UCSF

UC San Francisco Previously Published Works

Title

Single-molecule superresolution imaging allows quantitative analysis of RAF multimer
formation and signaling

Permalink
https://escholarship.org/uc/item/8p72p7gQ
Journal

Proceedings of the National Academy of Sciences of the United States of America,
110(46)

ISSN
0027-8424

Authors

Nan, Xiaolin
Collisson, Eric A
Lewis, Sophia

Publication Date
2013-11-12

DOI
10.1073/pnas.1318188110

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8p72p7g0
https://escholarship.org/uc/item/8p72p7g0#author
https://escholarship.org
http://www.cdlib.org/

Single-molecule superresolution imaging allows
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The RAF serine/threonine kinases regulate cell growth through the
MAPK pathway, and are targeted by small-molecule RAF inhibitors
(RAFis) in human cancer. It is now apparent that protein multimers
play an important role in RAF activation and tumor response to
RAFis. However, the exact stoichiometry and cellular location of
these multimers remain unclear because of the lack of technolo-
gies to visualize them. In the present work, we demonstrate that
photoactivated localization microscopy (PALM), in combination
with quantitative spatial analysis, provides sufficient resolution to
directly visualize protein multimers in cells. Quantitative PALM
imaging showed that CRAF exists predominantly as cytoplasmic
monomers under resting conditions but forms dimers as well as
trimers and tetramers at the cell membrane in the presence of
active RAS. In contrast, N-terminal truncated CRAF (CatC) lacking
autoinhibitory domains forms constitutive dimers and occasional
tetramers in the cytoplasm, whereas a CatC mutant with a dis-
rupted CRAF-CRAF dimer interface does not. Finally, artificially
forcing CRAF to the membrane by fusion to a RAS CAAX motif
induces multimer formation but activates RAF/MAPK only if the
dimer interface is intact. Together, these quantitative results
directly confirm the existence of RAF dimers and potentially
higher-order multimers and their involvement in cell signaling,
and showed that RAF multimer formation can result from mul-
tiple mechanisms and is a critical but not sufficient step for RAF
activation.

cancer signaling | single molecule imaging | superresolution optical
microscopy

he RAF serine/threonine protein kinase is a component of
the three-tiered MAPK signaling pathway that regulates cell
growth and many other essential biological processes (1, 2). In
normal cells, extracellular mitogenic stimuli are transmitted to
the nucleus via the receptor—-RAS-RAF-MAPK cascade (2).
Abnormal activation of this pathway is a central event in many
human cancers and results from activating mutations in BRAF
itself or in upstream factors (such as the RAS genes) (3, 4). As
the RAS proteins so far are intractable pharmacologic targets
(5), attention has shifted to development of small-molecule RAF
inhibitors (RAFis) as antitumor therapeutic agents (6). To date,
RATFi clinical efficacy has been demonstrated only for BRAF" %%
melanoma (6-8). In tumors with WT BRAF or mutant RAS, most
RAFis paradoxically promote growth, at times malignant in na-
ture (6). Moreover, BRAF mutant melanomas that are initially
sensitive to RAFi rapidly become resistant by using a variety of
compensatory mechanisms including RAF isoform switching and
activation of other pathways including RTKs, RAS, or PI3K (9).
In addition, some RAFis (e.g., vemurafenib) accelerate the oc-
currence of secondary squamous cell carcinomas (10).
Several lines of investigation suggest that multimer formation
plays an important role in RAF activation and tumor responses
to RAFi (11-16). RAF dimerization-mediated signaling was first
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suggested by the observation that artificial dimerization activates
RAF (17, 18). Next, immunoprecipitation (IP) suggested that
formation of homo- and heterotypic RAF “dimers” is associ-
ated with active RAS (15, 16, 19). X-ray crystallography of the
BRAF catalytic domain (CatB) identified critical residues postu-
lated to enable CatB—CatB dimer formation (11). Mutations of
these residues (e.g., RS09H in BRAF and, equivalently, R401H in
CRAF) profoundly diminished dimerization and kinase activity of
RAF (11-13). Recently, dimerization also was implicated in RAFi-
mediated activation of RAF in BRAF"" tumors (12, 13), in acquired
resistance of BRAF"*"E tumors to RAFi (14), and in the de-
velopment of RAFi-induced secondary squamous carcinomas (10).

Although these studies implicate RAF multimer formation in
the regulation of signaling in some circumstances, they do not
provide direct characterization of the nature of these multimers,
nor the information about their intracellular locations. This is in
a large part because of the lack of techniques with sufficient
spatial and stoichiometric (protein counting) resolution to visu-
alize RAF multimers inside an intact cell. For example, X-ray
crystallography studies used purified and truncated RAF pro-
teins (11, 20). IP measures protein—protein interactions but does
not provide stoichiometric or cellular localization information of
the protein complexes (12, 13).

Significance

This paper describes a quantitative imaging approach based on
photoactivated localization microscopy for precise protein
localization and stoichiometric analysis inside an intact cell.
With this approach, we directly resolved individual protein
monomers, dimers, and multimers in fixed mammalian cells.
We used this technique to study the dimerization and multi-
merization of the protein kinase RAF, a putative mechanism for
mutant Rat sarcoma (RAS)-mediated RAF activation as well as
for the paradoxical activation of RAF/MAPK in RAF WT cells
and tumors upon treatment with RAF kinase inhibitors. We
presented direct evidence that RAF indeed forms dimers and
occasionally higher-order multimers under various activating
conditions. These observations provide critical insight into the
biological regulation of RAF signaling and oncogenesis.
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The foregoing studies underscore the need for better tools
to study the RAF complexes involved in cell signaling. In the
present work, we show that recently introduced single-molecule
superresolution imaging techniques such as photoactivated lo-
calization microscopy (PALM) (21, 22) can be used for direct,
quantitative analysis of RAF multimer formation inside an intact
mammalian cell. We first demonstrate that PALM provides
sufficient spatial and stoichiometric resolution to distinguish
artificial protein dimers and higher-order multimers from mono-
mers when using a suitable fluorescent probe and combined
with quantitative spatial analysis. We then apply the quanti-
tative PALM imaging approach to study CRAF multimerization
under resting and various activating conditions, including the
presence of active mutant RAS, N-terminal truncation, and
artificial membrane localization. Our results clearly indicate
the formation and significance of RAF dimers in cell signaling.
The biological and therapeutic implications of these results are
discussed.

Results

PALM Imaging for Assessment of Protein Multimerization. In PALM
imaging, cells are genetically engineered to express one or more
photoactivatable fluorescence protein (PA-FP). If the PA-FP is
attached to a protein of interest, locations of the PA-FP report
the locations of the protein of interest. PALM image acquisition
is an iterative process. Each iteration begins with photoactivation
of PA-FP molecules typically by UV illumination followed by
excitation at a longer wavelength selected to stimulate fluores-
cence from the activated fluorophore. The intensity of the pho-
toactivation is controlled so that only a few PA-FPs are activated
at once. Each activated PA-FP molecule forms a diffraction-
limited and isolated image on the detector, of which the center
can be localized to within 10 to 20 nm in the imaging plane.
Fluorescence from activated PA-FPs is collected until extin-
guished by permanent photobleaching or by entry of the mole-
cules into transient dark states (or “blinking”). Successive rounds
of PA-FP activation, illumination, and imaging continue until
PA-FPs in the sample are depleted. The resulting fluorophore
locations are combined computationally into one image showing
the locations of the individual PA-FP molecules localized with 10
to 20 nm precision (21-23) to provide the final, high-resolution
PALM image of the sample.

The biochemical and photophysical properties of the PA-FP
may have a profound impact on how authentically the PALM
image reflects the properties of the sample. For quantitative,
stoichiometric measurements with PALM, the PA-FP should
have a high photon yield so that sufficient photons are detected
to allow precise localization, and should be monomeric so that
false multimers do not arise from self-aggregation. It should also
undergo irreversible photoactivation so that each PA-FP is
detected only once (24). Emission from an ideal PA-FP should
also be continuous until photobleached. Unfortunately, this is
rarely achieved with current-generation PA-FPs. Instead, emis-
sion from most PA-FP after initial photoactivation is interrupted
by transient dark states (25). This complicates analysis because,
during the dark periods of one PA-FP molecule, another PA-FP
residing in close proximity may be activated and start to emit
fluorescence. If two PA-FPs happen to be at a distance less than
their localization accuracy and emit fluorescence in successive
frames, it becomes difficult to distinguish between the two (26—
29). This can be partially rectified by adjusting the photo-
activation illumination intensity so that the time between pho-
toactivation of two closely spaced PA-FPs is long compared with
the lifetime of the dark states (T,z). In these circumstances,
multiple emission events from the same molecule can be iden-
tified and combined by allowing the events to be separated by
certain, transient durations of dark periods.

We selected PAmCherryl as the PA-FP for this study because
it has a relatively high photon yield, is monomeric, and under-
goes irreversible photoactivation in bulk measurements (24). We
tested the utility of PAmCherryl as a reporter for quantitative
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PALM imaging by expressing it in BHK21 cells and imaging the
cells after fixation. In this and subsequent applications, the ac-
tivating beam was on continuously but at a low level. We ob-
served that PAmCherryl molecules enter transient dark states
(i.e., blink). By using an approach suggested by Annibale et al.
(26), we estimated that the average T4 (or time scale of blink-
ing) of PAmCherryl is ~0.26 + 0.03 s (SI Appendix, Fig. S3). By
comparison, the time separation between emissions from different
PAmCherryl molecules within the same resolution element is
at least 20 s under the molecular densities in this investigation,
assuming that activation of the molecules is completely stochastic.
We dealt with blinking by combining multiple emission events
from the same image location within 1.3 s (i.e., ~5 X T,4) into
one event: a short interval compared with the ~20-s interval
between emissions expected from independent closely spaced
PAmCherryl proteins.

The resulting reconstructed PALM images of PAmCherryl
showed individual monomeric fluorophores randomly scattered
throughout the cytoplasm, as expected. An example image is
shown in Fig. 14, where each dot represents the center of mass
of one PAmCherryl molecule. Visual inspection of this image
indicated a predominant monomer distribution with few “clus-
ters.” A significant fraction of these clusters were artifacts at-
tributable to particles randomly positioned in proximity, as
demonstrated in Fig. S44. For a more accurate estimation on the
extent of clustering, we used the Ripley K test (30), which detects
clustering by counting how many particles on average are found
within a specified distance to a given particle and comparing that
with predictions from a random spatial pattern. We determined
that ~6% PAmCherryl proteins would be scored as being in dimers
or multimers (Fig. 1B). These apparent PAmCherryl clusters may
result from the presence of long-lived dark states that cause in-
dividual proteins to give rise to multiple events, or from slight
multimer formation of PAmCherryl molecules. In either case, the
level of clustering is not so large as to preclude use of PALM im-
aging for assessment of biologically induced multimer formation.

We further explored the utility of PAmCherryl as a quantita-
tive PALM probe for assessment of multimer formation by im-
aging PAmCherryl-PAmCherryl, a genetically encoded artificial
dimer. We expressed the dimer in BHK21 cells, imaged the cells
after fixation, and processed and analyzed the data as described
for PAmCherryl. The resulting images are very different from
those of PAmCherryl. Specifically, PALM images of the artificial
dimer showed a high number of PAmCherryl pairs that we in-
terpret to represent dimers (Fig. 1C). In accordance with visual
inspection, a Ripley K test suggested that 77 + 5% of PAm-
Cherryl molecules were in dimers, with the remaining ~23% in
monomers (Fig. 1D). Note that, for this calculation, we assumed
that PAmCherryl-PAmCherryl forms only dimers because it is
difficult to quantify the formation of higher-order multimers by
using a Ripley K test.

We developed a spatial analysis method to assess the distribu-
tion of PAmCherryl multimers from PALM images. The method
combines computer simulations with the well-established density-
based spatial clustering analysis with noise (DBSCAN) algorithm
(31) and hence is named simulation-aided DBSCAN, or SAD.
Briefly, DBSCAN classifies particles in the image into clusters
based on particle density variations (Fig. 1E). We found that the
assignments by DBSCAN were often inaccurate when there was
significant positional noise in the data (SI Appendix, Figs. S4 and
S5), which is typical in PALM images. SAD addresses this problem
by using computer simulations to generate data sets that contain
the same positional noise as the PALM image, analyzing both data
sets with DBSCAN and comparing the results, adjusting the sim-
ulation parameters, and regenerating the simulated data set. This
process iterates until DBSCAN results on both the simulated and
the PALM data match. At that point, the cluster size distribution
of simulated data are presumed to represent that of the actual
data. As shown in SI Appendix, Figs. S4 and S5, SAD robustly
returns the correct cluster size distributions on simulated data sets
with known cluster size distributions and added positional noise.
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http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318188110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318188110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318188110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318188110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318188110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1318188110

" . PAmCherry1

Fig. 1. Direct observation of protein dimers with
PALM. (A) PALM image of PAmCherry1 expressed in
a BHK21 cell. Each dot in the image represents one
hypothetical PAmCherry1 molecule. (B) Ripley K test
on PALM images of PAmCherry1. Test results from
21 images (~3 x 3 pmz) at molecular densities of
80 + 15 per square micrometer were pooled (thick

blue line). The red dashed curve is Ripley K test on
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We measured the cluster size distributions in PALM images of
PAmCherryl and the artificial dimer with SAD. For PAmCherryl,
we found that 6 + 3% of the molecules are in “dimers” and only
a negligible fraction in larger clusters (Fig. 1F, Inset). For PAm-
Cherryl-PAmCherryl, ~74% of PAmCherryl are found in dimers
and ~4% in trimers (Fig. 1F). In both cases, the fluorophore
densities are approximately 100 per square micrometer. These
results largely agree with our findings with the Ripley K test (Fig. 1
B and D). At higher fluorophore densities (148 + 23 per square
micrometer), SAD analysis of the dimer images yielded a similar
cluster size distribution (S Appendix, Fig. S6) to Fig. 1F.

We used these results to estimate the detection efficiency (i.e.,
the probe recovery rate, x) of PAmCherryl in our PALM imaging
experiments. In imaging the dimers, the probability of a dimer
being detected as a dimer is x° if we assume that the two PAm-
Cherryl fluorophores in the same dimer are photoactivated in-
dependently. Similarly, the probability of a dimer being detected
as a monomer is the probability of detecting one PAmCherryl
times the probability of not detecting the other, i.e., x * (I — x).
Hence, the ratio between detected molecules in dimers vs. those
in monomers is x*/[x * (I — x)], or x/(I — x). As measured with
SAD, the ratio is x/(1 —x) ~ 74/26, or x ~ 0.74. For an n-mer, the
detection efficiency is ~(0.74)". We corrected subsequent results
with these factors.

These results demonstrated that PALM imaging coupled with
quantitative spatial analysis provides sufficient resolution and
detection efficiency to directly visualize protein dimers and
multimers in intact cells expressing a suitable PA-FP probe such
as PAmCherryl.

CRAF Protein Distribution Analysis. We used quantitative PALM
imaging as described earlier to analyze the distribution of
PAmCherryl-CRAF fusion proteins (SI Appendix, Fig. S2) in
BHK?21 cells transfected with the PAmCherryl-CRAF expres-
sion construct alone or along with KRASS'?P. PAmCherryl fu-
sion proteins analyzed in the present study and their properties
are presented in SI Appendix, Figs. S1 and S2 and Table S1. As
CRAF interacts with active RAS on the cell membrane, we used
the total internal reflection fluorescence (TIRF) illumination
scheme for conventional fluorescence and PALM imaging so that
only PAmCherryl-CRAF molecules on or within ~100 nm of the
basal membrane were imaged.

Cells expressing only PAmCherryl-CRAF had the fibroblast-
like morphology typical of BHK21 cells, and exhibited low signal
intensity in TIRF images (Fig. 24). PALM images of PAm-
Cherryl-CRAF in these cells showed only approximately 20
molecules per square micrometer on the membrane (Fig. 2B) with
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All error bars represent SD.

minimal clustering (Fig. 2E). These findings are consistent with
CRAF existing predominantly as a cytosolic monomer in KRAS™ '
cells (16). They also show that the PAmCherryl-CRAF fusion
proteins have a low propensity to form multimers.

In contrast, cells coexpressing PAmCherryl-CRAF and
KRASY'"?P showed a substantial increase in PAmCherry1 signal in
TIRF images (Fig. 2C), consistent with recruitment of RAF to the
cell membrane by mutant RAS (32). Notably, most cells exhibit
sharp membrane protrusions that resemble actin-rich filopodia or
invadopodia (Fig. 2C, Inset) (33); these structures are only 100 to
200 nm wide, which is below the diffraction limit, making them
difficult to study with conventional light microscopy. PALM
images of these cells clearly demonstrated the existence of CRAF
dimers and higher-order multimers (Fig. 2 D and E). A high fre-
quency of dimers is apparent in Fig. 2D, as marked by DBSCAN in
the upper half (above the dotted line) of the image. SAD analysis
indicated that in addition to dimers, a significant fraction of
PAmCherryl-CRAF resides in trimers and even higher-order
multimers (Fig. 2E; Fig. 2D, arrows). These higher-order multi-
mers have not been previously reported in studies using IP (12, 13,
15) or crystallography (11, 20), and their mechanistic importance is
not clear. Overall, expression of KRASC?P increased the density
and the extent of clustering of membrane-associated CRAF mol-
ecules compared with the control (CRAF expression alone), so
that the number of multimers (including dimers) per square mi-
crometer area on the membrane increased from 0.5 to 13 (Fig.
2FE). This switch-like increase in multimer CRAF formation is
consistent with CRAF multimer formation being important in
RAS-mediated activation of RAF/MAPK.

CatC Dimerization Dependent on an Intact Protein Interface. With
the existence and involvement of CRAF dimers in RAS medi-
ated activation confirmed, we next sought to identify the domain
(s) that mediate RAF dimerization. Published studies indicated
that CatC—CRAF with the N-terminal regions CR1 and CR2
truncated (SI Appendix, Fig. S2) but containing the catalytic
domain—is a constitutively active kinase, caused likely by the
elimination of N-terminal autoinhibition followed by spontane-
ous dimerization (12, 13, 34). Following this lead, we used
PALM imaging to analyze CatC-CatC interactions in BHK21
cells transfected with PAmCherryl-CatC or PAmCherryl-
CatR4MH constructs gSI Appendix, Fig. S2 and Table S1) after
fixation. The CatCR*°™™ mutation was selected because it has
been shown that the R401 residue mediates interactions between
the two CatC protomers and that the R401H mutation disrupts
CRAF dimerization (12, 13). We used PALM imaging with re-
laxed TIRF excitation to enable analysis of PAmCherryl-CatC
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Fig. 2. Imaging CRAF dimers with quantitative PALM. (A) TIRF and (B) PALM images of PAmCherry1-CRAF expressed alone in BHK21 cells and (C) TIRF and (D)
PALM images of PAmCherry1-CRAF coexpressed with KRASS'2P. Individual clusters were marked based on DBSCAN results in the upper half of the image
(above dotted line). Arrows indicate higher-order multimers. (Inset) Magnified PALM image of the area in the white box shows a membrane protrusion. (E)
Comparisons between PAmCherry1-cRAF expressed alone (Left) and coexpressed with KRASG'2P (Right) on membrane localization (Top), cluster size dis-
tribution (Middle), and density of dimers (Bottom). (Scale bars: A and C, 5 pm; C, Inset, B, and D, 200 nm.)

proteins because CatC is predominantly cytosolic. Consistent
with previous observations (11-13, 34, 35), PALM imaging
showed that cytosolic PAmCheryl1-CatC molecules did dimerize
readily (Fig. 34) whereas the PAmCherryl-CatCR?**"™ mutant
with disrupted CatC—CatC dimer interface dimerized to a much
lesser extent (Fig. 3B). The difference remained at all expression
levels examined, although multimerization of PAmCherryl-CatC
and the R401H mutant increased at higher expression levels. The
R401H mutant failed to active MAPK in BHK21 cells (SI Ap-
pendix, Fig. S8), highlighting the importance of dimerization in
CatC activity.

SAD analysis further showed that PAmCherryl-CatC also
forms tetramers. The cluster size distribution of cytosolic
PAmCherryl-CatC (Fig. 3C), especially at the higher expression
levels, is clearly different from that of full-length, membrane-
bound RAF coexpressed with active RAS (Fig. 2 D and E). A
major difference is that the frequency of trimers is much lower
than tetramers in the case of PAmCherryl-CatC, suggesting that
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cytosolic CatC preferably forms tetramers rather than trimers. The
PAmCherryl-CatC tetramers may be dimers of dimers mediated
by an unidentified dimer interface additional to the one reported
previously (11).

Our data strongly support the hypothesis that CatC sponta-
neously dimerizes without the need of membrane localization or
active RAS, and suggest that the fundamental functional unit of
CatC kinase is a dimer. As CatC is the kinase domain of CRAF,
it is likely that the fundamental functional unit of full-length
CRAF is also a dimer.

Multimerization of RAF-CAAX on the Cell Membrane. The difference
in multimerization behavior between CatC and full-length CRAF
(with KRAS'?P) indicates that multimerization may proceed
through different mechanisms in the two cases. We reason that
the difference is likely a result of the N-terminal interactions of
RAF or its interactions with RAS, as CatC is N-terminal trun-
cated CRAF and does not bind RAS. The N-terminal of CRAF

PAmCherry1-CatC

~40 molecules/pum?

0 -

~80 molecules/um?
Fig. 3. CatC dimerization and its dependence on
an intact dimer interface. (A) PALM image of

PAmCherry1-CatC WT (Upper) and R401H mutant

(Lower). (B) Comparison on clustered fractions of
PAmCherry1-CatC WT (circles) and R401H mutant
(triangles) measured at different molecular densi-
ties. (C) Cluster size distributions of CatC WT mea-

~160 molecules/um?

b [

Cluster Size(# of molecules)

3 4 5 6 sured with SAD in PALM images at different

molecular densities. (Scale bars: 500 nm.)
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inhibits the kinase activation and dimerization (34, 36) so that
RAS binding is a more plausible cause of observed RAF trimers in
addition to dimers and tetramers in the presence of active RAS.

This view is supported by existing evidence. EM studies sug-
gest that RAS itself clusters on the cell membrane, with a typical
cluster size of four to eight RAS molecules, and that the clus-
tering was mostly governed by its C-terminal ~20 residues known
as the CAAX motif (37). When the RAS CAAX motif is at-
tached to CRAF to create a chimeric protein CRAF-CAAX, the
latter localizes to the cell membrane and becomes a constitu-
tively active kinase (38, 39). These data suggest that CRAF-CAAX
may be constitutively active because the CAAX motif drives CRAF
into dimers and larger multimers. Similarly, CRAF molecules
bound to active RAS could also dimerize or cluster through the
RAS CAAX motif and display similar cluster sizes to RAS and
different from that mediated by Cat—Cat domain interactions.

To better define the role of CAAX, we studied the clustering
behavior of CRAF-CAAX by using quantitative PALM imaging.
We fused the KRAS CAAX motif to PAmCherryl-CRAF
and the R401H mutant to make PAmCherryl-CRAF-CAAX
and PAmCherryl-CRAFR*""M_CAAX (ST Appendix, Fig. S2 and
Table S1). The resulting chimeric proteins produced similar bi-
ological output to their untagged counterparts (Fig. 44). In-
terestingly, PALM images of PAmCherryl-CRAF-CAAX (Fig.
4B, Left) and the R401H mutant (Fig. 4B, Right) obtained under
stringent TIRF conditions clearly showed membrane-associated
clustering. Cluster size distributions of the two proteins were
similar, and are both akin to that of CRAF activated by KRASY'?P
but not to that of CatC, in that there is a higher population
of trimers than tetramers. This implies that the CAAX motif
indeed dominates the clustering of CRAF-CAAX and likely
CRAF-KRAS®"?P.

These data also indicate that RAF multimer formation may
not be sufficient for full MAPK activation because the RAS-
derived CAAX motif did force formation of multimers of CRAF
constructs carrying the dimer-interface R401H mutation but
were less potent in stimulating ERK phosphorylation (an in-
dicator of MAPK activity) than multimers formed by WT CRAF
(Fig. 44). A similar observation was previously reported on
BRAF R509H dimer mutant, in which artificial dimerization of
BRAF®H fajled to activate MAPK as BRAFWT did (11).

Discussion

A full understanding of molecular mechanisms involved in the
regulation of cell and tissue behavior requires information about
molecular composition, molecular interaction, and multiscale mo-
lecular structures. Conventional biochemical, structural, and imag-
ing tools have provided important insights into biological processes
but do not provide direct information about key nanometer-scale
regulatory architectures. We show here that nanometer-scale
structures involved in RAS-mediated signaling can be studied in
intact cells by using single-molecule superresolution imaging.
Specifically, we demonstrated the utility of PALM in elucidating
the role of CRAF multimer formation in RAS/MAPK signaling.

Studies of multimer formation require the ability to detect
individual proteins with high efficiency. We explored the ability
of PALM to resolve individual PAmCherryl-labeled CRAF
proteins by imaging of PAmCherryl and its artificial dimer (Fig.
1) in intact cells. With the assistance of new spatial analysis
techniques including SAD, we estimated the detection efficiency
of PAmCherryl molecules to be ~74%. Although much lower
than 100%, this is a significant improvement over other imaging
techniques, especially those using antibodies in which the size of
the probes typically limits the labeling efficiency to ~40% (37).
The high fluorophore detection efficiency ensured successful
imaging of dimers (at ~55% efficiency), trimers (~41%), and
even tetramers (~30%). Our assessment of the utility of PALM
imaging for single-molecule analysis in cells are consistent with
other recent reports (26-29).

With the quantitative PALM imaging approach, we studied
CRAF multimer formation under several MAPK activating
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Fig. 4. Biological and clustering properties of PAmCherry1-CRAF-CAAX WT
and R401H mutant. (A) BHK21 cells transfected with CRAF-CAAX (lane 2),
PAmCherry1-CRAF-CAAX (lane 3), and the corresponding R401H mutants
(lanes 4 and 5) were harvested and assayed for protein expression and MAPK
pathway activation by Western blotting. Lysate from untransfected and
serum-starved BHK21 cells was loaded as a control (lane 1). (B) PALM images
of BHK21 cells transfected with PAmCherry1-CRAF-CAAX WT (Left) and
R401H mutant (Right). (C) Comparison of cluster size distributions between
PAmCherry1-CRAF-CAAX WT and R401H mutant measured with PALM/SAD.
(Scale bars: 500 nm.)

conditions. RAF multimer formation has been suggested as an
essential step in its activation in physiologic and pathologic signal-
ing (11-13, 15). Previous studies have provided strong evidence for
this hypothesis, but none have fully demonstrated the existence and
spatial location of RAF dimers or their involvement in cellular
processes. Our PALM imaging results showed unambiguously that
CRAF forms multimers in all activating conditions tested, with
dimers being the predominant multimer. In addition, we showed
that RAF can form multimers by Cat—Cat (RAF catalytic domain)
and by RAS-RAS interactions. In the latter case, it is the CAAX
motif of RAS that drives clustering.

Another interesting finding of the present work is that multimer
formation may not be sufficient to fully activate RAF. For example,
CRAF*™ fyged to the RAS CAAX does form multimers on the
membrane at approximately the same level as observed for CRAF-
CAAX multimers. However, the extent of pErk up-regulation is
lower for the R401H mutant compared with WT. Furthermore,
although the biological activity of a RAF-RAF multimer depends
on an intact interaction interface, some mutations of RAF such as
V600E in BRAF appear to achieve an active conformation without
multimer formation. Indeed, the BRAFY?E: RSOH q4uble mutant
can still activate MAPK (14). In other words, RAF-RAF di-
merization is only one of the possible routes to changing the
protein conformation of RAF for its kinase activation.
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In summary, we have used single-molecule superresolution
imaging to directly visualize CRAF multimers under activating
conditions and to assess the cellular locations in which these
multimers form. Depending on the cellular or therapeutic con-
text, RAF molecules may exhibit various multimer properties,
including formation of dimers, trimers, and/or tetramers, of
which the biological consequence is unknown. Our study dem-
onstrates the power of quantitative single-molecule measure-
ment in uncovering fine details of cellular processes at the
molecular scale.

Materials and Methods

Plasmids. An entry clone (pENTR) of PAmCherryl with both 5’and 3’
multicloning sites (MCSs) was generated by using a TOPO directional
cloning kit (K2400-20; Life Technologies). A map of the entry clone is
provided in S/ Appendix, Fig. S1. PCR products of cDNAs of the genes of
interest were then digested and inserted into one of the MCSs at the N
or C terminus of PAmCherry1 in this entry clone. Expression clones were
then generated by LR reaction (11791-020; Life Technologies) with a
pcDNA3.1 destination vector.

Cell Culture and Transfection. BHK21 cells were obtained from American Type
Culture Collection (catalog no. CCL-10), and maintained in high-glucose
DMEM (no. 11965-092; Gibco) supplemented with 10% (vol/vol) FBS (no.
10437; Gibco) at 37 °C and 5% (vol/vol) CO,. Cells were plated 24 to 48 h
before transfection in six-well plates for Western blot or two-well cham-
bered coverglass (no. 12-565-336; Thermo Fisher) with phenol red-free
DMEM (no. 21063; Gibco) for imaging, at densities to reach ~80% conflu-
ence on the day of transfection. The coverglass was pretreated with 1 M
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NaOH solution for 3 h and washed thoroughly with distilled water. For each
well, a total of 1 pg plasmid DNA was transfected. Equal amounts of each
plasmid were used for cotransfection experiments. For Western blot, cells
were serum started overnight 24 h after transfection and harvested. Typi-
cally, 20 pg of total protein was loaded for each sample.

PALM Microscopy. PALM microscopy was performed on a custom setup. We
used a 405-nm laser (CUBE-405; Coherent) for the photoactivation of PAm-
Cherry1 and a 561-nm laser (MGL-H-561; OptoEngine, UT) for excitation. The
typical power density used for photoactivation (405 nm) is 0.1 to 1.5 W/cm?,
and that for imaging (561 nm) is ~1 kW/cm?. The 405-nm laser remained on
during image acquisition, with the power gradually increased to ensure
complete photoactivation of all molecules within the field of view. We
perform PALM imaging in 100 mM Tris buffer (pH 8.5) with 30 mM NacCl and
20 mM MgCl,. Gold nanoparticles (100 nm) were added to the buffer before
imaging as fiducial markers. Image and spatial analyses were performed
with Matlab scripts.
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