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ABSTRACT

Light-induced dimerizing systems, e.g. iLID, are an increasingly utilized optogenetics tool to
perturb cellular signaling. The major benefit of this technique is that it allows external spatio-
temporal control over protein localization with sub-cellular specificity. However, when it comes to
local recruitment of signaling components to the plasmamembrane, this precision in localization
is easily lost due to rapid diffusion of the membrane anchor. In this study, we explore different
approaches of countering the diffusion of peripheral membrane anchors, to the point where we
detect immobilized fractions with iFRAP on a timescale of several minutes. One method involves
simultaneous binding of the membrane anchor to a secondary structure, the microtubules. The
other strategy utilizes clustering of the anchor into large immobile structures, which can also be
interlinked by employing tandem recruitable domains. For both approaches, the anchors are
peripheral membrane constructs, which also makes them suitable for in vitro use. Upon combin-
ing these slower diffusing anchors with recruitable guanine exchange factors (GEFs), we show that
we can elicit much more localized morphological responses from Rac1 and Cdc42 as compared to
a regular CAAX-box based membrane anchor in living cells. Thanks to these new slow diffusing
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anchors, more precisely defined membrane recruitment experiments are now possible.

Introduction

Plasma membranes (PM) are hotspots for cellular sig-
naling [1,2] since they represent the interface of cells
with their extracellular environment. Signaling path-
ways triggered at the PM contain a variety of effector
proteins that can become temporarily associated with
the PM, often through the involvement of lipid binding
domains [3]. Recently it became possible to gain con-
trol over the relocation process to the PM with unpre-
cedented spatial and temporal precision through
optogenetics [4,5]. This technique relies on incorporat-
ing light-sensitive protein domains in such a way that
protein binding sites can become blocked or available,
depending on the light-induced conformational state of
these domains [5,6].

Signaling through Rho-GTPases is often studied
with perturbation methods [7] of which optogenetics
provide several advantages. For example, the iLID opto-
genetic system, has previously been used in combina-
tion with CAAX lipidation to locally target Rho-
GTPase signaling and induce morphology changes by
Guntas et al. They achieved local activation of these
GTPases by relocating Dbl homology (DH)/pleckstrin-

homology (PH) domains of guanine exchange factors
(GEFs) specific to Racl and Cdc42, namely Tiaml and
ITSN1 respectively. Branching of the actin cytoskeleton
and the formation of lamellipodia was induced through
Racl activation. Active Cdc42 should mainly lead to
bundled actin and filopodia, but activated Cdc42was
also observed to induce lamellipodia, most likely due
to cross-talk of the GTPase pathways [8].

Many different studies have successfully addressed
cortical Rho-GTPase signaling with light-induced relo-
cation approaches [9-11]. However, we believe that the
spatial confinement of these experiments could be
improved further by utilizing constructs with slower
diffusing membrane-binding domains. In most studies,
the membrane-anchoring molecules contain some ver-
sion of a posttranslational prenyl-tail for insertion into
the plasmamembrane. Unfortunately, these molecules
display high lateral diffusion speeds of about 1 um?*/s
[12,13]. This rapid diffusion combined with their rela-
tively low dissociation half-life of 7-10 min [14] results
in substantial spreading across the PM for any domain
attached to these anchors. AsLOV2-based optogenetic
tools are among the most commonly used and they
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normally display a reversion time of around 30 s [15],
which is sufficient for rapid lateral diffusion to generate
relatively wide gradients of light-induced activity out-
side of the originally illuminated area. This is fine for
mimicking cellular responses to wide extracellular gra-
dients, but some signals are initiated on a much more
precise scale, e.g. GTPase activity induced at the point
of physical contact with the extracellular matrix [16]. A
recent study already addressed this spatial confinement
problem by comparing different optical dimerizers, and
they show that faster switching kinetics are better for
maintaining local recruitment [17]. While true, fast
kinetics should not be a requirement as this can limit
experimental approaches. On top of that, the most
common light-responsive domains do not even possess
kinetics fast enough to overcome the scattering of acti-
vated molecules by lateral diffusion of the traditional
membrane anchors to which they are attached.

In order to improve the spatial resolution of light-
induced relocation to the PM, we focused on finding a
membrane-binding approach with as little diffusion as
possible. We did not employ transmembrane domains
in view of possible future applications where optoge-
netics is being combined with emerging in vitro tech-
nologies [18,19], for which easy purification and
reconstitution is important. Therefore, we focused on
options that are optimal for both in vivo & in vitro
studies by using peripheral membrane proteins that are
not post-translationally modified. More specifically, we
chose the C2 lipid binding domain of lactadherin,
which binds phosphatidylserine independent of cofac-
tors [20]. Through fusions of this C2 domain with
oligomerizing- or other binding-domains, we identified
two new membrane anchor constructs with a large
immobile fraction on the timescale of asLOV2 kinetics.
We show here that these new anchors can be used to
elicit a more localized cellular response from light-
inducible dimer systems, as compared to the conven-
tional prenylated membrane anchors.

Results

Identifying slow diffusing recombinant membrane
affinity tags

In order to create slow diffusing membrane anchors, we
evaluated the diffusion rate of several targeted protein
fusions (Figure 1(a-d)). Diffusion was analyzed from
inverted Fluorescence Recovery After Bleaching (iFRAP)
[21] by comparing the relative rates of fluorescence inten-
sity decay, which represent the fraction of anchors that
move outside the targeted ROI Hence, slower decay points
to less lateral diffusion of the anchor. We found that even a

single C2 domain initially loses significantly less intensity
than the commonly used prenylated protein domains such
as KRas4B CAAX-motifs (Figure 1(e)). Next, we examined
the effect of tandem C2-domains to create multiple binding
sites (Figure 1(b)). We observed the intensity decay, and
hence diffusion, slow down with every extra domain
(Figure 1(e)). However, the effect is moderate, suggesting
that another approach was needed for a bigger impact on
diffusion. We speculated that by binding two different
structures simultaneously, movement of the anchor
would be further restricted, for instance by creating a
construct with affinity for both the PM and microtubules
(MT). To that end we fused a plus-end-tracking protein,
End Binding 3 (EB3), to the N-terminus of a double C2
domain, termed EB3-2C2 from here (Figure 1(c)). The
iFRAP data from this fusion protein still displayed fast
initial fluorescence decay, but over time this decay slows
down after which a plateau is reached at which half the
initial intensity remains (Figure 1(e)). This indicates the
presence of a substantial fraction of highly immobile mole-
cules. In contrast, we observed how either EB3 or tandem-
C2 alone lose almost all of their initial fluorescence within
6 min during iFRAP experiments (Figure 1(f-g)).
Importantly, that is not the case when they are fused
together, which demonstrates that the immobilization of
EB-2C2 is greater than its parts (Figure 1(h)). This clearly
shows the benefit of double-affinity anchors, although the
forced interactions between two structures and possible
effects on their function will have to be taken into con-
sideration. Alternatively, we tried slowing down diffusion
by increasing the total size by introducing an inducible
clustering function. Hence, we tried fusing a tandem C2
to CRY2clust, which homo-oligomerizes upon blue illumi-
nation [22], termed CRY2-2C2 from here (Figure 1(d)).
We found that the addition of CRY2 resulted in a slower
decay of fluorescence which almost reaches a plateau even-
tually, just as with EB3-2C2 (Figure 1(e)). An overview of
extrapolated numerical values from all iFRAP experiments
can be found in Table 1. Movement of CRY2-2C2 is
reduced almost as much as EB3-2C2, with the former
reaching the halftime approximately four times slower
and the latter five times slower as compared to standard
CAAX lipidation (Table 1).

Lowering diffusion of membrane anchors through
crosslinking

Since our goal is to make optogenetic relocation more
local, we also explored ways of decreasing diffusion
rates relying on the second, recruitable component
(Figure 2(a-c)). We used the iLID system as a repre-
sentative of relocation modules and looked at how its
recruitable sspB domain could be utilized to alter
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Figure 1. Identifying slow diffusing recombinant membrane affinity tags. (A-D) Schematic overview of all explored membrane
targeting strategies for iLID constructs: (A) KRas4B CAAX motif, (B) 1-3x tandem lactadherin-C2 domain, (C) EB3-2xC2 fusion which
links PM & MTs (D) CRY2clust-2xC2 fusion which can reversibly cluster. (E) Relative intensity decay from iFRAP experiments plotted
over time (n = 5). All membrane anchors were tagged with eGFP. Entire cells were bleached with 488nm laser pulses every 8s except
within a 13 pm square ROI of which the intensities were followed over time. Higher intensity values correspond to lower diffusion
rates outside of the targeted ROI. Error bars represent the standard deviation. (F-H) Confocal images of iFRAP experiments with
repeated 12 s bleach pulses every minute to the entire cells except within the ROI's, here 13 by 26 um to better visualize the effects.
The EB3-2C2 fusion is seen to have much higher residual intensity after 6 min then EB3 & 2C2 combined. Scale bars are 5 um. All

experiments were performed in Hela cells.

Table 1. Overview of relative diffusion rates from iFRAP data.

Construct Avg halftime (s)° Intensity after 5min?
CAAX-iLID 35+4 7% £ 1
CAAX + 1sspB 386 7% = 2
1xC2-iLID 637 10% £ 3
CAAX + 2sspB 69 = 10 12% = 4
CAAX + 3sspB 68 £ 12 16% £ 8
2xC2-iLID 76 £ 9 20% = 5
2xiLID-2C2 + 1sspB 76 £ 10 18% + 3
3xC2-iLID 106 = 14 25% £ 6
2xiLID-2C2 + 2sspB 108 = 22 23% £ 9
CRY2-2C2 136 + 34 37% = 9
CRY2-2C2 + 1sspB 155 + 32 38% %= 10
EB3-2C2 173 = 40 44% + 12
CRY2-2C2 + 2sspB 288 + 61 48% = 11

aData are mean values + 95% C.l., where n = 5 minimally for each
condition. Statistically significant differences of the mean halftime or
the remaining intensity after 5min can be easily deduced by the presence
or absence of overlap in the inferred 95% confidence interval of the
corresponding mean values.

diffusion. We suspected that by recruiting tandemly
repeated sspB domains we can link several peripheral
membrane proteins together to create a bigger, less
mobile complex (Figure 2(a)), which we again analyzed
with iFRAP. When applied to regular CAAX-anchored
iLID molecules, we see that one or none sspB domains
makes no difference but tandem sspB repeats clearly
display slower diffusion (Figure 2(d)). With three or
more sspB domains little to no further decrease in
diffusion speed was observed (not shown).

Next, we attempted to increase the number of
anchors that can be interlinked by having two iLID-
sstA domains on one single membrane anchor, termed
2iLID-2C2 from here (Figure 2(b)). When paired with a

single sspB domain this anchor offers no improvement
but with a tandem sspB we see a clear initial decrease in
diffusion (Figure 2(e)). We also tried to combine the
tandem sspB domains with the cluster forming CRY2-
2C2 (Figure 2(c)). Once again, we see no improvement
with a single sspB domain, but we do see a clear
decrease in diffusion speed when tandem sspB domains
are used (Figure 2(e)). This effect also persists over time
unlike with 2iLID-2C2. Altogether these results indicate
that two sspB domains in tandem are sufficient and
proficient at further decreasing lateral diffusion
through increasing the total size. This is especially
true when combining tandem sspB domains with
CRY2-2C2. This construct even outperforms the EB3-
2C2 anchor with more than a 50% change in halftime
of intensity decay (Table 1).

Optogenetic characterization of new membrane
localization strategies

Now that we identified two different strategies for
immobilizing membrane affinity tags, we can charac-
terize their performance in optogenetic relocation
experiments. As expected, the type of anchor does not
change the properties of the iLID system itself as all of
them can display clear relocation to the membrane
(Figure 3(a-c)). The only notable difference under our
experimental conditions is that the regular CAAX motif
shows higher expression levels compared to our new
anchors since these are much bigger than CAAX. As a
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Figure 2. Lowering diffusion of membrane anchors through crosslinking. (A-C) Schematic overview of crosslinking strategies
using the ssrA & sspB binding partners of the iLID system: (A) tandem repeated sspB’s can cluster membrane-targeted ssrA
molecules, (B) tandem sspB’s combined with tandem ssrA’s can be crosslinked to form big networks of unlimited size in theory, (C)
clustering ssrA & crosslinking the clusters with tandem sspB’s can also form big networks that can more rapidly grow in size. (D-E)
Relative intensity decay from iFRAP experiments plotted over time (n = 5). All membrane anchors were tagged with eGFP. Entire
cells were bleached with 488nm laser pulses every 8 s except within a 13um square ROI of which the intensities were followed over
time. Higher intensity values correspond to lower diffusion rates outside of the targeted ROI. Error bars represent the standard
deviation. (D) Influence on diffusion of tandem repeated sspB's crosslinking single ssrA’s. (E) Influence on diffusion of tandem
repeated sspB’s crosslinking constructs with multiple ssrA’s. All experiments were performed in Hela cells.
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Figure 3. Optogenetic characterization of new membrane localization approach. (A-C) Confocal images showing reversible iLID
translocation with different membrane localization tags. Entire cells were illuminated with one single 5 s pulse of a 470nm LED at
t = 0. Scale bars represent 5 pm. (D) Dissociation speed of iLID dimerization of single and tandem sspB’s was approximated by
plotting the recovery of fluorescence in the cytoplasm after an activation pulse of 5 s from a 470nm LED was given (n = 5). (E-G)
Confocal images depicting the spread of locally translocated tandem sspB’s. The contrast of translocated sspB molecules was
improved by subtracting the baseline intensities from the first image. Activation occurred through 5 s pulses of 488nm laser light
every 20 s within the 13 x 13 um ROI's indicated in blue. Intensities above the mean value within the ROI's at t = 0 s are highlighted
in red to compare the amount of lateral diffusion. Scale bars represent 5 um. All experiments were performed in Hela cells.

result, more sspB’s can bind per area, which results in  kinetics of the iLID system also remains unchanged
clearer labeling of the PM (Figure 3(a)). However, such ~ when used with a single sspB domain. In contrast, we
overexpression is rarely required for experiments. The  did observe a delay in the recovery of fluorescence



intensity within the cytoplasm when tandem sspB
domains are used (Figure 3(d)), pointing to the disso-
ciation speed becoming slower. Probably, this is a result
of the stochastic reversion kinetics of asLOV2, which
usually occur within a range of 30-50 s [9]. Therefore,
the dissociation speed depends on the slowest one to
revert when tandem sspB’s are bound to different LOV
domains. As the slower diffusion from 2sspB seems to
come with slower dissociation, we wanted to make sure
that the effect on diffusion is dominant enough to
prevent spreading of the translocated sspB’s outside
the illuminated regions. We therefore paired 2sspB
with different anchors and activated them within
square ROD’s of the same size in order to compare the
locality of relocation over time. By marking all inten-
sities above the mean value within the ROI att =0 s
after subtracting the baseline intensity, we defined the
minimal area to which the translocated molecules dif-
fuse. This revealed how the CAAX motif shows mod-
erate local recruitment initially, after which they
quickly diffuse over a region nearly twice the size of
the targeted ROI (Figure 3(e)). In contrast, both our
new anchors kept the translocated sspB’s almost
entirely within the ROI (Figure 3(f-g)). From this we
can conclude that our new membrane anchor
approaches pair well with optogenetics and should
allow more precise control over local cellular signaling.

Application of slow diffusing membrane anchors in
manipulating rho signaling

In order to test whether our new membrane targeting
constructs can positively affect the locality of cellular
responses from light-induced targeting, we compared
recruiting DHPH domains with the standard CAAX
motif anchor to recruitment with our new PM anchors.
The CAAX construct was paired with a single recrui-
table domain as in most standard experiments, while
our anchors were combined with a tandem recruitable
domain to maximize the immobilization of the pro-
teins. We observed clear morphological responses
with all the different membrane anchors upon translo-
cating the DHPH domains of Tiam1 and ITSN1 due to
alterations of the actin network triggered by these GEFs
(Figure 4(a-b)). However, optogenetic activation of the
system with the CAAX anchor also resulted in mem-
brane protrusions originating from relatively far out-
side the ROI. We observed these distant protrusions
much more often and pronounced than with the
CRY2-2C2 or EB3-2C2 anchor. This already suggests
that altered diffusion rates can impact the emergence of
these localized membrane deformations. In the case of
EB3-2C2, about 1 in 10 cells are unresponsive to
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localized GEF targeting. This might be due to the fact
that proper binding of this PM anchor relies on the
presence of MT moving along the PM which can result
in certain areas being devoid of a double bound anchor.

In order to quantify the morphological effect, we
determined the relative amount of membrane deforma-
tion as the ratio of protrusion area over the total cell
area, and subsequently identified how much of these
protrusions remain strictly within the illuminated ROI.
We plotted these values along with their average and
95% confidence interval and found that cells with a
CAAX anchor mostly have around one third of the
total protrusion area occurring within the region
where GEFs where translocated (Figure 4(c-d)). The
EB3-2C2 anchor already performs much better with
more than half of the protrusion surface located within
the ROI. However, the CRY2-2C2 anchor outperforms
them all, since the amount of membrane deformation
which remains inside the ROI is almost doubled as
compared to the Caax control (Figure 4(c-d)). From
this data we infer that the targeting location of GEFs
are better correlated to the induced membrane defor-
mations with lower lateral diffusion rates, thus slower
diffusion of membrane anchors can result in more
precise optogenetic control over cell signaling and can
cause more localized cellular responses.

Discussion

The diffusion rate of membrane anchors is often not
considered in experiments involving local light induced
relocation to the PM. In order to strictly maintain
locality, no significant movement of the membrane
anchor should occur within the timeframe required
for the optogenetic domains to revert to the dark
state. The cycling kinetics of the light-sensitive domain
is one important factor that determines the extent of
unwanted lateral movement [17]. These kinetics can
often be altered through point mutations, e.g. the rever-
sion time of the asLOV2 domain can be decreased to a
2 s cycle [23]. However, this approach would require
continuous local illumination. On top of that, a rever-
sion time of 2 s will still allow fast diffusing CAAX-
based anchors to disperse the recruited proteins up to 1
um/s outside of the target ROI [12,23]. It would there-
fore be preferred to slow down diffusion of the mem-
brane anchor instead. We were able to achieve this with
two new approaches and show that they induce less
spreading of translocated proteins and offer more loca-
lized optogenetic control over signaling pathways.

We analyzed the diffusion of membrane anchors
with iFRAP [21], because this technique represents
diffusion based on all the different binding states that
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Figure 4. Applications of slow diffusing membrane anchors. (A-B) Local translocation of GEFs to induce membrane deformation.
Repeated 5 s pulses of 488nm light were given every 20 s within the ROI's indicated in light blue. Protrusions after 5 min are
indicated in dark blue while retractions are indicated in red. (C-D) 95% confidence intervals depicting the percentage of protrusions
after 5 min that originated from within the ROI's for Tiam1 (C) and ITSN1 (D) translocation (n = 10). All experiments were performed

in HEK293T cells.

fusion proteins can have. On the other hand, measure-
ments from regular FRAP would be dominated by the
diffusion rate of the fastest moving fraction [24]. In our
search we first created tandem C2 lipid binding
domains and observed a nonlinear decrease in diffusion
speed per extra domain (Figure 1E). According to the
Saffman-Delbruck equation, diffusion scales with the
inverse of the radius of the diffusing particle [25].
Therefore, the mobility would decrease when adding
more domains. The multiple domains also create extra
membrane-binding interactions, thereby lowering the
overall dissociation rate, though less impactful with
each extra domain. Further improvements were then
made by introducing an extra EB3 domain to the
anchor which allows crosslinking the PM to microtu-
bules. EB3 has a high affinity for MT + TIPs, but EB3
also displays some affinity for the MT lattice [26,27].
Since the MT lattice is more stable, it would allow the
EB3-2C2 double binding to have a large immobile
fraction on a timescale of several minutes (Figure 1
(e)). The fast-moving initial fraction likely reflects par-
tial binding to only a single binding site. The double-
bound fraction is more restricted in motion because its
two-dimensional movement is reduced to a semi fixed
spot. We believe this membrane binding method could
potentially be applied to structures other than MTs, as
long as they reside near the PM.

The requirement of a secondary structure for a dou-
ble anchoring strategy may not always be ideal. Thus,
for experiments where EB3-2C2 cannot be used, we
developed the CRY2-2C2 anchor, which lowers the
diffusion rate by increasing the total size through
homo-oligomerization. The same wavelength for acti-
vating the LOV domain can be used to induce

CRY2clust oligomerization [22]. Hereby clustering will
only occur at targeted ROI’s and any possible interfer-
ence with intrinsic functions at the PM will be mini-
mized. In combination with a tandem recruitable
component like two sspB domains, it becomes possible
that one of these recruited molecules binds two differ-
ent clusters of CRY2-2C2. Every crosslinking event
adds an entire new cluster to the total size, which has
a significant impact on diffusion (Figure 2(e)). When
using more than two tandem sspB domains, we
observed a concomitant reduction in expression level
(not shown). Similar problems have been observed for
other optogenetic recruitable domains [28]. We there-
fore picked the double sspB construct as the best one
for practical applications.

As expected, we found that combining the new PM
anchors with the iLID system [9] did not alter the LOV
domain’s kinetics compared to the original version with
a CAAX motif. Our approach of fusing the iLID
domain to the C-terminus of the anchor does not
alter the optogenetic domain. Therefore, this approach
should be compatible with other light-inducible dimer-
ization systems. In combination with a tandem sspB,
the dissociation half-time of this recruitable component
increases about twofold due to the extra binding site
(Figure 3(d)). If crosslinking with tandem sspB’s is
required along with fast on/off kinetics, then a range
of point mutations [15] can still be introduced to the
light-sensitive domain of choice in order to counteract
this increased dissociation effect.

So far, local relocation experiments have ignored the
diffusion rate of membrane anchors, since local effects
can still be achieved if the targeting ROI is kept small
enough to allow for some spreading [8,9]. The problem



here is that there is no control over the amount of
spreading. In order to end up with a similar local effect,
increased expression levels and higher illumination fre-
quencies are required as compared to a system where
diffusion is not a factor. However, the expression levels
of recruitable proteins should be kept as low as possible
in order to prevent a shift in equilibriums of enzyme
activities due to overexpression, which may cause pre-
activation of the system and trigger subsequent down-
stream effects [29-31]. In the case of GTPase signaling,
it has been known for a while that their activities can be
highly localized [16,32]. Hence, experiments with unne-
cessary wide gradients of translocated GEFs cannot
mimic these intrinsic localizations precise enough. For
instance, endogenous Racl recruitment is dependent
on asymmetric phospholipid distribution and forms
distinct local clusters [33]. These clusters will display
restricted diffusion due to interactions with transmem-
brane proteins, e.g. TMEMS8A [34].

Since the recruited GEFs are unregulated constitutively
active mutants [9,10], fast diffusing recruited GEFs can
drift far outside their recruited area before encountering
and activating a target GTPase. By contrast, endogenous
GEFs will interact with a plethora of regulating proteins
[35], which most likely contribute to restricting their diffu-
sive motion and thereby keep their activity localized. In
order to mimic this situation, it is required that the artifi-
cially recruited GEFs display a similar restricted motion.

It should be realized that the use of our membrane
anchors together with light-induced dimerization is of
course an artificial system. Hence, care should be taken in
interpreting results towards the biologically relevant endo-
genous situation. The advantage of optogenetic activation
is that no upstream signaling is activated such as receptors
or heterotrimeric G-proteins. Thereby the activation of
small GTPases directly downstream of the GEFs can be
studied in isolation. The better immobilized anchors in
combination with optogenetics can mimic the situation
where GTPases are activated in a spatially confined way.
In that respect, we find that our new tools may be specifi-
cally relevant for the future study of GTPases during spe-
cific processes such as trans-endothelial migration (TEM).
For instance, SH3-containing GEF binding to Intercellular
Adhesion Molecule 1 (ICAM-1) clusters, leads to spatially
confined RhoG activation and ultimately promotes TEM
[36,37]. This process of clustering and local activation can
be mimicked with our light inducible oligomerizing CRY2-
2C2 anchor. Likewise, processes where the freedom of
motion is reduced from 2D to a semi 1D situation might
be mimicked with the EB3-2C2 anchor, e.g. when the GEF
called Trio gets activated while it simultaneously interacts
with ICAM-1 within the PM and with the actin cytoskele-
ton through filamin [36,38].
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The new membrane anchors with much larger
immobile fractions should be the preferred anchor
choice for experiments that mimic cellular signaling
on very small scales. Our proof-of-concept experiment
of recruiting Tiaml and ITSN1 with the new anchors
already revealed a close correlation between GEF loca-
lization and membrane deformation (Figure 4), which
implies that small scale direct interactions of down-
stream components are sufficient to induce lamellipo-
dia. Direct interactions between Tiaml and Arp2/3,
Racl, WAVE have been identified already [39,40].
Our data further suggest that a temporary and spatially
confined complex is formed with these components
that might be instrumental in reorganizing the actin
cytoskeleton.

We focused on improving the spatial resolution for
optogenetic relocation experiments, however the slow
diffusing anchors can also be utilized in combination
with other tools that can be used for local control of cell
signaling. For instance, the increasing number of photo-
activatable proteins that have become available [41,42]
will exhibit fast diffusion rates while untethered but
fused to the new PM anchors, their activity will mostly
be confined to targeted areas only. By choosing to work
with peripheral membrane proteins, the new constructs
require no post-translational modification and hence
should allow easy purification for in vitro experiments.
Since artificial membranes are normally less crowded
than PMs, it then becomes even more important to have
rather immobile membrane anchors if similar levels of
locality as in vivo are required. Our PM anchors should
make it possible now to explore localized effects of iso-
lated proteins when translocated to the membrane of in
vitro structures like droplets or liposomes.

With two new approaches of slowing down diffusion
from membrane affinity tags, we expand the ever-growing
optogenetic toolbox with new ways of increasing the
spatial resolution at the PM with these light-inducible
systems. One way by utilizing double differential binding
spots, the other through induced clustering of the anchor.
Both of these will allow small scale signaling events to be
mimicked much more closely and should result in more
precise future optogenetic experiments.

Materials & methods
Plasmid constructs

Lactadherin-C2 and CRY2olig-mCh were obtained
from Addgene (ID 22,852 & 60,032) (Cambridge, MA,
USA). The original iLID plasmids along with a trun-
cated Tiam1(64-437) and ITSN1(1159-1509) were also
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ordered from Addgene (ID 60,411, 60,417, 60,419).
EB3-GFP was a kind gift by Niels Galjart.

All new membrane-tethered constructs were created
with pClontech-eGFP-C1 vectors as backbone [43] and
are now available through Addgene (ID 114,415-
114,420). First of all, the LOV-ssrA fusion domain of
the iLID system was amplified with forward primer 5'-
GATGAATTCAGCATGGGGGAGTTTCTGG-3" and
reverse primer 5-CATGGTACCAAAGTAATTTTC
GTCGTTCGC-3' and ligated in the aforementioned
vector through EcoRI and Acc65I restriction sites. The
first C2 domain was cut with BsrGI and EcoRI from its
original vector and inserted after eGFP. The second C2
domain was first amplified with forward primer 5'-
CCTTCCGGAAGTAGTTGCACTGAACCCCTAGGC-
3" and reverse primer 5-CTAGATCTAAGCTTACCA
CAGCCCAGCAGCTCCACTCG-3" before being cut
and ligated with BspEI and BglII. The third C2 was
amplified with forward primer 5-GGTAAGCTTGGAT
CTTGCACTGAACCCCTAGGC-3' and reverse primer
5'-CAAGATCTTCCGGTACCACAGCCCAGCAGCT
CCAC-3'" and subsequently cut with HindIII and BglII
to be inserted. One of three domains were added to the
N-terminus of the eGFP-2xC2-iLID construct, EB3 was
inserted with Nhel and Xhol cuts after amplification
with forward primer 5-CATGCTAGCATGGCCG
TCAATGTGTACTC-3' and reverse primer 5-CATCT
CGAGGTACTCGTCCTGGTCTTC-3'. A second LOV-
sstA domain was ligated in through Nhel and Agel
restriction sites after amplification with forward primer
5'-CTAGCTAGCATGGGGGAGTTTCTGGCAACC-3'
and reverse primer 5-GGACCGGTCCAAAGTA
ATTTTCGTCGTTCG-3". The PHR domain of CRY2
was amplified with forward primer 5'-CCTGCTAG
CATGAAGATGGACAAAAAGAC-3' and reverse pri-
mer 5-GTACTCGAGCCAGCTATCCGCCACAATTT
CATCCGGTGCTGCTCCGATCATGATCTGTGC-3’
to introduce the PDEIVADSW amino acid sequence at
its C-terminus in order to recreate CRY2clust, which
improves induced oligomerization [22] and was subse-
quently cut with Nhel and Xhol for insertion.

All cytosolic constructs were cloned into pClontech-
N1 vectors and are now also available through Addgene
(ID 114,421-114,425). First, mScarlet was inserted into
the backbone by Agel and BsrGI restriction sites. The
tandem repeats of sspB domains from single to quad-
ruple insert were created through subsequent amplifi-
cation and ligation of sspB with forward primer 5'-
CATGGATCCATGGGACTCAGATCTCGAGCTC-3'
& reverse primer 5'-CCTACCGGTGGACCAATAT
TCAGCTCGTC -3' cut with BamHI & Agel, then
with forward primer 5-CATGGTACCATGGGACT
CAGATCTCGAGCTC-3" & reverse primer 5-CGTG

GATCCACCAATATTCAGCTCGTCATAG-3' cut
with Acc651 & BamHI, next with forward primer 5'-
CATGTACAAGGGACTCAGATCTCGAGCTCAAG-
C-3' & reverse primer 5-CATCAATTGTATTTCCGG
ACCTGCAGGGTCAGGCCGCTCAG-3" cut with
BsrGI & Mfel, and finally with forward primer 5'-
CATGCTAGCATGGGACTCAGATCTCGAGCTC-3'
& reverse primer 5-CAGGGTACCACCAATATTCA
GCTCGTCATAG-3' cut with Nhel & Acc651. Fusion
constructs of GEFs and the triple sspB repeat vector
were made by amplifying Tiaml with forward primer
5'-CATTCCGGAATATGCGACAGCTGTCGGATGC
G-3' & reverse primer 5-CATCAATTGTCAGAA
TTCTTCCGTTTTGAGGAGC-3' and ITSN1 with for-
ward primer 5-CATTCCGGAATATGTTGACCCCA
ACTGAAAGAAAGCG-3" & reverse primer 5'-CATC
AATTGTTAACCGAATTCCTTCTTTTTCTCAGTCT-
C-3' before inserting them into the vector with BspEI &
Mfel restriction sites.

Cell culture & transfection

Human embryonic kidney cells (Hek293, American
Type Culture Collection crl-1573) and human HeLa
cervical cancer cells (ccl-2) were cultured in
Dulbecco’s modified Eagle medium (DMEM) supple-
mented with Glutamax and 10% fetal bovine serum at
37°C and 7% CO,. All cell culture media were obtained
from Invitrogen (Breda, NL). For experiments, all cells
were cultured on 25mm glass coverslips (Menzel-
Gléser, Braunschweig, Germany) and transiently trans-
fected with plasmids using lpg/ml polyethylenimine
approximately 18h prior to imaging. Hek293 cells
were serum starved for 4h before experiments. Right
before imaging the culture medium was replaced with
microscopy medium (137 mM NaCL, 54mM KCL,
1.8 mM CaCL,, 0.8mM MgCl,, 20mM glucose, and
20mM HEPES at PH = 7.4).

Confocal laser scanning microscopy

All experiments were performed on an inverted Zeiss
LSM510 meta confocal microscope (Carl Zeiss
Microlmaging, Jena, Germany). Samples were imaged
at room temperature using a 63x Plan-Apo/1.4 NA oil
immersion objective. EGFP was excited with a 488nm
argon laser line, and mScarlet using a 543nm helium-
neon laser line.

Local optogenetic activation (Figure 3(e-g), Figure 4)
was achieved by scanning an ROI as represented on
each relevant image with a 488nm laser line at 40 yW
per pixel. Blue light illumination occurred every 20 s
unless only a single activation pulse was required. Total



duration of the blue light pulses were approximately 5 s
with 3.2 us pixel dwell time. Optogenetic activation of
entire cells was performed with an external 470 nm
LED at 2-3 mW. Pulses of 5 s were repeated every
20 s unless only a single activation pulse was required.

For the iFRAP experiments (Figure 1(e), Figure 2(d-
e)) everything but a square ROI of 13 by 13 um was
bleached in laser scanning bleach mode with the 488nm
laser at full power (30mW). Example images of iFRAP
(Figure 1(f-h)) were bleached in the same way but with a
rectangular ROI of 13 by 26 um across the entire cell to
better demonstrate the effect. The bleaching occurred
every 8 s for a total duration of 2 s and 3.2 ps per pixel.

Data analysis

Raw microscopy images were analyzed using Image]
(National Institutes of Health, Bethesda, MD). First a
custom background correction macro was applied to all
image stacks. The iFRAP (Figure 1(e), Figure 2(d-e)) and
dissociation (Figure 3(d)) graphs were then obtained by
plotting the intensities within the ROIs over time, normal-
izing the initial values to 1, and averaging all traces.
Halftime values were extrapolated from the iFRAP curves
and represented with a 95%-confidence interval calculated
by the following equation: X + Zgs/, * o/N(n), where Z
refers to the Standard Normal statistical Z-table, o is the
standard deviation, and n the number of samples. Local
relocation to the membrane (Figure 3(e-g)) was visualized
by subtracting the average baseline intensities from the
post-relocation images in order to increase the visual
contrast. We subsequently marked areas with intensities
above the mean values within the ROI at t = 0 s post
baseline substraction, in order to represent the minimal
area to which translocated molecules diffuse.
Representations of membrane deformation (Figure 4(a-
b)) were made by creating binary images through applying
a threshold on the pre-activated and activated condition,
where the difference in cell outline is then highlighted as
blue for expansions and red for contractions.

Abbreviations

AsLOV2 Avena  sativa  Light-Oxygen-Voltage-sensing
domain 2

Cdc42 Cell division control protein 42 homolog

CI Confidence interval

CRY2 Cryptochrome Circadian Regulator 2

DH/PH  DbI-Homology/Pleckstrin-Homology

EB3 End-Binding protein 3

GEF Guanine Exchange Factor

HEK Human Embryonic Kidney

HEPES  N-2-hydroxyethylpiperazine-N-ethanesulfonic

acid

SMALL GTPASES (&) 449

ICAM-1 Intercellular Adhesion Molecule 1

iFRAP  inverse Fluorescence Recovery After Photobleaching

iLID improved Light-Induced Dimer

ITSN1 Intersectin 1

MT Microtubule

PM Plasmamembrane

ROI Region of Interest

SspB Stringent starvation protein B

TEM Trans-endothelial migration

Tiaml  T-lymphoma invasion and metastasis-inducing
protein 1
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