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As a central kinase in the phosphatidylinositol 3-kinase pathway, Akt has been the subject of extensive research; yet,
spatiotemporal regulation of Akt in different membrane microdomains remains largely unknown. To examine dynamic
Akt activity in membrane microdomains in living cells, we developed a specific and sensitive fluorescence resonance
energy transfer-based Akt activity reporter, AktAR, through systematic testing of different substrates and fluorescent
proteins. Targeted AktAR reported higher Akt activity with faster activation kinetics within lipid rafts compared with
nonraft regions of plasma membrane. Disruption of rafts attenuated platelet-derived growth factor (PDGF)-stimulated
Akt activity in rafts without affecting that in nonraft regions. However, in insulin-like growth factor-1 (IGF)-1 stimulation,
Akt signaling in nonraft regions is dependent on that in raft regions. As a result, cholesterol depletion diminishes Akt
activity in both regions. Thus, Akt activities are differentially regulated in different membrane microdomains, and the
overall activity of this oncogenic pathway is dependent on raft function. Given the increased abundance of lipid rafts in
some cancer cells, the distinct Akt-activating characteristics of PDGF and IGF-1, in terms of both effectiveness and raft
dependence, demonstrate the capabilities of different growth factor signaling pathways to transduce differential onco-
genic signals across plasma membrane.

INTRODUCTION

Human serine-threonine kinase Akt (Bellacosa et al., 1991)
was first identified as an oncogene in 1991, followed by
discovery and characterization of many important upstream
and downstream regulatory components (Brazil and Hem-
mings, 2001). There are three mammalian Akt isoforms, all
of which share similar domain structures that include three
functional domains, namely, an N-terminal pleckstrin ho-
mology (PH) domain, a kinase domain, and a C-terminal
regulatory hydrophobic motif (Frech et al., 1997; Vivanco
and Sawyers, 2002). As a key cellular regulator that trans-
duces various signals that turn on phosphatidylinositol 3-ki-
nase (PI3K), the activity of Akt is dynamically regulated. On
growth factor stimulation, active PI3K catalyzes the conver-
sion of phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2]
into the cell membrane-bound second messenger phospha-
tidylinositol (3,4,5)-triphosphate [PI(3,4,5)P3], which recruits
Akt to plasma membrane, where 3-phosphoinositide–de-
pendent protein kinase 1 phosphorylates the T-loop of Akt

at a threonine residue (Thr 308/309) (Alessi et al., 1997).
Another phosphorylation event mediated by mammalian
target of rapamycin–Rictor complex occurs at a serine resi-
due located in the C-terminal hydrophobic motif of Akt (Ser
473/474) (Sarbassov et al., 2005), leading to full activation of
Akt. A tumor suppressor, phosphatase and tensin homo-
logue deleted on chromosome 10 (PTEN), dephosphorylates
PI(3, 4,5)P3 to PI(4,5)P2, suppressing Akt activation through
reduction of the second messenger (Li and Ross, 2007). Two
phosphatases, protein phosphatase 2A (PP2A) (Ugi et al.,
2004) and PH domain leucine-rich repeat protein phospha-
tase (PHLPP) (Gao et al., 2005; Brognard et al., 2007), regulate
Akt activity in vivo by directly dephosphorylating Thr 308/
309 (PP2A) and Ser 473/474 (PHLPP), respectively.

Active Akt regulates several cellular processes that are
critical to tumorigenesis, from cell growth and proliferation
to survival and motility. Not coincidentally, it has been
shown that components of the PI3K/Akt signaling pathway
are frequently altered in a wide range of tumor types (Viv-
anco and Sawyers, 2002; Luo et al., 2003). For example,
elevated Akt1 kinase activity (Sun et al., 2001), Akt2 ampli-
fication and overexpression (Bellacosa et al., 1995), up-regu-
lation of Akt3 (Nakatani et al., 1999), and loss of PTEN
(Dahia et al., 1997; Forgacs et al., 1998; Lu et al., 1999; Zhou et
al., 2000) have all been observed in various cancers. Recently,
a single transforming mutation in the PH domain of Akt1
has been identified in various tumors (Carpten et al., 2007).
Given the central importance of this pathway, a detailed
understanding of its regulation is critical for both basic
science and clinical advances.

The regulatory mechanisms underlying the PI3K/Akt
pathway are complex, because this pathway serves as a
major hub in the signal transduction network to connect
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various upstream signals with an array of downstream sig-
naling cascades. Although it is well known that Akt can be
activated after activation of different growth factor recep-
tors, their specific regulatory mechanisms pertaining to Akt
activation have not been fully investigated. Furthermore, the
plasma membrane, as a major site of Akt activation and
integration of different growth factor signals, contains mul-
tiple microdomains. Among them, the cholesterol rich,
detergent-resistant microdomains, lipid rafts, have been
suggested as critical signaling platforms (Hancock, 2003;
Hanzal-Bayer and Hancock, 2007). It has been indicated that
raft-associated Akt could be an important determinant of
oncogenicity (Adam et al., 2007). However, the activation of
Akt in different plasma membrane microdomains has not
been studied in the cellular context. This is, at least in part,
due to the lack of methods and tools suitable for dissecting
signaling mechanisms in a complex and dynamic cellular
environment. Here, by developing and using a genetically
encodable Akt activity reporter, we analyze the spatiotem-
poral dynamics of Akt activity within plasma membrane
microdomains in live-cell context, showing platelet-derived
growth factor (PDGF)- or insulin-like growth factor-1 (IGF)-
1–stimulated Akt activity is differentially regulated between
raft and nonraft regions of the plasma membrane.

MATERIALS AND METHODS

Materials
PDGF, IGF-1, phorbol 12-myristate 13-acetate (PMA), forskolin, Calyculin A,
methyl-�-cyclodextrin (M�CD), and LY294002 were purchased from Sigma-
Aldrich (St. Louis, MO). SH-5 was purchased from Calbiochem (San Diego,
CA). Akt antibody, phospho-Akt (S473) antibody, and phospho-forkhead
transcription factor O (FOXO)1 (S256) antibody were from Cell Signaling
Technology (Danvers, MA). Horseradish peroxidase-conjugated cholera toxin
B subunit was from Invitrogen (Carlsbad, CA).

Western Analysis
NIH 3T3 cells were serum starved for 24 h, followed by stimulation with
growth factors in the presence or absence of M�CD. Cells were washed with
ice-cold phosphate-buffered saline, and then lysed in radioimmunoprecipita-
tion assay lysis buffer containing protease inhibitor cocktail, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 mM NaVO4, 1 mM NaF, and 25 nM
Calyculin A. Total cell lysates were incubated on ice for 30 min, and then they
were centrifuged at 4°C for 20 min. Total protein was separated with 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocel-
lulose membranes. Membranes were blocked with Tris-buffered saline con-
taining 0.05% Tween 20 and 1% bovine serum albumin, and then they were
incubated with antibodies overnight at 4°C. After incubation with appropri-
ate horseradish peroxidase-conjugated secondary antibodies, bands were vi-
sualized by enhanced chemiluminescence. The intensity of the bands was
quantified, and the values were then normalized to total Akt level by using
UN-SCAN-IT (Silk Scientific, Orem, UT).

Construction of Akt Activity Reporter (AktAR)
Each AktAR construct was generated with a fluorescent protein pair sand-
wiching FHA1 domain and the substrate region. Different variants of cyan
and yellow fluorescent proteins, Cerulean, circularly permutated variants of
Venus (K156, E172, L194, and A228) (Nagai et al., 2004) and YPet (Nguyen and
Daugherty, 2005) were subcloned to the construct to replace corresponding
cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP). AktAR-
T/A was generated by polymerase chain reaction (PCR). PM(Lyn)-AktAR
and AktAR-PM(Kras) were generated by addition of the N-terminal portion
of Lyn kinase gene at the 5� end and CAAX (KKKKKKSKTKCVIM) tag at the
3� end of AktAR, respectively. All of the constructs were generated in pRSET
B, and then they were subcloned to the mammalian expression vector
pCDNA 3�.

Cell Transfection and Imaging
NIH 3T3 cells were plated on sterilized glass coverslips in 35-mm dishes, and
then they were grown to 40% confluence in DMEM (10% fetal bovine serum)
at 37°C with 5% CO2. Cells were transfected with Lipofectamine 2000 (In-
vitrogen), and then they were serum-starved for 24 h. For imaging, NIH 3T3
cells were washed with Hanks’ balanced salt solution buffer and imaged in
the dark at room temperature. Images were acquired on an Axiovert 200M

microscope (Carl Zeiss, Thornwood, NY) with a cooled charge-coupled de-
vice camera, as described previously (Ananthanarayanan et al., 2005). Dual-
emission ratio imaging used a 420DF20 excitation filter, a 450DRLP dichroic
mirror, and two emission filters. For CFP and YFP, 475DF40 and 535DF25
were used, respectively. Exposure time was 50–500 ms. Images were taken
every 20–30 s. Imaging data were analyzed with MetaFluor 6.2 software
(Molecular Devices, Sunnyvale, CA). Fluorescence images were background
corrected by deducting the background (regions with no cells) from the
emission intensities of CFP or YFP. Traces were normalized by taking the
emission ratio before addition of drugs as 1.

Sucrose Density Gradient Fractionation
Cells were lysed in 1 ml of 10 mM Tris, pH 7.4, buffer containing 1% Triton
X-100, 150 mM NaCl, 5 mM EDTA, 2 mM PMSF, 2 mM NaVO4, 2 mM NaF,
and 50 nM Calyculin A, with protease inhibitor cocktail. Cell lysates were
incubated in ice with periodic mixing for 1 h, and then they were diluted 1:1
with 85% sucrose and layered by 4 ml of 35% sucrose, followed by additions
of 1 ml of 5% sucrose solution and 4.5 ml of 10 mM Tris, pH 7.4, buffer
containing 150 mM NaCl and 5 mM EDTA. Ultracentrifugation was per-
formed at 39,000 � g for 18 h in a Beckman SW41-Ti rotor (Beckman Coulter,
Fullerton, MA). All experimental steps were performed at 4°C. After ultra-
centrifugation, the top 3.5-ml sample was discarded. Nine 890-�l fractions
were then collected, starting from the top of the gradient.

RESULTS

Development of a Specific Reporter for Tracking Akt
Activity in Signaling Microdomains
Lipid rafts seem to play an important role in regulating
PDGF- and IGF-1–stimulated Akt activation in that disrup-
tion of lipid rafts by cholesterol depletion largely diminished
PDGF or IGF-1–stimulated phosphorylation of Akt and its
substrate FOXO1 in NIH 3T3 cells (Supplemental Figure 1),
which is consistent with previous observations in small cell
lung cancer cells (Arcaro et al., 2007) and LNCaP cells (Adam
et al., 2007). Investigations into the regulatory mechanisms
by which lipid rafts regulate Akt activation will rely on
methodologies that allow us to examine dynamic Akt activ-
ity in distinct membrane microdomains, such as lipid rafts
and nonraft regions of the plasma membrane. To achieve
dynamic tracking of Akt activity in these different microdo-
mains in living cells, we turned to genetically encoded and
subcellularly targetable kinase activity reporters.

The design of a kinase activity reporter is based on a
kinase-dependent molecular switch flanked by a pair of
fluorescent proteins, which consists of a substrate domain
and a phosphoamino acid binding domain. Phosphorylation
of the substrate causes an intramolecular reorganization due
to binding of the phospho-substrate by the binding domain,
which leads to a change in the distance or orientation be-
tween the fluorescence resonance energy transfer (FRET)
pair, yielding a change in FRET (Zhang et al., 2001, 2002; Ni
et al., 2006). We recently developed B-kinase activity reporter
(BKAR) by using this general design (Kunkel et al., 2005).
However, the signal amplitude of BKAR is limited despite
multiple efforts to try to improve it (data not shown), thus
limiting its application in monitoring subtle changes of Akt
activity in different plasma membrane microdomains.

We then set out to generate a new Akt activity reporter,
AktAR, through systematic testing of different Akt sub-
strates and fluorescent proteins (Ni et al., 2006). A critical
step in designing a new kinase activity reporter is to identify
a specific phosphorylation substrate for the kinase of inter-
est. This may be achieved by choosing a known sequence
from an endogenous substrate or designing a substrate
based on consensus sequences. Here, three Akt substrate
sequences were tested in the first round of evolution, includ-
ing a substrate designed from the Akt consensus sequence
(RKRDRLGTLGD, the phospho-acceptor threonine is under-
lined), a sequence based on the Akt phosphorylation site in
BAD (PFRGRSRTAPDNLWA), and a substrate derived from the
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sequence surrounding Thr-24 of FOXO1 (PRPRSCTWPDPRPEF)
(Burgering and Kops, 2002; Huang and Tindall, 2007), which
is listed among top endogenous Akt substrates by a pro-
teome-wide search (Yaffe et al., 2001). In all three sequences,
the �3 amino acid residue with respect to the phosphoryla-
tion site was mutated to an aspartate to accommodate bind-
ing to the forkhead-associated domain (FHA1) used as the
phosphoamino acid binding domain (Durocher et al., 2000).
Candidate constructs were generated, with the FRET pair
ECFP and Venus flanking the FHA1 domain and the sub-
strate region (Figure 1A). Among the three constructs, only
the construct with FOXO1 sequence showed an increase in
yellow over cyan emission ratio of �4% in serum-starved
NIH 3T3 cells upon 50 ng/ml PDGF stimulation.

The FOXO1 sequence was then used in the second round
of evolution, which used different variants of cyan and
yellow fluorescent proteins, a strategy proven to be effective
in improving the dynamic range of FRET-based biosensors
(Nagai et al., 2004; Allen and Zhang, 2006). By replacing the
N-terminal ECFP with Cerulean, a brighter cyan fluorescent
protein, the response was improved from 4 to 12%. Next,
four circularly permutated Venus variants, cpV K156, cpV
E172, cpV L194, and cpV A228 (Nagai et al., 2004), as well as
a new yellow variant, YPet (Nguyen and Daugherty, 2005),
were introduced to replace the wild-type Venus (Figure 1B).
As shown in Figure 1, B and C, substitution with cpV K156,

cpV L194, cpV A228, or YPet did not improve the dynamic
range of the reporter, whereas replacing of the wild-type
Venus with cpV E172 increased the response to 38 � 4% (n �
6) (Figure 1, C and D), presumably via changes of the
relative orientation of the donor and acceptor fluorophores
(Nagai et al., 2004; Allen and Zhang, 2006).

Thus, the most responsive variant from two rounds of
evolution, named AktAR, detects endogenous Akt activity
with an up to 40% increase in emission ratio in serum-
starved NIH 3T3 cells upon 50 ng/ml PDGF stimulation
(Figure 2A). Overexpression of Akt1 (Figure 2A) or sup-
pressing phosphatase activities by Calyculin A (Figure 2B)

Figure 1. Development of AktAR. (A) The first round of AktAR
evolution by using three Akt substrate sequences (FOXO, BAD, and
the optimal peptide sequence). The response of each construct is
indicated as follows: �, 1�5%; ��, 5�10%; ���, 10�20%; ����,
20�30%; �����, 30�40%. (B) The second round of AktAR evolu-
tion. The FOXO1 sequence was used as the substrate, and FHA1 as
the binding partner. Different variants of cyan and yellow fluores-
cent protein were introduced to replace ECFP and the wild-type
Venus. (C) Representative responses of different versions of AktAR
in NIH 3T3 cells (n � 3�8). (D) Pseudocolor images showing AktAR
response to 50 ng/ml PDGF in NIH 3T3 cells. Yellow fluorescence
image (top left) shows distribution of AktAR.

Figure 2. Characterization of AktAR. (A) Representative time
courses show the response of overexpressed AktAR in serum-
starved NIH 3T3 cells upon 50 ng/ml PDGF stimulation, with (n �
5) or without (n � 7) overexpression of Akt1. Representative re-
sponse of the AktAR-T/A mutant is also shown (n � 3). (B) A
representative time course shows the response of AktAR in serum-
starved NIH3T3 cells stimulated by 50 ng/ml PDGF, followed by
treatment with 5 nM Calyculin A (n � 2). (C) Representative time
courses of AktAR (n � 3) and BKAR (n � 3) in unstarved NIH 3T3
cells stimulated with 50 ng/ml PDGF. (D) Reversibility of AktAR. A
representative time course shows the response of AktAR in NIH 3T3
cells stimulated with 50 ng/ml PDGF, followed by 20 �M LY294002
(n � 3). (E) AktAR is insensitive to PKC and PKA activation.
NIH3T3 cells were treated with either 50 ng/ml PMA, followed by
50 ng/ml PDGF (n � 4) or 50 �M forskolin (n � 3). (F) Specificity of
AktAR. Representative time courses show the response of AktAR in
NIH 3T3 cells stimulated with 50 ng/ml PDGF in the absence (n �
4) and presence (n � 5) of 6 �M SH-5.

X. Gao and J. Zhang

Molecular Biology of the Cell4368



further increased the PDGF-stimulated response of AktAR.
Even in unstarved NIH 3T3 cells, AktAR was able to report
an increase in endogenous Akt activity above its basal level
upon stimulation with PDGF, showing a 17% increase in
emission ratio, whereas BKAR had a response of �4% under
the same conditions (Figure 2C). The robust signal and great
sensitivity of AktAR should facilitate detection of subtle
changes in subcellular Akt activity.

To determine whether the emission ratio change results
from Akt phosphorylation of the designated threonine, an
AktAR-T/A mutant, in which the threonine in the substrate
sequence was mutated to an alanine, was generated. The
mutant failed to respond to 50 ng/ml PDGF stimulation in
serum-starved NIH 3T3 cells (Figure 2A), indicating that
phosphorylation of the predetermined threonine is respon-
sible for the FRET change in AktAR. To test the reversibility
and specificity of AktAR in living cells, AktAR-expressing
cells were treated with LY294002, a PI3K inhibitor, after the
PDGF-stimulated response stabilized. Addition of LY294002
caused a decrease of FRET ratio (Figure 2D), indicating that
the response of AktAR is reversible and dependent on the
activation of the PI3K pathway. In addition, activation of
two other AGC family kinases, Protein Kinase C (PKC) and
Protein Kinase A (PKA), did not induce any signals from
AktAR (Figure 2E). AktAR-expressing cells were also prein-
cubated with 6 �M SH-5, a phosphatidylinositol analogue
that specifically inhibits Akt. Akt inhibition by SH-5 blocked
the 50 ng/ml PDGF-stimulated response (Figure 2F), con-
firming AktAR is specific for detecting Akt activity.

Akt is Differentially Regulated in Microdomains of
Plasma Membrane
The sensitive and dynamic readout as well as genetic tar-
getability of AktAR provided us a unique tool for investi-
gating the role of lipid rafts in regulating Akt activity. The
effect of disrupting lipid rafts on Akt activity was first in-
vestigated in live cells by using AktAR. As shown in Figure
3A, cholesterol depletion by pretreating cells with 5 mM
M�CD (Zidovetzki and Levitan, 2007) for 30 min reduced
the PDGF-induced (50 ng/ml) response of AktAR from 40 to
20%. By contrast, the IGF-1–stimulated (400 ng/ml) re-
sponse was abolished by membrane raft disruption (Figure
3B). These data demonstrate that the integrity of lipid rafts is
essential for activation of Akt in NIH 3T3 cells, consistent

with the Western analysis (Supplemental Figure 1). Impor-
tantly, PDGF- and IGF-1–stimulated Akt activity showed
distinct sensitivity to raft disruption.

To directly measure Akt activity within lipid rafts in real
time, as well as distinguish Akt signaling between raft and
nonraft regions, we generated two plasma membrane-
targeted AktAR constructs. The activities of two functional
pools of Akt were separately monitored with PM(Lyn)-
AktAR and AktAR-PM(Kras) (Figure 4A). The N-terminal
portion of Lyn kinase is known to provide targeting to lipid

Figure 3. Effects of lipid disruption on cellular Akt signaling. (A)
Representative time courses show the responses of AktAR in 50
ng/ml PDGF stimulated NIH 3T3 cells with (n � 4) or without (n �
3) preincubation with 5 mM M�CD. (B) Representative time courses
show the responses of AktAR in 400 ng/ml IGF-1 stimulated NIH
3T3 cells with (n � 3) or without (n � 5) preincubation with 5 mM
M�CD.

Figure 4. Akt signaling in different microdomains of plasma mem-
brane. (A) Plasma membrane targeted AktAR, PM(Lyn)-AktAR in
which the N-terminal portion of Lyn kinase directs AktAR to lipid
rafts, and AktAR-PM(Kras) for monitoring Akt activity in the non-
raft regions. (B) NIH 3T3 cells overexpressing either PM(Lyn)-
AktAR or AktAR-PM(Kras) with or without M�CD treatment. (C)
Representative time courses show the responses of PM(Lyn)-AktAR
in 50 ng/ml PDGF-stimulated NIH 3T3 cells with (n � 4) or without
(n � 3) preincubation with M�CD. (D) PDGF (50 ng/ml) stimulated
nonraft Akt activity is not affected with M�CD treatment shown by
representative time courses (n � 3). (E) Representative time courses
show the responses of PM(Lyn)-AktAR in 400 ng/ml IGF-1 stimu-
lated NIH 3T3 cells with (n � 3) or without (n � 3) preincubation
with M�CD. (F) IGF-1 (400 ng/ml) stimulated nonraft Akt activity
is abolished by M�CD treatment shown by representative time
courses (n � 3�5).
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rafts through myristoylation and palmitoylation, whereas
the C-terminal CAAX (C stands for a cysteine, A for ali-
phatic amino acids, and X for any amino acids) sequence
along with a polylysine motif, adapted from K-ras, provides
anchoring to the nonraft plasma membrane (Zacharias et al.,
2002). To confirm the specific targeting and investigate the
effect of M�CD treatment on localization of the two pla-
sma membrane-targeted AktAR, human embryonic kidney
(HEK) 293 cells expressing PM(Lyn)-AktAR or AktAR-
PM(Kras), with or without preincubation with M�CD,
were subjected to sucrose density gradient fractionation.
PM(Lyn)-AktAR were found in the lipid raft-containing
fractions in untreated samples, and such raft localiza-
tion was lost after M�CD treatment. In contrast, AktAR-
PM(Kras) was distributed in higher density fractions, and
this distribution was not affected by preincubation of M�CD
(Supplemental Figure 2). These data show PM(Lyn)-AktAR
and AktAR-PM(Kras) are targeted to desired membrane
microdomains, and M�CD treatment specifically affects raft-
associated AktAR. Importantly, activation of PKC and PKA
did not induce any signals from PM(Lyn)-AktAR or AktAR-
PM(Kras) (Supplemental Figure 3, A and B). The Akt-spe-
cific inhibitor SH-5 completely blocked the PDGF-stimulated
(50 ng/ml) responses (Supplemental Figure 3, C and D),
confirming PM(Lyn)-AktAR and AktAR-PM(Kras) are also
specific for detecting Akt activity.

These specifically targeted AktAR constructs allowed the
investigation of Akt activation in different plasma mem-
brane microdomains in living cells. NIH 3T3 cells were
transfected with either PM(Lyn)-AktAR or AktAR-PM(Kras)
(Figure 4B), serum starved and stimulated with growth fac-
tors. As shown in Figure 4, C and D, PM(Lyn)-AktAR and
AktAR-PM(Kras) both had faster kinetics than diffusible
AktAR upon 50 ng/ml PDGF stimulation, consistent with
previous observations made with BKAR (Kunkel et al.,
2005). Notably, both the signal amplitude and kinetics were
different for PM(Lyn)-AktAR and AktAR-PM(Kras).
PM(Lyn)-AktAR showed a response of 19 � 1% (n � 3),
compared with 16 � 1% (n � 3) given by AktAR-PM(Kras).
The t1/2 value of PM(Lyn)-AktAR (1.4 � 0.2 min; n � 3) was
less than half that of AktAR-PM(Kras) (2.9 � 0.1 min; n � 3)
(Figure 5A), indicating Akt activity is differentially regulated
at these two locations. Disruption of membrane rafts by
M�CD both diminished the amplitude (14 � 2%; n � 4) and
slowed down the kinetics (t1/2 � 5.1 � 0.4 min; n � 4) of
PM(Lyn)-AktAR. By sharp contrast, the response of AktAR-
PM(Kras) was unaffected by treatment with M�CD, with a
response of 15 � 2%, and a t1/2 value of 3.1 � 0.3 min (n �
3) (Figure 5, A and B). Thus, these data reveal that Akt
activity is turned on more rapidly in lipid rafts and that
PDGF regulated Akt activity in the nonraft regions is rela-
tively independent of that in the raft regions.

IGF-1–stimulated Akt activity was studied with the same
set of reporters. Shown in Figure 4, E and F, PM(Lyn)-
AktAR gave a 20 � 1% response when stimulated with 400
ng/ml IGF-1, with a t1/2 value of 2.7 � 0.4 min (n � 3),
whereas AktAR-PM(Kras) showed a smaller and slower
response (16 � 3%; t1/2 � 4.2 � 0.5 min; n � 5) than
PM(Lyn)-AktAR (Figure 5, A and B). Disruption of mem-
brane rafts generated a delay in response (t1/2 � 8.9 � 0.3
min; n � 3) for PM(Lyn)-AktAR (Figure 4E). Interestingly,
cholesterol depletion with M�CD abolished IGF-1 (400 ng/
ml)-stimulated response of AktAR-PM(Kras) (Figure 4F),
indicating Akt signaling in the nonraft regions is dependent
on that in the raft regions with IGF-1 stimulation.

Together, these data suggest lipid rafts play a critical role
in regulating Akt signaling, demonstrated by a higher max-

imal activity and faster activation kinetics of raft associated
Akt, as well as the requirement of intact lipid rafts for full
activation of Akt. Although this is a shared theme between
PDGF and IGF-1 stimulated Akt signaling, the roles of lipid
rafts are distinct, as illustrated in the model shown in Figure
6. Rafts are essential components for orchestrating IGF-1-
stimulated Akt signaling in the plasma membrane, with Akt
activity associated with nonraft regions also depending on
lipid rafts, whereas in the case of PDGF stimulation there
exist two different pools active Akt, which are relatively
independent of each other.

To examine the upstream signaling events that may con-
tribute to the differential regulation of Akt activity in differ-
ent microdomains by PDGF and IGF-1, we measured
growth factor-stimulated production of 3� phosphoinositi-
des by using a previously developed phosphoinositide in-
dicator, indicator for 3� phosphoinositides based on Akt
(InPAkt) (Ananthanarayanan et al., 2005). Serum-starved
cells expressing InPAkt were stimulated with either 50
ng/ml PDGF or 400 ng/ml IGF-1, with or without preincu-
bation with 5 mM M�CD (Figure 7, A and B). M�CD treat-

Figure 5. Statistically significant differences of Akt signaling in
plasma membrane microdomains. (A) Statistically significant differ-
ences between the responses from Figure 4, C–F. Each response is
indicated as following: 1, PM(Lyn)-AktAR, stimulated with PDGF;
2, AktAR-PM(Kras), stimulated with PDGF; 3, PM(Lyn)-AktAR,
stimulated with PDGF, preincubated with M�CD; 4, AktAR-
PM(Kras), stimulated with PDGF, preincubated with M�CD; 5,
PM(Lyn)-AktAR, stimulated with IGF-1; 6, AktAR-PM(Kras), stim-
ulated with IGF-1; 7, PM(Lyn)-AktAR, stimulated with IGF-1, pre-
incubated with M�CD; 8, AktAR-PM(Kras), stimulated with IGF-1,
preincubated with M�CD. The asterisks show statistically signifi-
cant difference with an unpaired student’s t test (p � 0.05). (B)
Statistically significant differences between the t1/2 value of the
responses from Figure 4, C–F. The asterisks show statistically sig-
nificant difference with an unpaired student’s t test (p � 0.05).
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ment decreased PDGF-stimulated response of InPAkt from
26 to �10%, showing disruption of lipid rafts diminished the
production of the lipid second messengers. Of note, the 5%
signal of InPAkt in response to IGF-1 stimulation was abol-
ished upon M�CD treatment. These data suggest the integ-
rity of lipid rafts is critical to maintaining PI(3,4,5)P3 pro-
duction, and the differential regulation by different growth
factors can be seen at the level of changes in cellular phos-

phoinositides. A key difference between PDGF- and IGF-1–
stimulated Akt signaling revealed by AktAR is the depen-
dence of the nonraft-region activity on lipid rafts (Figure 6).
Taking advantage of the targetability of InPAkt, we further
examined the dependence of phosphoinositide production
in this microdomain on lipid rafts. To directly analyze the
nonraft-associated phosphoinositide production, InPAkt
was targeted to the nonraft regions of plasma membrane
with the K-ras anchoring sequence (Ananthanarayanan et
al., 2005). Treatment of NIH 3T3 cells expressing InPAkt-Kras
with 400 ng/ml IGF-1 did not generate any response. By
sharp contrast, a large response of 20% change in emission
ratio change was observed when cells were stimulated with
50 ng/ml PDGF (Figure 7C), suggesting PDGF can stimulate
phosphoinositide production in the nonraft regions. Choles-
terol depletion by M�CD treatment minimally affected this
response (Figure 7C), suggesting production of this pool of
3� phosphoinositides is relatively independent of raft func-
tion. The data here show distinct patterns of 3� phosphoino-
sitide production stimulated by PDGF and IGF-1, which
could directly contribute to the differential regulation of Akt
activity stimulated by PDGF or IGF-1.

DISCUSSION

Advantages of AktAR
Fluorescent biosensors that are capable of tracking signaling
events in live cells are powerful tools to aid the understand-
ing of dynamic cellular signaling. Here, we present a new
genetically encoded FRET sensor for monitoring the spatio-
temporal dynamics of Akt activity with high sensitivity.
Two Akt activity reporters have been generated before
AktAR. The first reporter, Aktus (Sasaki et al., 2003), requires
overexpression of Akt for detectable signals, which limits its
applicability to study the regulation mechanism of endoge-
nous Akt. The other Akt activity reporter, BKAR (Kunkel et
al., 2005), detects endogenous Akt activity and proves useful
in revealing subcellular dynamics of endogenous Akt
(Kunkel et al., 2005). However, precisely tracking Akt activ-
ity in different cell lines and subcellular locations requires a
sensitive readout of endogenous Akt activity. AktAR, a new
genetically encoded FRET-based Akt activity reporter re-
ported here, has a large dynamic range, detecting endoge-
nous Akt activity, with a 15–40% increase in emission ratio
of yellow over cyan in various cell lines such as NIH 3T3,
MCF-7, and 3T3 L1 (data not shown). As demonstrated in
this study, the ability to monitor subtle changes of Akt
activity is instrumental in revealing the different regulatory
patterns of Akt signaling within subcellular microdomains.
Furthermore, AktAR reports endogenous Akt activity above
its basal level upon PDGF stimulation in unstarved NIH 3T3

Figure 6. Models for regulation of Akt activity in different plasma
membrane microdomains by PDGF and IGF-1. (A) PDGF-stimu-
lated raft and nonraft Akt activities are relatively independent of
each other. Raft resident Akt is activated faster and more efficiently
than nonraft Akt. Disruption of lipid rafts has minimum effect on
the activity of Akt localized within the nonraft regions. (B) In
response to IGF-1, Akt is activated mostly through raft associated
Akt. Akt signaling in the nonraft regions is highly dependent on
that in the raft regions. Disruption of lipid raft results in abolishing
total cellular Akt activity.

Figure 7. Compartmentalized 3� phosphoinositide produc-
tion. (A) Representative time courses show the response
of the phosphoinositide indicator InPAkt in 50 ng/ml
PDGF-stimulated NIH3T3 cells, with (n � 5) or without
(n � 7) preincubation with M�CD. (B) Representative
time courses show the response of InPAkt in 400 ng/ml
IGF-1–stimulated NIH 3T3 cells, with (n � 5) or without
(n � 6) preincubation with M�CD. (C) Representative
time courses show the response of InPAkt-Kras in NIH
3T3 cells stimulated by 400 ng/ml IGF-1 (n � 3) or by 50
ng/ml PDGF with (n � 4) or without (n � 3) preincu-
bation M�CD, suggesting PDGF and IGF-1 regulate
PI(3,4,5)P3 production differentially in the nonraft
regions.
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cells, which will be of great use in studying Akt signaling in
cells incompatible with low-serum culture conditions, such
as preadipocytes that are in the process of differentiation
(Otto and Lane, 2005). Therefore, AktAR should serve as a
powerful tool to be applied in different biological systems to
reveal molecular mechanisms of Akt signaling. The system-
atic evolving method presented here for engineering fluo-
rescent biosensors should also be very useful in developing
other kinase activity reporters.

Akt Signaling in Different Microdomains of
Plasma Membrane
The cholesterol-rich lipid rafts are important signaling mi-
crodomains and are known to serve as molecular platforms
to spatially compartmentalize specific signaling activities
(Simons and Ehehalt, 2002; Hancock, 2003). However, the
functions of lipid rafts in pathological processes have not
been extensively studied. As an important oncogenic path-
way, Akt signaling in plasma membrane microdomains has
only recently been examined. Studies in small cell lung
cancer cells showed specific PI3K isoforms reside in lipid
rafts and that disruption of membrane rafts by M�CD
inhibited PI3K-mediated Akt activation. Western anal-
ysis failed to detect any Akt population in this cell line
from detergent-insoluble membrane fractions, which were
thought to be lipid raft enriched (Arcaro et al., 2007). By
contrast, both raft- and nonraft-associated Akt were found in
LNCaP cells, with most endogenous Akt in the nonraft
regions (Adam et al., 2007). As shown in these studies,
investigations of lipid raft associated Akt signal transduc-
tion pathway have heavily relied on the use of subcellular
fractionation method. Here, to maintain the intact cellular
context and obtain dynamic information, we applied a live-
cell fluorescence imaging approach to study raft-associated
Akt activity.

Genetically targeting the Akt reporter to different mem-
brane microdomains enables specific monitoring of the ac-
tivities of two pools of Akt in plasma membrane, providing
the first direct comparison of their kinetics in living cells. As
shown in Figure 4, raft Akt is activated faster and more
potently than nonraft Akt, presumably due to compartmen-
talization of various components of the signaling pathway,
including the receptors, PI3K and Akt itself. Our method not
only maintains the live-cell context but also offers continu-
ous observation of enzymatic reaction progression. Thus, the
dynamic visualization achieved by this approach provides
real-time tracking of changes in the activities rather than
static comparison of Akt activation in these two regions at
predetermined time points. Real-time analysis of Akt activ-
ity in lipid rafts also revealed three effects of raft disrup-
tion—a delay in response to growth factor stimulation, a
decelerated increase in amplitude and a decreased maximal
activity level. Furthermore, direct comparison of quantita-
tive kinetic profiles uncovered the distinct difference in cho-
lesterol sensitivities of PDGF and IGF-1 signaling pathways.
Disruption of lipid rafts does not affect PDGF-stimulated
Akt activity in nonraft regions, whereas IGF-1–stimulated
Akt activity in the same region is abolished.

Raft integrity is critical for both PDGF- and IGF-1–stimu-
lated Akt activities, but there seem to be distinct differences
in raft-dependent regulatory mechanisms via these two
pathways. We propose a further refined model (Supplemen-
tal Figure 4) to capture some of the differences. In the case of
PDGF stimulation, two different pools of 3� phosphoinositi-
des may be involved in activating distinct pools of Akt,
which are relatively independent of each other (Supplemen-
tal Figure 4A). IGF-1–stimulated Akt activation, however,

shows higher sensitivity to cholesterol depletion due to lack
of PI(3,4,5)P3 production in nonraft regions (Figure 7C). In
response to IGF-1, membrane Akt may be activated mostly
through 3� phosphoinositides produced in raft regions. As a
result, both IGF-1–stimulated phosphoinositide production
and Akt activity are highly dependent on lipid rafts (Sup-
plemental Figure 4B). This model will be further tested in
future studies. In this context, direct visualization of phos-
phoinositide production in lipid rafts was attempted but
unsuccessful, and modifications of the current phosphoino-
sitide indicator may be required.

Oncogenic Akt and Membrane Microdomains
As a central player for transducing mitogenic, proliferatory,
antiapoptotic, and migratory signals, Akt receives signals
from various growth factors. For both PDGF- and IGF-1–
mediated Akt activation, lipid rafts play a critical role in
regulating Akt activities in such a way that the overall Akt
activity is raft dependent. Recent data showed elevated lev-
els of lipid rafts in certain types of cancer cells, compared
with their normal counterparts (Li et al., 2006). With high
efficiency of Akt signaling in lipid rafts, increased abun-
dance of lipid rafts should cause amplification of Akt onco-
genic signaling, which should have important functional
impact on tumorigenesis. Furthermore, distinct raft depen-
dence of individual receptors may cause different responses
to alteration of raft abundance, thus leading to differentially
amplified oncogenic signals across plasma membrane.

In the context of drug development, drugs modulating
raft levels, such as cholesterol-lowering statins, have been
suggested to have potential applications in anticancer ther-
apy, possibly in combination with other modalities (Zhuang
et al., 2005; Li et al., 2006). In this context, different cholesterol
sensitivities of growth factor signaling pathways may play a
role in affecting the drug efficacy in different tissues. Thus,
evaluation of the effectiveness and cholesterol sensitivity of
different growth factor pathways for activating oncogenic
Akt signaling should provide important insight into mech-
anisms of oncogenesis as well as help developing effective
anticancer therapeutics.

In closing, plasma membrane microdomains are impor-
tant signaling platforms for orchestrating Akt-regulated sig-
naling. Mechanistic investigation into their regulatory roles
can greatly benefit from the live-cell activity tracking ap-
proach used in this study that maintains the spatial com-
partmentalization and reveals important dynamic informa-
tion about Akt signaling.
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