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Despite their growing popularity in biology to image membrane
tension, central design principles of flipper probes have never been
validated. Here we report that upon deletion of their primary dipole,
from electron-poor and electron-rich dithienothiophenes, absorp-
tions blue-shift, lifetimes shorten dramatically, and mechanosensi-
tivity in cells vanishes not partially, but completely.

The conversion of sulfides into sulfoxides and sulfones is argu-
ably one of the most useful transformations in supramolecular
chemistry, also because it can be reversed.' Examples include
conformational switching in peptides, proteins and polymers,">
turn-on/off of binding,* fluorophores,*” chromophores,* chir-
ality,**” self-sorting,** hydrogelation,? voltage-gated ion chan-
nels,* transporters®® and anion-r catalysts.*” “Sulfur switches”
are also instrumental in fluorescent flipper probes,’® which are
bioinspired small-molecule mechanophores for the imaging of
membrane tension changes in live cells.”'® The mechanosensi-
tive part consists of an electron-donating dithienothiophene
(DTT) and an electron-accepting DTT S,S-dioxide (DTTO2) with
internal formal sulfide and sulfone bridges, respectively,”'*
connected by a single bond (Fig. 1a).” In fluid media, the two
DTTs are twisted out of co-planarity by repulsion between the
methyl groups and ¢ holes next to the twistable bond,” thus the
primary push—pull dipole is weak.” Mechanical planarization should
then establish conjugation, turn on the push-pull dipole, red shift
the absorption and increase fluorescence lifetime.” Unlike most
membrane probes operating off-equilibrium in the excited state,'>**
flipper probes respond in equilibrium in the ground-state.””**
This design strategy has afforded operational mechano-
phores that image membrane tension.'® Increasing tension in
uniform membranes caused the fluorescence lifetime of flipper
probes to decrease, consistent with lipid decompression
(Fig. 1b). Tension applied to heterogeneous membranes,
including biomembranes, caused the fluorescence lifetimes to
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increase, consistent with tension-induced membrane reorgani-
zation to form highly ordered microdomains with planarized
flippers (Fig. 1c). The observed linear correlations between
lifetime changes in fluorescence lifetime imaging microscopy
(FLIM) images and forces applied with micropipettes or osmotic
stress demonstrate the applicability of flipper probes to image
membrane tension. Strategies have been developed to target
flipper probes to the membrane of interest inside living cells.'®
The resulting probes have enabled the studies on how membrane
mechanics regulate genome protection,'® HIV-1 fusion,"” cell
extrusion,'® cell migration," mitochondrial fission, endocytosis,
secretory pathway, signal transduction, and so on."®

The primary dipole of flipper probes is further supported by
exocyclic donors and acceptors (Fig. 1a). These secondary
push-pull systems have been varied extensively.'**° However,
the role of the primary push-pull system was never verified,
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Fig.1 (a) The primary push—pull dipole from sulfide to sulfone bridges,
supported by exocyclic donors D and acceptors A, is designed to turn on
upon mechanical planarization of fluorescent flipper probes, shift absorption to
the red and increase fluorescence lifetimes. (b) In uniform membranes, flippers
respond to membrane tension by decreasing lifetime due to lipid decompres-

sion. (c) In mixed membranes, flipper lifetimes increase due to tension-induced
membrane reorganization, particularly phase separation.
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Fig. 2 Amphiphilic flippers 1-3 made to assess the importance of the
primary dipole, their hydrophobic analogues 1'=3" with their color in
CDCls (left), and their “dark” hydrates 1d—3d.

except for a non-conclusive testing early on.’* Considering the
importance of flipper probes in biology, we felt this funda-
mental design principle needs to be substantiated. In the
following, we report design, synthesis and evaluation of the
full “sulfur switching cycle” required for a comprehensive
study of the primary dipole in flipper probes.

We selected the most advanced flipper 1 to assess the
primary push-pull dipole (Fig. 2).*° Exocyclic triazole donors
and ketone acceptors operate as chalcogen-bonding cascade
switches triggered by mechanical planarization.'® Reversible
dynamic covalent conversion of the trifluoromethyl ketone 1
acceptor into the non-fluorescent hydrate 1d affords the blinking
needed for super-resolution microscopy (Fig. 2).>°

Flippers 2 and 3 were the obvious choices to evaluate the
importance of the primary dipole in push-pull flipper 1 (Fig. 2).
Push-push flipper 2 is composed of two electron-rich sulfide-
bridged DTTs, pull-pull flipper 3 has two electron-poor
DTTO2s. This complementary removal of the primary dipole
already affected flipper synthesis significantly. Both DTTs 4 and
5, prepared from tetrabromothiophene as described,*® were
readily oxidized into the DTTO2s 6 and 7 (Scheme 1). Stille
coupling of the electron-rich DTTs 4 and 5 gave flipper 8 in 25%
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Scheme 1 (a) Five steps from tetrabromothiophene, 20~40%:2° (b) mCPBA,
CHCls, 1t, 4 h, 56%; (c) 2 steps, 70%;%° (d) mCPBA, CH,Cl,, 1t, 8 h, 75%; (e) (1)
nBuli, THF, —78 °C, 15 min; (2) BusSnCl, —78 °C to rt, 30 min; (3) 5 or 7,
Pd(PPhs),, toluene/DMF, 80 °C, 48 h,4+5 — 8,25%; 4 +7 — 9, ~8% (max:
23%); 6 +7 — 10, 0%; () mCPBA, CH,Cl,, rt, 12 h, 40%; (g) NIS, AcOH, CHCls,
0°C,05h,thenrt,0.5h (8 —» 11),1h (9 — 12), or 3h (10 — 13), quantitative;
(h) 3 steps, see ESI.1
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yield. The yield of the original coupling of DTT 4 and DTTO2
7 to flipper 9 is poorly reproducible, can reach 23% but
averages around 8%. Coupling of the two DTTO2s 6 and 7 gave
a complex mixture. Pull-pull flipper 10 was, however, readily
accessible by oxidation of the push—push flipper 8.

The different nature of flippers 8-10 also affected iodination into
11-13, being fast with the reactive push-push system 8 and slow
with the electron-poor pull-pull counterpart 10. The following
Sonogashira coupling and completion of the synthesis of amphi-
philes 2 and 3 proceeded as described for original 1. The hydro-
phobic analogues 1'-3’ were prepared similarly for spectroscopic
studies in apolar solvents (Fig. S1 and Schemes S1-S3, ESIY).

The effect of the missing primary dipole in flippers 2’ and 3’
was already visible by the naked eye, changing the orange-red
appearance of original 1’ into a deep yellow (Fig. 2). The
excitation and absorption maxima blue-shifted accordingly,
from 450 nm for the push-pull 1’ to 436 nm for pull-pull 3’
and 402 nm for push-push 2’ (Fig. 3a and Table 1, entry 2).
Thus, apparently, the polarization of push-pull 1 is significant
even in the twisted form with a weak primary dipole. In
emission, similar blue shifts occurred from 642 nm for 1’ to
586 nm for 3’ and 548 nm for 2’ (Fig. 3b and Table 1, entry 7).
The fluorescence quantum yields of the twisted probes in
solution decreased also upon deleting the primary push-pull
dipole, from 27% for 1’ to 20% for 2’ and 10% for 3’ in dioxane
(Table 1, entry 8). The poor fluorescence of 3’ was interesting
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Fig. 3 (a) Normalized absorption and (b) emission spectra of flippers 1’

(red, Jex 435 nm), 2" (black, 4oy 380 nm) and 3’ (blue, Aex 425 NmM) in
dioxane. (c) Normalized excitation (dashed) and emission spectra (solid) of
2’ in dioxane (black) or dioxane/water 1:1 (grey). (d) Normalized fluores-
cence emission intensity of 1’ (red, 1 — lg20) or ratio of 2 (black, /450//520)
and 3’ (blue, Isys/lsgo) in dioxane with increasing water concentration.
(e) Normalized excitation spectra of flippers 1 (red), 2 (black) and 3 (blue, all
0.1 uM) in DOPC (dashed) and SM/CL (7 : 3) (solid) LUVs (75 uM lipid, 10 mM
Tris, 100 mM NaCl, pH 7.4). (f) Same for 2 without normalization.
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Table 1 Impact of the primary dipole in flipper probes

Entry Parameter 2/2' 1/1'4 3/3'“ Unit
1 & (Lp)? 47 37 32 mM~ ' em™!
2 Jex (Lp)° 402 450 436 nm
3 Jex (La)? 432 418™ (422)" nm
4 Aex (Lo)® 502 560 (422)" nm
5 Tqy (150)7 1.27 4.03 0.49 ns

6 Tay (hyper) € 1.20 3.74 0.55 ns

7 Jem (L) 548 642 586 nm
8 o (L)' 22 27 10 %

9 t17 (hydr)’ >16 1.6 0.38 h

10 ECs, (hydr)* 2400 120 106 mM

“ Flippers 1-3 for entries 3-6 and 1'-3’ for entries 1, 2 and 7-10, see Fig. 2.
b Extinction coefficient in dioxane (= Ly, bulk liquid membrane, Table S2,
ESI). ¢ Excitation maximum in dioxane (Fig. 3a). ¥ Ly membranes (liquid-
disordered, DOPC LUVs, Fig. 3e). ° L, membranes (liquid-ordered, SM/CL
LUVSs, Fig. 3e)./ Fluorescence lifetime t,, in HeLa cells under isosmotic
conditions (Fig. 4b, e). ¥ Fluorescence lifetime t,, in HeLa cells under
hyperosmotic conditions (Fig. 4c, e).” Emission maximum in dioxane
(Fig- 3b). ' Fluorescence quantum yield in dioxane (Fig. S6, S7).’ Time
required for half maximal conversion of ketones 1'-3’ into hydrates
1d’-3d’ in dioxane with water (1.25 M, Fig. 3c and d). ¥ Half maximal
effective concentration of water in dioxane for the formation of hydrates
1d'-3d’ (Fig. 3¢ and d). ' Data for 1 are partially reproduced from ref. 20.
" Maximum of hydrate 1d. " Very weak fluorescence.

because, as Barbarella and coworkers reported, quantum yields
of monomers jump from <1% to 77% upon oxidation of DTTs
like 4 to DTTO2s like 6.* However, decreasing fluorescence with
increasing numbers of DTTO2s in oligomers and polymers has
been observed previously.®

The addition of water shifted the equilibrium from ketones
1’-3’ to the less fluorescent hydrates 1d’-3d’ with blue-shifted
absorption and emission (Fig. 2 and 3c, d). ECs, and t,,, decreased
with the number of electron-accepting DTTO2s (Fig. 3d, Fig. S8-
S13 (ESIT), Table 1, entries 9 and 10). The remote DTTO2 in 3’ also
increased the electrophilicity of the carbonyl compared to 1/,
despite the twisted conformation of relaxed flippers in solution.
Nucleophilic addition in polar protic solvents complicated the
analysis of positive solvatochromism, which was overall preserved
for all flippers (Fig. S2-S5 and Table S2, ESIt).

As reported previously,>® mechanical planarization of push-
pull flipper 1 in the liquid-ordered (L,) sphingomyelin/choles-
terol (SM/CL) 7 : 3 large unilamellar vesicles (LUVs) results in a
red shift of the excitation maximum to 560 nm (Fig. 3e, red
solid, Table 1, entry 4). Deletion of the primary dipole in the
new push-push flipper 2 weakened this shift by —58 nm to
502 nm, while the vibrational finestructure was well preserved
(Fig. 3e, black solid; Fig. S14-S19, ESIt). Contrary to 1 and 2,
pull-pull flipper 3 was fluorescent in buffer, perhaps because
hydration hinders self-assembly into dark micelles. This
fluorescence in buffer was weakened, but not shifted, by the
presence of L, membranes, suggesting that 3 does not align
well along the highly ordered hydrophobic lipid tails (Fig. 3e,
blue solid; Fig. S14-S19, ESIt). Overcompeting hydration could
further hinder penetration into the membrane core (Table 1,
entries 9 and 10), an interpretation that would be consistent
with short fluorescence lifetime, mechano-insensitivity and
rapid internalization in cells (Table 1, entries 5 and 6;
Fig. S20-S22, vide infra, ESIT). The changing environment upon
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binding at the membrane surface would then account for the
shift-less decrease of fluorescence of 3.

Compared to those in L, LUVs, both flippers 1 and 2 in liquid-
disordered (Lg) dioleoyl phosphatidylcholine (DOPC) LUVs
showed blue-shifted excitation maxima and weaker fluorescence,
as expected for flipper deplanarization with decreasing membrane
order (Fig. 3e, dashed, Table 1, entry 3; Fig. S14-519, ESIf). Both
changes were less pronounced without primary dipole in 2
because low reactivity of the ketone disfavors the formation of
hydrate 2d also in the more hydrated Ly membranes (Fig. 3f).

In confocal laser scanning microscopy (CLSM) images of HeLa
Kyoto cells, flippers 2 and 3 without primary dipole were found to
label the plasma membrane selectively like original 1, but they were
much less bright (Fig. 4a and Fig. S20-522, ESIt). In FLIM images
of the HeLa Kyoto cells, the poorly fluorescent flippers 2 and 3
without primary dipole showed much shorter fluorescence lifetime
than the 7,, = 4.03 ns of the original push-pull flipper 1 (Fig. 4b and
Table 1, entry 5). Triexponential deconvolution of the fluorescence
decay of 1 revealed a large, long-lived population in the FLIM
histogram that can be assigned to the planarized ketone 1 together
with a small, shortlived population that could originate from
hydrate 1d and/or mispositioned 1/1d, located near the interface
rather than aligned along the lipid tails (Fig. 4d). Studies on the
possibility to correlate changes in their distribution with lifetime
changes and the imaging of membrane tension are ongoing.

The very short lifetime 7,, = 0.49 ns of pull-pull 3 was
consistent with the dysfunctional behavior identified in model
membranes (Fig. 4b, right). The not so much longer lifetime
7oy = 1.27 ns of push-push 2 was unlikely to originate from
hydrate 2d because hydration is less favored than for 1 (Fig. 4b,

a)

counts /108
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Fig. 4 (a) CLSM images of 2, 1 and 3 (4 uM, left to right) in HelLa Kyoto
cells after 3 min incubations and brief washes. (b) FLIM images of 2, 1and 3
(4 uM) in Hela Kyoto cells before and (c) after hyperosmotic shock. (d)
Average (red) and deconvoluted (grey) lifetime histograms for 1. (e)
Average lifetime histograms with Gaussian fits for 2, 1, and 3 (left to right)
before (red) and after the hyperosmotic shock (blue). Scale bars: 10 pm.
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left, 3d, Table 1, entries 5, 9 and 10). Decreasing membrane
tension upon hyperosmotic stress was reported by the original
flipper 1 as decreasing lifetime from 7,,=4.03 ns to 7,, = 3.74 ns
(Fig. 4b and ¢ middle; Table 1, entries 5 and 6). Concentration
independent, this responsiveness of the lifetime is the essence
of membrane tension imaging with flipper probes. Removal of
the primary dipole in flipper 2 and 3 practically annihilated this
mechanosensitivity (Fig. 4b, c, e and Table 1, entries 5 and 6).

Taken together, this evaluation of the central design paradigm
reveals that the primary dipole of flipper probe is essential,
arguably even more important than expected. Deletion of the
primary dipole by formal sulfur redox switching'™® - removing
or adding only two oxygen atoms with, however, substantial
synthetic effort — annihilates the flipper’s mechanosensitivity in
live cells. Other consequences of the removal of the primary
dipole are significant losses of fluorescence lifetime, more than
two-third, quantum yield and red shifts in absorption and emis-
sion maxima. These findings validate the original design and thus
the fundamental understanding of flippers as mechanosensitive
planarizable push-pull probes. The importance of these results
cannot be overestimated with regard to future probe design as
well as the interpretation of mechanobiological FLIM images.
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