ≈ 200 nM).

To investigate the feasibility of estimating the affinities of
compounds using GPCR arrays, we studied the binding of BT-NT
in the presence of unlabeled neurotensin to arrays of the neurotensin
receptor. Figure 2C shows fluorescence images reflecting the
concentration dependence of the inhibition. From a plot of the
binding signal versus the concentration of neurotensin, we estimate
IC50 to be∼2 nM, which is close to that obtained using other
techniques.16 Significantly, this agreement suggests that the GPCR-G
protein complex is largely preserved in the microspot,1 which further
suggests the possibility of monitoring the activation of G proteins.

The approach described here for fabricating membrane protein
arrays is highly practical; binding assays on these arrays demonstrate
high specificity and no apparent artifacts due to receptor im-
mobilization. The utility of membrane microarrays goes well beyond
multiplexed compound-screeningsas models of the cell-surface,
membrane microarrays will also enable highly parallel studies of
fundamental processes such as multivalent interactions and cell-
cell communication.21

Supporting Information Available: Details for fabrication and
storage of arrays and FRAP experimental procedures (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org
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Figure 2. Ligand binding to GPCR microarrays. (A) Fluorescence images
and histogram analysis of ligand binding to arrays of theâ1, NTR1, and
D1 receptors on a GAPS slide. Each array contains three columns (each
corresponding to a different receptor) of five replicate microspots. Five
separate arrays are shown after incubation with (i) binding buffer (50 mM
Tris-HCl, 2 mM EDTA, 1 mM MgCl2, pH 7.4, 0.1% BSA) only; (ii) BT-
NT (2 nM); (iii)-(v) BT-NT (2 nM) in the presence of CGP12177 (1µM),
SCH23390 (1µM) and neurotensin (1µM), respectively. Error bars in the
histogram represent the standard deviation of five replicate microspots. (B)
Fluorescence images and histogram analysis of ligand binding to arrays of
the adrenergic receptor. Three separate arrays of theâ1, â2, and R2A
receptors were printed on a single GAPS-coated gold slide. The arrays were
incubated with (i) BT-CGP (5 nM) only, (ii) BT-CGP (5 nM) and ICI 11851
(10 nM), (iii) BT-CGP (5 nM) and ICI 11851 (500 nM). (C) Fluorescence
images and inhibition curve of arrays of the NTR1 receptor. The arrays
were incubated in solutions containing a fixed concentration of BT-NT (1
nM) and different concentrations of neurotensin (0-16 nM). The dotted
line in the graph corresponds to the estimated IC50 value of∼2 nM.
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