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The design, synthesis, and evaluation of multifunctional dithieno[3,2-b;2',3'-d]thiophene (DTT) trimers is described.
Twisted push-push-pull or donor-donor-acceptor (DDA) trimers composed of one DTT acceptor and two DTT donors
show strong mechanochromism in lipid bilayer membranes. Red shifts in excitation rather than emission and
fluorescence recovery with increasing membrane order are consistent with planarization of the twisted, extra-long
mechanophores in the ground state. The complementary pull-pull-pull or AAA trimers with deep ¢ holes all along
the scaffold are not mechanochromic in membranes but excel with submicromolar anion transport activity. Anion
transport along membrane-spanning strings of chalcogen-bond donors is unprecedented and completes previous
results on transmembrane cascades that operate with equally unorthodox interactions such as halogen bonds and

anion-7 interactions.
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Introduction

The creation of synthetic transport systems has
attracted scientific attention since decades." = '" This
fascination originates from the importance of ion
transport across lipid bilayer membranes in biology
and the molecular complexity, variability, and beauty
with which this most challenging process is achieved.
Until today, there is much interest in transport mecha-
nisms, particularly synthetic ion channels but also
mobile carriers and transporters.? ~ ' However, since
the appearance of the first operational systems, ion
selectivity and particularly the responsiveness to phys-
ical and chemical stimulation emerged as key chal-
lenges in the field. Because of its significance in
biology, voltage gating received much attention early
on.l'? = 3 Elegant examples exist for control of syn-
thetic ion channels by pH and light, including artificial
photosystems.!"! Most recent breakthroughs concern
progress toward ion pumps, i.e., active transport,!'®"'”]
as well as mechanosensitive synthetic ion channels.!®
With regard to chemical stimulation, ligand gating
and blockage, i.e., the activation and inhibition of syn-
thetic transport systems by molecular recognition, are

of highest importance.’® = 2" Extension of these
themes toward sensing'®?®® and particularly cataly-
sis,*¥ that is molecular transformation on the way
across lipid bilayer membranes, remain intriguing and
still surprisingly underdeveloped.

Privileged scaffolds for the construction of syn-
thetic transport systems include rod-shaped oligomers,
helical foldamers, = stacks, macrocycles such as
cyclodextrins, crown ethers, pillararenes, calixarenes,
cucurbiturils or G quartets, small monomers such as
steroids and large architectures including metallor-
ganic polyhedrons and DNA origami.!" =~ 24

The contact between synthetic transport systems
and cations is usually established by coordination to
lone pairs, whereas hydrogen bond donors are mostly
used to transport anions.!" ~ %* Cation-n interactions
have been introduced as an attractive alternative at a
time when they were still considered to account also
for potassium selectivity in neural channels.?”’ The
hopping of cations along ligand-assembled bundles of
membrane-spanning strings of zw-basic arenes,
occurred indeed with selectivity sequences similar to
those found in nature (Figure 1,d). The complementary =
slides composed of three m-acidic naphthalenediimides
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Figure 1. Schematic anion hopping along transmembrane strings of chalcogen-bond donors a) compared to the previously realized
halogen-bonding b), anion-n ¢) and cation-= slides d). Red: Electron rich, blue: Electron poor, red circles: Anions (e.g. Cl7), blue circles:
Cations (e.g. K*). Self- or ligand-gated assembly into confirmed or expected channel-like transmembrane bundles is indicated schemat-
ically. e) Structure of chalcogen-bonding anion transporters used in this study.

caused the expected inversion from cation to anion
selectivity (Figure 1,¢).”®’ The promise of anion-7 inter-
actions in synthetic transport systems has since been
validated in many variations, also with very small sys-
tems, and extended to catalysis.!*” ~ 2!

As a second unorthodox alternative to anion trans-
port with hydrogen bonds, halogen bonds®?B"
appeared particularly attractive because they are more
hydrophobic and more directional. These expectations
have been confirmed with the discovery of the smallest
possible  organic  anion  transporter, trifluo-
roiodomethane, and expansion to transmembrane
halogen-bonding cascades provided access to very
high activities (Figure 1,6).°% Moving from halogen to
chalcogen bonds, anion transport has been demon-
strated recently with small monomers.*®! In this report,
we complete this series with the synthesis and evalua-
tion of a small collection of dithieno[3,2-b:2',3'-d]thio-
phene (DTT)®* ~ 3% oligomers 1 — 6 for anion transport
along transmembrane chalcogen-bonding cascades of
different length and strength (Figure 1,a, and 1,e).

Chalcogen bonds originate from the ¢ holes that
appear on increasingly electron-deficient sulfur, sele-
nium, tellurium but not oxygen atoms.*”*8 Associ-
ated with anti-bonding ¢* orbitals, chalcogen bonds
from ¢ hole donors extend linearly from the two cova-
lent bonds (Figure 1,a). Presumably because the o
holes are somewhat hidden on the side of the donor
atom, the use of chalcogen bonds has been mostly
limited to solid state engineering and extensive
intramolecular covalent conformational control, partic-
ularly in medicinal chemistry.2” =~ *! Pioneering recent
examples for intermolecular chalcogen bonds include
macrocycles,™? rotaxanes,”*! and anion binding."**“%

In 2016, we have introduced DTTs as a privileged
motif to integrate intermolecular chalcogen bonds
into functional systems in solution.”3’ Molecular mod-
els confirmed that the bite angle is ideal to bind
anions in the focal point of the two ¢ holes of the co-
facial, conformationally immobilized endocyclic sulfur
atoms (Figure 1,a). This motif thus offers for chalcogen
bonds what bipyridine lone pairs offer for cation
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binding and bipyrroles for anion binding with hydro-
gen bonds. Anion transport®® and catalytic/*® ~ *®
activities increased with increasing depth of the ¢
holes in electron-deficient DTTs such as 5 compared
to 6.

Dimeric DTTs 3 have been introduced in the same
year as mechanosensitive fluorescent membrane
probes.*? They represent the last step in the evolu-
tion of planarizable push-pull probes.® =~ >* Chalco-
gen-bond repulsion between methyls and ¢ holes is
introduced to twist the two DTTs out of co-planarity.
The push-pull system is established with formal sulfide
donors and sulfone acceptors in the central ring of
the tricyclic DTTs, the latter supported by an exocyclic
cyano acceptor. The ‘ETC headgroup’ is composed of
an ether donor, a triazole base to prevent elimination
and a carboxylate to assure delivery to and orientation
in lipid bilayer membranes.*”! As anionic amphiphiles,
DTTs 3 form non-fluorescent micelles in water and
partition into membranes as monomers with their
scaffold, according to depth quenching studies,
aligned to the lipid tails and the anionic carboxylate
at the membrane surface®® = >% Mechanical pla-
narization of the twisted push-pull probe 3 in the
ground state causes the excitation maxima to shift to
the red. This differs conceptually from other mem-
brane probes that operate by deplanarization (molecu-
lar rotors), polarization (solvatochromism) and electron
or proton transfer in the excited state and thus report
in emission rather than excitation.®® ~ %8 The result-
ing flipper probes 3 are important because they pro-
vide access to the so far elusive imaging of forces
such as membrane tension in living cells (unpub-
lished). Overtwisting in dimeric DTTs 4 results in a
total loss of mechanosensitivity.!*”

In this report, we move on from functional DTT
monomers (anion transport) and dimers (mechano-
phores) and report the design, synthesis and evalua-
tion of trimeric DTTs 1 and 2. The pull-pull-pull or
acceptor-acceptor-acceptor (AAA) trimer 1 aligns three
electron-deficient S,S-dioxide DTTs to produce trans-
membrane strings of deep ¢ holes for anion transport
along chalcogen-bonding cascades. The push-push-
pull or donor-donor-acceptor (DDA) trimer 2 offers
two DTT donors next to a DTT acceptor to strengthen
the push-pull system and thus maximize the
mechanosensitivity of the longest flipper probe made
so far.

Results and Discussion

Lessons learned with monomers and dimers3149 = 331

%91 made the synthesis of the twisted AAA and DDA
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trimers 1 and 2 conceivable (Scheme 7). The starting
point for both was tetrabromothiophene 7. Following
reported procedures, the DTT scaffold was obtained
from the elegant cascade reaction with thioacetate 8
and acetaldehyde 9.1°” Hydrolysis and decarboxylation
of diester 10 gave dimethyl DTT 11, which was readily
formylated to give aldehyde 12 as the first, previously
reported®" but differently prepared key intermediate.
Aldehyde 12 was first oxidized to the brightly fluores-
cent DTT S,S-dioxide 13 and then reduced to alcohol
14, which was silyl protected to afford key intermedi-
ate 15 for further use. The same aldehyde 12 was fur-
ther brominated to 16, which was converted to cyano
DTT 17 and oxidized to afford DTT S,S-dioxide 18,
another important intermediate, ready for Stille cou-
pling with the unsubstituted dimethyl DTT 11. The
resulting DTT dimer 19 was first brominated to 20
and then oxidized to the S,S-dioxide 21. Stille coupling
with DTT S,S-dioxide 15 provided access to the
trimeric scaffold 22 with three fully oxidized DTT S,S-
dioxides. This twisted AAA trimer 22 was then pro-
cessed following the methods developed on the dimer
level.”®’ Namely, deprotection with fluoride gave alco-
hol 23, etherification with the bromide 24 gave alkyne
25, and CuAAC with azide 26 afforded the complete
scaffold 27, which was thoroughly purified in this
hydrophobic form before deprotection under basic
conditions to yield the desired AAA amphiphile 1.
Aldehyde 12 was also the starting point for the
synthesis of the complementary DDA trimer 2
(Scheme 2). Reduction of the aldehyde gave the pri-
mary alcohol 28, which was protected with a silyl
group. Stille coupling of the resulting monomer 29
with dimer 20 afforded trimer 30 with the desired
push-pull scaffold. From this DDA trimer 30, the syn-
thesis of 2 was finalized as described above for the
fully oxidized analog 22. Namely, deprotection with
fluoride followed by alkylation of the primary alcohol
31 with bromide 24, CuAAC of alkyne 32 with azide
26 and final deprotection of ester 33 afforded the tar-
get molecule 2. As for AAA amphiphile 1 and contrary
to all hydrophobic precursors including 33, the very
low solubility in all solvents of DDA amphiphile 2 hin-
dered routine characterization beyond 'H-NMR spec-
troscopy in deprotonated form in (Dg)DMSO/D,0O
(1.5 m ND4OD) 9:1. Dimers 3 and 4 and monomers 5
and 6 were prepared as described previously. Details
on the synthesis and characterization of all new com-
pounds can be found in the Supporting Information.
The spectroscopic properties of the new AAA and
DDA trimers 1 and 2 were mostly determined with
their hydrophobic precursors 22 and 30, respectively,
because the final amphiphiles were poorly soluble in
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Scheme 1. a) 1.7, BuLi, THF, —78 °C, 9, 45 min, 2. Na,Cr,05, H,S0,, H,0, acetone, r.t., 16 h, 3. EtONa, EtOH, 8, reflux, 1 h, 80%; b) 1.
LiOH, EtOH, reflux, 16 h, 2. Ag,CO3, AcOH, DMSO, 120 °C, 16 h, 69%; c) POCl;, DMF, 50 °C, 2 h, 75%;" d) mCPBA, CHCls, 37 °C, 16 h,
72%; e) DIBAL-H, CH,Cl,, —78 °Ctor.t, 1 h; f) imidazole, TBDPSCI, NEts, DMF, r.t, 16 h, 50%; g) NBS, DMF, 80 °C, 24 h, 80%;"*"! h) NaNs,
TfOH, MeCN, 82 °C, 4 h, 70%;? i) mCPBA, CH,Cl,, r.t, 12 h, 65%;>% j) 1. 11, BuLi, BusSnCl, THF, =78 °C to r.t, 1 h, 2. 18, Pd(PPh;),,
toluene, 80 °C, 48 h, 72%; k) NBS, CH,Cl,, 40 °C, 1.5 h, 86%; ) mCPBA, CH,Cl,, 40 °C, 1.5 h, 62%; m) 1. 15, BuLi, BusSnCl, THF, —78 °C
to r.t, 45 min, 2. 21, Pd(PPhs)4, DMF, 80 °C, 30 h, 53%; n) TBAF, AcOH, THF, r.t, 15 min; 0) NaH, THF, —20 °Cto r.t, 16 h, 15% (2 steps);
p) CuSO, - 5 H,0, sodium ascorbate, TBTA, CH,Cl,/H,0 4:1, r.t., 15 min, 58%; q) KOH, CH,Cl,/MeOH 1:1, r.t., 10 min, 98%. mCPBA = 3-
Chloroperbenzoic acid; TBDPS = tert-Butyldiphenylsilyl;, TBTA = Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine; TfOH = Trifluo-

romethansulfonic acid.

apolar solvents. Consistent with decreasing fluores-
cence with increasing oligomer length, ie., rotatable
bonds,* fluorescence quantum vyields decreased dra-
matically from the hydrophobic precursors of DA
dimer 3 to trimers 2 and particularly 1 (Table 7). In
AcOEt, absorption and emission maxima of the
hydrophobic AAA 22 and DDA 30 were overall not
significantly red shifted compared to hydrophobic pre-
cursors of dimers 3 and 4 (Figure 2, Table 1). Com-
pared to AAA trimer 22, the absorption maximum of
DDA trimer 30 was blue shifted (from /,,s = 420 nm

to Ass = 360 nm), whereas the emission maximum
shifted to the red (from Aem =560 nm to
JAem = 590 nm). These shifts with DDA 30 were as
expected for an increasing twist between electron-rich
monomers in the ground state and an increasing
dipole of the push-pull system in the planar excited
state. Interestingly, the absorption maximum of DDA
trimer 30 was much broader than that of the AAA tri-
mer 22. The distinct shoulder appearing red-shifted
from the maximum at A,,s = 360 nm could indicate
the occurrence of partial planarization of the highly
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Scheme 2. a) NaBH,, DMF, 70 °C, 2 h; b) imidazole, TBDPSCI, DMF, r.t, 12 h, 70% (2 steps);°" ¢) 1. 29, BuLi, BusSnCl, THF, —78 °C to
r.t., 45 min, 2. 20, Pd(PPhs),, toluene, 75 °C, 16 h, 74%; d) TBAF, AcOH, THF, r.t,, 30 min; e) NaH, THF, 0 °Cto r.t,, 16 h, 59% (2 steps); f)

CuSO, -

twisted ground state already in low-viscosity bulk
AcOEt solution.

Twisted ground states and operational push-pull
dipoles in the planar excited states were consistent
with little solvatochromism in excitation but strong
positive solvatochromism in emission spectra (Fig-
ure 2). According to Lippert analysis,”® = >¥ the varia-
tion of the permanent dipole moment upon
excitation increased from Aup = 134 D for the less
polarized AAA trimer 22 to Au = 17.9 D for the more
polarized DDA trimer 30 (Table 7). Whereas increas-
ing Au with bulkier o substituents from the
hydrophobic precursors of 3 to 4 on the dimer level
was consistent with the onset of excited-state

5 H,0, sodium ascorbate, TBTA, CH,Cl,/H,0 4:1, r.t, 15 min, 56%; g) KOH, CH,Cl,/MeOH 1:1, r.t,, 15 min, 98%.

(ie.,
[69]

deplanarization TICT, twisted intramolecular
charge transfer), increasing Au from AAA 22 to
DDA 30 on the trimer level occurred with identical
bulk but increasing polarization. This polarization
thus originated presumably from increased ICT in a
planarized, fully conjugated push-pull excited state.
This interpretation was in agreement with strong
mechanochromism of the twisted DDA trimer 2 but
not the less polarized AAA trimer 1 in lipid bilayer
membranes (below).

Like their dimeric homologs,“® ~ >3 trimers 1
and 2 did not fluoresce in water (Figure 3,a, red).
Addition of 0.5 um of DDA trimer 2 to large unilamel-
lar vesicles (LUVs) composed of dipalmitoyl-sn-glycero-

Table 1. lon transport and spectroscopic characteristics of DTT monomers, dimers, and trimers®

Compound™ ECs (transport) [um]™ Ao (AN A (D) Jabs D ()M Jeml) ()0
1 0.28 + 0.05 - 134 420 (24.7) 560 (1.8)

2 35403 +40 (3.2) 17.9 360 (37.7) 590 (2.7)

3 40 + 03 +70WM (2.7 13.6!" 413 (18.9)" 570 (31)"

4 78 £ 1.7 ~0 (~1)m! 14.8m 409 (18.7)(M 610 (4.4)™
5 19 + 0.2M nd nd 376 (18.3)" 440 (20)

6 16 + 3 nd nd nd nd

el For original data and conditions, see Figures 2 — 4 and Supporting Information. ® Compounds, see Figure 1. Transport activity:
Effective concentration needed to reach 50% of maximal activity in the HPTS assay; from Hill analysis of dose response curves (Fig-
ure 4,a and 4,b). Mechanosensitivity: Wavelength ., (in nm) at excitation maximum in DPPC LUVs at 25 °C minus Ae, in DPPC
LUVs at 55 °C; [ intensity / at ey in DPPC LUVs at 25 °C divided by / at Aex in DPPC LUVs at 55 °C (Figure 3,b). 7 Transition dipole:
Variation of the permanent dipole moment upon excitation (in Debye); from Lippert analysis of solvatochromism (Figure 2). 9
Wavelength A, (in nm) at absorption maximum in AcOEt. M Extinction coefficient (in mm™" cm™") at J.ps. I Wavelength Zem (in
nm) at emission maximum in AcOEt. ¥ Fluorescence quantum yield (in %) in air-saturated AcOEt. I ~ I Measured with hydrophobic
precursors of the final amphiphiles, i.e., 22 instead of 1 and 30 instead of 2. ™ Broad maximum in DPPC at 25 °C, Al = +50 to
+90 nm. " From ref. [49]. ™ From ref. [69]. ™ From ref. [33].
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Figure 2. Normalized absorption (g, ¢) and emission spectra (b,
d, excitation at /,ps) of hydrophobic precursors of (a, b) AAA tri-
mer 1 (i.e., 22) and (¢, d) DDA trimer 2 (i.e., 30) in hexane (red),
toluene (blue), Et,0 (orange), CHCl; (violet), AcOEt (green), THF
(yellow), CH,Cl; (light blue), acetone (pink), MeOH (brown), DMF
(green), MeCN (purple), DMSO (yellow).

3-phosphocholine (DPPC) in liquid-disordered (L)
phase at 55 °C caused an instantaneous fluorescence
recovery with Ao, = 440 nm (Figure 3,a and 3,b). Cool-
ing down into solid-ordered (S,) DPPC membranes at
25 °C red shifted the excitation maximum to
Jex = 480 nm and increased the fluorescence intensity
by a factor of Al =1Is /I, = 3.2 (Figure 3,b, Table 1).

Control experiments in dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) LUVs confirmed that these changes
do not originate from thermochromism. Namely, with
DOPC membranes in Ly phase at 55 °C and 25 °C, the
excitation maxima were nearly identical. Moreover, the
emission maximum ey = 575 nm  was essentially
insensitive to changes from S, to Ly phase, confirming
that contributions from other mechanisms like solva-
tochromism®® ~ %8 do not account for the observed
changes in excitation (Figure 3,f). According to lessons
learned from dimeric flipper probes including DA
homolog 3, the response in excitation of the elon-
gated trimeric DDA probe 2 to increasing order in the
surrounding membrane originates from planarization
in the ground state, i.e, mechanosensitivity (Figure 3,
c). The impressive shift of Alde = +80 nm from
Jex = 360 nm of the fully relaxed flipper in organic sol-
vents to Aex = 440 nm suggested that significant pla-
narization already occurs in Ly membranes (Figure 3,e).
The additional shift Ale = +40 nm from Ly to S,
membranes to Ao, = 480 nm was consistent with fur-
ther ground-state planarization with increasing mem-
brane order (Figure 3,b, 3,c, and 3,e, Table 1).

Helv. Chim. Acta 2018, 101, e1800014
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Compared to Aldey = +70 nm from Ly membranes
to a broad maximum around A = 485 nm in S,
membranes of dimeric push-pull flipper 3,“°! the
Alex = 40 nm to Aoy = 480 nm of the trimeric homo-
log 2 failed to further improve mechanochromism
(Table 1). The fluorescence recovery Al = 3.2 upon pla-
narization from Ly to S, membranes of trimer 3
exceeded the Al = 2.7 of dimer 2 (Figure 3,b, Table 1).
This could originate from the immobilization of more
rotatable bonds and would be of interest for imaging
in cells by FLIM (Fluorescence lifetime imaging micro-
scopy). However, the poor quantum yield ¢ = 2.7% in
AcOEt clearly excluded any practical use of push-pull
DDA trimer 2 for imaging within”®”" and on the sur-
face of cells, although it will increase substantially
upon planarization in membranes of increasing order.

Because of the very low quantum yield, the fluo-
rescence spectra of AAA trimer 1 in DPPC LUVs could
not be recorded. The only possible indication for
mechanochromism of AAA trimer 1 was obtained
from the orange color in solution and the deep red
color of AAA precursor 22 as a solid (Figure 3,d). How-
ever, the interpretation of this impressive red shift as
ground-state planarization should be met with caution
because other possible origins of color change in the
solid state cannot be excluded. Poor mechanosensitiv-
ity of pull-pull dimers was noted earlier.>"

Whereas mechanosensitive fluorescence in mem-
branes was thus reserved for the planarizable DDA tri-
mer 2, ion transport activity was better with the
strongest chalcogen-bonding cascade offered by AAA
trimer 1 (Figure 1,a). Transport activities were deter-
mined in large unilamellar vesicles (LUVs) composed
of egg yolk phosphatidylcholine (EYPC) and loaded
with the ratiometric pH-sensitive probe HPTS (8-
hydroxy-1,3,6-pyrenetrisulfonate). To these vesicles, a
pH gradient was applied with a base pulse (Figure 4,
a*). The dissipation of this pH gradient was then mea-
sured after addition of the transporters (Figure 4,a**).
At the end of each experiment, excess gramicidin D
was added to calibrate the fluorescence response
against the resulting maximal fractional activity Yiotal
(Figure 4,a***). Dose response curves were recorded
at constant vesicle concentration to determine the
effective concentration ECsy of transporters needed to
reach 50% of the maximal accessible activity Y ,ax With
excess transporter (Figure 4,b).

The transport activity of the chalcogen-bonding
cascade in AAA trimer 1 was outstanding: A submicro-
molar ECso = 0.28 + 0.05 pwm is traditionally very diffi-
cult to achieve, a Ynax &= 1 as well (Figure 4,a, and 4,
b@®, Table 7). Similarly powerful transport has been
observed for membrane-spanning halogen-bonding
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Figure 3. a) In-scale, not normalized fluorescence emission spectra of 0.5 um 2 in buffer before (red) and 1, 5, 10, 15, and 30 min

after the addition to DPPC LUVs at 55 °C (lex = 440 nm). b) In-scal

e, not normalized fluorescence excitation spectra of 0.5 pum 2 in

DPPC LUVs at 55 °C (red) and 25 °C (dem = 575 nm). ¢) Schematic planarization of twisted push-pull trimers in environments of

increasing order. d) Fully oxidized trimer 22 in AcOEt (orange) and in

the solid state (deep purple). e, f) Comparison of normalized fluo-

rescence (e) excitation and (f) emission spectra of hydrophobic precursor 30 in AcOEt (light green) and amphiphile 2 in DPPC LUVs at

55 °C (red) at 25 °C (blue).

cascades (Figure 1,b), but not for shorter halogen-
bonding transporters.*? Push-pull DDA trimer 2 of
equal length but with deep ¢ holes only on one S,S-
dioxide DTT monomer failed to reach submicromolar
activity, with  ECso = 3.5 + 03 um  (Figure 4,60,
Table 7). Moreover, the highest achievable activity Y ~
0.5 indicated delivery problems at higher concentra-
tions, presumably due to poor solubility in micellar
form in water (Figure 4,bO).

It was interesting to find that oligomers 2 — 4 were
all more than ten times less active than AAA trimer 1,
and that their activity did not differ much (Table 1, en-
tries 2 — 4). This trend suggested that the isolate deep o
holes near the outer surface are all that matters for
anion transport, whereas length and twist of the scaf-
fold extending into the membrane are much less
important. The transmembrane string of deep ¢ holes
in 1 thus accounts presumably for the high activity of
AAA trimer 1. In monomer 5, this single chalcogen-
bonding site is unchained from the membrane surface
and allowed to shuttle freely across the membrane
(Table 1, entry 5). The result was an appreciable

increase in anion transport activity down to
ECso = 1.9 4+ 0.2 um. However, the expected move-
ment of the A monomer 5 with the anion across the
membrane remained clearly less effective than the
expected movement of anions along the immobile cas-
cade of anion binding sites offered by the outstanding
AAA trimer 1. In D monomer 6 with a disappointing
ECso = 16 £ 3 um, high mobility did not suffice to pro-
duce high activity because the ¢ holes are too shallow
to strongly bind anions.3! This poor activity with shal-
low o holes nicely illustrated why DDA trimer 2 failed to
establish an operational transmembrane chalcogen-
bonding cascade although the length of the scaffold is
as in AAA trimer 1. Although all trends thus provided a
good match between structure and activities in support
of the power of operational chalcogen-bonding cas-
cades, it is important to reiterate that other explana-
tions can never be fully excluded in experiments of this
complexity, and that all interpretations should be con-
sidered with appropriate caution.

The exchange of external anions affected activities
more than the exchange of external cations
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Figure 4. a) Ratiometric change in emission intensity / (lem = 510 nm, Aex = 450/405 nm) with time t during the application of a
base pulse (*, 20 uL 0.5 m NaOH) followed by the addition of 1 (**, 20 uL DMSO stock solution to 2 mL, final concentrations = 0.01,
0.02, 0.05,0.2,0.5, 1, 2, 5 um (with increasing activity)), and excess gramicidin D (***) to egg yolk phosphatidylcholine (EYPC) vesicles
with intravesicular HPTS. b) Dependence of the fractional transport activity Y in the HPTS assay (a) on the concentration ¢ of AAA tri-
mer 1 (@) and DDA trimer 2 (O). ¢) Change in emission intensity / (lex = 492 NM, Aeyy = 517 nm) with time t during the addition of 1
and 2 (*, 0.5 and 1.7 uwm, respectively) and excess triton X-100 (**) to EYPC vesicles with internal, self-quenched 5(6)-carboxyfluores-
cein (CF). d-g) Dependence of the activity Y of AAA trimer 1 (d, ), DDA trimer 2 () and A monomer 5 (g)*** in the HPTS assay (a) on
the variation of extravesicular cations (d, 100 mm MCl, inside 100 mm NaCl) and anions (e — g, 100 mm NaX, inside 100 mm NaCl).

(Figure 4,d — 4,g). Interestingly, the apparent anion
selectivity sequences were the same only for halides
(CI” >Br ~ 1" >F"), whereas the activities of oxyan-
ions (NO; > ClO,) relative to halides increased from
the mobile chloride carrier 53! to the apparent nitrate
transporters 2 and particularly 1 (Figure 4,e — 4,g).
Although the origin of these trends can be complex,
direct comparison with conductivity experiments!””3
support that the observed anion selectivities originate
either from proton-anion symport or from hydroxide-
anion antiport. For antiport, initial, ‘invisible’ exchange
of the varied external anions with internal chloride
should be fast because of the applied gradients and the
large excess of the former.1*®! The increase of intravesic-
ular pH reported by HPTS would then occur by hydrox-
ide influx and coinciding efflux of the previously
imported variable anion, present in large excess. Inac-
tivity in control experiments with vesicles reporting on
the efflux of CF, a large fluorescent anion, confirmed
that the new transporters do not form large pores (Fig-
ure 4,c). The observed anion selectivity was consistent
with operational chalcogen-bonding cascades (Figure 1,
a). The high activity with oxyanions of the best perform-
ing AAA trimer 1 could indicate selective recognition in
transmembrane bundles. The geometry and the larger

distance between the recognized lone pairs compared
to halides possibly allowed for better anion hopping
along the focal points of deep ¢ holes of DTT S,S-di-
oxides triads across the lipid bilayer membrane.

The most active AAA trimer 1 was active also in
planar bilayer conductance experiments (Figure 5).
Addition to cis chamber separated from trans chamber
by an insulating POPC membrane yielded transmem-
brane currents (Figure 5,a). Their stepwise appearance
was more similar to resolved single-channel currents
obtained with a-hemolysin™”* (Figure 5,c) than to the
unresolved macroscopic currents produced by ion car-
rier valinomycin”®' (Figure 5,d). Although we observed
current steps that indicate pore formation, the con-
ductance from the pores g ranged from 0.16 nS to
140 nS (corresponding to the pore diameter d of
2.3 — 7.0 A, based on the Hille equation),”® ~ 7® which
suggested that, not unexpectedly, there is no particu-
lar stable pore size (Figure 5,b).

These channel currents at various conductance
supported the self-assembly of AAA trimer 1 into
transmembrane bundles, with different numbers of
monomers per bundle possibly accounting for the dif-
ferent single channel currents. The stepwise opening
of the large conductance in Figure 5b could reflect
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Figure 5. Planar bilayer conductance in the presence of a) AAA
trimer 1 (50 um added to cis chamber with POPC membranes) at
—75 mV (trans as ground) in 2 m KCl cis and trans, compared to
the signatures of a-hemolysin (c) and valinomycin (d); red arrows
indicate the moment, where each compound was added to the
chamber. b) Representative single-channel currents in the pres-
ence of AAA trimer 1. *Opening of a channel; **expansion of the
channel size or opening of a second channel; ***closing or diffu-
sion of the channel out of the planar bilayer area.

either the expansion of the pore size during the mea-
surement by incorporating more 1 in the bundle or
opening of a spontaneous second pore in the planar
bilayer (from Figure 5,b* to 5,b**), followed by closing
or the diffusion of the pore/pores out of the planar
bilayer area into the annulus, where organic solvent
dysfunctions the channel structure (Figure 5,b***).
Although similar bundle expansions and contractions
have been studied in detail with, for example, the o-
helical ion channel alamethicin,”®! these interpreta-
tions are of course highly speculative and made with
the only intention to illustrate possible explanations.

Conclusions

The objective of this study was to move from multifunc-
tional DTT monomers and dimers to trimers. Two com-
plementary trimers were designed, synthesized and
evaluated, i.e., push-pull trimers composed of one DTT
acceptor and two DTT donors and chalcogen-bonding
trimers with deep ¢ holes all along the scaffold.

The planarizable push-pull trimers excel with
strong solvatochromism in solution. Large red shifts in
excitation upon ground-state planarization already in
liquid-disordered membranes confirm unprecedented
mechanosensitivity. Further red shifts from liquid-
disordered to solid-ordered membranes are corre-
spondingly smaller compared to the homologous
dimers. Fluorescence recovery upon ground-state

Helv. Chim. Acta 2018, 101, e1800014
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planarization is better with the new trimers than with
the old dimers. Compared to dimeric flipper probes,
planarizable push-pull trimers would thus be of inter-
est to image properties between the two leaflets of
lipid bilayer membranes. Their poor fluorescence is
however incompatible with use in practice.

The complementary trimers with a cascade of
deep ¢ holes instead of a strong push-pull dipole
along the twisted scaffold excel with submicromolar
anion transport activity rather than mechanochro-
mism. Increasing anion transport with increasing num-
ber of deep ¢ holes along the scaffold provides
strong support that anion transport occurs along
transmembrane chalcogen-bonding cascades. This
unprecedented activity and selectivity obtained with
chalcogen bonds compare favorably to transmem-
brane cascades operating with halogen bonds®®*?' and
anion-7 interactions.”®! The twisted, asymmetric scaf-
fold of chalcogen-bonding trimers promises access to
an exceptionally rich multifunctionality, including
mechanosensitive channels,"® pumps (active trans-
port),'® electroneutral photosystems,®® and catalytic
pores.”* Studies along these lines are ongoing,
together with synthetic efforts toward higher DTT oli-
gomers, tetramers and beyond.

Experimental Section

See Supplementary Material.

Supplementary Material

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.201800014.
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