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Fluorescent Membrane Tension Probes for Super-Resolution Microscopy: Combining Mechano-

sensitive Cascade Switching with Dynamic-Covalent Ketone Chemistry

José Garcia-Calvo, Jimmy Maillard, Ina Fureraj, Karolina Strakova, Adai Colom, Vincent Mercier, Au-

relien Roux, Eric Vauthey, Naomi Sakai, Alexandre Fiirstenberg* and Stefan Matile*

School of Chemistry and Biochemistry, University of Geneva, Geneva, Switzerland

ABSTRACT. We report design, synthesis, and evaluation of fluorescent flipper probes for single-mole-
cule super-resolution imaging of membrane tension in living cells. Reversible switching from bright-state
ketones to dark-state hydrates, hemiacetals, and hemithioacetals is demonstrated for twisted and planar-
ized mechanophores in solution and membranes. Broadband femtosecond fluorescence up-conversion
spectroscopy evinces ultrafast chalcogen-bonding cascade switching in the excited state in solution. Ac-
cording to fluorescence lifetime imaging microscopy, the new flippers image membrane tension in live
cells with record red shifts and photostability. Single-molecule localization microscopy with the new

tension probes resolves membranes well below the diffraction limit.

The imaging of physical forces in living systems is a central challenge in current biology.! To contribute
solutions, we have introduced small-molecule chemistry tools to image membrane tension in living cells.?
Based on the concept of planarizable push-pull probes,** the so-called flipper probes allowed us to image
the change of plasma’ and organellar membrane tension in living cells.® Flipper probes are twisted dithi-
enothiophene (DTT) push-pull dimers (Figure 1a). Their mechanical planarization in the ground state
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couples the push-pull system and shifts the absorption to the red. Chalcogen-bonding cascade switching
(CS) has been added because donors and acceptors are needed for red shifts in planar but incompatible
with twisted conformers.” With CS, triazole donors and aldehyde acceptors turn-on only once planariza-

tion inverts the depth of the o holes and thus the respective chalcogen bonds (Figure 1a, dashed).

The aldehyde acceptor in CS flipper 1 attracted our attention because it promised access to super-reso-
lution (SR) imaging. Single-molecule based SR microscopy requires fluorophores to switch between
bright and dark states.>"!® This on-off switching has been realized in several elegant ways, such as parti-

tioning, oligomerizations, photoswitches and reversible conjugate additions.”!!:!2

Less explored in SR
imaging, dynamic-covalent 1,2-addition to carbonyls is receiving current attention in the context of dy-
namic libraries, enzyme inhibitors, sensors and materials covering hydrates, hemiacetals, hemithioacetals,

and hemiaminals.!*!'* In the following, we report design, synthesis, and evaluation of the first SR flipper

probe for single-molecule localization microscopy (SMLM).

With a more electrophilic version of the aldehyde in flipper 1, we expected that nucleophilic addition to
ketone acceptors could occur spontaneously, destroy the push-pull system and thus afford the reversible
dark state needed for photoswitching. We selected a trifluoromethyl ketone!* as acceptor in 2 (o, = 0.80,1°

Figure 1b), alkyl ketones 3 and 4 as controls.

Amphiphiles 2—4 and their hydrophobic analogs 5—6 were prepared by multistep organic synthesis (Fig-
ures 1b,c, Schemes S1-S3).2 The ketones were introduced in the early stage of synthesis. Weinreb syn-
thesis with DTT 7 and amides 8 gave ketones 9. Oxidation and bromination afforded intermediates 10,

which were transformed into 2-6 following established routes.

In solution, hydration of the twisted ketone 5T was visible to the naked eyes (Figure 1a,d). In the ab-
sorption spectrum, this change corresponded to a blue shift from 450 to 400 nm (Figure le). In the exci-
tation spectrum, the 450 nm band disappeared but the 400 nm band did not appear (Figure 1f). This
difference originates from the lower quantum yield of 5Td (4%) compared to 5T (27%, Figure S8). Hill

analysis of both spectra gave an ECso = 130 mM, describing the effective water concentration needed for
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50% hydration (Figure 1gM). Dark-state (hemi)acetals and hemithioacetals formed with MeOH, ethylene
glycol and octanethiol. As a diol, ethyleneglycol had an ECso = 0.7 M half the ECso = 1.3 M of MeOH
(Figure 1g®@— A). Conversion of octanethiol into the more nucleophilic octanethiolate lowered the £Cso

to 130 mM (@ —M). Only the bulky t-BuOH failed to add to 5T (V).

The 1,2-addition occurred in wet polar solvents with 5 but not with 6 (Figure 1h,1). As aresult, 6 showed
positive solvatochromism with the Au ~ 13 D known for twisted flippers (Figures 1i,52-S4).*1¢ In con-
trast, trends for 5 were disturbed by dynamic covalent ketone chemistry (Figure 1h). The large Stokes
shifts are observed in solution because twisted flippers T absorb but planar flippers P* emit.!® Their
emission wavelength is mechano-insensitive for this reason. Different from most other membrane probes
that sense off-equilibrium in the excited state,'’!”-!® flippers thus respond in the ground state to physical
forces applied through confining surroundings.’

)19-20 revealed the time evo-

Broadband femtosecond fluorescence up-conversion spectroscopy (FLUPS
lution of the fluorescence spectrum of 6T in DMSO after 400 nm excitation. Directly after excitation, the

emission maximized around 560 nm and then rapidly shifted outside the experimental spectral window

(Figure 1j). The biexponential Stokes shift dynamics of
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Figure 1. a) Design, b) structure, ¢) synthesis and d-1) solution studies of SR-CS flippers. a) Dynamic-
covalent addition to ketones to turn off (d) twisted (T) and planar (P) mechanophores containing chalco-
gen-bonding (dashed) CS to turn on donors and acceptors (Ax) in P only. b) Flippers 1-6 with Hammett
op, €xcitation maxima (in nm) and fluorescence quantum yields (dioxane). c) Introduction of ketones
during flipper synthesis. d) Addition of a drop of D20 to 5 in THF-ds in an NMR tube (left to right). e)
Absorption and f) excitation spectra (Aem 600 nm) of 5 (2 uM) in dioxane with increasing concentration
of water (red to blue, 0 — 820 mM, g, blueM). g) Fluorescence excitation intensity at 450 nm of 5 (2 uM)
in dioxane with increasing concentrations of water (bluel), MeOH (red®), octanethiolate (octanethiol in
dioxane with 0.25% triethylamine; orangeM) and octanethiol (magenta4), ethyleneglycol (purple A) and
tBuOH (green¥). h) Absorption (dashed), and emission spectra (solid, Aex 435 nm) of 5 (1 uM) in less
(orange, T) and more polar solvents (blue, Td); i) same for 6 (all T; details: Figures S2-S4). j) Time-
resolved emission spectra of 6 in DMSO after femtosecond excitation at 400 nm (/ from blue (0) to red);
k) same for coumarin 153. 1) Time dependence of emission maximum of 6 (red) and coumarin 153 (blue)

with multiexponential fit (from j, k).



6T was much slower than that of coumarin C153%! (Figure 1k,l). As solvent relaxation dynamics are
independent of the probe,!*?? this difference demonstrated that flippers undergo significant structural re-
laxation upon excitation, namely planarization to 6P*. During this process, the donor and acceptor sub-
units are turned on, leading to a significant increase of the electric dipole moment (Figure 1a) and thus to

red-shifting solvent relaxation.

Flipper 2 partitioned without much preference into the liquid-disordered (L4) membranes of 1,2-dioleoyl
3-sn-phosphatidylcholine (DOPC) and liquid-ordered (L,) membranes of sphingomyelin/cholesterol
(SM/CL) large-unilamellar vesicles (LUVs, Figures 2a,e,S29). The excitation maximum in L, membranes
showed characteristic finestructure with the 0-0 transition at 560 and the 0-1 at 526 nm, and the third band
at 492 nm (Figure 2b,d). This emergence of vibrational finestructure is consistent with reduced flipper

dynamics in L, environments.'®

The excitation peak of 2 was red shifted (560 nm) and strong in L,, but blue shifted (418 nm) and weak
in Lg membranes (Figure 2b,e). Both red shift and intensity increase upon changing from L4 to L, mem-
branes were more significant than with 1, 3 and 4 (Figures 2b,c,e). The transition from twisted hydrate
2Td in Lg to planar ketone 2P in L, membranes is likely to account for such an excellent performance.

17,23

This conclusion was consistent with both the better hydration of Ls membranes'-*> and less electrophilic

ketones in 2P compared to 2T.

To image membrane tension, the increase in fluorescence lifetime with red-shifting flipper planarization
provides access to fluorescence lifetime imaging microscopy (FLIM). In biologically relevant mem-
branes, lifetimes increase with tension because of membrane reorganization (Figure 3a). Compared to
1, FLIM of 2 in giant unilamellar vesicles (GUVs) gave longer lifetimes in L, and shorter ones in Lqg

membranes, that is increased mechanosensitivity (Figures 3c,d,2a).

Confocal laser scanning microscopy (CLSM) images of 2 added to HeLa cells showed brightly emitting

plasma membranes, clearly brighter than 1, 3 and 4 (Figure 3b). FLIM images of 2 in HeLa cells gave
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Tiso = 4.1 ns before and zhyper = 3.7 ns after osmotic shock (Figure 3e,f). This mechanosensitivity was
similar to 1 (3.73.4 ns) and Flipper-TR® (4.8—4.2 ns), considering that absolute values can vary also
because of unrelated factors such as cell density. Unlike Flipper-TR®,® 2 also entered into the endocytic
cycle. The lower 7s in early endosomes was as expected for their more fluid membranes.® Isolate FLIM
analysis of 2 in endosomes matched with 3.7-3.3 ns exactly the mechanosensitivity of Flipper-TR® tar-
geted to endosomes and lysosomes.® Most importantly, 2 bleached slower than Flipper-TR® (Figure 3g).

This difference presumably originated from the increased chemical stability secured with cascade switch-
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Figure 2. a) SR flipper 2 in Lq (DOPC) and L, (SM/CL) LUVs with partition coefficients Ky, excitation
maxima, and fluorescence lifetimes (from GUVs), compared to 1 (grey). b) Excitation spectra (Aem 600
nm) of 2 (100 nM) in DOPC (orange) and SM/CL (7:3) (red) LUVs (75 uM lipid, 10 mM Tris, 100 mM
NaCl, pH 7.4); c) same for 1. d) Deconvoluted excitation spectrum of 2 in SM/CL (7:3) LUVs. e) Nor-
malized excitation spectra of 3 ~ 4 (black), 1 (orange) and 2 (red) in SM/CL (7:3) (solid) compared to

DOPC LUVs (dashed).



Figure 3. a) Flipper probes reporting membrane tension in mixed membranes as an increase in lifetime.
b) CSLM images of 1-4 (2 uM, top down, 2 enlarged) in HeLa Kyoto cells. ¢) FLIM images of 2 in
SM/CL (7:3) (yellow: 4.7 ns) and DOPC GUVs (green: 2.1 ns), d) FLIM (left) and fluorescence intensity
images (right) of 2 (1 uM) in Lo/L4 SM/CL/DOPC (4:3:3) GUVs, e) FLIM images of 2 (1 uM) in HeLa
MZ cells before (left) and after hyperosmotic shock (right, inset: magnified endosomes). f) Lifetime
measurements from 2 independent experiments as shown in (e). Thick line: mean + SD of the 11 fields
from 2 experiments (thin lines, two-tailed paired #-test: P < 0.0001). g) Fluorescence intensity of 2 (red)

and Flipper-TR® (black, 1 pM) in HeLa cells with time. Scale bars: b) 40 pm; ¢, d) 10 um; €) 20 um.

Super-resolution imaging with flipper 2 in L, lipid environments was explored by SMLM using the point
accumulation for imaging in nanoscale topography (PAINT) method.?* Addition of 2 to L, GUVs depos-
ited on a glass coverslip led to the observation of single fluorescent molecules stochastically lighting up
in the membrane of the GUV (Figure 4a). The stochastic nature of the emission can be explained by
individual molecules of flipper 2 in the solution pool partitioning to the membrane and becoming emissive
before diffusing out again or photobleaching. However, the inactivity of Flipper-TR® in similar experi-
ments supported that the dynamic covalent ketone chemistry unique for flipper 2 might contribute to its
stochastic emission. Excitation at 515 nm ensured good selectivity for the 2P form. Subsequent localiza-
tion of several thousands of these single emitters enabled the reconstruction of a super-resolution image

of the GUV membrane in the focal plane (Figure 4c). Cross-sections of the membrane display full widths



at half maximum (FWHM) as low as ~40 nm (Figure 4d), which is well below the diffraction limit and
the measured FWHM of 220 nm in the diffraction-limited image of the same GUV (Figure 4b). With an
average of ~1500 = 700 photons detected per localization (Figure 4e), the predicted mean localization
precision?> was about 15 + 10 nm in this experiment (Figure 4f), values comparable to classical PAINT

probes.?¢
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Figure 4. PAINT-SMLM images of SM/CL (7:3) GUVs with 2 (6 nM). a) Stochastic emission of single
molecules of 2 in the L, membrane of a GUV. b) Diffraction-limited and c) PAINT super-resolution image
of the same GUV as in a). d) Magnified view of regions in boxes in b) and c). e) Cross-sections of the
GUV membrane indicated by a line in d) display a profile width well-below the diffraction limit (FWHM
of 42 £ 5 nm vs. 220 £+ 8 nm in the diffraction-limited image). f) Distribution of photons detected per
frame from single molecules of 2 in the GUV shown in ¢). g) Distribution of localization precision com-

puted from the photon distribution in f). Scale bars: a), b), ¢): 2 um; d): 500 nm.

Although chalcogen-bonding cascade switching of planarizable push-pull probes might seem already
conceptually demanding, this study adds another layer of complexity with dynamic covalent carbonyl
chemistry. The results of this cumulation of supramolecular concepts are record performances throughout
(e.g., red shifts, photostability), access to blinking mechanophores and, most importantly, super-resolution

imaging. These results open great perspectives, from probe design to imminent use in biology.
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