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heterogeneity and oscillations in signal transduction
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ABSTRACT
Akt is a key node in a range of signal transduction cascades and play
a critical role in diseases such as cancer and diabetes. Fluorescently-
tagged Akt reporters have been used to discern Akt localisation, yet it
has not been clear how well these tools recapitulate the behaviour of
endogenous Akt proteins. Here, we observed that fusion of eGFP to
Akt2 impaired both its insulin-stimulated plasma membrane
recruitment and its phosphorylation. Endogenous-like responses
were restored by replacing eGFP with TagRFP-T. The improved
responsemagnitude and sensitivity afforded by TagRFP-T–Akt2 over
eGFP–Akt2 enabled monitoring of signalling outcomes in single cells
at physiological doses of insulin with subcellular resolution and
revealed two previously unreported features of Akt biology. In 3T3-L1
adipocytes, stimulation with insulin resulted in recruitment of Akt2 to
the plasma membrane in a polarised fashion. Additionally, we
observed oscillations in plasma membrane localised Akt2 in the
presence of insulin with a consistent periodicity of 2 min. Our studies
highlight the importance of fluorophore choice when generating
reporter constructs and shed light on new Akt signalling responses
that may encode complex signalling information.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Imaging of signal transduction in live single cells is essential for
achieving both the spatial and temporal resolution required for
dissecting complex patterns of information that can be encoded
within signals (Kurakin, 2005; Sonnen and Aulehla, 2014). The
success of the live-cell imaging approach is reliant on stable,
sensitive reporter constructs that recapitulate the behaviour of their
endogenous surrogates as faithfully as possible. To achieve this,
careful design of the reporter is essential, and genetically encoded
reporters need to be carefully validated. In particular, it is becoming
increasingly clear that choice of fluorophore is critical in obtaining

optimal functionality. Here, we describe an improved reporter for
Akt and demonstrate that eGFP tagging of Akt2 impairs its
biological function.

The Ser/Thr kinase Akt proteins serve as a master signalling
switch (Manning and Cantley, 2007), whose recruitment to the
plasma membrane (PM) and subsequent activation is essential for
many distinct cellular processes including metabolism, cell growth,
survival and apoptosis (Kandel and Hay, 1999). There are three Akt
isoforms (Akt1, Akt and Akt3; hereafter generically referred to as
Akt) that have distinct tissue distribution profiles and reportedly
distinct functions (Dummler and Hemmings, 2007). Akt possesses
an N-terminal pleckstrin homology (PH) domain, a kinase domain
and a C-terminal hydrophobic motif. The PH domain has a high
affinity for phosphatidylinositol (3,4,5)-triphosphate (PIP3), a
phospholipid that is produced by PI3 kinase (PI3K) in response to
growth factor stimulation and is degraded by phosphatase and tensin
homolog (PTEN) and SH2 domain containing inositol 5-
phosphatase 2 (SHIP2, also known as INPPL1). Recruitment of
Akt to the PM via its PH domain is critical for its activation. The
PH-domain–PIP3 interaction is thought to cause a conformational
change that allows Akt to be activated by phosphorylation on
Thr309 (in Akt2; T308 in Akt1, T305 in Akt3) and Ser474 (in Akt2;
S473 in Akt1, S472 in Akt3) residues by the kinases PDK1 (also
known as PDPK1) and mTORC2, respectively (Alessi et al., 1997;
Sarbassov, 2005).

Subcellular fractionation and immunofluorescence imaging of
endogenous Akt suggest that it is strongly recruited to the PM in
response to growth factor stimulation (Carvalho et al., 2000; Currie
et al., 1999; Wang, 2006). Furthermore, live-cell imaging of
fluorescent Akt reporter constructs have revealed important insights
such as isoform specificity, chemotaxis, phospholipid binding,
conformational changes in Akt, nuclear activation and membrane
diffusion rates, across a range of cell lines (Calleja et al., 2003;
Gonzalez and McGraw, 2009; Kontos et al., 1998; Lasserre et al.,
2008; Servant et al., 2000; Wang and Brattain, 2006). Numerous
groups have assessed Akt recruitment to the PM in response to
various stimuli in live cells by using GFP-tagged full-length Akt
and Akt PH domain constructs. The extent of Akt membrane
recruitment in these studies was highly variable. Furthermore, none
of these studies appear to have compared the activity and/or function
of these constructs to the endogenous protein (Asano et al., 2008;
Calleja et al., 2003; Carpten et al., 2007; Cenni et al., 2003; Currie
et al., 1999; Du et al., 2014; Feng et al., 2014; Gonzalez and
McGraw, 2009; Huang et al., 2011; Imazaki et al., 2010; Kontos
et al., 1998; Lasserre et al., 2008; Parikh et al., 2012; Rodríguez-
Escudero et al., 2005; Servant et al., 2000; Terashima et al., 2005;
Watton and Downward, 1999; Zhang et al., 2009). While GFP
remains the most commonly used fluorescent protein, there are a
growing number of publications that report fusion protein
dysfunction (Goto et al., 2003; Huang and Shusta, 2006;Received 21 April 2017; Accepted 26 June 2017
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Kalatskaya et al., 2006; Liu et al., 1999; Yantsevich et al., 2009) and
mislocalisation (Skube et al., 2010; Zhu et al., 2013), which one
group has attributed to the affinity of eGFP for the nucleus (Seibel
et al., 2007). Cellular stress responses have also been reported in
cultured cells stably expressing GFP (Zhang et al., 2003), and eGFP
expression has also been reported to increase production of
superoxide and hydrogen peroxide (Ganini et al., 2017). Adverse
effects have also been observed in transgenic GFP animals (Devgan
et al., 2004; Huang et al., 2000; Mawhinney and Staveley, 2011).
Therefore, despite GFP tagging of proteins driving huge advances
in our understanding of biological processes, GFP is not as inert as
previously assumed.
Here, we report that eGFP–Akt2 exhibits impaired insulin-

regulated recruitment and phosphorylation when compared to the
endogenous protein. With the availability of brighter, more
photostable fluorophores that have a reduced propensity to
oligomerise (Cranfill et al., 2016) and have distinct structural
features (e.g. electrostatic charge), we wished to determine whether
an alternate fluorophore may allow us to develop a more accurate
Akt reporter. Indeed, we observed a markedly enhanced response in
both recruitment and phosphorylation of Akt2 when fused to
TagRFP-T (Shaner et al., 2008) compared to eGFP-tagged Akt2.
The improved dynamics of this reporter enabled us to detect
intricacies of Akt2 recruitment to the PM, including oscillations at
the cell surface, which could be important with regard to complex
information transmission.

RESULTS
TagRFP-T–Akt2, but not eGFP–Akt2, is recruited to the PM
in a similar manner to endogenous Akt
In order to study Akt in live cells, it is vital to have Akt reporter
constructs that recapitulate the responses of endogenous Akt. The
first step in Akt activation is the PIP3-dependent recruitment of Akt
to the PM (Ng et al., 2008). We assessed the localisation of
endogenous Akt (pan-Akt antibody) in 3T3-L1 adipocytes by
performing immunofluorescence confocal microscopy (Fig. 1A).
Under basal conditions, Akt displayed diffuse cytoplasmic staining
and clear nuclear localisation. Insulin resulted in decreased
cytosolic staining and the appearance of a strong ‘rim’ signal at
the cell periphery, characteristic of accumulation at the PM.
Similar to endogenous Akt, eGFP–Akt2 exhibited cytoplasmic

and nuclear localisation under basal conditions when expressed in
3T3-L1 adipocytes (Fig. 1B–D). However, in contrast to endogenous
Akt, eGFP–Akt2 displayed poor membrane redistribution in
response to insulin (Fig. 1B–D). We hypothesised that poor
recruitment of eGFP–Akt was an artefact of eGFP tagging and
that recruitment could be improved through the use of an alternate
fluorophore. In particular, eGFP has a highly negative electrostatic
charge (Fig. S1B). Since Akt PM recruitment is dependent on
binding of the positively charged PH domain (Fig. S1C) to the
negatively charged PIP3 (Levental et al., 2008), it may be that
electrostatic repulsion between eGFP and PIP3 impairs this process
or that electrostatic attraction between eGFP and the PH domain
may sterically interfere with the PH domain. TagRFP-T has a
relatively even surface charge distribution and has no net
electrostatic charge (Fig. S1D) despite high structural similarity to
eGFP (Fig. S1E). Furthermore, the brightness, photostability, rapid
maturation and distinct origin (Entacmaea quadricolor versus
Aequorea victoria) of TagRFP-T made it an ideal alternative to
eGFP. TagRFP-T–Akt2 was expressed in 3T3-L1 adipocytes at
similar levels to eGFP–Akt2 and localised similarly in unstimulated
cells (Fig. 1B–D). However, stimulation of TagRFP-T–Akt2

with insulin resulted in a substantial redistribution to the
periphery of the cell (Fig. 1B–D) in a similar manner to
endogenous Akt (Fig. 1A).

TagRFP-T–Akt2 is highly insulin responsive in comparison to
eGFP–Akt2
We next examined the translocation kinetics of the eGFP- and
TagRFP-T-tagged Akt2 constructs in response to insulin by
performing total internal reflection fluorescence (TIRF)
microscopy. eGFP alone was used as a control and displayed no
detectable change in localisation upon stimulation with insulin
(Fig. 1B,C,E,F). We also assessed TagRFP-T alone under these
conditions, and observed no insulin-stimulated change in
localisation (Fig. 1B,C). Insulin stimulation increased the TIRF
signal for both eGFP– and TagRFP-T–Akt2 (Fig. 1E–G), and both
constructs displayed a graded intracellular dose response to insulin.
However, TagRFP-T–Akt2 displayed significantly greater
recruitment compared to eGFP–Akt2, with a more than 4.5-fold
and 5.8-fold increase in PM levels in response to insulin at doses of
1 and 100 nM, respectively (Fig. 1F). The shape of the curves also
differed, with the TagRFP-T fusion construct revealing an
overshoot in PM recruitment following a 1 nM insulin stimulus
(Fig. 1F, inset). This responsewas not evident in cells expressing the
eGFP–Akt2 construct. Furthermore, substantial heterogeneity in
TagRFP-T–Akt2 recruitment was observed between single cells
exposed to the same dose of insulin, which was not as apparent with
the eGFP–Akt2 construct (Fig. 1G).

TagRFP-T–Akt2 is highly phosphorylated in response
to insulin
Following PM recruitment, Akt2 is phosphorylated at Thr309 by
PDK1 and Ser474 by mTORC2. To further assess how well the Akt
reporter constructs recapitulated the behaviour of endogenous Akt,
we assessed insulin-stimulated phosphorylation of endogenous Akt,
eGFP-Akt2 and TagRFP-T-Akt2 by western blotting with
phosphospecific antibodies to phosphorylated (p)Thr309 and
pSer474 (Fig. 2A). In addition, we assessed Akt activity by
blotting for phosphorylation of the Akt-regulated phosphosite
Thr642 in TBC1D4 (also known and hereafter referred to as
AS160). Stimulation of adipocytes with 1 and 100 nM insulin dose
dependently increased phosphorylation of endogenous Akt at
Thr309 and Ser474 (Fig. 2B), and of AS160 Thr642 (Fig. 2C).
Overexpression of TagRFP-T–Akt2 or eGFP–Akt2 had no effect on
the phosphorylation of endogenous Akt at either Thr309 or Ser474
(Fig. 2B). There were no significant changes in phosphorylation of
AS160 Thr642 with overexpression of either fluorescent Akt
construct (Fig. 2C). This is not surprising given that only a small
amount of active Akt is required for AS160 to be completely
phosphorylated (Tan et al. 2012; Hoehn et al. 2008) and this is
easily satisfied by endogenous Akt under these conditions.

Consistent with data on insulin-stimulated translocation to the
PM (Fig. 1B–G), TagRFP-T–Akt2 was phosphorylated at both sites
to a greater extent than eGFP–Akt2 in response to both 1 nM and
100 nM insulin. For example, at 100 nM insulin TagRFP-T–Akt2
was phosphorylated 14-fold and 9-fold more than eGFP–Akt2 at the
Thr309 (Fig. 2D) and Ser474 (Fig. 2E) sites, respectively. Like
endogenous Akt, TagRFP-T–Akt2 displayed a dose response from
1 nM to 100 nM. Taken together, analysis of translocation and
phosphorylation suggests that activation of the eGFP–Akt2 fusion
construct is impaired in comparison to activation of endogenous
Akt. In contrast, the new TagRFP-T–Akt2 reporter more faithfully
recapitulated the behaviour of endogenous Akt.
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Fig. 1. TagRFP-T–Akt2, but not eGFP–Akt2, is highly insulin responsive and recruited to the PM in a similar manner to endogenous Akt. (A) Confocal
immunofluorescence (IF) images of endogenous Akt (pan-Akt antibody) in 3T3-L1 adipocytes in the absence and presence of 100 nM insulin. (B) Confocal
images of adipocytes co-expressing eGFP–Akt2 and TagRFP-T (upper panels), and adipocytes co-expressing TagRFP-T–Akt2 and eGFP (lower panels) in the
presence and absence of 100 nM insulin. The fluorescent proteins TagRFP-T and eGFP were expressed as markers for the cytoplasm. Alexa Fluor 647-labelled
wheat germ agglutinin (WGA) was added 6 min before the insulin stimulus and was used as a plasma membrane marker. (C) Enlarged regions of interest
(white boxes in panel B) demonstrate the extent of colocalisation of each Akt construct with the cytoplasm or plasma membrane. The images are 7×7 µm.
(D) Representative images of eGFP–Akt2 and TagRFP-T–Akt2 co-expression in a 3T3-L1 adipocyte imaged before and after stimulation (10 min) with 100 nM
insulin taken with spinning disk microscopy. (E) Representative images displaying the recruitment of eGFP alone, eGFP–Akt2 and TagRFP-T–Akt2 into the TIRF
zone in response to 1 and 100 nM insulin and after inhibition with MK2206 (MK). (F) Quantification of TIRF responses from 3T3-L1 adipocytes expressing eGFP,
eGFP–Akt2 and TagRFP-T–Akt2 (n=27, 41 and 41 cells, respectively). Data are expressed as the mean (±s.e.m. indicated by shading). (G) Heatmap of the
recruitment response for cells (as in F) expressing either eGFP–Akt2 or TagRFP-T–Akt2. Each row represents an average TIRF fluorescence for an single cell
normalised to its basal fluorescence. Scale bars: 10 µm (A,B); 20 µm (D,E).
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Insulin stimulates polarised Akt2 recruitment to the PM
The enhanced sensitivity of TagRFP-T–Akt2 permitted detection of
subtle changes in the subcellular membrane association of Akt2 in
response to insulin that was not apparent with eGFP–Akt2. These
included polarised recruitment of Akt2 to the PM and oscillations in
PM Akt2 that had a highly reproducible frequency.
TagRFP-T–Akt2 accumulated on the basal surface of 3T3-L1

adipocytes in response to insulin (Fig. 3A). Subsequently,
membrane localisation of TagRFP-T–Akt2 became increasingly

heterogeneous and Akt2 accumulated more intensely at the
periphery of the basal surface (Fig. 3B–D). This was often
accompanied by a decrease in signal at the centre of the cell
(Fig. 3B–D). To define this behaviour more comprehensively, we
expressed the fluorescence of individual pixels as a function of time
and classified all pixels in a single cell using self-organising maps
(SOMs). This analysis is presented such that regions exhibiting the
same pattern of Akt2 translocation behaviour in response to insulin
are given the same colour (Fig. 3E; Figs S2 and S3).

Fig. 2. TagRFP-T–Akt2, but not eGFP–Akt2, is highly phosphorylated in response to insulin. 3T3-L1 adipocytes expressing eGFP, eGFP–Akt2 or TagRFP-
T–Akt2 were stimulated with 1 or 100 nM insulin for 10 min. (A) Representative western blot analysis of adipocyte lysates (n=3). The upper bands in the
phosphorylated and total Akt blots are the exogenous Akt fluorescent fusion constructs (Ex.), which run at ∼85 kDa. The lower bands are endogenous Akt (End.),
which runs at ∼60 kDa. (B–E) Densitometry analysis (in arbitrary units, A.U.) of blots shown in A. Quantification of endogenous Akt phosphorylation (B) and
AS160 phosphorylation (C) from cells overexpressing the Akt2 fusion constructs. Quantification of eGFP–Akt2 and TagRFP-T–Akt2 phosphorylation at sites
Thr309 (D) and Ser474 (E). Data are presented as mean±s.e.m. **P<0.01 compared with the eGFP–Akt2 equivalent (Student’s t-test).
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In unstimulated adipocytes, or adipocytes incubated with
MK2206 (an inhibitor of Akt membrane recruitment), the
patterning of TagRFP-T–Akt2 responses appeared random
(Fig. 3E). However, in cells stimulated with 100 nM insulin, there
were distinct regions of Akt2 behaviour. This was most notable in
the difference between Akt2 responses in the central region of the
basement membrane, where Akt2 showed a rapid increase that
slowly tapered off with time, and the periphery, where Akt2
increased with time (Fig. 3E; Fig. S2B). This feature of TagRFP-
T–Akt2 behaviour was seen in the majority of cells analysed
(Fig. S2A). To determine whether these responses were an artefact
of imaging or changes in membrane geometry, we next tested
whether we observed similar clustering for GLUT4 using the pH-
sensitive reporter GLUT4–pHluorin (Burchfield et al., 2013).
GLUT4 (also known as SLC2A4) translocates to the PM upon
insulin stimulation and acts as a membrane reference under these
conditions.Whenwe assessed the clustering patterns of GLUT4 and
Akt behaviour in cells co-expressing GLUT4–pHluorin and
TagRFP-T–Akt2 following a 100 nM insulin stimulus, the Akt2
responses maintained this grouping of activity described above
(Fig. 3E; Fig. S3A), whilst the GLUT4 responses were more random
(Fig. 3F; Fig. S3A). GLUT4 responses were similarly random in
cells co-expressing GLUT4–TagRFP-T and eGFP–Akt2, however
the Akt2 clustering was not evident with the eGFP tag (Fig. S3B).

These data support the concept that the clustering pattern of Akt2
membrane translocation observed with TagRFP-T–Akt2 is a bona
fide feature of Akt responses to insulin stimulation.

Insulin stimulation induces self-organising oscillations
in plasma membrane-associated Akt
Signal transduction pathways utilise temporal signalling patterns,
such as oscillations, to encode information of a greater
complexity, with enhanced specificity for downstream
substrates and processes (Cheong and Levchenko, 2010; Kubota
et al., 2012). Self-organising oscillatory behaviour in PIP3
generation, facilitated by PI3K, has been described for
amoeboid cells expressing the PH domain of Akt during
random cell migration (Arai et al., 2010); however, such
oscillations have not yet been demonstrated in response to
insulin. Imaging of TagRFP-T–Akt2 in response to insulin in
3T3-L1 adipocytes revealed oscillations in PM Akt that appeared
to propagate throughout the cell (Fig. 4A). We applied locally
weighted scatterplot smoothing (LOESS)-based normalisation to
extract oscillations from individual pixels. The optimal flexibility
(span) of the LOESS model was determined by the average of
spans selected by Akaike information criterion (AIC) for
individual pixels from all cells. This optimal span was then
used for subsequent data analysis (Fig. 4B).

Fig. 3. Insulin stimulates polarised Akt recruitment to the PM. Live 3T3-L1 adipocytes expressing TagRFP-T–Akt2 were imaged by TIRF microscopy. Cells
were imaged for 10 min prior to stimulation with 100 nM insulin for 20 min. This was followed by the addition of 10 μMMK2206 (MK). (A) Representative image of a
single cell imaged by TIRF microscopy. The red line indicates the plane of the kymograph (B) displayed for 100 nM only. Each pixel has been normalised
to the pixel mean across the 100 nM stimulus. (C) Single frames at time points indicated during the 100 nM stimulus response from the same cell as in A and
B. (D) Time course of Akt recruitment to the PM for the whole cell and sub-regions demarcated in A. (E) Self-organising map (SOM) analysis results for the same
cell that was unstimulated, stimulated with 100 nM insulin or inhibited with MK2206. Colours indicate a clustered response. Panels below show examples of the
cluster profiles. (F) SOM analysis applied to a cell co-expressing TagRFP-T–Akt2 and pHluorin–GLUT4 and stimulated with insulin, showing the distinct
polarisation of Akt but not GLUT4.
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Single-pixel-resolution periodicities were estimated from each
residual profile extracted from the LOESS model through Fourier
transformation. These data were plotted on a histogram to identify
the average periodicity for each single cell (Fig. 4C,D). In the
presence of insulin, the average frequency of oscillations was highly
consistent between cells, with a periodicity of ∼2 min (Fig. 4C;
Fig. S4A). Distinct reproducible oscillations were not observed in
the absence of insulin or in the presence of the Akt inhibitor
MK2206, suggesting that the oscillations in PM Akt are a specific
feature of insulin signalling (Fig. 4D). The mean amplitude of
oscillations varied from cell to cell (Fig. S4B), but did not change
within a single cell with respect to time (Fig. S4C). Once
established, oscillations were observed to propagate throughout
the cell, but the origin of the oscillations and direction of travel
appeared to be stochastic (Fig. 4E,F). Although these analyses were
carried out at the single-pixel level, the signals at this level
were almost always part of a greater region of synchronised
oscillations (Fig. 4F). This behaviour is characteristic of a
self-organising stochastic process, which is thought to act as a
mechanism to facilitate signal plasticity and robustness in response
to dynamic perturbations (Kurakin, 2005).

DISCUSSION
Akt is a highly studied kinase that plays a key role cellular signalling
and in some disease states, most notably cancer. Herewe describe an

improved Akt reporter construct, TagRFP-T–Akt2, for monitoring
Akt2 localisation in live cells. This new reporter outperformed
eGFP–Akt2 in both the magnitude and sensitivity of plasma
membrane recruitment in response to insulin in adipocytes.
Furthermore, the TagRFP-T–Akt2 construct displayed a dose
response that was similar to that of endogenous Akt at the level of
insulin-stimulated phosphorylation of Thr309 and Ser474. Imaging
of TagRFP-T–Akt2 revealed polarisation of, and specific
oscillations in, PM Akt2 in the presence of continuous insulin.
These behaviours have not previously been described for Akt in
response to insulin and highlight the utility of the TagRFP-T–Akt2
reporter in studying Akt response to growth factors.

At face value, poor recruitment of the eGFP construct suggests
that eGFP is interfering with the function of the PH domain. The
interaction of Akt with the PM is driven by the interaction between
the positively charged PH domain and negatively charged PIP3
(Levental et al., 2008). eGFP has an uneven surface charge
distribution that is strongly negative overall. We hypothesised that
this charge may result in steric interference with the PH domain via
electrostatic attraction or alternatively reduce binding to the PM as a
result of electrostatic repulsion. This would explain the diminished
recruitment and subsequent phosphorylation of eGFP–Akt2. To test
this, we replaced eGFP with the red fluorescent protein TagRFP-T
that carries a net neutral surface charge. This change resulted in a
dramatic improvement in the ability of the tagged Akt2 construct to

Fig. 4. Insulin-stimulation induces self-organising oscillations in plasma membrane-associated Akt. (A) Oscillations in PM Akt for a 1 μm2 region of a cell
(see Fig. 3A) after 100 nM insulin stimulation, relative to the local mean. (B) Violin plot showing distribution and density of LOESS spans selected for individual
pixels based on Akaike information criterion (AIC). The median value of LOESS spans selected for individual pixels was then used as optimal span in the
subsequent analysis. The box plot was generated by using the default R base function. (C) Histograms showing the average periodicity of oscillations in individual
cells (n=6) in the presence of 100 nM insulin. (D) Histograms of the average periodicity of oscillations in Cell 1 during the basal and MK2206 (MK) periods.
(E) Kymograph of a slice of a cell after LOESS normalisation across the entire time course. (F) Representative images from the same cell demonstrating the self-
organising nature of the oscillations of Akt at the membrane in response to 100 nM insulin, whereby a given pixel is typically part of a greater similar region, which
continues to propagate stochastically across the cell surface.
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bind the PM, supporting the idea that the electrostatic characteristics
of eGFP are impeding the function of the PH domain. We cannot,
however, discount other mechanisms for the difference between
TagRFP-T and eGFP. For example, Ganini and colleagues (Ganini
et al., 2017) demonstrated that immature eGFP could produce
hydrogen peroxide in vitro and that it could activate the oxidative
stress response when overexpressed in HeLa cells. TagRFP was
shown to produce hydrogen peroxide in vitro at a lower rate. It is
possible that this may result in oxidation of the PH domain resulting
in altered function. The observation that coexpression of TagRFP-
T–Akt2 with eGFP–Akt2 did not impair the TagRFP-T–Akt2
response suggests this would need to be an intramolecular
phenomenon. Regardless, these data demonstrate that switching
the fluorescent protein in fusion constructs can have profound
effects on the fidelity of reporters, especially if they undergo
localisation changes, and highlight the importance of validating
reporters with respect to the endogenous protein.
The TagRFP-T–Akt2 signal-to-noise ratio allowed for the

detection of increased PM abundance at a physiological dose of
insulin (1 nM, Fig. 1). This is, as far as we are aware, the first report
where live-cell and full-length Akt membrane recruitment is
visualized through TIRF microscopy in response to a
physiologically relevant dose of insulin. Further stimulation with
100 nM resulted in further Akt recruitment in all cells studied,
demonstrating that single cells display an intracellular dose response
to insulin and that population dose responses are not driven by
switch-like behaviour at the single-cell level. These observations of
intracellular dose response and intercellular response heterogeneity
are consistent with our previous observations (Burchfield et al.,
2013), suggesting that differing responses to insulin may be driven
by differences in Akt activation.
The increased sensitivity of TagRFP-T–Akt2 revealed new

subcellular features of Akt2 membrane recruitment, including both
intra-cellular heterogeneity in the Akt2 signal along with the
appearance of self-organising oscillations in cell surface Akt2 in the
continuous presence of insulin. This behaviour has not been
previously reported for Akt in response to insulin. The intensity of
the TagRFP-T–Akt2 signal across the plasma membrane in response
to insulin was surprisingly variable. The centre of a basal surface of
the cell and its periphery displayed markedly distinct response
profiles, suggesting that PIP3 production and/or Akt membrane
dynamics may be tightly regulated at the subcellular level. In further
support of this, we detected oscillations of Akt2 at the membrane,
which propagated throughout the cell stochastically. Although this is
yet to be described in response to insulin in adipocytes, other groups
have reported similar behaviour for the PH domain of Akt, both in
MIN6 β-cells in response to glucose and insulin (Hagren and
Tengholm, 2006), and in Dictyostelium cells during random cell
migration (Arai et al., 2010). Although oscillations are potentially a
feature of overexpression of a protein which contributes to a feedback
loop (Cheong and Levchenko, 2010), the fact that it has been
observed in cells expressing just the PH domain of Akt, and thus no
kinase functionality, suggests that it is a real phenomenon.
Furthermore, the period of the oscillations within single cells was
conserved in response to the same stimulus. This may enhance the
versatility in theway that Akt, as a central node in a number signalling
pathways, processes and transmits signals. The ability to alter
periodicity, amplitude, fold-change and duration provides additional
layers of information encoded by this signal (Sonnen and Aulehla,
2014) that can then be differentially transmitted to downstream
effectors.When assessing the oscillatory patterns, pixels of positive or
negative signal are typically part of a much larger area of similar

intensity (Fig. 4F). This suggests that the oscillations in membrane
Akt localisation are not a random state of disorder, but likely a self-
organising behaviour, where Akt molecules synchronise to form a
larger functional arrangement. Self-organisation is a process thought
to endow systems with adaptability and robustness in response to
intra- and extra-cellular changes (De Wolf and Holvoet, 2005;
Kurakin, 2005). Given the involvement of Akt in numerous dynamic
cellular processes, self-organisation is a likely means by which Akt
remains dynamic and sensitive to such stimuli, and the oscillations
that arise as a consequence may facilitate signal transmission to
specific substrates.

Our studies demonstrate that the choice of fluorophore in
generating a fusion construct can have drastic effects on how well
this reporter recapitulates properties of the endogenous protein. It is
paramount that novel fusion proteins are validated and compared to
the endogenous protein of interest in order to generate the most
sensitive and informative reporter constructs. Our new TagRFP-T–
Akt2 construct accurately reflects the behaviour of endogenous
Akt2 and the improvement in sensitivity of TagRFP-T–Akt2
revealed intricate details of Akt membrane recruitment in
response to insulin. These features provide insight into the
potential mechanisms by which Akt manages and transmits
complex signalling information.

MATERIALS AND METHODS
Materials
3T3-L1 murine fibroblasts were sourced from the American Type Culture
Collection (ATCC,Manassas, VA) and recently tested and proven to be free of
contamination. High glucoseDulbecco’smodifiedEagle’smedium (DMEM),
fetal bovine serum (FBS), Glutamax, Trypsin-EDTA, MEM amino acids and
FluoroBrite DMEMwere fromGibco (11965, 16000-044, 35050, 15400-054,
11130051 andA1896701). 100 mmculture disheswere sourced fromCorning
(430167) and six-well plates were from Costar (3516). NP40, sodium
deoxycholate, SDS, glycerol, sodium orthovanadate, sodium pyrophosphate,
ammonium molybdate, dexamethasone, biotin, isobutyl-1-methyl-xanthine
(IBMX) and saponin were from Sigma-Aldrich (13021, D6750, L4509,
G5516, S6508, S6422, A7302. D4902, B4639, G5516, I5879 and S7900).
Glycine was sourced from Univar (1083). Insulin was from Calbiochem.
35 mm glass-bottom dishes were from Ibidi (81158). Matrigel was sourced
from Corning (356234). The electroporator used was an ECM 830 Square
Wave Electroporation System produced byBTXMolecular Delivery Systems,
and the 0.4 cm electroporation cuvettes were sourced from BioRad
(16520181). EDTA was sourced from Amresco (0105). Protease inhibitors
were from Roche (11873580001) and sodium fluoride was from Fluka
(71522). The Pierce Bicinchonic assay kit, Alexa Fluor 488-conjugated goat
anti-rabbit SFX and the wheat germ agglutinin–Alexa Fluor 647 conjugate
were from ThermoFisher Scientific (23224, A31628 and W32466).
Polyvinylidene difluoride membranes were sourced from Merck Millipore
(IPVH00010). Antibodies against phosphorylated Akt (pThr308),
phosphorylated Akt (pSer473), pan Akt (rabbit), pan Akt (mouse) and
phosphorylated AS160 (pThr642) antibodies were sourced from Cell
Signalling Technology (9275, 4051, 4685, 2920 and 4288) and the antibody
for14-3-3was fromSantaCruzBiotechnology (sc-629).All primaryantibodies
were used at 1:1000 dilution for western blots. For immunofluorescence,
primary antibodies were used at 1:100. Paraformaldehyde 16% was sourced
from Electron Microscopy Sciences (15710). Dabco 1,4-diazabicyclo(2,2,2)
octane was from Polysciences (15154).

Cloning
pDEST53-Cycle3_GFP-Akt2 was cloned using the gateway technique
where human Akt2 in the pDONR221 backbone was inserted into
pcDNA-DEST53 vector. pDEST53-eGFP-Akt2 was cloned using Gibson
assembly from pDEST53-Cycle3_GFP-Akt2 (Gibson et al., 2009).
The pDEST53-Akt2 fragment was cloned using the primers
5′-TCTTCGCCCTTAGACACCATGTCTCCCTATAGTGAGTC-3′ and
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5′-TAATGGCATGGACGAGCTGTACAAGAATGAGGTGTCTGTCAT-
CAAAG-3′. The eGFP fragment was cloned from pEGFP-C1 (Clonetech)
using the primers 5′-CCAAGCTGGCTAGACACCATGGTGAGCAAG-
GGCGAGGA-3′ and 5′-CTTTGATGACAGACACCTCATTCTTGTAC-
AGCTCGTCCATGCCATTA-3′.

TagRFP-T–Akt2 was cloned by using Gibson assembly from pDEST53-
eGFP-Akt2. The pDEST53-Akt2 fragment was cloned using the
same primers as above. The TagRFP-T fragment was cloned from
pGEM-T-TagRFP-T using the primers 5′-GACTCACTATAGGGAGAC-
ATGGTGTCTAAGGGCGAAGA-3′ and 5′-CTTTGATGACAGACACC-
TCATTCTTGTACAGCTCGTCCATGCCATTA-3′.

Preparation of Matrigel-coated dishes
Pipettes were pre-chilled, and Matrigel was diluted 1:50, with sterile ice-
cold PBS. Six-well plates and 35 mm glass bottom dishes were coated with
the diluted Matrigel and then incubated for 2 h at room temperature. The
dishes were then washed twice with room temperature PBS prior to use.

Cell culture and electroporation
3T3-L1 fibroblasts were cultured in DMEM, with 10% FBS and Glutamax
at 37°C and 10% CO2 in 100 mm dishes. Each confluent 100 mm dish of
fibroblasts was then reseeded into six-well plates and then differentiated
5 days post seeding in the culture medium described above, supplemented
with 0.22 µM dexamethasone, 100 ng/ml biotin, 2 μg/ml insulin and
500 μM IBMX for 3 days. Differentiation medium was then replaced with
post-differentiation medium, which is made up of culture medium and
2 μg/ml insulin for a further 3 days. Adipocytes were then refreshed daily
with culture medium. At 7 days post differentiation, adipocytes were
tryspinised with 5× trypsin-EDTA for 5–10 min at 37°C. Trypsin was
quenched with the addition of culture medium, and the cells were
centrifuged at 150 g for 5 min and then washed with PBS and centrifuged
twice more. The cell pellet was then resuspended in electroporation solution
(20 mM Hepes, 135 mM KCl, 2 mM MgCl2, 0.5% Ficol 400, 1% DMSO,
2 mM ATP and 5 mM glutathione, pH 7.6) and 5–10 µg of plasmid DNA.
Cells were then electroporated at 200 mV for 20 ms and then plated onto
35 mm glass-bottom dishes for imaging, or six-well plates coated with
Matrigel. Western blot analysis and imaging experiments were performed
either 24 or 48 h post electroporation.

Western blotting analysis
48 h after electroporation, adipocytes were serum starved for 2 h at 37°C
with 10% CO2 and then stimulated with either 1 nM or 100 nM insulin.
Cells were placed in an ice-cold bath of PBS, then harvested on ice using
400 µl radio-immunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl
pH 7.5 (neutralised with NaOH), 150 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 1% glycerol] containing
phosphatase inhibitors (2 mM sodium orthovanadate, 1 mM sodium
pyrophosphate, 1 mM ammonium molybdate and 10 mM sodium
fluoride) and protease inhibitors. Lysates were scraped and isolated in
1.5 ml tubes, then sonicated for 15 s, for 1 s on 1 s off. Lysates were
centrifuged at 21,000 g for 30 min to separate insoluble material (lipids and
nuclear content). The milky lipid suspension was carefully removed and the
supernatant was transferred to a new tube. Protein concentrations were
assessed by the bicinchoninic acid method. Lysates were then separated by
SDS-PAGE and transferred onto PVDF membranes. Membranes were
blocked in 0.5% skimmed milk powder in Tris-buffered saline and 0.1%
Tween (TBST) and subsequently blotted for 14-3-3 proteins,
phosphorylated Akt (pThr308 and pSer473), pan-Akt (total Akt) and
phosphorylated AS160 (pThr642).

Live-cell microscopy
For live experiments, cells were serum-starved in FluoroBrite DMEM (with
0.2% BSA and Glutamax) for 2 h at 37°C with 10% CO2 and then
stimulated with 1 nM and/or 100 nM insulin. For TIRF microscopy,
experiments were performed on a Nikon Ti-Lapps H-TIRF module,
equipped with an Okolab cage incubator and temperature control. For
spinning disk confocal microscopy, experiments were performed on a Nikon
Ti-Lapps spinning disk confocal equipped with an Okolab cage incubator

and temperature control. Insulin and drugs were added by using a custom-
made perfusion system. The system was benchmarked by testing the
delivery of 3 ng/ml FITC and 100 ng/ml Alexa Fluor 647-labelled goat anti-
rabbit F(ab’)2 antibody, to mimic the delivery of drugs and large proteins,
respectively. Delivery to the edge and middle of the cell membrane was
measured by TIRF. No difference in the delivery to the edge or middle of
cells was detected (Fig. S1A).

Immunofluorescence
Cells were seeded into eight-well Ibidi u-slides that had been coated with
Matrigel, at day 7 post differentiation. Cells were then allowed to attach for
2 days. On day 9 post differentiation, cells were serum-starved in DMEM
(with 0.2% BSA and Glutamax) for 2 h at 37°C with 10% CO2 and then
stimulated with 100 nM insulin. The coverslips were then briefly immersed
in an ice-cold PBS bath and instantly fixed with 4% paraformaldehyde at
room temperature for 15 min. Cells were then washed twice with room
temperature PBS and quenched with 100 mM glycine for 10 min. We then
washed the cells twice more with room temperature PBS, and incubated
them in blocking and permeabilising buffer (PBS with 2% BSA and 0.1%
saponin) for 30 min. Cells were incubated with the anti-pan-Akt (mouse)
primary antibody (1:100) overnight at 4°C. The following day, the cells
were washed with blocking and permeabilising buffer five times, and
then incubated with anti-mouse-IgG conjugated to Alexa Fluor 488 (1:500)
at room temperature for 30 min in the dark. Cells were washed five
more times with PBS and then stored and imaged in PBS, 5% glycerol and
2.5% Dabco.

Calculation of electrostatic potential
Structure preparation and pKa calculations were performed for eGFP (PDB
2Y0G), TagRFP-T (PDB 5JVA) and the PH domain of Akt2 (PDB 1P6S)
using the PDB2PQR webserver (Dolinsky et al., 2004). Default parameters
were used (PARSE forcefield, PH7.0). The Poisson–Boltzmann equation
was solved using the adaptive Poisson-Boltzmann solver (APBS) webserver
(Baker et al., 2001). The +1 and −1 ion species were set to 150 mM to
prevent exaggerated electrostatic properties. Structures and electrostatic
maps were visualised with the PyMOLMolecular Graphics System, Version
1.8 Schrödinger, LLC.

Image analysis
Image and statistical analyses were performed using custom analysis
pipelines developed in FIJI (Schindelin et al., 2012) and R programming
environment.

Temporal signal extraction and characterisation
Distinct molecular (e.g. Akt and GLUT4) recruitment patterns in single
cells following various treatments (e.g. basal, insulin and MK2206) were
extracted using self-organising maps (SOMs) (Kohonen, 1982), an
unsupervised learning procedure that constructs an artificial neural
network to scale image data from multi-dimensional space to a two-
dimensional space. SOMs not only can characterise pixels based on their
temporal signal patterns but also preserve the topological properties of the
relative location of individual pixels in a cell image, which is ideal for
visualising the temporal and topological inter-relationships in a single
cell. Specifically, for each cell, data were standardised to be unit free
before feeding into an SOM with a 5-by-5 hexagonal grid denoted as ri,j
(i=1…5, j=1…5). Each ‘neuron’ mk is updated by an input data point xt as
follows:

mk  mk þ ahðjj‘t � ‘k jjÞðxt � mkÞ;

where α is the learning rate, ‘ is an index to a grid position, and h is a
neighbourhood function that assigns more weight to update neuron when
it is closer to the input xt. In our case, we used the Euclidean distance in h
to measure the neighbourhood. Individual temporal patterns identified by
SOMs from each cell were visualised as bounded line plots by calculating
the mean profile of all pixels partitioned in each group and their variance
as bounds. Only pixels with signal present for the duration of the time
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course were included in this analysis. Thus, any changes in cell, size or
shape resulting from insulin stimulation do not influence the analysis.

Oscillation analysis
To extract the oscillation signal, we fitted a locally weighted scatterplot
smoothing (LOESS) model (Cleveland and Devlin, 1988) to each individual
pixel. The estimated coefficients of LOESS for the ith point at iteration t are
found by minimising the following quantity:

Xn

j¼1
ðYj � ðbðtÞ0; i þ b

ðtÞ
1; i xjÞÞ2 KiðxjÞ;

where K is the tricube kernel function and βs are the coefficients estimated
for a local the regression line. The optimal span for each LOESS model was
determined by Akaike information criterion (AIC) and the average of all
optimal spans from all pixels in all cells was used as the final span for
subsequent LOESS model fitting. We then extracted the residual matrix
from fitted LOESS models for oscillation analysis. Single-pixel-resolution
periodicities were estimated from each residual profile extracted from the
residual matrix through Fourier transformation, and plotted as histogram to
identify the average periodicity for each single cell. We then visualised the
oscillation pattern as heatmaps by using the LOESS residual matrix
extracted from all pixels in a single cell. To quantify the relative amplitude of
oscillation in each cell, for each pixel in a cell, we split its temporal responses
extracted from the LOESS fit into non-overlapping windows based on the
estimated periodicity in the previous step and calculated the relative
amplitude by taking the maximum of absolute values in each window. We
then divided this by the average value in that window, giving an amplitude
estimate in form of fold change relative to the average in each window. By
applying this approach to all pixels in a cell and summarising its distribution,
this allowed us to estimate the amplitude for each cell and compare them
across multiple cells. To investigate whether the oscillation amplitude
remains constant or changed across time, we calculated the difference of
amplitudes estimated from the second to the second-last windows for each
pixel in a cell and tested whether the distribution of differences is shifted
from 0 by using a Wilcox rank sum test. These two windows were chosen to
identify any change of amplitude in early and late time points, but avoiding
the potential boundary effect on the first and last windows.
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