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ABSTRACT: Ceramide is a pro-apoptotic sphingolipid with unique
physical characteristics. Often viewed as a second messenger, its
generation can modulate the structure of lipid rafts. We prepared three
photoswitchable ceramides, ACes, which contain an azobenzene
photoswitch allowing for optical control over the N-acyl chain. Using
combined atomic force and confocal fluorescence microscopy, we
demonstrate that the ACes enable reversible switching of lipid domains
in raft-mimicking supported lipid bilayers (SLBs). In the trans-
configuration, the ACes localize into the liquid-ordered (L,) phase.
Photoisomerization to the cis-form triggers a fluidification of the L,
domains, as liquid-disordered (Ly) “lakes” are formed within the rafts.
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Photoisomerization back to the trans-state with blue light stimulates a
rigidification inside the Ly phase, as the formation of small L, domains. These changes can be repeated over multiple cycles,
enabling a dynamic spatiotemporal control of the lipid raft structure with light.

B INTRODUCTION

The plasma membrane is not simply a two-dimensional fluid
mosaic, but can be laterally organized through the assembly of
dynamic lipid domains, the so-called lipid rafts." These
segregated domains are thought to permit the two-dimensional
organization of membrane components, including both signal-
ing molecules and proteins, leading to the modulation of
signaling processes within the plane of the membrane.” Lipid
rafts are structurally and dynamically distinct from the bulk of
the lipid bilayer.” They are enriched in specific lipid species
such as cholesterol (Chol) and sphingolipids.”” Moreover, their
physical state is more similar to a liquid-ordered (L,) phase, in
contrast to the rest of the plasma membrane, which is assumed
to be mainly in the liquid-disordered (L4) phase.

While the most abundant sphingolipid in the plasma
membrane is sphingomyelin (SM), in recent years the neutral
sphingolipid ceramide (Cer) has received great attention for its
effects on membrane structure.*"> This ubiquitous sphingo-
lipid is often considered a second messenger, and is best known
for its role in triggering apoptosis, cell-proliferation, and cell-
cycle arrest.”'* Defects in Cer metabolism are involved in
various disease states.'” In most healthy cells, Cer concen-
trations are quite low and tightly regulated. However, its
generation via the hydrolysis of SM by sphingomyelinase is
stimulated by a variety of cell stress signals or other external
factors. This can lead to an overall Cer concentration of 10—
20% within the membrane, which has a significant effect on the
membrane structure.”'® Although structurally similar to
diacylglycerol, ceramides possess an elevated meltin§ temper-
ature and are known to rigidify lipid membranes.”™® Recent
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studies in model membrane systems have shown that Cer can
trigger the formation of ordered gel-like platforms, and this
process is known to be dependent on the length and saturation
of its N-acyl chain."”™*'

Currently, chemical tools used to manipulate lipid mem-
branes have failed to address the features of lipid raft and
sphingolipid dynamics. For this, a tighter control of individual
membrane components must be achieved than with what is
currently available.”> Over the past decades, the emergence of
photochemical tools has allowed researchers to translate a light
stimulus into a cellular response, with the high degree of
spatiotemporal precision associated with light.”* Caged lipids,”*
whose activities are masked with a photo-labile protecting
group, have already proven themselves useful to study lipid
signaling at the cellular level.”>*® In terms of in vitro
applications, caged ceramides have been shown to modulate
lipid domain structure in phase-separated bilayers;”” yet the
effects observed were quite slow and naturally irreversible, as
uncaging is a one-shot process.

An alternative approach utilizes photoswitchable small
molecules, such as azobenzene derivatives, to translate optical
stimuli into a reversible cellular response. This technique has
placed a variety of cellular machinery, including ion channels,
GPCRs and enzymes, under the control of light.28 The
behavior of photoswitchable azobenzene-modified lipids has
been evaluated in model membrane systems before, most
notably to explore membrane permeability and surface
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Figure 1. Design and synthesis of photoswitchable ceramides. (a) The chemical structure of C18-ceramide (C18-Cer). (b) The chemical structures
of photoswitchable ceramides, ACe-1—3. (c) Dp-erythro-Sphingosine was converted to the photoswitchable Cer, ACe-1, by peptide coupling with
FAAzo0-4. ACe-1 isomerized between its cis- and trans-configurations on UV-A (4 = 365 nm) and blue (4 = 470 nm) irradiation, respectively. (d—f)
Small unilamellar vesicles containing ACe-1 (150 M lipid mixture composed of DOPC:Chol:SM:ACe-1 10:6.7:7:3 mol ratio) were analyzed using
UV—vis. (d) The spectra of dark- (black), UV- (gray), and blue-adapted (blue) ACe-1. The black trace is superimposed under the blue line. (e)
ACe-1 could be isomerized to its cis-configuration with UV-A light (4 = 350—380 nm). (f) This effect could be reversed with blue light (4 = 470

nm), and could be repeated over many cycles without fatigue.

pressure.”” ' Photoswitchable amphiphiles have also been

used to enable reversible control of the lipid domain structure
in giant unilamellar vesicles.>>** However, in those studies, the
photoswitch was incorporated into the polar headgroup of the
amphiphile, while the membrane-embedded portion remained
unaffected by light.

Recently, we developed a series of photoswitchable fatty
acids, the FAAzos, which contain an azobenzene photoswitch
along the length of the aliphatic chain.”* The FAAzos can be
used as modular building blocks for the construction of more
complex photoswitchable lipids, now coined photolipids.*
Here, we report the incorporation of the FAAzos into the Cer
scaffold, which has allowed us to produce, for the first time, a
set of intrinsically photoswitchable ceramides, ACes. This
approach enables dynamic control over the curvature of the N-
acyl chain, while still retaining the integrity of the Cer
headgroup. Here, we investigate the biophysical properties of
this novel class of photolipids within lipid raft-mimicking
membrane models using atomic force (AFM) and fluorescence
microscopy. In summary, the ACes allow us to restructure, in a
reversible manner, ordered lipid domains on isomerization with

light.

B RESULTS AND DISCUSSION

We designed and synthesized three photoswitchable ceramides,
ACes (Figure lab), which are composed of a sphingosine
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backbone N-acylated with one of the FAAzos. ACe-1-3 differ
in the position of the azobenzene photoswitch from the near to
the distal end of the chain, with the diazene unit representing
the A9, A6, and Al2 positions, respectively. ACe-1 was
prepared in one step by amide coupling between FAAzo-4"""*
and D-erythro-sphingosine in 70% vyield (Figure Ilc). To
investigate the photoswitching behavior in a lipid environment,
we incorporated ACe-1 into small unilamellar vesicles (SUVs)
(Figure 1d). In the dark at room temperature, ACe-1 existed
primarily in the thermally stable trans-configuration. Irradiation
with UV-A light (4 = 350—380 nm) triggered isomerization to
the cis-configuration (Figure le). On termination of the
irradiation, ACe-1 relaxed spontaneously back to the trans-
form with a 7-value of 39 h, and this effect could be reversed by
irradiation with blue light. Photoswitching could be repeated
over many cycles without fatigue (Figure 1f). The average size
of the SUVs was 66 + 2 nm, and was not affected by UV-A or
blue irradiation, suggesting that the SUVs were stable on
photoswitching. ACe-2 and ACe-3 were prepared in an
analogous fashion by coupling with FAAzo-1 and FAAzo-7,
respectively (Figure S1), and possessed similar spectral
characteristics when compared to ACe-1. As such, the ACes
can be described as classical azobenzenes, whose physical
orientation can be reversibly modulated by irradiation with UV-
A/blue light.
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Figure 2. Optical control of ordered lipid domains in supported lipid bilayers (SLBs). (a) Confocal fluorescence images of SLBs containing a
quaternary mix of DOPC:Chol:SM:ACe (10:6.7:X:Y mol ratio with 0.1 mol % ATTO655-DOPE). SLBs with SM:ACe X:Y ratios of 9:1, 7:3, and 5:5
are presented for all three ACes. (b) Using atomic force microscopy (AFM), we showed that the ordered (L,) domains were approximately 0.7—1.1
nm higher than the disordered (L) phase in the 7:3 SM:ACe-1 mixture. (c) Representative AFM images of the 7:3 SM:ACe-1 mixture showed that
isomerization to cis-Ace-1 with 4 = 365 nm irradiation triggered the formation of Ly lakes within the L, domains. Scale bar = 5 ym.

In our previous studies, the effect of different ceramides in
Ly—L, phase separated supported lipid bilayers (SLBs)
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), Chol, and C18-SM was investigated.”>*” Despite
the influence of the solid support,**” SLBs provide us with a
practical advantage to study both the spatial and topographical
properties of such membranes. Using a similar approach, we
prepared lipid mixtures containing molar ratios of 10:6.7:X:Y
DOPC:Chol:SM:ACe (with 0.1 mol % ATTO655-DOPE for
fluorescence detection), and varied the SM:ACe (X:Y) molar
ratio between 9:1, 7:3, 5:5, 2.5:7.5, and 0:10 for all three ACes.
After deposition of these lipid mixtures on a flat mica surface, *’
we analyzed the resulting SLBs using confocal fluorescence
microscopy. We discovered that all three ACes formed ordered
domains in the 9:1 and 7:3 SM:ACe ratios at room
temperature, observed as a decrease in fluorescence intensity
in regions of the SLB (Figure 2a). However, at the 5:5 ratio, a
difference was observed between the three compounds. The
ACe-1 SLB again formed large ordered domains, whereas ACe-
2 prevented the formation of distinguishable domains, and
ACe-3 formed a bilayer with many small domains, of a
structure different from the ACe-1 SLB. For SM:ACe ratios of
2.5:7.5 and 0:10, where minimal or no SM is present, a
homogeneous L; phase was observed for all samples, in
accordance with previous studies.*'

Correlated fluorescence and AFM images in contact mode at
room temperature of the 7:3 SM:ACe-1 mixture confirmed that
we had indeed produced a two-phase mixture containing a
liquid ordered (L,) domain, which rested approximately 0.7—
1.1 nm above the liquid disordered (L;) phase (Figure 2b).
Similarly, the 9:1 and 5:5 SM:ACe-1 mixtures possessed
identical height profiles. By measuring the depth of holes found
within the SLB, we determined a total SLB thickness of 6—7

nm. On irradiation with UV-A light (4 = 365 nm, 10 s), a
fluidification of the L, domains was observed, and small L
domains (from here-on called “lakes”, for the sake of clarity)
appeared inside the L, domains (Figure 2c). The size of the
lakes formed within the L, domains was proportional to the
amount of ACe-1 present in the lipid mixture (Figure S2). In
the 9:1 SM:ACe-1 mixture, only small fluid domains were
observed 1 min after UV-A irradiation. After S min they had
entirely disappeared, presumably via lateral diffusion of lipids
into the nearby L4 phase. In contrast, many fluid lakes were
formed in the 7:3 and 5:5 SM:ACe-1 mixtures on UV-A
irradiation, and after 5 min most of them had fused to even
larger, stable L; lakes within the L, domains. In control
experiments using C18-Cer, we observed sphingolipid-rich L,
domains that appeared approximately 0.7—1.1 nm above the
DOPC-rich liquid disordered (L,) phase (Figure S3a), and Cer
enriched gel-like platforms®” that were 0.4—1.0 nm higher than
the L, phase (Figure S3b). As expected, the control SLBs
containing C18-Cer were not sensitive to UV-A irradiation
(Figure S3c). Interestingly, in the case of ACe-1, we were never
able to observe the presence of a higher gel-like phase,
indicating that the formation of such rigid domains may be
hindered by the bulkiness of the azobenzene moiety. Using
instead a ternary DOPC:SM:ACe-1 mixture (10:7:3 mol ratio)
lacking Chol, we could demonstrate that ACe-1 allows the
formation of gel-like domains (Figure S4), similar to what was
reported for C16-Cer.” Analogous to our results in the
quaternary mixture, on irradiation with UV-A light, a shrinkage
of the gel-like domains was observed, as well as small stationary
holes within those rigid platforms.

We next utilized high-speed AFM in intermittent-contact
mode (AC mode), which allowed us to acquire images of SLBs
(quaternary mixtures) at much higher frame rates to facilitate
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Figure 3. ACe-1 permits reversible remodeling of lipid domains. SLBs containing a DOPC:Chol:SM:ACe-1 (10:6.7:5:5 mol ratio) lipid mixture
were prepared and analyzed using high-speed AFM (AC mode). (a,b) On isomerization to cis-ACe-1, a fluidification inside the L, domains was
observed as fluid L, lakes formed within them. On isomerization back to trans-ACe-1 with 4 = 470 nm blue light, rigidification was observed within
the Ly phase as small L, islands appeared. (c) Representative height profiles of the membrane (regions marked with white lines in (a)) after
irradiation with 4 = 365 nm and 4 = 470 nm light. (d) Fluidification and rigidification could be repeated over multiple cycles, observed as an increase
and decrease in the area of the L, phase. (e) Using fluorescence confocal microscopy, we could also observe reversible alterations in the SLB domain
structure on UV-A/blue irradiation, with an increased Ly/L, ratio in the cis-form.

the observation of domain dynamics on photoisomerization. In
the 5:5 SM:ACe-1 lipid mixture, we were again able to observe
the formation of Ly lakes within the L, phase on isomerization
of ACe-1 from trans to cis (Figure 3a, left). Immediately after
irradiation, the newly formed domains were very small and
mobile (Movie S1). They laterally diffused toward the L, phase,
or fused together into larger lakes in an effort to reduce surface
tension. After equilibration in cis, isomerization back to trans-
ACe-1 with blue light (1 = 470 nm) revealed the immediate
formation of small L, rafts within the fluid Ly phase (Figure 3a,
right, Figure 3b). The islands were quite small and rested
approximately 1.0—1.5 nm higher than the Ly phase (Figure
3c). This height difference is in close agreement with the value
obtained for the bilayers under low-speed AFM in contact
mode. The small ordered domains quickly disappeared within
the first 30 s after blue irradiation, likely due to lipid diffusion
into nearby pre-existing L, domains. By analyzing the fraction
of L, phase as compared to L, phase (Ly/L, ratio), we showed
that the fraction of L4 increased on UV-A irradiation, while the
fraction of L, increased to similar levels as in the dark-adapted
state on blue irradiation (Figure 3a,d). This effect could be
repeated over several cycles (Figure 3d, Movie S2), and
demonstrates a change in the phase distribution of ACe-1
within the SLB on isomerization. This effect could also be
observed under fluorescence microscopy, confirming that the
fluidification was not an artifact caused by the AFM tip (Figure
3e, Figure SS). In this case, the dark L, domains became
smaller, brighter, and less defined on isomerization to cis-ACe-
1. On isomerization back to trans-ACe-1, the domain structure
was slowly restored as the dye diffused out of the ordered
domains. For the 7:3 SM:ACe-1 mixture, the formation of L,
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islands within the fluid L; matrix was also observed on
isomerization back to trans-ACe-1; however, this effect was less
prominent when compared to the 5:5 mixture (Figure S6).

Next, we used high-speed AFM to examine different SLB
mixtures containing ACe-2 and ACe-3 to probe the structure
activity relationship between the position of the N-acyl
azobenzene moiety and the lipid domain structure. In the 7:3
SM:ACe-2 mixture, only very small and transient Ly lakes were
formed inside the L, domains on isomerization to cis-ACe-2,
while the L, domains themselves shrunk slightly in size (Figure
4a, Movie S3). Irradiation with blue light reversed this effect, as
shown by the Ly/L, ratio. In comparison, photoswitching of
ACe-3 had a greater effect on the SLB structure. In the 7:3
SM:ACe-3 mixture, large Ly lakes were observed inside the L,
domains on isomerization to cis-ACe-3, affording a large
increase in the Ly/L, ratio (Figure 4b, Movie S4). On
isomerization back to trans with blue light, L, islands could
be observed within the Ly phase, and the ordered domains
again grew to their original size.

In the 5:5 SM:ACe mixtures, a stark difference was observed
between ACe-2 and ACe-3. In agreement with our fluorescence
microscopy data, the ACe-2 mixture formed only a flat fluid
phase without domains that was not affected by UV-A
irradiation (Figure S7). In the case of ACe-3, however, an
inversion of the phases was observed. The SLB consisted
primarily of a L, phase, with smaller embedded L; domains
(Figure 4c). Similar to the other lipid mixtures here described,
the L, phase rested 1.0—1.5 nm higher than the Ly domains
(Figure 4d). On isomerization to cis-ACe-3, the Ly domains
grew dramatically as the fraction of L, decreased (Figure 4e).
Isomerization back to trans-ACe-3 with blue light reversed this
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Figure 4. ACe-2 and ACe-3 enable optical control of ordered lipid domains. SLBs containing DOPC:Chol:SM:ACe lipid mixtures (10:6.7:X:Y mol
ratio) were analyzed by high-speed AFM (AC mode). (a) In the 7:3 SM:ACe-2 mixture, the size of the L, domains shrunk on isomerization to cis-
ACe-2. Very few L lakes were observed within the L, domains. On isomerization back to trans-ACe-2, the L, domains grew to their original size. (b)
In the 7:3 SM:ACe-3 mixture, isomerization had a greater effect on the raft structure, as large Ly lakes and L, islands were observed on UV-A and
blue irradiation, respectively. (c) For the 5:5 SM:ACe-3 mixture, an inversion of the Ly—L, phases was observed. As before, UV-A irradiation
significantly increased the amount of the Ly phase, while blue irradiation reversed this effect. (d,e) Representative height profiles of the same
membrane region (marked with white line) (d) before and (e) after irradiation with 4 = 365 nm light. After shining UV-A light, L, lakes resting
approximately 1.0—1.5 nm below the L, phase can be observed. Scale bar = 1 ym.

effect, and this behavior could be repeated over multiple cycles
(Movie SS). These results suggest that ACe-3 associates itself
much more strongly within the L, domains when compared to
ACe-2, and consequently a larger difference in raft structure is
induced on photoisomerization. It is likely that the location of
the azobenzene unit within ACe-2, due to its proximity to the
headgroup, interferes with the hydrogen bonding between the
Cer headgroup and SM. This decreases its presence within the
L, domains, and thus inhibits its efficacy in modulating the
architecture of the SLB. In this case, ACe-2 behaves more like a
short-chain Cer derivative,”” affecting the miscibility and
translational order of the L, domains.”*® In contrast, the
azobenzene moiety of ACe-3 is quite far from the headgroup,
which permits its incorporation into the L, lipid rafts in the
trans—conﬁ§uration, and thus ACe-3 behaves more like a long-
chain Cer.”” However, photoisomerization to cis-ACe-3 mimics
a bend in the N-acyl chain, and disrupts its interactions within
the rigid domains. Consequently, this effect triggers ACe
redistribution into the L phase.

Bl CONCLUSION

We demonstrated that ACes in their trans-configuration can
function similar to Cer in raft mimicking SLBs. Insertion of the
hydrophobic azobenzene into the Cer N-acyl chain does not
inhibit its interaction with L, domains. Isomerization from the
trans- to cis-configuration induces a conformational change in
the fatty acid structure from a less bent (similar to saturated
C18:0), to more bent acyl chain (similar to unsaturated C18:1),
respectively, allowing us to locally and effectively control the
degree of lipid saturation within the bilayer. This result is in

12985

accordance with previous studies utilizing the FAAzos,>* where
we demonstrated that they can mimic long and saturated fatty
acids in their trans-form, whereas they resemble more highly
bent fatty acids like arachidonic acid in their cis-form. Similar to
a previous report investigating the behavior of the unsaturated
C18:1-Cer,™ the bent cis-ACes are presumably less soluble
within the rigid L, domains, and therefore prefer to be localized
within the fluid phase.

The dynamic manipulation of membrane structure through
fluctuations in Cer concentration is thought to be crucial for
many biological processes,16 potentially through the lateral
segregation of lipids within the plane of the membrane. In vitro,
we were able to observe the dynamic formation of small
transient ordered domains, alongside the growth of existing
ones, on isomerization of the ACes from cis to trans. As such,
the ACes may provide biophysical insights on the requirements
necessary to form rigid domains on the membrane on the
generation of Cer. Effectively, the ACes permit cycling between
ceramides with different biophysical characteristics, enabling
dynamic and reversible control over the domain structure
within model membranes. This characteristic is not shared with
other photochemical tools like caged lipids. We hypothesize
that the ACes may become useful to study the role of Cer
production in the initiation of apoptosis or other signaling
cascades. Furthermore, this work further demonstrates the
utility of the FAAzos as modular building blocks that can be
used to construct more elaborate photoswitchable sphingoli-
pids. As such, these tools will enable dynamic control over cell
membranes, alongside the proteins with which they interact.
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