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ABSTRACT

The spatial organization of lipid-anchored proteins in the plasma membrane directly influences
cell signaling, but measuring such organization in situ is experimentally challenging. The
canonical oncogene, c-Src, is a lipid anchored protein that plays a key role in integrin-mediated
signal transduction within focal adhesions and cell-cell junctions. Because of its activity in
specific plasma membrane regions, structural motifs within the protein have been hypothesized
to play an important role in its sub-cellular localization. This study used a combination of time-
resolved fluorescence fluctuation spectroscopy and super-resolution microscopy to quantify the
dynamic organization of c-Src in live cell membranes. Pulsed-interleaved excitation fluorescence
cross-correlation spectroscopy (PIE-FCCS) showed that a small fraction of c-Src transiently sorts
into membrane clusters that are several times larger than the monomers. Photoactivated
Localization Microscopy (PALM) confirmed that c-Src partitions into clusters with low
probability and showed that the characteristic size of the clusters is 10-80 nm. Finally, time-
resolved fluorescence anisotropy measurements were used to quantify the rotational mobility of
c-Src to determine how it interacts with its local environment. Taken together, these results build
a quantitative description of the mobility and clustering behavior of the c-Src non-receptor

tyrosine kinase in the live cell plasma membrane.

KEYWORDS Fluorescence correlation spectroscopy, Photoactivated localization microscopy,

lipid anchored proteins, membrane protein structure and dynamics.



INTRODUCTION

Lipid modifications target proteins to the plasma membrane and play a key role in signal
transduction.”* Among these lipid modifications is N-terminal myristoylation, which is found on
up to 3% of the human proteome.”* The myristoyl group is a 14 carbon acyl chain enzymatically
attached to N-terminal glycine by the enzyme N-myristoyl transferase. For singly myristoylated
proteins, stable membrane binding requires insertion of the myristoyl group into the hydrophobic
region of the lipid bilayer as well as a secondary stabilizer like favorable electrostatic
interactions between protein side chains and charged lipids.» > While it is well-established that
both of these structural motifs are necessary for membrane localization and function, it is unclear
to what degree a single myristoylation anchor drives organization within the plasma membrane.*
In this paper we investigated the clustering behavior of a model myristoyl anchored protein, c-
Src, in live cells with several advanced optical microscopy and spectroscopy techniques. We
found that c-Src is primarily monomeric in the plasma membrane, but that it interacts weakly
with large membrane clusters.

The c-Src protein plays a key role in integrin-mediated signal transduction within focal
adhesions and cell-cell junctions. Because of its activity in well-defined plasma membrane
regions, it is hypothesized that structural motifs within the protein play an important role in sub-
cellular localization.’ In this study our aims were to quantify the clustering potential of full
length c-Src live cells and isolate the contribution of the lipid anchor motif of c-Src. To this end

we used a truncated c-Src chimera, Src,¢, which included a fluorescent protein fused to the 16 N-



terminal amino acids and a six residue linker region. This approach has been used for a number
of different lipid-anchored proteins,”"* but there are relatively few studies of the Src anchor
specifically.'""” We characterized the clustering and mobility of Src,, in the live cell plasma
membrane using a suite of modern tools in fluorescence spectroscopy and microscopy. First, we
used pulsed interleaved excitation (PIE) and time-correlated single photon counting (TCSPC) to
measure fluorescence correlation (FCS) and cross-correlation (FCCS) spectra of Src,c-mCherry
and Src,-eGFP in live Cos-7 cells. To determine if the clustering behavior of the anchor
construct is conserved in the full-length protein, we compared the FCS and FCCS measurements
of a similarly truncated isoform of Src derived from mouse (mSrc,;) with the full-length form
(mSrcy, ). Measurements were also made in Jurkat T-cells to compare the clustering behavior of
these constructs in the plasma membrane of an alternate cell line. Time-resolved fluorescence
anisotropy measurements revealed the rotational mobility of the fluorophores, allowing further
characterization of Src mobility at the membrane. In addition to the time-resolved methods
above, we also measured Src clustering with Photoactivated Localization Microscopy (PALM)
which can resolve cluster sizes down to 10’s of nanometers.

Our results show that the Src,, membrane anchor transiently associates with plasma membrane
clusters. The correlation spectroscopy shows that the majority of anchors are highly mobile, with
an effective diffusion coefficient (D = 0.95 + 0.30 um’s™ in the Cos-7 plasma membrane and D =
1.36 + 0.48 um’s" in the Jurkat plasma membrane) comparable to that reported for lipids in the
plasma membrane."** PIE-FCCS data show that the cross-correlation is density dependent,
consistent with a model in which a subset of the Src,; anchor in the plasma membrane is bound
to large clusters. From the time decay of the cross-correlation function, we conclude that these

are mobile clusters significantly larger than the monomers. From the PALM images we see that



the Src,, anchor clusters into 10-80 nm features with a relatively low probability, consistent with
the PIE-FCCS data. All of these observations contribute to a sophisticated description of the
mobility and clustering behavior of the lipid anchor motif of the Src protein, one where the vast
majority of Src is highly mobile, while the small remaining fraction is associated with large (10-

80 nm) membrane clusters.

EXPERIMENTAL

Protein Constructs

The Src-derived chimeras used for this study included C-terminal mCherry or eGFP fusions to
the following proteins:

1. Src,, (N-terminal residues 1-16 of human c-Src)

2. Src,-ICM (same as above with kinase domain of EGFR)

3. Src;;-GCN4-ICM (N-terminal residues 1-13 of human c-Src, the GCN4 peptide, and
the kinase domain of EGFR)

4. mSrc,, (N-terminal residues 1-16 or mouse c-Src)

5. mSrcg, (Full-length (FL) mouse c-Src)

Constructs were cloned into the mammalian expression vector pEGFP (Clonetech) as
previously reported.”' The Src,-eGFP or Src,,-mCherry constructs were generated by insertion
of the c-Src plasma membrane localization sequence (MGSSKSKPKDPSQRRR) N-terminal to
eGFP or mCherry with a six amino acid spacer (GGGGLK) in between. Src,-ICM constructs
included the c-Src plasma membrane localization sequence inserted N-terminal to the epidermal
growth factor receptor (EGFR) intracellular module (ICM, residues 645-1186) with a four amino

acid spacer in between. Src;;-GCN4-ICM included the GCN4 coiled-coil sequence



(VKQLEDKVEELLSKNAHLENEVARLKKLYV) in between the c-Src localization sequence
and the intracellular module. The localization sequence used for Src,;-GCN4-ICM lacked the last
three arginines of the c-Src motifs as reported previously.”’ In Jurkat cell experiments, the
mSrc,-eGFP, mSrc,,-mCherry, mSrcy, -eGFP, or mSrcy, -mCherry constructs were derived from
the murine isoform of c-Src (Addgene plasmid 13663: pCMVS5 mouse src). The mSrc,-eGFP
and mSrc,-mCherry also fuse the 16 amino acid N-terminal localization sequence of mouse c-
Src (MGSNKSKPKDASQRRR) to an eGFP or a mCherry protein with a six amino acid spacer
(GGGGLE) in between. mSrcy,; -eGFP and mSrcy, -mCherry similarly fuses the entire Src gene to
the N-termini of eGFP or mCherry with the same six amino acid linker in between. The sequence
of the gene can be found in the NCBI database (Gene ID: 20779).

Cell Culture

Cos-7 cells were cultured in Dulbecco's Modified Eagle's Medium supplemented with 10%
fetal bovine serum (FBS) and streptomycin/penicillin. Cells were transiently transfected with
Fugene 6 (Roche) and cultured for 24 hr after transfection, followed by 12 hr serum starvation.
Cells were grown on glass coverslips etched with a 2:1 mixture of nitric and hydrochloric acids.
Fluorescence measurements were done in a phenol-red free Dulbecco's Modified Eagle's
Medium.

Jurkat cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS),
1% Sodium-pyruvate, and streptomycin/penicillin. Cells were transiently transfected with
Lipofectamine 2000 (Invitrogen) and cultured for 16-20 hr before being deposited on poly-L-
lysine coated coverslips as described previously."

Instrument details for PIE-FCCS



Two microscopes were used for PIE-FCCS measurements, each described in previous
publications.'" ' For Src,, and Src,, measurements (Figures 1-4) Two lasers were used to excite
eGFP and mCherry fluorophores, a 100 ps, pulsed 482 nm diode laser and a 250 fs pulsed 561
nm laser, both operating at 10 MHz repetition rate. The powers were set to approximately 1 uW,
measured before entering the microscope. A multi-line dichroic (z405/488/561rpc, Chroma
Technology Corp.) directed the light into the objective (CFI APO 100X Oil TIRF NA 1.49,
Nikon Instruments Inc.), and the emitted fluorescence was filtered (z405/488/561m, Chroma
Technology Corp.) and directed to a long wave pass dichroic beamsplitter (FF562-Di02-25x36,
Semrock Inc.), which split the light to the single photon avalanche diodes. The passed light was
filtered with a 612/69 bandpass filter (FFO1-612/69-25, Semrock Inc.), while the reflected light
was filtered with a 520/25 bandpass filter (FFO1-520/35-25, Semrock Inc.). Detector output was
recorded with a time-correlated single photon counting module (PicoHarp 300, PicoQuant
Photonics Inc.) with the time resolution set to 32 ps. The PIE-FCCS data for mSrc,, and mSrcy;
(Figure 6) was collected identically to that described in an earlier study."

Data collection procedure

PIE-FCCS data was collected in live cells expressing both eGFP and mCherry chimeras co-
transfected about 24 hour before the experiment. During data collection, the temperature of the
cells was maintained with a water-bath stabilized heating stage at slightly below room
temperature (20 °C) or at physiological temperature (37 °C) as indicated in figure captions. Cells
were chosen based on their relatively similar expression of eGFP and mCherry. Cos-7 cells have
a fried egg morphology, and at the edges, the cell thickness is less than a few hundred
nanometers. All the FCCS measurements were made near the cell periphery, meaning that we

were measuring the apical and basal membrane simultaneously, with very little cytoplasm (see



Endres et. al. (ref *') for detailed discussion). In choosing spots for laser excitation, we explicitly
avoided large (>1 wm), immobile, high intensity features. We restricted our analysis to cell
densities ranging from 100-2000 molecules per gm’. For each cell, five 15 s measurements were
made in succession and analyzed as described below.

Data analysis

The time tagged data files from each color channel were processed by binning the gated, time-
tagged data into a time-dependent intensity I(t). The bin time was set to 10 us. A time gate was
applied to only count photons detected by the 520 nm (or 612 nm) filtered detector that arrived
between 1 ns before and 40 ns after the 482 nm (or 561 nm) laser pulse. The time-dependent

intensity was used to calculate the correlation function:

(61;(t) - 61;(t + 1)) (D

G =00

Where the subscript, i, indicates either the red (R) or green (G) color channel and

81;(t) = L;(t) — (1;(©)) 2)

The cross-correlation function was calculated according to the following equation:

(61g(t) - 61;(t + 1)) 3)
<IR(t)> ’ <Ic(t)>

The subscripts G and R indicate the intensity of the 520 and 612 nm filtered detectors,

Gx (1) =

respectively. All three correlation functions (Gg, Gg, and Gy) are fit to the following equation
from from 10°to 10*ms:

11 (4)

where (N;) is the average number of molecules and T, is the characteristic dwell time of the

molecules in the observation area. Only single component diffusion was observed in our



experiments, consistent with diffusion in a 2D membrane environment. We did not include an
additional term to account for triplet state relaxation because it was more than an order of
magnitude faster than the dwell time, t,.

Fitting the data to Eq. 4 allowed us to quantify the average number of diffusing species, in the
laser spot (Ng, N; and Ny, respectively) from early time amplitudes of the correlation functions.
We then calculated a relative correlation value, F,, which represents the extent to which the

diffusion of GFP and mCherry-labeled molecules are correlated:

_ Gx(0) (5)
max(G(0), G¢(0))

X

The PIE-FCCS measurements of mSrc,, and mSrcy; in Jurkat cells (Fig. 6) were scaled by a
routine described in a previous publication.'" F_ values from mSrc,, and mSrc; measurements
were scaled relative to in vitro standards. Samples of eGFP and mCherry tethered to a Ni-DOGS
containing supported lipid bilayer via 12x histidine tag represent uncorrelated diffusion, while a
fusion of eGFP-mCherry connected by a small peptide linker bilayer served as a control for
correlated diffusion. Due to the dead time of the TCSPC acquisition, F, values of the in vitro
samples decrease with respect to measured intensity, which were fit to a linear regression. F,
values were then rescaled according to measured intensity, such that the relative scaled
correlation of the fully correlated diffusion of the eGFP-mCherry fusion protein was 1 and that
of the uncorrelated diffusion of the eGFP and mCherry was 0.

Photoactivated localization microscopy

For PALM imaging, the Src,, construct described above was fused to the N-terminus of
photoswitchable cyan fluorescent protein, PS-CFP2 (Evrogen Joint Stock Company, Moscow,
Russia) instead of eGFP or mCherry. Cos-7 cells were cultured and transfected as above and

imaged live. Live cells were imaged on an inverted microscope (Nikon Eclipse Ti; Technical



Instruments, Burlingame, CA, USA) using the same objective as in the PIE-FCCS
measurements. TIRF microscopy was performed using a fiber-coupled Nikon TIRF illuminator
and a custom-built laser source.”” A 405 nm laser (Cube 405-100; Coherent Inc, Santa Clara,
CA) was used to photoactivate PS-CFP2. A 488 nm laser (Sapphire HP; Coherent Inc., Santa
Clara, CA) was used to image the photo-activated Src,-PS-CFP2 fusion proteins at excitation
power densities of 10 kW-cm™. Images were acquired with an EM-CCD camera (iXon 597DU;
Andor Inc, South Windsor, CT) operated at full EM gain. The power of the 405 nm
photoactivation laser was continually adjusted throughout the experiment to optimize the number
of bright molecules. Approximately 10,000 to 15,000 images (~10 Hz frame rate) were collected
for each cell. Single molecule localization was done using a MatLab script provided by Sam
Hess following a previously published protocol.” The image series was background corrected
using the summed wide field method.** Single molecules in each frame were identified and
localized via two-dimensional Gaussian centroid analysis, and the set of positions were used to
construct the final image. The error in the location for each particle was used to quantify the
localization precision. A histogram of those errors is called the localization precision histogram,
the mean value of which is 22 nm for the data shown in Fig. SA and 5B.

Even at high laser excitation intensities, there is still some probability of localizing a molecule
in several successive frames before it is photobleached. This would lead to overcounting single
molecules in the final image. To remove this artifact we used the frame sequence information
along with the fit positions in a particle tracking analysis. The tracks were allowed to have up to
one empty frame to avoid artifacts from thresholding and allowed to drift up to 300 nm, which
matches the mean squared displacement for 10 Hz frame rate at the diffusion rate measured

using FCS. For each track only the first position was used to calculate the pair correlation

10



function. The pair correlation function was calculated using rectangular boundary conditions to
avoid cell boundary edge effects.”

n(r)X?y? (0)
N(N —1)-6r-[nXYr —2(X +Y)r? + r3]

gr) =

Here, X and Y are the boundaries of a rectangular area within the cell. N is the total number of
particles. n(r) is the number of particle pairs with separation distance r + ér/2. g(r) was
calculated for several cells, a representative example of which is plotted in Fig. 5C.

Time resolved fluorescence anisotropy methods

Time-tagged, time-resolved photon streams were collected using the same confocal optical
system described above. Samples were excited by second harmonic generation of a Ti:sapphire
pulsed laser (80 MHz pulse rate) tuned to 970 nm (Spectra Physics, Santa Clara, CA). This
produced a 485 nm pulse train, which was directed through a linear polarizer. Emission was
divided between two SPADs using a polarizing beamsplitter cube, and sampled at 4 ps resolution
using a PicoHarp 300 card (PicoQuant, Berlin, Germany). Time-resolved anisotropy decays were
fit in MATLAB from the two photodiode signals / | and /. using nonlinear least squares to
minimize residuals according to:

¥? = i w, llll,i — Gl roe_% )
; ,

for TCSPC channel i of n, and fitting for rotational correlation time 6 and detector
response ratio G. Residual weighting factor w; was computed from standard error
propagation of two Poisson processes, and rp determined by a prior comparison of
membrane-bound Src-GFP with fluorescein isothiocyanate. Instrument response functions
decayed much faster (250 ps) than the timescale of fluorophore anisotropy decay (50-150

ns), and hence were not reconvolved during fitting.
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RESULTS AND DISCUSSION

Src anchor cross-correlation is density dependent

PIE-FCCS measurements were first carried out on the Src,, constructs in live Cos-7 cells at 20
°C. Single cells were interrogated with the 482 nm and 561 nm lasers simultaneously (Fig 1A),
and the fluorescence signal was collected, time-gated (Fig 1B), and processed as described in the
Experimental section. Sample data from individual cells is shown in Fig. 1C and 1D. The FCS
data (red and green curves in Fig 1C and 1D) were used to calculate the density and mobility of
the proteins, and the FCCS data (blue curves in Fig. 1C and 1D) were used to calculate the
relative correlation, F,. which can vary from O to 1, with 1 being the theoretical maximum. The
actual maximum for our positive control construct was closer to 0.2 as explained below. By
comparing Fig. 1C and 1D, it is clear that for different cells the relative amplitude of the cross-

correlation spectrum can be substantially different.
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Figure 1 — Overview of PIE-FCCS experiments (A) For live cell measurements, the 482 and
561 nm lasers are focused to a diffraction limited spot (~500 nm diameter) near the edge of the
cell to avoid large, bright clusters of fluorescence. Fluorescence is detected from the upper and
lower membranes simultaneously due to the width of the plasma membrane (~200 nm) relative
to the z-resolution of the confocal detection (~1 wum). On the right, an epi-fluorescence
micrograph of Src,,-mCherry in a Cos-7 cell is overlaid with an image of the laser-excited
fluorescence in the same cell. (B) A pulse timing diagram shows the arrival time of the two laser
pulses and the lifetime histogram for each detection channel. (C & D) Fluorescence correlation
spectroscopy of Src,,-eGFP, Src,,-mCherry anchors coexpressed in Cos-7 cells at 20 °C. Panel
(C) shows a representative set of FCS data for a cell expressing the indicated low density of
membrane anchors. Autocorrelation spectra of Src,,-eGFP and Src,,-mCherry are shown in green
and red respectively, and the cross-correlation spectrum is shown in blue. Fits to the data using a
2D diffusion model are shown in black, and the relative correlation for this data set is indicated
in the bottom right corner of the graph. Panel (D) shows the same data set acquired for cells
expressing the indicated high density of anchors. The cross-correlation curve in this case clearly
displays a non-zero amplitude at early times indicating correlated diffusion of the two anchor

populations.

To determine if the relative correlation, F,, is dependent on the protein density, we plot F,
versus the Src,¢ density in Fig. 2A. The surface density was calculated by summing the average
number of particles from the FCS curve fitting (N, + N,), and dividing by the calibrated detection
area (radius w,, = 205 nm, area = 0.132 um?). The Src,, data show a clear trend of increasing

correlation at higher molecular densities. In order to calibrate the expected maximum correlation

13



for our instrument, we also measured the PIE-FCCS data for Cos-7 cells expressing eGFP and

mCherry labeled Src,;-GCN4-ICM, which is known to dimerize.*"*® The Src,,-GCN4-ICM data

show no clear trend with density (Fig. 2B) and have an average F, = 0.18 + 0.07 as mentioned

above. This is approximately half the value reported for an eGFP-mCherry fusion construct,”

and it reflects the probability of forming mCherry-mCherry dimers and eGFP-eGFP dimers

relative to mCherry-eGFP dimers.
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Figure 2 — The relative correlation of Src,q is density dependent at 20 °C. (A) The scatter plot

shows the relative correlation, F,, for the Src,; anchor as function of anchor density for 43 cells.

The graph on the right is a histogram (0.025 bin size) of the data in the right plot. Both graphs
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share the same y-axis. (B) This scatter plot shows the relative correlation of the dimerized Src;-
GCN4-ICM anchor as a function of density for 61 cells. As above, the graph on the right is a
histogram of the Src,;-GCN4-ICM anchor with the same bin size and x-axis as in (A). (C) Bar
chart shows the average and standard deviation of the relative correlation at all densities (green)
for each anchor type and at two density ranges (blue: low < 500 molecules/um?’, red: high > 500
molecules/um?). (*p = 0.35, **p <<0.001, calculated using a two-sample Student’s t-test, with

two tails and unequal variances)

The difference between the high and low expression levels is shown in Fig. 2C, which
compares the average relative correlation, F,, at high (>500 molecules/um®) and low (<500
molecules/um?) densities. As can be seen, the average cross correlation for Src,, is 0.04 + 0.03 at
low densities and jumps to 0.16 +£0.11 at high densities, which is near the value measured for the
Src,;-GCN4-ICM dimer construct at high and low densities. Density dependent cross-correlation
has been observed for other membrane anchors by our lab using similar techniques." In that
previous work the dependence was explained by partitioning of the anchors into pre-existing
membrane clusters, so that the cross correlation grows as the clusters reach a labeling density
that allows for two anchors of different color (¢GFP or mCherry) in the same cluster. Here we
also assign the observed density dependence to the partitioning probability rather than density
activated clustering.

Src anchor partitioning is temperature dependent

In order to determine if the partitioning of Src,, anchors is similar at physiological temperature,
we repeated the measurements in a stage heater maintained at 37 °C. As can be seen in Fig. 3, the

trend of the relative correlation versus density changed substantially with temperature. The high
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density region in particular is much more heterogeneous, with a stronger probability of observing
no cross correlation. In the bar graph, it is clear that the average cross-correlation over the entire
density range drops substantially from 20 °C to 37 °C, but that the relative difference between
the high and low expression densities is maintained at 37 °C. The clearest feature common to
both temperatures is that at molecular densities below 500 molecules/ ptmz, the fraction correlated

is low (0.04 £0.03 @ 20 °C and 0.02 + 0.02 @ 37 °C).
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Figure 3 — At physiological temperature, partitioning into clusters is reduced. (A) Overlay of
relative correlation versus density for Src,, at 20 °C (identical to Fig. 1A) and at 37 °C (for 45
cells). (B) Bar chart showing the average and standard deviation of the relative correlation for

Src,s at 20 °C and 37 °C. High and low density ranges are the same as Fig. 1 (low < 500

molecules/um?, high > 500 molecules/um?®). (¥p << 0.001, **p = 0.0095)
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Mobility of membrane bound Src anchors

FCS data (ie. Fig. 1C and 1D) have characteristic time decays, T, which are related to the
average dwell time of the molecule in the laser focus. This parameter can be used along with the
calibrated radius of the observation area (w,, = 205 nm) to give an effective diffusion coefficient

according to the following equation:

w’ (8)

The diffusion coefficient of several membrane anchored proteins measured by the eGFP FCS
data is plotted in Fig. 4A. For comparison between the protein constructs, we show data collected
at 37 °C. Under these conditions, the Src,, anchor has a diffusion coefficient, D,; = 0.95 +
0.30 um’s™". This is comparable to the diffusion coefficient of a highly charged lipid, PIP,, in the
inner leaflet of the plasma membrane, and is 1.5-2 times lower than a singly charged lipid as
measured by FCS.*® Tt is substantially lower than the diffusion coefficient of cytosolic proteins,
which can range from 10-70 um’s™”.*?* These comparisons are consistent with our conclusions
that the PIE-FCCS measurements are dominated by membrane bound Src anchors and that the

majority of Src anchors are free to diffuse as monomers.
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Figure 4 — Mobility of protein anchors. The FCS curves were fit to determine their characteristic
decay times, T, which was converted into a diffusion coefficient as described in the text. Plot
(A) compares the diffusion coefficient D g measured from the FCS data of four eGFP-tagged
membrane anchored proteins at 37 °C. Plot (B) compares the diffusion coefficient extracted from
the FCS curves, D g, to the diffusion coefficient extracted from the FCCS curves, D, for
Src,¢ and Src,;-GCN4-ICM at 20 °C. From this comparison we conclude that the subset of Srcq
anchors giving rise to cross correlation have a 10-fold slower D, than the majority of anchors
that give the D, extracted from the FCS curves. For A and B, the height of the columns is the

mean value for multiple cells and the error bars represent the standard deviation.
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When the large kinase domain from the EGFR protein is fused to the Src,; anchor the diffusion
coefficient drops to 0.66 + 0.17 um’s™ (Fig. 4). While there is some controversy in understanding
the scaling laws for protein diffusion in cell membranes, the proposals range from 1/In(R)
according to the Saffman Delbruck model® and 1/R according to some recent reports.** > For
simplicity, if we assume 1/R scaling, comparing Src,¢ to Src,,-ICM would correspond to a 1.45
factor increase in the radius. Because both proteins share the same lipid anchor and have the
same clustering potential,” this means that the interaction of the kinase domain either with the
membrane or other membrane associated proteins leads to an increase in the effective radius. For
the GCN4-induced dimer, Src ,-GCN4-ICM, the diffusion coefficient is 0.32 + 0.09 um’™,
which compared to the Src,,-ICM protein is a 2x increase in the radius under the assumed scaling
rule. This is consistent with dimerization increasing the effective radius of the complex, and
supports the conclusion that Src anchored proteins preferentially diffuse as monomers. For a full
length transmembrane protein, EGFR, the diffusion coefficient is 0.27 + 0.09 um’s". In previous

' 5o this decrease in the

work, EGFR was shown to be monomeric in the plasma membrane,’
diffusion coefficient means that the effective radius has increased relative to the Src,-ICM
construct. This could result from several mechanisms, including protein-protein interactions,
protein-lipid interactions, or compartmentalized diffusion. The mechanistic details of this
36-38

observed trend are still under investigation.

Clustered Src is less mobile than monomeric Src
We can also compare the diffusion coefficient obtained from the FCS curve, G,(t), with that of
the FCCS curve, G,(t). For Src;;-GCN4-ICM, this comparison shows that the FCS and FCCS

curves have the same time decay and consequently produce the same diffusion coefficient. This

result supports the conclusion that Src,;-GCN4-ICM proteins are located in a homogeneous
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population of diffusing species (i.e. dimers) that contribute equally to the FCS and FCCS curves.
For the Src,¢ anchor, the FCS curves have a time decay that yields a diffusion coefficient of 0.84
+0.23 um’s™ at 20 °C. In contrast, the time decay of the cross-correlation curves is significantly
longer, yielding a diffusion coefficient of 0.12 + 0.07 um’s™ for cells with a relative correlation,
F, > 0.075. The discrepancy between the FCS and FCCS time decays suggests that Src anchor is
only partially localized to the slow-moving clusters. The FCS data is dominated by species that
display a diffusion coefficient near that of lipids in cell membranes. Combined with the lack of
significant cross-correlation, this suggests that the dominant species is a monomer. The FCCS
data is dominated by slower moving molecules that have an effective radius over seven times
larger, according to the scaling proposed in the previous section. From this data we can conclude
that the subset of Src,; anchors contributing to the FCCS curve are incorporated into slower-
moving clusters, and that the large majority of Src,, anchors in the plasma membrane are freely
diffusing as monomers.

Super resolution imaging of Src anchors

Based on the PIE-FCCS data presented above, we conclude that Src anchors are partially
localized to slower moving clusters in the plasma membrane. These clusters are not visible in
epifluorescence images, suggesting that they are smaller than the optical diffraction limit. To test
this, we transfect Cos-7 cells with Src,, anchors fused to PS-CFP2, a photoactivatable fluorescent
protein. By stochastically photoactivating a small subset of Src,,-PS-CFP2, we can localize their
positions with 20 nm accuracy and build a spatial map of anchor positions. A representative live
cell image is shown in Fig. 5A and 5B, where it is clear that there is clustering at several length
scales. To quantify the size of the clusters we calculate a pair correlation function which has

been used previously to quantify cluster size in PALM images.” Pair correlation functions
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describe the probability of any given molecule having a neighbor at a distance r. The relatively
low amplitude of the correlation function at short distances supports the conclusion that a
minority of anchors are involved in clusters. The time decay of the correlation function decays to
half its maximum at about 80 nm, and is similar across multiple cells. This observation is in
agreement with a recent study using PALM to image a Src,s anchor in fixed Cos-7 cells."” In the
report, the Src cluster size was not specified, but appears comparable to the reported ~70 nm
clusters of the multiple acylated Lck anchor. Both the size and prevalence of clusters in the
PALM images is consistent with the conclusion that Src,, anchors are weakly associated with

membrane clusters in the range of 10-80 nm.
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Figure 5 — PALM data of Src, in a live cell show 10-80 nm clusters in the plasma membrane.
Panel (A) is the PALM image constructed by reconvolving each localized molecule with a two-
dimensional Gaussian function representing the localization precision. The white outlined area is

magnified in panel (B). Panel (C) shows the pair correlation function (blue) calculated as
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described in the text for the cell pictured in (A). For comparison, the localization precision
histogram is also plotted to show that the 80 nm decay is not due to the spatial resolution of the

instrument.

The Src anchor is weakly clustered in Jurkat cells

We also looked at c-Src anchor in a different cell type to see whether or not the anchor
clustering was unique to Cos-7 cells. PIE-FCCS measurements at room temperature of the
anchor domain of the mouse isoform of c-Src (mSrc,) in human leukemic Jurkat T cells showed
the same trend as Src,, in Cos-7 cells at 20°C with a density cross-over also near 500
molecules/um’. At low densities (<500 molecules/um?), average relative scaled correlation
(scaled to in vitro samples of histidine-tagged fluorescent proteins on supported lipid bilayers
and normalized to ~1.00) was 0.04 + 0.18, while at high densities (>500 molecules/um?), the

average scaled correlation went up to 0.24 £ 0.17.
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Figure 6 — The relative correlation of mSrc,; and mSrcy, is density dependent in Jurkat cells at
room temperature. (A) The scatter plot shows the relative scaled correlation for mSrc,, (dark blue
circles) and mSrcy; (light blue circles) with respect to membrane surface density. The graph on
the right is a histogram (0.1 bin size) of the data in the left plot, which shares the same y-axis as
the scatter plot. (B) The scatter plot shows the relative scaled correlation versus density for a
hetero-expression of mSrc,; and mSrcy, . The graph on the right is a histogram of the data on the
left as described for panel A. (C) Bar chart shows the average and standard deviation of the

normalized relative correlation for the entire set of data for anchor alone, full length alone, and

23



anchor and full-length c-Src together and at two density ranges (low < 500 molecules/um?, high

> 500 molecules/um?®). (¥p = 0.043, **p = 0.020)

Full length Src clusters with Src anchor

PIE-FCCS was also used to look at clustering of full-length mouse c-Src (mSrcy, ) in Jurkat
cells, as well as the co-localization between the full length protein (mSrcg, ) and the lipid anchor
(mSrc,s). The expression level of mSrcy was consistently low, so there are no PIE-FCCS
measurements of mSrcy at high membrane densities (>500 molecules/um?). In mSrc,/mSrc;;
expressing cells, mSrc,, generally outnumbered mSrc;; at high membrane densities, although
only measurements with less than a 5:1 ratio of mSrc,;:mSrcy; were included in the data analysis
(Fig. 6). The full length protein, mSrcy, , did not exhibit any significant relative correlation (F, =
0.04 = 0.09) at low membrane densities. Cells expressing both mSrc,, and mSrcy showed low
relative correlation at low densities (F, = -0.01 + 0.16), and increased relative correlation (F, =
0.18 = 0.17) at high membrane densities. From this data we conclude that both mSrc,, and
mSrcy weakly partition into the same pre-existing membrane clusters observed in Cos-7 cells.

Comparing mobility of full-length Src and Src anchor

A comparison of the mSrc,;-eGFP and mSrc, -eGFP diffusion coefficients revealed that the
anchor alone has only a slightly higher translational mobility than the full-length protein. On
average, the effective diffusion coefficient, Dy, of mSrc,, across all densities was 1.36 + 0.48
um’s™" while D, of mSrc,, was 1.18 + 0.56um’s" at 20 °C. Fig. 7A shows a summary of the
data, including the mode of the distribution (red line), which happens to be slower than the

average: mSrc,, (1.07 ym’s™) and mSrcy; (0.89 ym’s™). From this we conclude that translational
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mobility of Src is dominated by the lipid anchor and proximal amino acids, with only a minimal
contribution from the cytosolic domain.

Rotational mobility of Src anchor is higher than full length Src

In addition to measuring the translational mobility of Src and the Src anchor, we also set out to
measure its rotational mobility within the context of the plasma membrane. These experiments
were carried out in Jurkat cells expressing either mSrc,,-eGFP or mSrcy -eGFP at 20 °C.
Fluorescence anisotropy of mSrcy and mSrc,, both decayed at a much slower rate than the 2.7 ns
fluorescence lifetime of GFP.” The mSrc,, anisotropy decayed at a single-exponential rate with
a rotational correlation time, 8 = 52 + 10 ns, and mSrc, was much slower at 8 = 110 + 20 ns
(Figure 7B and C). Both of these values are larger than the rotational correlation time of free
GFP in solution of 10-20 ns.”"*' The slower rotational diffusion of mSrcy, -eGFP indicates a
higher prevalence of environmental interactions beyond those localized to the lipid anchor itself.
This can be explained by simultaneous increases in protein gyration radius exposed to the
viscosity of the cytosol, and additional interactions between the cytosolic domains of full-length
Src and other membrane proteins. Based on the TRFA analysis, we conclude that the interactions
of the cytosolic domain of Src with the local milieu of the cell membrane significantly decrease

its rotational mobility.
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Figure 7 — Translational and rotational mobility of c-Src protein anchor versus full-length
protein in Jurkat cells. (A) The FCS curves were fit to determine their characteristic decay times,
Ty, Which is converted into a diffusion coefficient as described in Materials and Methods. Bar
chart and error bars show the average and standard deviation of D for mSrc,-eGFP anchor
(136 + 0.48 um?/s) and mSrc, -eGFP full-length protein (1.18 + 0.56 pm?/s) in Jurkat cell
plasma membrane at room temperature, while the red line marks the mode of the D, distribution
for mSrc,,-eGFP (1.07 um?/s) and mSrc, -eGFP (0.89 ym?/s). (B) Representative time resolved
fluorescence anisotropy data of eGFP is shown for Src,, (left, dark blue circles) and Srcy, (right,

light blue circles) with the corresponding single exponential fits in red. (C) Bar chart and error

26



bars show the average and standard deviation of the RCT for mSrc,;-eGFP (52 + 10 ns) and

mSrcg, -eGFP (110 + 20 ns) in Jurkat cell plasma membrane at 20 °C.

CONCLUSIONS

Lipidated protein organization has been the subject of numerous biophysical studies.”"” Rather
than attempt to build a comprehensive model for this class of membrane anchored proteins, we
instead focused on one important member of this class, the Src non-receptor tyrosine kinase. C-
Src was the first member of the Src family kinases to be discovered and is a well-studied proto-
oncogene. Despite its importance to cell signaling, the membrane organization of Src is not well-
understood compared to other Src-family kinases. To isolate the organizational role of the
membrane associated region of the protein, it has been common practice to express the anchor
portion of the protein for biophysical studies. The earliest Src anchor constructs were composed
of 14 or 16 N-terminal amino acids of the parent protein.'* ** In that early work, GFP-Src,, and
GFP-Src,, were not found in the low-density, detergent resistant fractions of the cell membrane
extract."”** Detergent resistant fractionation was an early assay for identifying lipid rafts, which
are defined as small, dynamic membrane clusters enriched in cholesterol and sphingolipids.*
This same observation was made later using a 15 amino acid sequence, GFP-Src,s, in cultured
Jurkat T-cells."” Later, Sohn and Pierce also found that in B-Cells GFP-Src,; was detergent
soluble, although a non-negligible portion was found in the detergent resistant fraction.'® Finally
in 2007, Rodgers observed that in Jurkat T-cells, there was an identifiable portion of Srcs
(estimated to be 2%) in the detergent resistant fraction of the membrane extract.” Detergent
extraction is a controversial method for studying membrane organization,* but the studies above

were surprising because under the traditional raft hypothesis, saturated acyl chains, such as
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myristate, should be found predominantly in the detergent resistant raft fraction.” * Indeed
multiply acylated lipid-anchored proteins were found in raft fractionation.”"" This illustrates the
need to characterize each anchor individually to determine its clustering behavior, including the
size, mobility and likelihood of partitioning into clusters.

Attempts have also been made to measure the membrane organization of Src anchor chimeras
with fluorescence imaging. Those studies focused on large (>1um) clusters and could not reveal
molecular-level clustering.'* '>* This is in part because the resolution of such methods was on
the order of several hundred nanometers due to the optical diffraction limit, leaving them blind to
molecular-scale interactions. Resonant energy transfer, or FRET, is sensitive to small
intermolecular distances, and has been used to measure clustering of Src anchor chimeras. For
example, Src,s; was co-expressed as a FRET pair with CFP and YFP in Jurkat T-Cells, and some
FRET was observed.” However, the data in that study were poorly correlated with acceptor
intensity, which made it difficult to quantify the level of FRET arising from specific, long-lived
interactions. Furthermore, such FRET assays cannot resolve the size of the membrane clusters
and are insensitive to FRET pairs occupying the same cluster but separated well beyond the
Forster radius. FRET also cannot resolve the mobility of Src anchors or of the larger clusters
with which they have been hypothesized to associate.

There is one report of newly developed super-resolution fluorescence microscopy methods
being applied to Src clustering.'” Photoactivated localization microscopy (PALM) was used to
image a Src,;s anchor chimera in fixed cells with sub-diffraction limit precision. In this
report, the Src cluster size was not specified, but appeared comparable to the reported ~70 nm

clusters of the multiple acylated Lck anchor. While super-resolution methods like PALM have
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the ability to observe cluster size and density, they cannot directly measure the dynamics of the
clusters, especially within fixed-cell membranes.

Using a combination of fluorescence spectroscopy and microscope methods, we have
measured the clustering of Src,, in Cos-7 and Jurkat T-Cells. Our results show that the cSrc-
derived membrane anchor transiently associates with a pre-existing network of plasma
membrane clusters. The high mobility of Src allows it to play a role in, for example, cell
migration at the leading edge of lamellapodia, while its association with large clusters allows it
to integrate with protein clusters associated with mature focal adhesions.” ¥ The experimental
approach taken in this work demonstrates that a combination of advanced tools in fluorescence
spectroscopy and imaging can reveal the heterogeneous behavior of membrane proteins in a live
cell environment. We expect this approach to yield substantial insight to membrane receptor
signaling, where protein complex formation during cell signaling events is still not well

understood.
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