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The blue light-dependent interaction between the proteins iLID and
Nano allows recruiting and patterning proteins on GUV membranes,
which thereby capture key features of patterns observed in nature.
This photoswitchable protein interaction provides non-invasive,
reversible and dynamic control over protein patterns of different
sizes with high specificity and spatiotemporal resolution.

Protein patterns and local protein clustering are essential during
many biological processes, such as cell signalling, division, and
migration as well as during all stages of tissue formation and
development."” These patterns are highly dynamic and yet precisely
regulated in space and time.*” It is of great interest to produce such
dynamic protein patterns in vitro to understand and control the
underlying processes, however our ability to do so is limited.
Classical approaches to pattern molecules, such as lithography,
micro-contact printing and chemical vapour deposition require
multiple steps, harsh conditions (e.g: UV light, high temperature, non-
physiological pH) and chemicals, which are not biocompatible.®®

Light responsive approaches are particularly promising as
visible light provides the desired high spatiotemporal control
and is bioorthogonal. Visible and near infra-red light has been used
to photopattern proteins by locally heating the thermoresponsive
polymer poly(N-isopropylacrylamide)® or decomposing ruthenium
complexes with upconverting nanoparticles.” Subsequently, the
changes in surface chemistry allow proteins to unspecifically adsorb
on the substrates following the photopattern. In these approaches
all proteins in solution adsorb indiscriminately and the protein
integrity is not assured. Photocleavable nitrobenzyl caging groups
are useful to photopattern proteins through specific interactions.
Nitrobenzyl groups have been used to control the interaction
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between Ni**-NTA (N-nitrilotriacetic acid) groups and His-tagged
proteins,'®"" biotin and streptavidin'® as well as glutathione and
glutathione S-transferase.”® In particular, photocaged lipids allow
recruiting proteins with high spatial and temporal control to
phospholipid membranes, which are important cell models to study
protein function.*'* Yet, the decaging of nitrobenzyl groups is
irreversible, which does not allow to alter protein patterns reversibly
and requires cytotoxic UV light."® Reversible protein photopatterns
can only be produced with azobenzenes, which change surface
properties when they undergo cis-trans isomerization.'>"” However,
the unspecificity of the protein interaction, the requirement of UV
light for the ¢rans to cis isomerization, and in particular the
photodynamic equilibrium limit this approach. Overall, there is
still a need for a highly specific, biocompatible, and reversible way
to pattern proteins with the desired spatiotemporal control that
operates in the presence of other biomolecules under physiological
conditions.

To achieve this goal, we suggest using photoswitchable protein
heterodimers recently developed in the field of optogenetics. In
particular, we utilized the proteins iLID (improved light-inducible
dimer, based on the photoswitchable LOV2 domain from Avena
sativa) and Nano (wild-type SspB), which specifically interact with
each other under blue light (488 nm) and dissociate from each
other in the dark. These proteins have been used to reversibly
control various processes in live cells.'®" In particular, iLID with a
membrane anchoring tag has been expressed in cells to localize
intracellular Nano fused proteins to the cell membrane under blue
light. In this study, we anchor purified iLID to the outer membrane
of giant GUVs (giant unilamellar vesicles) and recruit proteins
fused to Nano to the outer GUV membrane in situ with blue light
(Fig. 1a). Since the binding of Nano to iLID is reversible in the
dark, we will be able to form reversible and dynamic protein
patterns with precise control in space and time. The high specificity
of the iLID/Nano interaction and the response to blue light will
allow patterning a specific protein in the presence of other bio-
molecules including lipids and without damaging them.

To demonstrate this concept, we immobilized His6-tagged iLID
on GUVs with Ni**-NTA groups on their surface (lipid composition:
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Fig.1 (a) Schematic representation of mOrange-Nano recruitment to
iLID-functionalized lipid bilayer under blue light but not in the dark.
(b) Fluorescence images of iLID-decorated GUVs (red) in the presence of
mOrange-Nano (yellow) under blue light illumination (5% laser power:
5755 + 21 nW, 488 nm). (c) mOrange-Nano recruitment to GUV
membrane under blue light. Error bars show the standard deviation from
3 independent experiments. (d) Change in fluorescence intensity under
blue light (coloured in blue) and in the dark (coloured in grey).

POPC with 10 mol% POPG + 0.1 mol% DGS-NTA-Ni*" + 1 mol%
DiD dye). When we transferred these GUVs into a solution of
mOrange-Nano (orange fluorescent protein fused to Nano), upon
blue light illumination over 15 min we could observe a gradual
increase in mOrange fluorescence on the GUV membrane (Fig. 1b).
We quantified this increase by comparing the fluorescence intensity
on the membrane before and after illumination (Fig. 1c). Sub-
sequently, when we placed the GUVs in the dark, the fluorescence
intensity at the membrane decreased, proving that the recruitment
of the mOrange-Nano is reversible. In the dark after 15 min
approximately 70% and after 30 min approximately 95% of the
recruited mOrange-Nano had dissociated from the iLID-decorated
GUVs (Fig. 1d). Additionally, mOrange-Nano can be recruited to the
GUVs multiple times. After renewed blue light illumination for
15 min, the fluorescence at the GUV membrane reached the same
level as after the first blue light illumination. Hence, the photo-
switchable interaction between iLID and Nano can be used to
reversibly and repeatedly recruit proteins fused to Nano onto an
iLID-decorated GUV. This interaction can in principle also be used
to pattern on different types of surfaces. As an example, we have
immobilized iLID on glass surfaces coated with Ni**-NTA terminated
PEG (polyethylene glycol) chains. Also in these samples we observed
more mOrange-Nano recruitment to the surface under blue light
illumination than in the dark (Fig. S1, ESIt).

The amount of the protein that recruits to a membrane is
one of the key parameters to control protein activity. Using the
iLID/Nano interaction, we can easily adjust how much protein
recruits to the GUV through the intensity of the blue light (Argon
laser, 488 nm). Already light powers as low as 70 nW through a
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Fig. 2 mOrange-Nano recruitment to iLID-functionalized GUVs depending
on (a) the blue light intensity and (b) the illumination wavelengths.
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63x water objective, which corresponds to 1% of the laser power, are
sufficient to partially activate iLID and recruit mOrange-Nano to the
membrane (Fig. 2a). Higher light powers up to 6.3 uW (20% laser
power) increased both the rate and the amount of protein recruit-
ment. Further, intensity increase led to no additional recruitment.
This can either be due to the full activation of iLID achieving the
photostationary state or the bleaching of the fluorescent protein.

We also investigated if the iLID/Nano interaction is selectively
induced exclusively under blue light and not with light of different
wavelengths. In the absence of blue light illumination, we observed
that mOrange-Nano is not recruited to the iLID-modified GUV
membrane (Fig. 2b). During our experiments, we excited mOrange
with green light (561 nm) for fluorescence imaging, and prepared
the samples under red light (633 nm) (labelled as dark). Similarly,
far-red (750 nm) light illumination fails to induce mOrange-Nano
recruitment to the membrane. The lack of protein recruitment in
the absence of blue light illumination, despite the use of green, red
and far-red light, confirms the selectivity for blue light. The ortho-
gonality to other wavelengths allows combining the iLID/Nano
protein interactions with red light-dependent protein interactions
to specifically pattern two different proteins, as it has been achieved
in optogenetic studies.”**"

We further quantified the changes in kinetic and thermo-
dynamic parameters for immobilized iLID and Nano under blue
light and in the dark. The reasons to utilize the QCM-D (Quartz
Crystal Microbalance with Dissipation Monitoring) for these
measurements are twofold. First, QCM-D allows to measure protein
surface interactions with high sensitivity in real time. Second, it is a
non-spectral technique, so that the measuring process does not
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Fig. 3 Thermodynamic study of the iLID/Nano interaction (a) in the dark
and (b) under the blue light using QCM-D. Increasing concentrations of
Nano are binding to an iLID-functionalized supported lipid bilayer.

interfere with the light sensitive proteins and allows performing the
measurements in either complete darkness or under blue light. For
the measurements we immobilized His6-tagged iLID on supported
lipid bilayers (lipid composition: DOPC + 5 mol% DGS-NTA) and
subsequently titrated increasing concentrations of Nano on these
surfaces under blue light or in the dark (Fig. 3 and Fig. S2, ESIY).
From decrease in frequency, which is proportional to the amount of
protein bound to the surface, it is evident that Nano binds to
immobilized iLID better under blue light than in the dark. For
example, already at 500 nM Nano efficiently binds to iLID under
blue light but there is very little binding at the same concentration
in the dark. Yet, it should be noted that the two proteins interact
under both conditions. We modelled the QCM-D data to obtain
the thickness of the adsorbed protein layer and to calculate Ky
(dissociation constant) as well as ko, and k. (association and
dissociation rate constant, respectively) under blue light and in the
dark (Table 1 and Fig. S3, ESIt). From the modelling we derived
the Ky values for the interaction of Nano with immobilized iLID to
be 280 nM under blue light and 1.2 uM in dark (Table 1). This
equals more than 4-fold difference in binding affinity between the
lit state and the dark. In the literature the affinity between the two
proteins in solution changes from 132 nM under blue light to 4.7 uM
in the dark, which is a 36-fold change.” This shows, that the
immobilization of iLID on a lipid membrane significantly influences
the light dependent change in affinity to Nano. Investigating the
recruitment of mOrange-Nano to GUVs with different lipid composi-
tion (DOPC vs. POPC) and fluidity (POPC + 20-40 mol% cholesterol),
we observe that these parameters do not affect mOrange-Nano
binding under blue light (Fig. S4, ESIt). Hence, we propose that
the steric hindrance imposed by the immobilization of iLID results
in a lower change in affinity from the dark to the lit state. As in many
optogenetic studies one interaction partner is localized to a
membrane this effect is of major importance.'*?°
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Table 1 Thermodynamic and kinetic constants of the iLID/Nano system

Constants Blue light Dark
Kq [uM] 0.28 £ 0.14 1.20 £ 0.40
Koge [min "] 54 x10240.8x 10> 11.0 x 10 >+ 5.0 x 10 2

kon[PM's™'] 33 x10°£08x107° 1.6 x 10 *£0.7 x 10

The k¢ can be computed from the washing off of Nano from the
surface in the QCM-D measurements. The calculated k¢ values
are 5.4 x 10> min~" (halflife 12.8 min) and 11.0 x 10~> min "
(half-life 6.3 min) under blue light and in the dark, respectively
(Table 1). The dynamic range of the protein unbinding is on the
order of minutes to hours, which is in agreement with our findings
of enrichment and depletion of proteins to the GUV membrane
(Fig. 1c and d). Also in literature, the interaction between iLID and
Nano is reported to reverse within minutes in optogenetic studies."®
The affinity range of nano- to micromolar and the time range
of minutes, which the iLID/Nano interaction can cover to form
dynamic protein patterns, are highly relevant to the affinity and
time scale observed for protein patterns in nature.***

We sought to use the high spatiotemporal control that the iLID/
Nano interaction provides to locally control protein enrichment on a
GUV membrane. Towards this end, we illuminated a small region of
interest (ROI) on one side of an iLID-decorated GUV, while con-
tinuously imaging to observe mOrange-Nano recruitment (Fig. 4a).
Despite the high fluidity of the lipid membrane, the fluorescence
intensity increases locally in the ROI (Fig. 4b). For a more quantita-
tive analysis, we compared the local fluorescence increase in the ROI
to the mirrored area on the other side of the GUV. The illuminated
ROI showed consistently higher fluorescence intensity compared to
the area on the opposite side of the GUV (Fig. S5, ESIt). The local
illumination over time led to gradual increase in fluorescence over
the whole GUV. The high lipid membrane fluidity leads to diffusion
of the recruited protein from the ROI at one pole of the GUV and
allows forming transient protein gradients on the GUV. Presumably,
fixed patterns can be achieved on membranes in the gel phase where
diffusion is hindered, but the biological relevance of gel-phase
membranes is limited.

We also are able to spatially control the recruitment of proteins
to one specific GUV in the presence of another. To achieve this, we
have locally illuminated only one iLID-decorated GUV with blue
light in the presence of another GUV (Fig. 5a and b). Indeed, we
observe recruitment of mOrange-Nano just to the illuminated GUV

Fig. 4 Local recruitment of mOrange-Nano to a ROl on a single GUV.
Fluorescence images of iLID-decorated GUVs in the presence of mOrange-
Nano before (a) and after (b) local illumination with blue light (488 nm Argon
Laser, 15 min) at the ROI (yellow rectangle). Scale bar is 15 pm.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Selective GUV activation. (a) Fluorescent image of two GUVs. Scale
bar 25 um. (b) Local mOrange-Nano recruitment to a single GUV by local blue
light illumination. (c—f) Patterning of mOrange-Nano on an iLID-functionalized
GUV carpet. (c) DIC image of the immobilized GUVs. Fluorescence images of
the GUV carpet (d) in the dark, (e) fully activated with blue light and (f) locally
activated in a ROI with blue light (488 nm) for 1 min. The circle approximately
indicates the irradiated region. Scale bar 25 pm.

but not the other. During tissue formation protein patterns emerge
over many cells and we would like to mimic this by recruiting
proteins at the scale of multiple GUVs.** As a tissue-like substrate,
we created a carpet of GUVs (lipid composition: POPC + 10 mol%
POGP + 1 mol% trisNTA-Suc-DODA>®) on a PVA (polyvinyl alcohol)
substrate so that the GUVs remained supported by it and had
limited mobility (Fig. 5¢c and d). As in previous results, we could
recruit mOrange-Nano to a whole carpet of GUVs under blue light
illumination within minutes (Fig. 5¢) and reverse it (Fig. S6, ESIt).
By only illuminating a ROI on the GUV carpet, we locally recruited
mOrange-Nano onto multiple GUVs (Fig. 5f). Interestingly, the
membrane fluidity also leads to protein recruitment to connected
membranes of neighbouring GUVs. Additionally, we demonstrate
that depending on the size of the RO, the protein recruitment can
range from a few to many GUVs (Fig. S7, ESIT). Overall, it is possible
to sequentially pattern proteins and to dynamically reverse
these patterns according to the needs with great flexibility in
size and shape.

In summary, the photoswitchable interaction between iLID
and Nano can be used to photopattern proteins with blue light.
Unlike existing protein patterning methods, the iLID/Nano inter-
action is reversible and dynamic, non-invasive, operates under
physiological conditions and is very specific, which allows using it
in complex environments with multiple biomolecules. Most impor-
tantly, the protein patterns can be formed with high spatial and
temporal resolution in affinity and time scales relevant to biology.
The detailed characterization of thermodynamic and kinetic para-
meters for iLID/Nano provides insight into the protein interaction,
reversion and pattern dynamics. In this study we broaden the
application of iLID and Nano from optogenetics, where they are
used to control cellular processes, to photopattern proteins on
materials. Here, we have focused on protein recruitment onto lipid
bilayers as these mimic the physiological surrounding proteins
operate in. However, this is not limited to lipid interphases and
extendable to any substrate functionalized with Ni**-NTA to
immobilize the His6-tagged iLID and to any protein of interest
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fused to Nano. This patterning approach is also scalable from the
level of a single GUV to the level of a GUV carpet providing
exceptional versatility. As the protein pair iLID/Nano only responds
to blue light, it would be possible to combine it with other light
responsive interactions to simultaneously pattern multiple proteins
with high complexity and yet exquisite control."*>*
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