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Spectroscopy

Dario Anselmetti,* Frank Wilco Bartels, Anke Becker Bjorn Decker! Rainer Eckef,
Matthew MclIntost® Jochen Mattay,Patrik Plattnef, Robert Ros, Christian Schfer)' and
Norbert Sewald

Experimental Biophysics & Applied Nanoscience, Department of Physics; Transcriptomics, CeBiTec;
Organic Chemistry, and Bioorganic Chemistry, Department of Chemistry, Bielefeleidity,
D-33615 Bielefeld, Germany

Receied August 3, 2007. In Final Form: October 17, 2007

Tunable and switchable interaction between molecules is a key for regulation and control of cellular processes. The
translation of the underlying physicochemical principles to synthetic and switchable functional entities and molecules
that can mimic the corresponding molecular functions is called reverse molecular engineering. We quantitatively
investigated autoinducer-regulated DNArotein interaction in bacterial gene regulation processes with single atomic
force microscopy (AFM) molecule force spectroscopy in vitro, and developed an artificial bistable molecutar host
guest system that can be controlled and regulated by external signals (UV light exposure and thermal energy). The
intermolecular binding functionality (affinity) and its reproducible and reversible switching has been proven by AFM
force spectroscopy at the single-molecule level. This affinity-tunable optomechanical switch will allow novel applications
with respect to molecular manipulation, nanoscale rewritable molecular memories, and/or artificial ion channels, which
will serve for the controlled transport and release of ions and neutral compounds in the future.

Introduction cell adhesion moleculés !t protein-DNA, 2715 and supramo-
. . . . 19 i
Regulation and control on a molecular level is a key issue in |€cular hostguest complexé§™i® impressively proved that,
understanding complex and hierarchic phenomena in cellular P€side molecular interaction forces, molecular elasticities, and
processes as well as for future applications of synthetic molecules?iNding energy landscapes, kinetic reaction off-rate constants

with tailored architectures and functionaliteModulating and couéd be rlesprodut':ibl_y measured in an affinity range fidim=
switching of a molecular interaction is always accompanied by 10 °~107>M (Kq: dissociation constant) in various liquid and

a change in structural conformation and chemical activity. Physiological environments at a sensitivity level of single point
Switching concepts include the reversible transition between mutations. Moreover, mechanosensitive single-molecule transi-

two structural molecular isomers by external signals such asfion phenomena have been investigated with AFM force
electromagnetic fields, mechanical stimuli, or chemical potentials, SPECtroscopy that are based on the conformational switching of

or the structural modification of the molecule by kinase-driven

phosphorylation or effector-induced transformations. In reverse "¢aC¢

molecular engineering, the underlying physicochemical principles
of biological regulation and switching are translated to synthetic
and switchable functional entities that can mimic the corre-
sponding molecular function.

During the pasttwo decades, atomic force microscopy (AFM)
and AFM-based dynamic force spectroscopy (BFBave
developed into highly sensitive tools for structural and functional
investigation of the interaction between and within single
biomolecules. Molecular interaction experiments between ligand
receptort complementary DNA strandsantibody-antigens’ 8
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In this article, we report how AFM single-molecule force = whereinF, kgT = 4.114 pN nm (at 298 K)r, andk denote the
spectroscopy experiments were used in vitro to quantitatively mea;ured dissociation force, thermal energy with Boltzmapnfactor,
investigate autoinducer-regulated DNArotein interaction in  loading rate, and thermal off-rate under zero load, respectively. The
the gene regulation processes Sihorhizobium melilofi an reaction lengthk; defines the distance between the potential well
a-proteobacterium that fixates atmospheric dinitrogen to ammonia MNimum and the metastable energy barrier maximum of the transition
. L o . . . state along the reaction coordinate.
in a symbiotic association with certain genera of leguminous

| 15Eurth hesized and i - d ificial Sample Surface and AFM Tip Chemistry. For AFM force
plants:>Furthermore, we synthesized and investigated an artificia spectroscopy experiments, sample surfaces and AFM tips were

bistable resorcin[4]arene hesjuest system that can be controlled  fnctionalized as described previoudhBriefly, SisN, cantilevers
and switched by an external signal (UV light exposufe}? were first activated by being dipped for 10 s in concentrated nitric
The intermolecular binding functionality (affinity) and its acid and silanized in a solution of 2% aminopropyltriethoxysilane
reproducible and reversible switching has again been proven by(Sigma-Aldrich) in dry toluene for 2 h. After being washed with
AFM force spectroscopy at the single-molecule Ie¥dHere, toluene, the cantilevers were incubated with 1 iNhydroxysuc-
we review our recently published original wéfk89from a cinimide—poly(ethylene glycoly maleimide (PEG) (Nektar, Hunts-
viewpoint of molecular reverse engineering, where the supramo- Ville, AL) in 0.1 M potassium phosphate buffer, pH 8.0, for 30 min
lecular affinity-tunable optomechanical switch allows the control at room temperature.

e . . L (a) For the proteinr DNA experiments? the cantilevers were
g{ﬁ@?ﬁ;'?}%gﬁféﬂf:'inig(rja];l:g:'ona”y mimics the reported washed with phosphate buffer and incubated with 1&h@f the

DNA target sequence (see above) bearing a sulthydryl label in binding
) buffer solution (100 MM KHPOJ/KH,PQO,, pH 7.5) overnight at 4

Materials and Methods °C. The cantilevers were washed with binding buffer and used for
force spectroscopy experiments. Modified tips were usable for at

AFM Force Spectroscopy and Data AnalysisSingle-molecule 4 .
P Py y g least one week if stored at€. Mica surfaces (Provac AG, Balzers,

force spectroscopy measurements were performed with a custom

made AFM force spectroscopy setup that is based on a commercial-I€chtenstein) were silanized with aminopropyitriethoxysilane in
AFM (Multimode llla, Veeco Instruments, Santa Barbara, CA) at 2" exsiccator and incubated withd¥! (His)sExpR protein and 20

25°C in a dedicated liquid cell (binding buffer for DN#protein, uM bls(suIfosgcunlmldyl)suberate-sodlum salt (Slgma})-AIdrlch) in
and ethanol for hostguest system). The AFM cantilever deflection 0-1 M potassium phosphate buffer, pH 7.5; foh at 4°C. The
force signal and the vertical movement of the piezoelectric transducing S2MPIe was washed with binding buffer afterward. Modified surfaces
elementwas controlled by a 16 bit AD/DA card (PCI-6052E, National WETe stable for at least 2 days if stored &Gt 1o
Instruments, Austin, TX) and a high-voltage amplifier (600H, (b) For the supramolecular hesguest experiments, ¢ the

NanoTechTools, Echandens, Switzerland) via an in-house softwareCantilevers were washed with water and functionalized by being

based on Labview (National Instruments). The deflection signal Incubated overnightatroom temperaturenat. mMethanol solution
was low-pass filtered<{6 kHz) by default and box-averaged by a of 2-mercaptoethylamine hydrochloride (Sigma-Aldrich). Modified

factor of 5-10, giving a typical experimental data set of 2500 points gp_s were stored at ZC and Lemalnﬁd usable for at Iﬁagt o_nrc]a WF?Ek'l
per force-distance curve. rior to use in experiment, the cantilevers were washed with ethanol.

SizN4 cantilevers (MSCT-AUHW, Veeco Instruments or OMCL- Gold-coated sample substrates @11 mn#, Arrandee, Werther,

- . Germany) were incubated with the supramolecular calixarene
TR400PSA-HW, Olympus, Tokyo, Japan) with spring constants o . ) =
: compound and dodecyl sulfide in a molar ratio of 1:40, solubilized
ranging from 80 16 pN/nm (Veeco) and 1810 26 pN/nm (Olympus) in etﬁanol/chloroform )(/1'1) by heating to 8C for at least 16 h
were used. The spring constants of all AFM cantilevers were S '

. . ; which is essential for obtaining highly ordered monolayers.
ﬁiltlzt(;’?;ier?tybgftQSp:g)e(irm:tle?;itgs:lon metidavith an absolute Photoisomerization.Switching of the supramolecular hesjuest

. . system from closed to open isomer was performed by heating the
In loading rate-dependent force spectroscopy experiments, the A b P y g

i . . : .. “sample to 60°C for 2 h. Closing of the cavity was achieved by
retract velocity of the piezo was varied while the approach veloCity 4 iation with a quartz halogen UV light source (Norland Opticure
was kept constant. Measured foradistance curves were quanti-

) . . 4) for 5 min, yielding 50 mW cm? in the UV spectral range from
tatively analyzed with an in-house Mathlab program (MathWorks, 3210 to 400 nnswl. An o%tical filter (3683 7.1) nrrFI), UV-PIL, Sgchott)
Natick, MA) and corrected to display the actual molecular distances was prefixed to the UV source.

calculated from t_hepiezo positior_l. In orderto_ca}lculate the loading Biochemicals.(a) The expression, purification, and characteriza-
rate, _th_e respective retract ve_Iocny was multiplied by the molecular tion of ExpR protein, the organic synlthesis of Nha,cyl homoserine
elasticity, which was determined from the slope of the (corrected) lactone (AHL) autoi’nducers and the corresponding specific DNA
force—distance curves on the last 20 data points before the dissociationtarget sequence were described in details elsewhBréefly, ExpR
events. . ) ) . L with an N-terminal His tag ((Hig)ExpR) was overexpressed in
The force histograms typically included 16800 dissociation  ggcherichia colM15 and purified under nondenaturing conditions.
events that were recorded and analyzed a9 slifferent retract  practions were collected and analyzed with sodium dodecy! sulfate
velocities ranging typically from 100 to 6000 nm/s (the approach 4|y acrylamide gel electrophoresis (SDS-PAGE) and stored in the
velocity was typically kept constant at 3000 nm/s). The respective g|ytion puffer at £C in stable conditions for at least several months.
dissociation forces were determined as the maximum of the The (His)ExpR protein was immobilized on the succinimide-

corresponding force histogram. ) activated mica surface by a short linker molecule coupled to one of
The measured data is analyzed in accordance with the standardhe 11 ExpR lysine residues.
model for force spectroscopy thecty 2> where the mechanically The DNA target sequence was a 313 bp DNA fragment and

driven dissociation process obeys the law of a thermally activated incjuded 97 bp flanking sequences derived from the pUC18 vector,
decay of a metastable state with the following fitting function: 31 bp of the 3end ofsinR the 156 bp of thesinR—sinl intergenic
region, and 29 bp of the' Bnd ofsinl, and was characterized with
ks T Xgl electrophoretic mobility shift assays (EMSA). The DNA fragment
F=-——In was attached to the tip via the PEG polymer spacer. Seven AHL
X kgTh
p " autoinducers, GHL, Cg-HL, C1¢-HL, Ci7-HL, 0x0-Cia-HL, Ce1-
HL, and GgHL, were either purchased (Sigma-Aldrich) or
(21) Zhou, S.; Hempenius, M. A.; S¢hierr, H.; Vancso, G. Macromol. synthesized.
Rapid. Commun2006 27, 103—108.
(22) Grandi, F.; Sandal, M.; Guarguaglini, G.; Capriotti, E.; Casadio, R.; Samori (24) Evans, E.; Ritchie, KBiophys. J1997 72, 1541-1555.
B. ChemBioChen2006 7, 1774-1782. (25) Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; EvansNature 1999
(23) Hutter, J. L.; Bechhoefer, Rev. Sci. Instrum1993 7, 1868-1873. 397, 50-53.
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(b) The synthesis, purification, and characterization of the b i a I
supramolecular resorcin[4]arene host systems (2,8,14,20-tetra-(10- 1 /f’/
(decylthio)decyl) cavitand and its photoswitchable anthracene- 200+ | AFMtp
modified derivative) have been described elsewh&ré. Both i PG Bk + AHL
resorcin[4]arenes can be surface-immobilized in an oriented manner ey M Gk
viathe four dodecyl sulfide linkers on gold by molecular self-assembly i n- ExpR
in ethanol solutions. A protein

=z \ [ mica surface
Results and Discussion E‘ 50'_
Regulated Protein—DNA Interaction. First, we investigated £ 04

\‘Ju'_\ Bt kAT
a naturally occurring, population density-dependent gene regula- 1 A 'Inissociation force
tion process ir5. melilotithat is controlled by low molecular- il ]

weight compounds called autoinducers or effectors, which is _100'

referred to as quorum sensing (QS). QS is known to regulate 0 50 100 150

many different physiological processes, including the production Z-Plezo Extension [nm]

of secondary metabolites, conjugal plasmid transfer, swimming, C 0018,

swarming, biofilm maturation, and virulence in human, plant, without AHL

and animal pathogert§.Many QS systems involve AHLs as 0,012+

signal molecules that vary in length, degree of substitution, and z

saturation of the acyl chain. Since bacterial cell walls are E 0,008

permeable to AHLs, they can accumulate both intracellularly 4

and extracellularly, and, once a threshold concentrationis reached, 0,004+

they act as co-inducers, usually by activating LuxR-type

transcriptional regulators upon recognition and binding. O‘OWb_—x;T-_;o—..?;o_.Téo_—zoo
In our AFM force spectroscopy experiments, the binding Force [pN]

partners (HisEXpR and the respective 313 bp DNA fragment d oo,

were covalently bound to the sample surface and to the AFM with oxo-Cq4-HL

tip, respectively (Figure 1a). When approaching the tip to and 0,012+ o

retracting it from the surface, the flexibility of the polymer linker Z [y

allowed the DNA molecules to access the binding domains of E 0,008+

the immobilized (HigEXpR proteins. The binding or association 2

can be verified during mechanical withdrawing of the AFM tip 0,004+

from the surface by a characteristic stretching of the polymer

linker molecule, the build-up of an attractive interaction force, e R i g P s P T

and a subsequent snapping back to zero force (Figure 1b). In Force [pN]

these force-distance curves, the measured force acting on the gigyre 1. Force spectroscopy measurements on AHL-mediated
AFM tip against the vertical position (given by the extension of DNA—(His)sExpR interaction. (a) DNA fragments are attached to
the piezo actuator) are plotted. Since these dissociation processeSisNs AFM tip via PEG spacer molecules, and the (BESpR

are of stochastic nature and obey the laws of a thermally activatederoteins are immobilized on a flat mica surface. (b) Typical ferce

decay of a metastable stat¢he measured dissociation forces diSta”?e Clt"‘éefWithtEXpRDNﬁ/ +AfH'-bi”tdi”9 et"e?t""lh".etth?t)i?:

- was retracted from the sample surface at constant velocity. (c) Force
from _multlple_ approachre_tract cycl_es_ (at constant retract histogram of dissociation forces for the DNAHis)sExpR complex
velocity) vary in a (well-defined) statistical manner and can be yjithout effector (aty = 2000 nm/s) corresponding to the inactive

combined in a force histogram. In the case of a total absence ofnon-affine state and (d) after adding:d@ of N-(3-oxotetradecanoyl)-
AHL effector molecules in the buffer solution, the total activity L-homoserine lactone (oxo:&HL), yielding full binding affinity.
or binding probability (# events/# cycles) remained below 0.5%, (Figure adapted from ref 15).

and the force histogram consisted only of rare and unspecific

scattgred events (Figure 1c). The histogram profjle Ch.angedmolecules, seven different AHL effectors were studied in detail
drastically when AHL was added to the buffer solution (Figure by AFM DFS. It turned out that, of seven effectors tested, six
1d: 10uM ox0-Cyi4-HL). The measured dissociation forces form (Ca-HL, Cao-HL, CirHL oxo-C14’-HL Ci6.-HL, and Qg—HL),
a_d|str|_bu_t|on of almost Gaussian shape with t_he _most-prob_a_blewere able to stimulate proteiDNA bindihg. One, G-HL, the
pllSSOClatlonforce of about 60 pN gndthetotal binding probabllllty effector with the shortest chain length, yielded no noticeable
increased t08_10%. These experlment_s_suggestthat ExpR binds activity when added to the buffer solution. In Figure 2 the DFS
to DNA only in very rare and unspecific cases in the absence oot the G,-HL-stimulated (His)ExpR-DNA binding is

of any effector, whereas the probability of association and binding presented in a force diagram where the measured dissociation

Is increased in the presence of an appropriate AHL effector by ¢ ;e are plotted against the varied loading rates, and display

a flacto(; Oftho'. th ificity of the int . i the theoretical predicted linear dependence. In this respect, we
norder to verify the specificity of the interaction, competition, quantitatively characterized all six active AHL effectors and

afg cont[ol exgerlments.fwltgfr(ete _sp:_))euﬂc DNA bm(ljlngfra?ments plotted the calculated parameters reaction lengththe dis-
(10 ngiuL) and unspecific EpstetBarr virus nuclear antigen sociation rate constakis, and the interaction lifetimein Figure

(EBNA)—DNA fragments, which lack the binding sequence, 3. The parameters distinctively differ and show a non-monotonous

were performed. All these results were clearly indicative of de P . .
LA ! . o pendence of bond lifetime on AHL chain length witk €L
specific binding between the (HiExpR and its specific DNA as the complex with the longest lifetime. Obviously, the change

binding sequence (data not showh). of the AHL acyl chain length by one C atom+€IL to Cg-HL)
(26) Williams, P.; Winzer, K. Chan, W. C.. Camara, Rhilos. Trans. R. Soc. is sufficient to activate the binding between ExpR and its DNA
London, Ser. B007, 362 1119-1134. binding sequence. In order to learn about the binding mechanism

In order to investigate the binding heterogeneity on AHL-type
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120 0012 EXPR + C7-HL + DNA 0012 (EXPR-C7-HL) + Cq3-HL + DNA
ExpR - Cq2-HL - DNA a b
1004 z 0,008 0,008
= 2
%_ 80 1 E 0,004 0,004
8
o 601 0,000 N T N - N Y
L o 40 &0 120 160 200 o 40 80 120 160 200
Force [pN] Faorce [pN]
40 | 0.012-EXPR+ Cqa-HL + DNA 613 (ExpR-Cqo-HL) + C7-HL + DNA
. c d
20 T — oo 0,008 0,008
0.1 1 10 100
Loading rate [nN/nm]
i K A . . 0,004 4 0.004 - 3
Figure 2. AFM DFS of the (HisjExpR—DNA interaction in the
presence of the GHL effector. Plot of the measured dissociation = [
forces against the logarithm of the loading ratepon systematical 00T a0 120 160 20 T 4o 80 130 180 200
variation of the retract velocity, where= (effective spring constant Force [pN] Force [pN]

of the molecular complexx (retract velocity). Extrapolating the
line fit to the state of zero external force yields the natural thermal
off-rate constankys. (Figure adapted from ref 15).

Figure 4. Stability of the proteir-effector bond in competition
experiments. (a) In the presence ofldL, no specific binding is
observed. (b) After the sample was washed with plain buffer solution
and G-HL was added, the proteirDNA complex remained inactive.

HL Reaction Off-ratekor | Mean lifetime (c) The reversed process was investigated first in the presence of
length x; [A] [s1] [ms] C,-HL, where the proteinr DNA complex shows its expected full

Cs 57503 0482016 2273758 degree of activity. (d) @HL was added after the sample was washed
with plain buffer, and the activity was only marginally reduced.

Cuo 3.2£03 143045 | 6994220 Both experiments indicate the high stability and long lifetime of the

Ciz 29+02 5.40£1.03 185+ 35 protein—effector bond. (Figure adapted from ref 15).

oxo-Cis |3.5+03 3.48+0.62 | 287+ 51

Cren 39206 219.188 | 457139 to differences in the acyl chain length of the effectors, and allows

e 175038 325197 7585729 the_ quantitative investigation of this regulation and m_ole_cular
switching phenomenon, giving even access to details in the

Figure 3. Molecular interaction parametekss, mean lifetimer, mechanism of the binding process.

andx; for (His)sExpR protein binding to its DNA target sequence Supramolecular Photochemical Single-Molecule Affinity
ugdertr&efvarlousfprobedAHLeffectorsasdenvedfrom DFS. (Figure gyitch. In order to mimic this molecular switching function
adapted from ref 15). with an artificial organic system, we designed supramolecular

ofthis interaction and the reason for this abrupt change in affinity ©r9anic constituents, which interact noncovalently in a directed
by AHL acyl chain length, the interaction was investigated by andspecific way to hostguest complexes of higher complexity.
additional competition experiments (Figure 4). First, we probed 'he ability to tailor the molecular interplay with respect to
the ExpR-DNA complex in the presence of,&iL, yielding a chemical design, specificity, and molecular switching opens
force histogram lacking significant specific activity, dominated fascinating concepts for the development of new molecular
by spurious nonspecific interaction (Figure 4a). After removing Materials for artificial molecular recognition, molecular orga-
C;-HL from the buffer solution by multiple washing steps with nization, and self-assembly. We chose resorcin[4]arene (calix-
AHL-free buffer solution for 1 h, the addition ofsgHL only arene) ligand hostguest complexes as model receptor systems,
resulted in minor activation of ExpR (Figure 4b), in contrastto Providing synthetic receptor cavities for the inclusion of small
the expected characteristics reported above. This was indicativeCalionic guests such as alkali orammoniumions and even neutral
of along-living ExpR-C;-HL complex that inhibited activation ~ comMpounds’~28 Organic cations such as ammonium ions play
by Ci-HL. Second, and by reversing the experiment, a different Significant roles in molecular recognition processes in nature
response was found. The fresh (newtip and new sample!) ExpR  (€-9-, In protein side chains) and interact by -afipole
DNA complex was now probed in the presence ab-BL, |nteract|_o_ns,hydrogen bonds_, and catiarinteractions between
yielding the expected strong and specific activity in the force the positive charge of the ion and the host molecules often
histogram (Figure 4c). After removingi€HL now from the ~ CONtaining arene units.
buffer solution, the addition of £HL only marginally reduced The specificity of the binding is governed by the topological
this activity, and the complex still showed a considerable degree cOmplementarity of the hostand guest: only cations small enough
of activity in the presence of €HL, which was indicative of a to fit into the tailored cavity are recognized by the resorcin[4]-
long-living and G»-HL-activated complex (Figure 4d). Overall, ~arene. Inour experiments, 2,8,14,20-tetra-(10-(decylthio)decyl)
it can therefore be concluded that the lifetime of the protein ~ cavitands with a calculated cavity width of 0.7 nm serving as a
effector bond is much larger than the lifetime of the effector- hostreceptor in an unmodified and with an anthracene-modified
mediated ExpRDNA binding. The ExpR-DNA binding photoswitchable version were investigated in AFM DFS experi-
kinetics can therefore be regarded as AHEXpR kinetic ments in ethanol against the specific recognition of ammonium
independent, indicating that only the structural change invoked ions and ammonium ion derivatives (Figure 5a). First, the
by the binding of a particular AHL effector molecule is able to nonfunctionalized version of the resorcin[4]arene, a cavitand
induce the relevant DNAprotein interaction and to regulate the
associated expression process. (27) Gutsche, C. DCalixarenes Resited Royal Society of Chemistry:
Since AFM DFS operates at the level of individual molecular ©3Mm2ridge, U.K., 1998.

v Y . o (28) Mandolini, L.; Ungaro, RCalixarenes in Actionimperial College Press:
complexes, it is independent of the variations in solubilities due London, 2000.
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Figure 5. (a) Force spectroscopy scheme for measuring the
interaction between the ammonium-activategNgiAFM tip and

the supramolecular resorcin[4]arene cavitand immobilized on a gold

surface. The ammonium ion is attached to egNSIAFM tip via a
flexible polymer cross-linker and represented together with the
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366 nm

60 °C

Figure 7. Pictograms visualizing the diluted self-assembled

complex between the cavitand and an ethyl ammonium cation takenmonolayer of this resorcin[4]arene photoswitch for AFM single-

from a quantum chemical gas-phase calculation. (b) Typical force

molecule affinity studies and the photochemical switching cycle.

distance curve with molecular dissociation event of this supramo- For details see text. (Figure adapted from ref 19).

lecular host-guest system (only retractive trace is shown). (Figure
adapted from ref 18).

160-- O ammeonium residue
A trimethylammonium residue
140 4
ammonium: -
120+ k,=089s"
x, =022nm
g 80 L ’_I"‘ +
o T [ J_
B0 4 trimethylammonium:
ko, = 00187 8"
40—+ X,=0.38nm
20 + f }
100 1000 10000
Loading Rate (pN/s)

Figure 6. AFM DFS. Plot of the measured dissociation forces against
the logarithm of the loading rate Upon systematical variation of
the retract velocity, complexes formed by the resorcin[4]arene
cavitand and different ammonium guests were quantitatively
investigated. For details see text. (Figure adapted from ref 18).

reaction length, yieldings = (0.99 £ 0.81) s for the
ammonium andk = (1.874 0.75) x 10-2s 1 for the trimethyl
ammonium residue, resulting in complex lifetimesref 1.01
s andr = 53.5 s, respectively. The respective reaction lengths
were determined to b = (0.22 £ 0.04) nm for ammonium,
andxs = (0.38 £ 0.06) nm for the trimethyl ammonium ions.
These figures qualitatively scale well with the calculated van der
Waals diameters of 0.3 nm forammonium and 0.6 nm for trimethy!
ammonium, respectiveR?This suggests a direct and considerable
contribution of hydrogen bonds (not present in the trimethyl
ammonium cavitand interaction) and catiam interactions to
the molecular binding mechanism. Especially for the trimethyl
ammonium cavitand system, the latter contribution may be
dominant because of its positive charge distribution, which is
known to be located on the hydrogen atoms of the methyl
groups30-31

On the basis of this 2,8,14,20-tetra-(10-(decylthio)decyl)
cavitand, we synthesized a bistable, photoswitchable resorcin-
[4]arene that was modified with two anthracene units in opposite
positions at the upper resorcin[4]arene rim and proved its
switching functionality in ensemble photochemical induction
and heating cycle® 33 This compound can repeatedly be

was investigated. In Figure 5b, atypical force curve of amolecular switched by photodimerization of the two anthracenes between
dissociation event between the cavitand and an ammonium ionthe open and closed isomers in ethanol by irradiation with UV

is plotted. The nonlinear elastic stretching of the PEG spacer |ight (360—370 nm), or vice-versa by UV irradiation below 270

before the point of dissociation served as the criterion to

discriminate real single binding events from unspecific adhesion,

and gives information about the overall elasticity of the molecular

nm or by the transfer of thermal energy (Figure 7). The affinity
switching was investigated by AFM single-molecule force
spectroscopy against an ammonium cation guest molecule. Five

complex. This cavitand was probed againstammonium, trimethy! series of force spectroscopy experiments were recorded (Figure

ammonium and triethyl ammonium cations in AFM DFS
experimentd® The loading rate-dependent experiments were

8a—d). The first series was measured on the open and active
isomer, i.e., after heating. The corresponding force histogram is

plotted in force histograms where the respective dissociation given in Figure 8a, yielding an overall binding probability of

forces have been determined (data not shaWwimterestingly,
the ammonium and trimethyl ammonium residues clearly
exhibited a distinct and concise affinity toward the resorcin[4]-
arene cavitand (total binding probability 25%), whereas the
triethyl ammonium ion did not display any affinity, because of
its molecular size (0.8 nm), which exceeds the width of the

9.1% with a dissociation force of 101 pN at a loading rate of
5260 pN s. Then the sample was irradiated with UV light, and,
subsequently, a new force spectroscopy series was recorded.

(29) Rozhenko, A. B.; Schoeller, W. W.; Letzel, M. C.; Decker, B.; Agena,
C.; Mattay, J.Chem—Eur. J.2006 12, 8995-9000.
(30) Deakyne, C. A.; Meot-Ner (Mautner), M. Am. Chem. Sod985 107,

binding cavity. The unequivocal evidence for the specificity of ,,="d

the interaction was cross-checked with respective competition

and blocking experimenfs.

(31) Sé:hneider, H. J.; Schiestel, T.; Zimmermannl.Am. Chem. So¢992
114, 7698-7703.
(32) Azow, V. A.; Schlegel, A.; Diederich, Angew. Chem., Int. EQ005

In Figure 6, the force loading rate plots reveal details about 4, 4535 463s.

the kinetics of the unbinding and information concerning the

(33) Scher, Ch.; Mattay, JPhotochem. Photobiol. S@004 3, 331-333.
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The corresponding force histogram is shown in Figure 8b. The

a_) 0.025 - L - S . o
- binding probability was significantly lowered after irradiation to
v open cavitand 0.9%, reflecting the closing of the cavitands by the UV exposure.
after heating The very small number of remanent events might be either
Ll associated to incomplete closing or gradual reopening of the
= | system. For the next series (Figure 8c), the sample was heated
3 g010. N again for 2 h. The resulting force histogram closely resembles
a - the first one (Figure 8a), yielding a total binding probability of
0.005 - i 9.6%, indicating that the reopening of the supramolecular host
system was successful. In the following experimental series, a
R = ——— ! competition experiment in ethanol saturated with ammonium
0 100 200 300 400 500 chloride was conducted (Figure 8d). The competition significantly
Force (pM) lowered the overall binding probability (to 1.4%), although not
b) 0.025 + to the extentthat was observed after UV radiation. After washing
I the sample with ethanol, a last experimental series was performed,
0.020 4 closed C,aV'w}”‘{’ which again closely resembled the first one (data not shown).
after UV irradiation The overall binding probability for the open system without
o 00154 competitor could be fully recovered (9.5%), indicating a complete
3 and reversible reactivation of the molecular affinity.
8 40104 These AFM DFS experiments prove that the resorcin[4]arene
o derivate can be reversibly switched between two different bistable
0.005 - isomeric configurations, which can be probed reproducibly and
reversibly at the single-molecule level, which mimics the
0,000 jl,l-_-.. functional affinity and binding properties of the effector-mediated
i 100 200 300 400 500 transcriptional activator ExpR.
Force (pN)
C) 0025 - il Conclusion
; open cavitand The characterization of the molecular switching properties in
e A after heating (reactivated) anaturally occurring molecular system such as effector-mediated
ExpR—DNA interaction and its reverse engineered supramo-
= s lecular resorcin[4]arene cavitand at the single-molecule level
§ with AFM force spectroscopy proved the ability of this
2 il quantitative interaction force technique to be used as a sensitive
M tool for a sophisticated binding analysis of complex (multiple-
—ry ‘ . ‘] component) systems. AFM DFS quantitatively accesses molecular
| | - :,-, _— interaction forces, elasticities, binding landscapes, kinetic rate
S0 ST RE i =3B S P . . constants, and, last but not least, an estimate of binding energies.
Force (pN) This allows a quantitative affinity ranking of intermolecular
d ) i ! interaction with a sensitivity of single point mutations or atomic
open cavitand blocked variations under liquid and physiological environment in an
0.020 - with free ammonium ions affinity range ofKq = 107> M (supramolecular hostguest
(competition experiment) systems) to 107° M (streptavidin-biotin).# In addition, the
= el relevant physical mechanisms of the binding and switching
E process can be investigated, which gives novel and deep in-
g 0.030+ sight into the structurefunction relationship of the molecules
involved.
ik In the future, other bistable and externally controlled (bio)-
.lh U molecular receptefligand systems for molecular manipulators,
iy 100 200 300 0 se0 nanoscale rewritable molecular memories, and regulated artificial
Force (pN) ion channels, which will serve for a controlled transport and

release of ions and neutral compounds will be functionally

Figure 8. AFM single-molecule force spectroscopy experiments investigated with AFM DFS.

with the resorcin[4]arene photoswitch. (a) Force histogram of
experimental series after heating the sample tt®B@r 2 h, yielding

an active (open) resorcin[4]arene with full activity againstammonium o
ions and a mean dissociation force of 101 pN. (b) Force histogram port and contributions from Ceno Agena, Alexander Fuhrmann,

of series after irradiating the sample at 368 nm for 5 min, yielding Matthias C. Letzel, Christoph Metzendorf, Christoph Pelargus,
an inactive (closed) resorcin[4]arene. (c) Force histogram after Alfred Pthler, Alexander B. Rozhenko, Wolfgang W. Schoeller,
renewed heating of the sample for 2 h, yielding a reactivated (open) Katja Tansing, and Volker Walhorn. Financial support from the
resorcin[4]arene with full activity against ammonium ions and a Deutsche Forschungsgemeinschaft within the Collaborative
mean dissociation force of 99 pN. (d) Force histogram of a competition Research Center “Physics of Single Molecule Processes and

experiment, performed in ethanol solution where the sample surfaceMolecular Recognition in Organic Systems” (SFB 613) is
was fully saturated with free ammonium, yielding aninactive (closed) gratefully acknowledged.
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