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(57) ABSTRACT 

The invention provides membrane molecule indicators, 
including polypeptides, encoding nucleic acid molecules 
and cells containing such polypeptides and nucleic acid 
molecules. The invention membrane molecule indicators are 
characterized in that ?uorescence resonance energy transfer 
(FRET) betWeen a donor ?uorescent domain and an acceptor 
?uorescent domain indicates a property of the membrane 
molecule. Also provided are methods of using the invention 
membrane molecule indicators to determine a property of a 

membrane molecule, and to identify compounds that modu 
lates a property of a membrane molecule. 
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MEMBRANE MOLECULE INDICATOR 
COMPOSITIONS AND METHODS 

BACKGROUND OF THE INVENTION 

[0001] The invention relates generally to the ?eld of signal 
transduction and, more speci?cally, to compositions and 
methods for indicating properties of membrane molecules 
using ?uorescence resonance energy transfer 

[0002] The transduction of signals from the outside to the 
inside of a cell underlies most cellular processes, including 
proliferation, differentiation, apoptosis, motility and inva 
sion. Therefore, there is considerable interest in developing 
improved methods of monitoring signal transduction in 
response to normal and abnormal stimuli. Methods of moni 
toring signal transduction have numerous applications, such 
as in identifying or improving modulators of signal trans 
duction pathWays, Which are candidate therapeutic drugs or 
therapeutic targets, and in detecting pathological alterations 
in cells. 

[0003] Some of the earliest and most sensitive signals 
transduced in response to stimuli involve changes in prop 
erties of membrane molecules, including membrane lipids 
and polypeptides, such as changes in location, abundance, 
conformation or post-translational modi?cation state. 
Accordingly, there exists a need to develop compositions 
and methods suitable for indicating changes in properties of 
membrane molecule. 

[0004] An early response to agonist stimulation of many 
tyrosine kinase and G-protein coupled receptors is the 
activation of the enZyme phospholipase C, Which cleaves the 
lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to gen 
erate second messengers that increase cytosolic free Ca2+ 
concentration. Although Ca2+ indicators and methods have 
been described that alloW monitoring of Ca2+ concentration 
in single living cells With high spatial and temporal resolu 
tion, Ca2+ ?uxes, being more distal to receptor activation, 
may not as faithfully report receptor activation levels as 
changes in PIP2 levels. 

[0005] In a recently developed method for detecting PIP2 
dynamics in living cells, a pleckstrin homology (PH) 
domain tagged With a green ?uorescent protein (GFP) has 
been used. Detection of PIP2 hydrolysis Was by in vivo 
visualiZation, such as by confocal imaging and post acqui 
sition image analysis, of translocation of the ?uorescence 
from the membrane to the cytosol. HoWever, this method 
suffers from several disadvantages. First, it is hard to obtain 
quantitative data using confocal microscopy, since even 
minor focal drift and changes in cell morphology that often 
occur after stimulation render quantitative measurements 
unreliable. Second, it is difficult to visualiZe translocation in 
very ?at cells or in cellular subregions. Third, at fast imaging 
rates, confocal imaging requires high excitation intensities 
that can cause severe cell damage in minutes. Fourth, the 
imaging approach is not easily extended to cell populations. 
Therefore, there exists a need to develop improved methods 
for detecting PIP2 dynamics in cells, and particulary meth 
ods amenable to high-throughput screening. 

[0006] The present invention satis?es these needs and 
provides related advantages as Well. 
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SUMMARY OF THE INVENTION 

[0007] The invention provides a membrane molecule indi 
cator, the indicator containing: 

[0008] (a) at least one membrane molecule indicator 
domain; 

[0009] (b) a donor ?uorescent domain; and 

[0010] (c) an acceptor ?uorescent domain; 

[0011] Wherein ?uorescence resonance energy transfer 
(FRET) betWeen the donor domain and the acceptor domain 
is indicative of a property of the membrane molecule. 

[0012] Also provided is a nucleic acid molecule Which 
encodes a membrane molecule indicator, or a nucleic acid 
kit, the nucleic acid molecule components of Which encode 
a membrane molecule indicator, the indicator containing: 

[0013] (a) at least one membrane molecule indicator 
domain; 

[0014] (b) a donor ?uorescent domain; and 

[0015] (c) an acceptor ?uorescent domain; 

[0016] Wherein FRET betWeen the donor domain and the 
acceptor domain is indicative of a property of the membrane 
molecule. 

[0017] The invention also provides a method of determin 
ing a property of a membrane molecule in a cell. The method 
includes the steps of: 

[0018] (a) providing a cell containing a membrane 
molecule indicator; and 

[0019] (b) determining FRET betWeen the donor 
?uorescent domain and the acceptor ?uorescent 
domain, 

[0020] Wherein FRET betWeen the donor domain and 
the acceptor domain is indicative of a property of the 
membrane molecule. 

[0021] Further provided is a method of identifying a 
compound that modulates a property of a membrane mol 
ecule. The method includes the steps of: 

[0022] (a) contacting a cell containing a membrane 
molecule indicator With one or more test compounds, 
Wherein the cell further comprises the membrane 
molecule; and 

[0023] (b) determining FRET betWeen the donor 
?uorescent domain and the acceptor ?uorescent 
domain folloWing the contacting, 

[0024] Wherein increased or decreased FRET folloW 
ing the contacting indicates that the test compound is 
a compound that modulates a property of the mem 
brane molecule. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 shoWs four exemplary membrane molecule 
indicator compositions. Solid bar: membrane anchoring 
domain. Hatched and open boxes: ?uorescent donor domain 
or ?uorescent acceptor domain. Thick semi-circle: MMID. 
Thin semi-circle: linker. Solid circle: membrane molecule. 
Solid triangle: represents an altered property of membrane 
molecule. (A-D): FRET is high due to association betWeen 
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membrane molecule indicator domain (MMID) and mem 
brane molecule at the membrane. (E-H): FRET is loW due to 
dissociation betWeen MMID and membrane molecule, as a 
result of an altered property of membrane molecule. (I-L): 
FRET is loW due to altered localiZation of membrane 
molecule. 

[0026] FIG. 2 shoWs ?uorescence resonance detection of 
PH domain translocation. (A) Schematic representation of 
FRET occurring betWeen CFP-PH and YFP-PH bound to the 
membrane. Upon hydrolysis of PI(4,5)P2, PH domains 
translocate to the cytosol and FRET ceases. (B) Emission 
signals of CFP and YFP, collected at 475 and 530 nm 
respectively, and the ratio of 530/475, recorded-from a 
single N1E-115 cell stimulated With bradykinin (BK, 1 pM). 
Signals Were loW-pass ?ltered at 2 HZ and sampled at 3 HZ. 
Scale bar for ratio signal shoWs percent deviation from 
baseline. (C) Confocal detection of GFP-PH translocation, 
depicted on the same scale. Images Were collected once per 
10 seconds, and the ratio of ?uorescence intensities in 
membrane and cytosol (PM/Cyt) Was deduced for each 
image by post-acquisition automated image analysis. 

[0027] FIG. 3 shoWs characteriZation of ?uorescence 
emission. Cells expressing constructs as indicated Were 
stimulated With 1 pM bradykinin and ?uorescence emission 
Was detected at the indicated Wavelength. 

[0028] FIG. 4 shoWs Fluorescence Recovery After Pho 
tobleaching (FRAP) to reveal dynamic movements of GFP 
PH betWeen cytosol and membrane. Spots (approx. 1.3 pm 
full-Width half maximum) Were completely bleached in the 
basal membrane (or in the cytosol for B) With a 30 m-s pulse 
of 488 nm laser light, and recovery Was monitored in 
line-scan mode in a confocal microscope. (A) FRAP of 
membrane-delimited YFP-CAAX; (B) cytosolic 
PLC61PH(R40L)-GFP mutant that cannot bind PI(4,5)P2; 
(C) PLColPH-GFP in a resting cell; (D) PLColPH-GFP in 
a cell that has agonist-induced partial translocation of ?uo 
rescence. Insets shoW confocal images for the distribution of 
these constructs, taken from distinct cells. 

[0029] FIG. 5 shoWs PLC activation in single cells, neu 
rites or in cell populations recorded by FRET. (A) A single 
N1E-115 cell Was stimulated repeatedly With neurokinin A 
(NKA) as indicated by the lines (dashes, 10 s pulses of 100 
pM NKA from a puffer pipette; solid line, addition of 1 pM 
?nal concentration to the culture dish). The response shoWs 
repeated PLC activation and partial desensitiZation. PLC 
activation induced by subsequently added bradykinin (BK, 
1 pM) Was not desensitiZed by NKA pretreatment. For 
calibration, maximal translocation Was induced by adding 5 
pM ionomycin+2 mM additional Ca2+. (B) PLC activation 
in a single neurite of a neuroblastoma cell, differentiated by 
culturing in serum-free medium for 48 hours. Area of 
measurement (2.5><9 pm) is indicated in the micrograph. 
Excitation bandWidth Was increased to 20 nm. (C) FRET 
recording from a cluster of about 15 transfected cells dem 
onstrates improved signal-to-noise ratio and averaged kinet 
ics (note the same scale for B and C). 

[0030] FIG. 6 shoWs that the PH domain of PLC61 reports 
changes in PI(4,5)P2 rather than in IP3 in N1E-115 cells. (A) 
Cells expressing GFP-PH Were loaded With both Fura-Red 
(20 FM) and caged IP3 (100 PM) by in-situ high frequency 
electroporation. ShoWn is the response of a single cell, 
assayed simultaneously for GFP translocation and Ca2+ 

Mar. 3, 2005 

mobiliZation induced by ?ash photolysis of caged IP3. 
ArroWs indicate photolysis of 1 pM, 10 pM and 90 pM. For 
comparison, bradykinin (1 pM) Was added afterWards. Rep 
resentative trace from 16 similar experiments. (B) FRET 
response to bradykinin detected in a single cell, pretreated 
With 5 pM of phenyl arsine oxide for 10 minutes. (C-D), 
time course of Ins(1,4,5)P3 and Ins(1,3,4)P3 formation in 
adrenal glomerulosa cells prelabeled With [3H]inositol, after 
stimulation With angiotensin II (Ang, 1 pM) in the presence 
of 2 mM Sr2+ or Ca2+. Angiotensin II-induced translo 
cation as quantitated by analysis of serial confocal images of 
glomerulosa cells in the presence of Sr2+ or Ca2+. Data 
points represent means:S.E.M., n=5. Bradykinin-in 
duced translocation, With and Without Sr2+, as detected by 
FRET in N1E-115 cells. 

[0031] FIG. 7 shoWs heterogeneity of PLC activation 
responses to different GPCR agonists. Single N1E-115 cells 
expressing CFP-PH and YFP-PH Were stimulated With 1 pM 
bradykinin (BK), 1 pM neurokinin A(NKA), 50 pM throm 
bin-receptor activating peptide (TRP), 1 pM lysophosphati 
date (LPA) or 10 pM histamine (HIS). PLC activation as 
assayed by FRET, and intracellular Ca2+ recordings for these 
agonists detected ratiometrically using YelloW Cameleon 2.1 
in separate experiments, are shoWn. Changes in ?uorescence 
ratio are expressed as percent of resting values. ShoWn are 
representative examples of experiments performed at least 
10 times. 

[0032] FIG. 8 shoWs that PLC inactivation kinetics mirror 
receptor inactivation. (A) FRET recording from a single 
N1E-115 cell stimulated With neurokinin A (NKA) and With 
1 mM aluminum ?uoride (AlF4_). (B) Confocal micro 
graphs of cells, taken 56 hours after transfection With 
PLColPH-GFP (5 pg DNA/Well) together With different 
amounts of constitutively active Gaq subunit (Gq*, 0.8 
pig/Well, and Gq* 1:10, 0.08 pig/Well) or With constitutively 
active 60.12 at 0.8 pig/Well (G12*). (C) PLC activation 
detected by FRET in single neuroblastoma cells (left panel), 
expressing Wild-type NKA receptors, stimulated With 10 
second pulse from a puffer pipette With 100 pg NKA; and 
cells stimulated by prolonged addition of NKA(1 pM) to the 
medium, expressing either Wild-type receptors (middle 
panel) or a mutant truncated at its C-terminus (right panel). 
Recordings are all to the same scale. (D) Kinetics of PLC 
activation by NKA in a N1E-115 cell transfected With the C 
terminally truncated NK2 receptors on an extended time 
scale. 

[0033] FIG. 9 shoWs an exemplary membrane molecule 
indicator. Oval: membrane molecule. TrapeZoid: MMID. 
The donor and acceptor ?uorescent domains are indicated. 
Top: FRET is high due to association betWeen MMID and 
the membrane molecule at the membrane and proximity of 
the donor and acceptor. Bottom: FRET is loW due to 
relocaliZation of membrane molecule and resulting separa 
tion of the donor and acceptor. 

[0034] FIG. 10 shoWs an exemplary membrane molecule 
indicator. Oval: membrane molecule. TrapeZoid: MMID. 
The donor and acceptor ?uorescent domains are indicated. 
Top: FRET is loW due to association betWeen MMID and the 
membrane molecule at the membrane and separation of the 
donor and acceptor. Bottom: FRET is high due to relocal 
iZation of membrane molecule and resulting proximity of the 
donor and acceptor. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] The invention provides membrane molecule indi 
cator compositions, including polypeptides, encoding 
nucleic acid molecules, and cells, as Well as related methods 
for determining properties of a membrane molecule and for 
identifying modulatory compounds. 
[0036] The membrane molecule indicator compositions of 
the invention are characteriZed by a membrane molecule 
indicator domain, a donor ?uorescent domain and an accep 
tor ?uorescent domain. The donor ?uorescent domain and 
acceptor ?uorescent domain exhibit a characteristic ?uores 
cence resonance energy transfer (FRET) When the mem 
brane molecule indicator domain is associated With a mem 
brane molecule at a membrane. This characteristic FRET 
observed When the membrane molecule indicator domain 
and membrane molecule are associated at the membrane 
differs from FRET observed When the membrane molecule 
indicator domain dissociates from the membrane molecule, 
or When the membrane molecule is no longer localiZed to the 
membrane. Therefore, FRET betWeen the donor and accep 
tor ?uorescent domains serves as an indicator of association 
at the membrane betWeen the membrane molecule indicator 
domain and the membrane molecule, and thus serves as an 
indicator of a property of the membrane molecule. 

[0037] In one embodiment, FRET is high When the mem 
brane molecule indicator domain and membrane molecule 
are associated at the plasma membrane (e.g. FIG. lA-D and 
FIG. 9, top), and loW When the membrane molecule indi 
cator domain dissociates from the membrane molecule (e.g. 
FIG. lE-H), or When the membrane molecule relocaliZes 
(e.g. FIG. 1I-L and FIG. 9, bottom). 

[0038] In another embodiment, FRET is loW When the 
membrane molecule indicator domain and membrane mol 
ecule are associated at the plasma membrane (e.g. FIG. 10, 
top), and high When the membrane molecule indicator 
domain dissociates from the membrane molecule, or When 
the membrane molecule relocaliZes (e.g. FIG. 10, bottom). 

[0039] Properties of a membrane molecule that can affect 
its ability to associate at the membrane With an indicator 
domain include, for eXample, its localiZation, abundance, 
conformation and post-translational modi?cations. These 
properties of membrane molecules are of considerable inter 
est, as they often re?ect changes that occur as a result of 
activation or inactivation of cellular signaling pathWays that 
regulate fundamental cellular processes, including groWth, 
differentiation, apoptosis, motility and invasion. Therefore, 
the invention compositions and methods can be used to 
identify and determine the function of modulators of cellular 
signaling pathWays, and thus have important therapeutic, 
diagnostic and research applications. 

[0040] In one embodiment, the membrane molecule indi 
cator compositions of the invention contain (or encode) a 
single polypeptide that contains a membrane molecule indi 
cator domain, a membrane anchor, a donor ?uorescent 
domain and an acceptor ?uorescent domain (shoWn sche 
matically in FIG. 

[0041] In an alternative embodiment, the membrane mol 
ecule indicator compositions of the invention contain (or 
encode) tWo polypeptides, one containing a membrane mol 
ecule indicator domain, the other containing a membrane 
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anchor domain, one of Which further contains a donor 
?uorescent domain, the other of Which further contains an 
acceptor ?uorescent domain (shoWn schematically in FIG. 
1B). 
[0042] In another embodiment, the membrane molecule 
indicator compositions of the invention contain (or encode) 
a single polypeptide that contains tWo membrane molecule 
indicator domains, a donor ?uorescent domain and an accep 
tor ?uorescent domain (shoWn schematically in FIG. IC). 

[0043] In yet another embodiment, the membrane mol 
ecule indicator compositions of the invention contain (or 
encode) tWo polypeptides, each containing a membrane 
molecule indicator domain, one of Which contains a donor 
?uorescent domain and the other of Which contains an 
acceptor ?uorescent domain (shoWn schematically in FIG. 
1D). 
[0044] In a further embodiment, the membrane molecule 
indicator compositions of the invention contain (or encode) 
one polypeptide, containing a central membrane molecule 
indicator domain, With a donor ?uorescent domain and an 
acceptor ?uorescent domain at the termini (shoWn schemati 
cally in FIGS. 9 and 10). 

[0045] It Will be appreciated by the skilled person that the 
membrane molecule indicators shoWn in FIGS. 1, 9 and 10 
can be modi?ed in a variety of Ways, so long as the donor 
and ?uorescent domains are operably positioned so as to 
exhibit a characteristic FRET When the membrane molecule 
indicator domain and membrane molecule are associated at 
the membrane, Which differs from FRET observed When the 
membrane molecule indicator domain dissociates from the 
membrane molecule, or When the membrane molecule is no 
longer localiZed to the membrane. 

[0046] For eXample, the relative locations of the donor 
?uorescent domain and acceptor ?uorescent domain With 
respect to a membrane anchoring domain can be reversed in 
the compositions shoWn in FIGS. 1A and B. The membrane 
molecule indicator compositions can also contain additional 
peptide or non-peptide domains, such as linker sequences 
betWeen the donor ?uorescent domain and acceptor ?uores 
cent domain, or betWeen a ?uorescent domain and either the 
MMID or the membrane anchor. Likewise, either the donor 
or acceptor ?uorescent domains shoWn in FIGS. 9 and 10 
can optionally contain membrane anchor domains. 

[0047] When tWo MMIDs are present, the MMIDs can 
each associate With the same type of membrane molecule. In 
such applications, the MMIDs can be identical, or different, 
so long as they associate With the same type of membrane 
molecule. For other applications, it may be preferable that 
the MMIDs associate With different types of membrane 
molecules, Which are commonly or differentially regulated. 
Thus, such the membrane molecule indicator compositions 
can simultaneously, or alternatively, report the properties of 
tWo different membrane molecules. 

[0048] As used herein, the term “membrane molecule” 
refers to a molecule that transiently, or permanently, resides 
at, partially or completely Within, or across, a lipid bilayer 
of a cell. A membrane molecule can thus be an integral 
membrane molecule, such as a lipid bilayer component or an 
integral membrane protein. Alternatively, a membrane mol 
ecule can be a peripheral membrane molecule that directly 
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associates With the lipid bilayer, or indirectly associates With 
the lipid bilayer by virtue of interaction With an integral 
membrane molecule. 

[0049] Amembrane molecule useful in the methods of the 
invention is a molecule that as a direct or indirect response 
to a normal or pathological stimulus, exhibits a change in a 
property that results in an increased or decreased association 
at the membrane betWeen the membrane molecule and the 
particular membrane molecule indicator domain. 

[0050] Exemplary properties of a membrane molecule that 
can change in response to a stimulus, and Which can result 
in an increased or decreased association at the membrane 
betWeen the membrane molecule and the MMID, include 
location (eg translocation of the membrane molecule from 
its membrane location to a different cellular location, or vice 
versa), abundance (e. g. local, or overall, increase or decrease 
in abundance of the membrane molecule at the membrane), 
conformation (e.g. tertiary or quaternary structure, Which 
can re?ect activation state), and post-translational modi? 
cation state (eg acylation, biotinylation, mannosylation, 
farnesylation, formylation, geranyl-geranylation, hydroxy 
lation, methylation, myristoylation, palmitoylation, phos 
phorylation, sulphation and the like). Therefore, such prop 
erties of a membrane molecule, as indicated by its relative 
ability to associate With a membrane molecule indicator 
domain, re?ect the presence and nature of the stimulus. The 
appropriate property Which changes in response to a stimu 
lus, Will depend on the nature of the membrane molecule and 
the stimulus. 

[0051] As an example of a class of membrane molecules 
that exhibit changes in properties in response to stimuli, it is 
Well knoWn in the art that tyrosine kinase receptors often 
exhibit changes in location and abundance at the membrane 
(eg by becoming internaliZed), conformation (eg by 
adopting an activated tertiary conformation, dimeriZing, or 
associating With effector molecules), and/or post-transla 
tional state (eg by becoming tyrosine phosphorylated) in 
response to ligands. Certain phospholipids exhibit changes 
in abundance (eg by becoming hydrolyZed or produced) in 
response to agonist activation of receptors. Other examples 
of membrane molecules and changes in their properties in 
response to stimuli, Which can be detected using the methods 
and compositions of the invention, are knoWn in the art and 
described further beloW. 

[0052] As used herein, the term “membrane,” With respect 
to the location of a membrane molecule detected by the 
indicator compositions of the invention, refers to any lipid 
bilayer of a cell, including, but not limited to, the plasma 
membrane, Golgi membrane, endoplasmic reticulum (ER) 
membrane, mitochondrial membrane, endosomal mem 
brane, peroxisomal membrane, lysosomal or vacuolar mem 
brane, and nuclear membrane. 

[0053] A membrane molecule can be of any nature, such 
as a lipid, protein, saccharide, or any combination thereof. In 
one embodiment, the membrane molecule is a membrane 
lipid. Exemplary membrane lipids include cholesterol, sph 
ingolipids, polyisoprenoids, mono-, di- and triacylglycerols, 
acyl chains and their derivatives (e.g. arachadonic acid and 
its metabolites, such as prostaglandins), and phospholipids 
(e.g. phosphatidylcholine, phosphatidylserine, phosphati 
dylethanolamine, phosphatidic acid, phosphaytidlyglycer 
ols, lyso-derivatives thereof and phosphatidylinositols. 
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Exemplary phosphatidylinositols include PtdIns(4,5)P2 (also 
referred to as PIP2), PtdIns(3,4)P2, PtdIns(3,4,5) P3, PtdIns, 
PtdIns(3)P, PtdIns(4)P, as Well as D-enantiomers (e.g. 
D-Ins(1,4,5) P3), di-carboxy derivatives (e.g. DiC8-PtdIns(4, 
5)P2) and glycerophosphoryl derivatives (e.g. g-PtdIns(4, 
5)P2)of these molecules. 

[0054] The structural and regulatory function of mem 
brane lipids in normal and abnormal biological processes, as 
Well as the changes in properties of lipids (e.g. abundance, 
localiZation, conformation and post-translation modi?ca 
tions) that occur in response to normal and pathological 
stimuli, are Well knoWn in the art. 

[0055] For example, a variety of sphingolipids have roles 
in signaling, such as sphingosine in inhibiting PKC, cera 
mide in modulating arachidonic acid release, and 
sphingosine-l-phosphate in mobiliZing calcium (revieWed 
in Shayman, Kidney International 58:11-26 (2000). As other 
examples of the role of membrane lipids in signaling, 
diacylglycerol (DAG) activates protein kinase C (PKC); 
phosphatidic acid (PA) activates certain kinases; and phos 
phatidyl choline serves as a substrate for phospholipase D to 
generate PA and then DAG, as Well as a substrate for 
phospholipase A2 to generate AA, Which is the precursor for 
eicosanoids and prostaglandins. 

[0056] Phosphatidylinositols are particularly important 
signaling molecules. For example, many cell surface recep 
tors are coupled to phospholipase C activation. PLC activa 
tion cleaves the phosphatidylinositol PIP2 to produce the 
second messengers inositol 1,4,5-trisphosphate (1P3) and 
diacylglycerol (DAG). These second messengers increase 
intracellular Ca2+ concentration and activate the serine/ 
threonine speci?c protein kinase C (PKC), respectively. 
PIP2 also serves as a substrate for phosphatidyl inositol 
3-kinase (PI3K), producing the second messenger phos 
phatidylinositol (3,4,5)-trisphosphate (PIP3). PIP2 also is 
implicated in the regulation of the actin cytoskeleton, based 
on its ability to bind to and regulate the function of a number 
of actin severing, capping and bundling proteins. Addition 
ally, PIP2 modulates the activity of phospholipase D (PLD), 
Which catalyZes the hydrolysis of phosphatidylcholine to 
phosphatidic acid and choline. 

[0057] PIP2 resides at the plasma membrane of resting 
cells. Upon agonist stimulation of a receptor coupled to 
PLC, such as a tyrosine kinase receptor, or a G-protein 
coupled receptor (GPCR) that acts through a Gotq-contain 
ing effector G protein, PIP2 is hydrolyZed to yield soluble 
1P3 and membrane bound DAG. PIP2 is then resynthesiZed 
and returns to the membrane. Accordingly, the abundance of 
PIP2 at the plasma membrane reports the activation state of 
a PLC-coupled receptor, in that high abundance of PIP2 at 
the plasma membrane indicates the resting state, and loW 
abundance indicates agonistic activity through the receptor. 
[0058] In an alternative embodiment, a membrane mol 
ecule is a membrane protein. Exemplary membrane proteins 
include integral membrane proteins such as cell surface 
receptors (e.g. G-protein coupled receptors (GPCRs), 
tyrosine kinase receptors, integrins and the like) and ion 
channels; and proteins that shuttle betWeen the membrane 
and cytosol in response to signaling (e.g. Ras, Rac, Raf, GO. 
subunits, arrestins, Src and other effector proteins). In cer 
tain embodiments, When speci?cally indicated, excluded 
from the scope of the invention is a membrane molecule that 
is a GPCR. 
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[0059] The structural and regulatory function of mem 
brane proteins in normal and abnormal biological processes, 
as Well as the changes in their properties (eg abundance, 
localiZation, conformation and post-translation modi?ca 
tions) that occur in response to normal and pathological 
stimuli, are Well knoWn in the art. 

[0060] As used herein, a “membrane molecule indicator 
domain” or “MMID” refers to a domain that associates With 
a membrane molecule with sufficient affinity and selectivity 
to report a property of the membrane molecule. The choice 
of membrane molecule indicator domain Will depend on the 
particular membrane molecule. MMIDs for the membrane 
molecules described above are knoWn in the art, or can be 
readily determined. Suitable MMIDs include, for example, 
domains that mediate interaction With the membrane mol 
ecule that are present in its naturally occurring oligomeric 
partner(s), regulators and effectors, as Well as functional 
variants of such domains. Thus, for example, MMIDs that 
bind to membrane molecules can consist of SH2, SH3, PH, 
PTB, EH, PDZ, EVH1 and WW domains that bind the 
membrane molecule in vivo, as Well as functional variants of 
such domains. 

[0061] In certain embodiments, such as When the mem 
brane molecule indicator is designed to indicate activation 
state of a GPCR, the MMID can comprise a G-protein 
subunit, such as a Got, GB or Gy subunit. For example, high 
FRET betWeen a G0. subunit linked to a donor ?uorescent 
domain and a G6 and/or Gy subunit linked to an acceptor 
?uorescent domain (or vice versa) can indicate the inactive 
state of the GPCR, in Which the trimeric G-protein complex 
is present at the membrane. In contrast, loW FRET can 
indicate activation of the GPCR and dissociation of the 
G-protein complex. In other embodiments, When speci? 
cally indicated, excluded from the scope of the invention is 
an MMID Which comprises a G-protein subunit. 

[0062] MMIDs also include domains Which do not nor 
mally interact With the membrane molecule in the cell, but 
are determined, by methods knoWn in the art, to have 
sufficient affinity and selectivity to report a property of the 
membrane molecule. 

[0063] Where the membrane molecule is a phosphatidyli 
nositol, a suitable membrane molecule indicator domain is a 
phosphatidylinositol binding domain. Phosphatidylinositol 
binding domains include, for example, “pleckstrin homol 
ogy” or “PH” domains, “FYVE” domains, “C2” domains, 
“SH2” domains, PtdIns-binding domains of actin-binding 
proteins, PtdIns-binding domains of clathrin adaptor pro 
teins, and START domains (revieWed in Bottomley et al., 
Bioc. Biophys. Acta 1436:165-183 (1998); Stenmark et al., 
J. Cell Science 112:4175-4183 (1999); Janmey, Chem. Biol. 
2:61-65 (1995); and Ponting et al., TIBS 24:130-132 
(1999)). 
[0064] In one embodiment, the phosphatidylinositol indi 
cator domain is a pleckstrin homology (PH) domain. PH 
domains are generally around 120 amino acids long and 
share characteristic structural features that include tWo 
orthogonal [3-sheets of three and four anti-parallel [3-strands, 
Which sandWich an ot-helix at the C-terminus. PH domains 
also contain clusters of lysine and arginine residues distal to 
the C-terminal ot-helix that create a highly charged surface, 
and an almost invariant tryptophan residue near the C-ter 
minus. PH domains have been found in more than 100 
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different proteins, including mammalian, Drosophila, C. 
elegans and yeast proteins. Many PH domain containing 
proteins are involved in intracellular signaling and cytosk 
eletal organiZation. 

[0065] Examples of PH domain containing proteins 
include protein kinases (e.g. Btk, [3-ARK and Akt), all 
phospholipase C (PLC) isoforms (e.g. PLC[3, y and 6), 
insulin receptor substrates (IRS-1 and IRS-2), phosphoi 
nositide 3-kinase (PI3 kinase) p110y subunit, the guanine 
nucleotide release factor SOS, rasGAP, dynamin, CDC25, 
Tiam-1, Vav, guanine nucleotide exchange factors (eg 
GRP-1, ARNO, cytohesin) and [3-spectrin. The sequences, 
ligands and relative binding affinities of a variety of PH 
domains are knoWn in the art (see, for example, Bottomley 
et al., supra (1998)). 

[0066] Apreferred PH domain is a PH domain of a PLC, 
such as the PIP2-indicator PH domain of PLC61. The 
cloning and expression of the PH domain of PLC61, and its 
use in membrane molecule indicator polypeptides, is 
described in the Example, beloW. 

[0067] An alternative PH domain of a PLC is the PH 
domain of PLC[3. PLCB is responsible for physically cleav 
ing PIP2, and thus the PH domain therefrom can be used to 
determine tranlocation or disassociation from the membrane 
of the actual PIP2 lipids cleaved by PLCB. The PLCB PH 
domain sequence is knoWn in the art (e.g. Rebecchi et al., 
Annu. Rev. Biophys. Biomol. Struct. 27:503-528 (1998)). 

[0068] In another embodiment, the phosphatidylinositol 
indicator domain is an FYVE domain. FYVE domains have 
been demonstrated to speci?cally bind to PtdIns(3)P. FYVE 
domains generally contain eight conserved cysteines, Which 
coordinate tWo Zn2+ ions in a cross-braced topology, a 

conserved R(R/K)HHCRXCG (SEQ ID NO:1) motif sur 
rounding the third and fourth cysteine residues, and several 
highly conserved hydrophobic residues (see, for example, 
Stenmark et al., supra (1999), and Gaullier et al., Chem. 
Phys. Lipids 98:87-94 (1999)). FYVE domains have been 
found in mammalian, yeast and C. elegans proteins. Exem 
plary FYVE domain containing proteins include EEA1, 
Fab1p, YOTB, Vac1p, Vps27p, Hrs, Smad anchor for recep 
tor activation (SARA), Fgd1, and have also been described 
in a large number of proteins of unknoWn function Whose 
sequences are available in public databases (Stenmark et al., 
supra (1999)). 

[0069] In another embodiment, the phospholipid indicator 
domain is a C2 domain. C2 domains are about 130 amino 
acids in length, and have been found in single or multiple 
copies in over 60 proteins. C2 domains bind a variety of 
ligands and substrates, including Ca2+, phospholipids, inosi 
tol polyphosphates and intracellular proteins. C2 domains 
are found, for example, in synaptotagmin I-VIII, rabphilin, 
phosphatidylserine decarboxylase, protein kinase C, GAPs, 
perforin, PLC family members, BCR, ABR, PI3-kinase, 
cytosolic phospholipase A2, and have also been described in 
a large number of proteins of unknown function Whose 
sequences are available in public databases (revieWed in 
Nalefski et al., Protein Science 5 :2375-2390 (1996). 

[0070] In yet another embodiment, the phospholipid indi 
cator domain is an SH2 domain. SH2 domains are Well 
characteriZed mediators of protein-protein interactions, but 
in addition certain SH2 domains bind phosphoinositides. For 
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example, the SH2 domains from p85ot and c-Src have been 
shown to directly and selectively bind PtdIns (3,4,5) P3 
(Bottomley et al., supra (1998)). The sequences of a variety 
of SH2 domains are known in the art. 

[0071] In a further embodiment, the phospholipid indica 
tor domain is a lipid binding domain of an actin binding 
protein, such as the lipid binding domain of the actin 
monomer sequestering protein pro?lin; the actin ?lament 
severing proteins gelsolin, villin, severin, adseverin, destrin 
and co?lin; the protein gCap39, Which blocks the ends of 
actin ?laments; and the actin ?lament cross-linking protein 
ot-actinin (revieWed in Janmey, supra (1995)). The 
sequences of a variety of lipid binding domains of actin 
binding proteins are knoWn in the art. 

[0072] In another embodiment, the phospholipid indicator 
domain is a lipid binding domain of a clathrin adaptor 
protein, such as residues 5-80 of AP-2 (ot-subunit), Which 
speci?cally associates With PtdIns(3,4,5)P3, or residues 
1-304 of AP-3, Which speci?cally associates With pyrophos 
phate(PP)-InsP5 (revieWed in Bottomley et al., supra 
(1998)). The sequences of a variety of lipid binding domains 
of clathrin adaptor proteins are knoWn in the art. 

[0073] Other membrane molecule indicator domains can 
be readily identi?ed, for example, by database searching and 
by structural predictions based on sequence or structural 
homology to knoWn membrane molecule indicator domains, 
as described above. 

[0074] Association betWeen a MMID and a membrane 
molecule can be determined by binding assays knoWn in the 
art. For example, association can be determined by co 
immunoprecipitation assays, sedimentation assays, af?nity 
chromatography, tWo-hybrid assays, gel-overlay assays, 
radiolabeled ligand binding assays, and the like. Association 
betWeen molecules can also be determined by surface plas 
mon resonance (SPR) on BIAcore, nuclear magnetic reso 
nance (NMR) spectroscopy, circular dichroism (CD) spec 
troscopy, and mass spectroscopy. Association betWeen a 
MMID and lipid membrane molecule can conveniently be 
determined by adsorbing the MMID to a vesicle containing 
the lipid, and sedimenting the vesicle-bound protein by 
centrifugation. Such methods are revieWed, for example, in 
WinZor, J. Mol. Recognit. 13:279-298 (2000); and Bottom 
ley et al., supra (1998). 
[0075] The membrane molecule indicator domains 
described herein need not have the exact sequence of a 
domain found in a native sequence, so long as the domain 
retains the membrane molecule indicator function of the 
native sequence. Thus, a membrane molecule indicator 
domain can be a variant sequence having one or several 
amino acid additions, deletions or substitutions compared 
With a native amino acid sequence. Such modi?cations can 
be advantageous, for example, in enhancing the stability, 
expression level, or binding speci?city of the domain, as 
Well as for facilitating chimeric polypeptide construction. 
The function of a variant MMID can be con?rmed by the 
binding assays described above. 

[0076] Modi?cations to the amino acid sequence of a 
MMID can be randomly generated, such as by random 
insertions, deletions or substitutions of nucleotides in a 
native MMID nucleic acid molecule. Alternatively, modi? 
cations can be directed, such as by site-directed mutagenesis 
of a nucleic acid molecule encoding a native MMID. 
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[0077] The skilled person appreciates that extensive guid 
ance in predicting Which amino acid residues of a MMID 
can be modi?ed, While retaining membrane molecule indi 
cator ability, is provided by examining alignments betWeen 
orthologs and other members of a particular MMID family. 
It is Well knoWn in the art that evolutionarily conserved 
amino acid residues and motifs are more likely to be 
important for maintaining biological activity than less Well 
conserved residues and domains. Thus, it Would be expected 
that substituting a residue that is highly conserved among 
MMIDs Within a family or across species With a non 

conserved residue may be deleterious, Whereas making the 
same substitution at a residue Which varies Widely Would 
likely not have a signi?cant effect on biological activity. 
These guiding principles have been con?rmed for a variety 
of MMID containing proteins by mutagenesis studies. In 
general, a variant MMID Will have at least 70% identity, 
more preferably at least 75% identity, including at least 80%, 
85%, 90%, 95%, 98%, 99% or greater identity to the native 
domain to Which the variant domain is most closely related. 

[0078] Thus, as a non-limiting example, a PIP2 indicator 
domain can be a domain that has at least 70% identity, more 
preferably at least 75% identity, including at least 80%, 
85%, 90%, 95%, 98% or greater identity to amino acids 
1-174 of the human PLC6-1 sequence (GenBank Accession 
No. NMi006225). 
[0079] As used herein, the term “membrane anchoring 
domain” refers to the portion of a membrane molecule 
indicator polypeptide that localiZes the polypeptide to a 
particular membrane. Membrane anchoring domains suit 
able for localiZing polypeptides to membranes of interest are 
knoWn in the art. 

[0080] For example, a membrane anchoring domain suit 
able for localiZing a polypeptide to the plasma membrane is 
the C-terminal sequence CaaX (Where “a” is an aliphatic 
residue, and “X” is any residue, generally L). An exemplary 
membrane anchoring domain suitable for localiZing a 
polypeptide to the endoplasmic reticulum is the C-terminal 
sequence KDEL (SEQ ID N012), assuming a signal 
sequence present at the N-terminus. Additionally, membrane 
anchoring domains can be small proteins, and portions of 
proteins, that confer appropriate localiZation to the mem 
brane molecule indicator polypeptide When present in a 
chimera. 

[0081] Optionally, the membrane anchoring domain can 
be a second membrane molecule indicator domain that 
associates With a different membrane molecule than the ?rst 
membrane molecule indicator domain, and that is not co 
regulated With the ?rst membrane molecule. For example, in 
order to determine membrane abundance of PIP2, an appro 
priate indicator composition can include a membrane mol 
ecule indicator domain that associates With PIP2 (eg a PH 
domain) fused to a donor ?uorescent domain, and a mem 
brane molecule indicator domain that associates With a 
different membrane molecule that is not co-regulated With 
PIP2 fused to an acceptor domain, Which thus serves to 
anchor the acceptor domain to the plasma membrane. 

[0082] As used herein, the terms “donor ?uorescent 
domain” and “acceptor ?uorescent domain” refer to a pair of 
moieties selected so as to exhibit ?uorescence resonance 

energy transfer (FRET) When the donor moiety is excited 
With appropriate electromagnetic radiation or becomes lumi 
nescent. 
































