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Abstract: This paper details the incorporation of a water-soluble deep cavitand into a membrane bilayer
assembled onto a nanoglassified surface for study of molecular recognition in a membrane-mimicking setting.
The cavitand retains its host properties, and real-time analysis of the host:guest properties of the membrane:
cavitand complex via surface plasmon resonance and fluorescence microscopy is described. The host
shows selectivity for choline-derived substrates, and no competitive incorporation of substrate is observed
in the membrane bilayer. A variety of trimethylammonium-derived substrates are suitable guests, displaying
varied binding affinities in a millimolar range. The membrane:cavitand:guest complexes can be subsequently
used to capture NeutrAvidin protein at the membrane surface if a biotin-derived guest molecule is used.
The surface coverage of NeutrAvidin is affected by the spacer used to derivatize the biotin. Increased
distance from the bilayer allows a higher concentration of protein to be immobilized, suggesting a diminishing
detrimental steric effect when the binding event is shifted away from the surface.

Introduction

The surfaces of mammalian cells are decorated with a wide
variety of membrane-bound receptor molecules. These receptors
act as sensors for and transporters of small molecules in the
extracellular environment.! For example, acetylcholinesterase
is amembrane-bound protein that binds the target acetylcholine
vianoncovalent cation—s interactions with active site aromatic
residues.? These natural receptors have inspired the discovery
of new methods to transport polar drug candidates across
hydrophobic membrane bilayers, a process of great importance
to medicinal chemistry.® Small molecules have been exploited
to induce endocytosis® or to shield the drug candidate hydro-
phobically as it is transported through the membrane.> Many
examples of targeted drug delivery use natural receptors such
as glycolipids® or polypeptides® to recognize the target or study
the transport process alone by covalently linking the drug target
to a suitable vector.® In these cases, the artificial membrane
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receptors typically consist of the covalent attachment of the
recognition motif to a lipid or steroid derivative that is
incorporated in a synthetic membrane. The recognition motif
is displayed above the membrane surface in order to bind to
the target.

An alternate method of substrate recognition is the incorpora-
tion of a defined binding pocket inside the membrane bilayer.
This strategy is employed by membrane-penetrating proteins’
and transmembrane pore-forming peptides:® the host is incor-
porated in the membrane itself and displays a cavity that allows
polar substrates to be shielded from the lipophilic membrane.®
This is mainly exploited for substrate transport through the
membrane, but a synthetic host that displayed this type of
binding motif would show a far greater range of application
than receptors created viathe covalent derivatization of steroids
and lipids. To achieve this, we require a synthetic cavity that
can be incorporated into a membrane bilayer while till retaining
selective host properties. Most water-soluble synthetic host
molecul es take advantage of the hydrophobic effect to recognize
their desired targets,®® which poses a problem for application
in natural systems. Hydrophobic substrates suffer from poor
water solubility and nonspecific localization in the lipophilic
membrane bilayers present in cells. In addition, competitive
binding of hydrophobic lipids themselves inside the host will
reduce the affinity for the target substrate. Because of these
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Figure 1. (&) Cavitands 1—3, (b) minimized conformation of 1 (SPARTAN, AM1 force field) with one bound choline molecule (4) in the cavity, and (c)

the guests used in this study.

factors, the use of cavity-based synthetic receptors in natural
systems is underexplored.

Deep cavitands' are well-known as protein mimics, in that
they provide a cavity that can selectively recognize molecules
of the correct shape if they also contain athin layer of positive
charge at their surface.*® Excellent selectivity for substituted
trimethylammonium salts is possible in both water™® and organic
solvents.** Recognition of hydrocarbons®® and steroids®® viathe
hydrophobic effect has also been reported. As well as binding
hydrophobic species, molecules such as Rebek’ s tetracarboxylate
cavitand 1 (Figure 1) have shown the ability to be incorporated
in lipid micelles The host:guest properties of these small
micellar aggregates were studied by 1D NMR and diffusion
NMR techniques, indicating that the molecules were able to
bind suitable guests in the presence of lipids above the critical
micelle concentration, abeit with reduced affinities with respect
to those in pure water. Analysis of the composition of the
micelles was not performed, nor were studies carried out on
larger aggregates such as vesicles or membrane bilayers. In order
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to apply this proof of principle to more biorelevant settings,
analysis of the host properties in bilayers and vesicles is
required. NMR analysis of the micellar properties provides some
information, but *H NMR spectroscopy is poorly suited for
analysis of membrane bilayers due to the substantial signal
broadening observed. A different sensing technique is therefore
required.

Supported lipid bilayers are an excellent mimic of natural
membranes, as they maintain similar fluidity properties*® and
substrate mobility. These membrane mimics have been suc-
cessfully used for the study of a variety of biological phenom-
ena.’® The predominant technique for characterizing activities
on the membrane has been fluorescence microscopy, while in
recent years label-free methods such as surface plasmon
resonance have gained considerable application due to simple
experimental procedure and real-time measurement capability.®
Proper functionalization of the gold substrates by hydrophilic
polymers in SPR is required in order to fabricate quality
membrane mimics. Recently an improved approach using a
calcinated nanoglassified gold surface has come forward and
allowed direct assembly of the supported membranes at the
sensing interface,?* allowing the real-time detection of binding
events in a supported membrane bilayer. The binding properties
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of proteins such as lectins® and bacterial toxins?® have been
extensively assessed with the calcinated gold chips.

Synthetic host molecules, such as calixarenes, shallow
cavitands, and cyclodextrins, have been directly attached to
surfaces for sensing applications.>* They have been tested for
detection of a range of small molecules, including gas vapors,
polycyclic aromatic hydrocarbons via surface-enhanced Raman
spectroscopy (SERS),?® and adrenaline/catecholamine via elec-
trochemistry.? The results show satisfactory sensitivity, however
detection of small molecules by SPR can be challenging to
implement, as low molecular weight compounds are insuf-
ficiently large to generate a measurable refractive index change.
SPR sensing of small molecule interactions in a supported
bilayer poses an even greater challenge, as the recognition event
is displaced from the surface. In addition, the binding constants
obtainable by synthetic receptors are generally on the order of
millimolar (with some notable exceptions®), rather than the
micro- and nanomolar binding affinities displayed by proteins.
Binding properties of lectins that show millimolar binding
affinities are detectable,?® but any receptor incorporated in the
membrane must display at least millimolar affinity for substrate
in order for accurate analysis to be possible.

In this work, small molecule interactions with cavitand
incorporated supported bilayer lipid membrane are investigated
by SPR spectroscopy. The use of calcinated surface offers an
enhanced mode of SPR detection, alowing study of the
interactions of cavitands such as 1 with a series of choline
derivatives in a near-native cell membrane mimic. The binding
events are exploited to understand the interactions between polar
guests and the water-soluble host in biomimetic media, while
the employment of biotin-tagged guests aims to further explore
the protein binding properties at the membrane surface via a
host:guest handle.

Experimental Section

1H spectra were recorded on a Varian Inova 400 spectrometer.
Proton (*H) chemical shifts are reported in parts per million ()
with respect to tetramethylsilane (TMS, 6 = 0) and referenced
internally with respect to the protio solvent impurity. Deuterated
NMR solvents were obtained from Cambridge | sotope Laboratories,
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Inc., Andover, MA, and used without further purification. 1-Palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine was purchased from
Avanti Polar Lipids. All other materials were obtained from Aldrich
Chemical Co., St. Louis, MO and were used as received. Solvents
were dried through a commercial solvent purification system (SG
Water, Inc.). Cavitands 1—3 were synthesized according to literature
procedures, 314
2-(Thiour eidonaphthalene)ethyltrimethylammonium Chloride
5. 2-Naphthy! isothiocyanate (19 mg, 0.10 mmol) was added to a
solution of 2-aminoethyltrimethylammonium chloride (18 mg, 0.10
mmol) and Et;N (10 «L) in DM SO (0.6 mL). After stirring for 1 h
at 70 °C, the solution was added to acetone (5 mL) and hexane (5
mL). The aily residue was separated by centrifugation and then
added to 10% aqueous NaOH solution (1.5 mL) and washed with
ethyl acetate (5 mL x 2). After neutralizing with 10% HCI solution,
the solvent was removed in vacuo to furnish product 5 (15 mg,
46%): 'H NMR (400 MHz, DMSO-ds) ¢ 11.93 (s, 1H), 10.40 (s,
1H), 8.20 (s, 2H), 7.80 (dd, J = 8.6 Hz, 17.7, 7H), 7.69 (dd, J =
2.1 Hz, 8.8, 2H), 7.42 (dt, J = 7.5 Hz, 15.9 Hz, 4H), 3.56 (t, J =
6.3 Hz, 4H), 3.31 (t, J = 6.9 Hz, 4H), 3.17 (s, 9H); *C NMR (100
MHz, DMSO-ds) 6 182.27, 139.00, 134.09, 131.32, 128.47, 128.17,
127.11, 125.66, 124.32, 119.38, 105.16, 64.80, 53.68, 38.52. HRMS
(ES') m/z calcd for CisH2N3S (M+) 288.1529, found 288.1537.
2-(Thioureidofluor escein)ethyltrimethylammonium Chloride 6.
Fluorescein isothiocyanate (39 mg, 0.10 mmol) was added to a
solution of 2-aminoethyltrimethylammonium chloride (17 mg, 0.10
mmol) and K,CO;3 (28 mg, 0.20 mmol) in water (1.5 mL). After
stirring for 18 h at room temperature, the solution was filtered and
the filtrand was added to acetone (5 mL). The precipitate was
separated by centrifugation and washed with acetone (3 mL) twice,
providing the desired compound 6 as ared solid (18 mg, 34%): *H
NMR (400 MHz, D;0) ¢ 7.70 (d, J = 2.1 Hz, 1H), 7.50 (dd, J =
2.2 Hz, 8.2 Hz, 1H), 7.21 (m, 3H), 6.68—6.60 (m, 4H), 4.13 (t, J
= 6.6 Hz, 2H), 3.63 (t, J = 6.8 Hz, 2H), 3.25 (s, 10H); 3C NMR
(100 MHz, D;0) 6 180.79, 174.09, 157.75, 148.99, 143.98, 141.19,
131.49, 130.03, 126.16, 124.86, 123.02, 112.52, 103.77, 63.91,
53.54, 38.73; HRMS (ESI) mVz calcd for CyHN3OsS (M)
492.1588, found 492.1587.
2-(Biotinamidyl)ethyltrimethylammonium Chloride 7. I sobu-
tyl chloroformate (16 uL) was added to a solution of biotin (25
mg) in DMF (0.6 mL) containing tri-N-butylamine (32 uL). After
10 min at room temperature, the mixture was added to a solution
of 2-aminoethyltrimethylammonium chloride (18 mg, 0.10 mmol)
in DMF/water (1:1). After stirring at room temperature overnight,
the mixture was added to 10% NaOH solution (1.5 mL) and washed
with ethyl acetate (5 mL x 2). After neutralizing with 10% HCI
solution, the solvent was removed in vacuo to furnish product 7
(18 mg, 49%): *H NMR (400 MHz, D,0) ¢ 4.66 (dd, J = 4.7 Hz,
7.8, 1H), 4.47 (dd, J = 4.5 Hz, 7.9, 1H), 3.74 (t, J = 6.3 Hz, 2H),
354 (t, J= 6.7 Hz, 2H), 3.44—3.34 (m, 1H), 3.23 (s, 9H), 3.05 (q,
J=51Hz 1H), 2.83 (d, J = 13.1 Hz, 1H), 2.35 (t, J = 7.3 Hz,
2H), 1.84—1.56 (m, 4H), 1.52—1.38 (m, 2H); *C NMR (100 MHz,
D,0) 6 177.54, 165.52, 64.34, 62.26, 60.42, 55.52, 53.50, 39.84,
35.41, 33.59, 28.07, 27.81, 24.97; HRMS (ESI) m/z calcd for
Ci5H20N,0,S (M) 329.2006, found 329.2007.
2-(Biotinamidylcaproyl)ethyltrimethylammonium Chloride
8. Isobutyl chloroformate (9 uL) was added to a solution of
biotinylaminohexanoic acid® (18 mg) in DMF (0.6 mL) containing
tri-N-butylamine (30 uL). After 10 min at room temperature, the
mixture was added to a solution of 2-aminoethyltrimethylammo-
nium chloride (9 mg, 0.05 mmol) in DMF/water (1:1). After stirring
at room temperature overnight, the mixture was added to 10%
NaOH solution (1.5 mL) and washed with ethyl acetate (5 mL x
2). After neutralizing with 10% HCI solution, the solvent was
removed in vacuo to furnish product 8 (20 mg, 83%): *H NMR
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(400 MHz, D,O) 6 4.64 (dd, J = 5.0, 8.0, 1H), 4.46 (dd, J = 4.5,
7.9, 1H), 3.72 (t, 3 = 6.7, 2H), 3.51 (t, J = 6.7, 2H), 3.44—3.33
(m, 1H), 3.21 (s, 9H), 3.03 (g, J = 5.0 Hz, 1H), 2.82 (d, J = 13.1
Hz, 1H), 2.35—2.24 (m, 4H), 1.82—1.50 (m, 8H), 1.48—1.40 (m,
2H), 1.39-1.30 (m, 2H); *C NMR (100 MHz, D;0) ¢ 177.52,
176.79, 165.50, 64.32, 62.24, 60.41, 55.52, 53.50, 39.87, 39.19,
35.63, 33.60, 28.16, 27.98, 27.83, 25.76, 25.35, 24.88, 23.37; HRMS
(ES') m/z calcd for Cy1H4oN505S (M+) 442.2846, found 442.2845.

Calcinated Chip Preparation. Gold substrates were fabricated
with a2 nm thick chromium adhesion layer, followed by deposition
of a 46 nm thick gold layer via e-beam evaporation onto cleaned
glass slides. The nanoglassified layers were constructed on the
surface based on a previous layer-by-layer protocol.*° Clean gold
substrates were immersed in 10 mM 3-mercaptopropionic acid
(MPA) ethanol solution overnight to form a self-assembled mono-
layer. After extensive rinsing with ethanol and nanopure water and
drying with nitrogen gas, modified gold substrates were alternately
dipped into sodium silicate solution (22 mg/mL, adjusted to pH
9.5) and poly(allylamine hydrochloride) solution (1 mg/mL, adjusted
to pH 8.0) for 1 min to form alayer by layer assembly structure,
with sufficient nanopure water rinsing between layers. This dipping
process was repeated eight times to build up a multilayered chip,
followed by calcination in afurnace by heating to 450 °C at arate
of 17 °C per min and subsequent cooling to room temperature 4 h
later.

Vesicle Preparation. PC lipid stock solution was transferred to
asmall vial and the organic solvent was purged from the vial with
N, to form a dry lipid film on the via wall, which was then
rehydrated with 20 mM phosphate buffered saline (150 mM NaCl,
pH 7.40) to a lipid concentration of 1 mg/mL. The resuspended
lipids were probe sonicated for 20 min, followed by centrifugation
at 8000 rpm for 6 min to remove any titanium particles released
from the probe tip. The supernatant was then extruded with 11
passes through a polycarbonate membrane of pore size 100 nm to
ensure formation of small unilamellar vesicles. The solution was
then incubated at 4 °C for at least 1 h before use.

Fabrication of Cavitand 1 Receptor Layer and Guest
Binding M easur ement. The fabrication of cavitand 1—membrane
complex and subsequent guest binding was monitored through
surface plasmon resonance (SPR) spectrometry and fluorescence
microscopy. The shift of SPR minimum angle characterized surface
thickness and surface refractive index change, demonstrating
adsorption or binding on the surface. The calcinated gold substrate
was first rinsed with ethanol and nanopure water and after drying
under a gentle stream of N, gas was then clamped down by a flow
cell on a high-refractive index prism for SPR measurement. PC
vesicles (1 mg/mL) in 20 mM phosphate buffered saline (150 mM
NaCl, pH 7.40) were injected through a flow-injection system and
incubated for 1 h to alow vesicle fusion on the hydrophilic
calcinated gold surface, forming a smooth bilayer membrane. After
10 min of rinsing to remove excess vesicle from the surface, 2
mg/mL cavitand 1 in 10% DMSO solution was subsequently
injected and incubated for 20 min. The surface was extensively
rinsed with nanopure water, followed by incubation with 2 mM
aqueous solution of guest 4—8 for varied times. Control experiments
were performed under identical conditions in the absence of cavitand
1

For fluorescein guest 6, fluorescence microscopy experiments
were also performed on the same chip setup. After sufficient rinsing
with nanopure water, fluorescence microscopy was carried out on
aZeiss LSM 510 confocal laser scanning microscope with 488 nm
argon laser excitation and a CCD camera. For comparison, an
agueous solution of guest 6 was injected onto the PC membrane
surface as before, in the absence of cavitand 1.

Surface Coverage Calculations. The surface coverage of
adsorbates on a membrane bilayer can be estimated via Jung's

(30) Linman, M. J.; Culver, S. P.; Cheng, Q. Langmuir 2009, 25, 3075~
3082.
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formula (eq 1) when the membrane between adsorbate and metal
surface is very thin compared to plasmon decay length.3* Cavitand
1 surface coverage (in units of molecules’cm?) can be estimated
by the SPR signa increase

6 = NIy/2[Rim(n, — 7J)] )

where N is the bulk number density of the adsorbate, 14 is roughly
estimated as 0.37 of the light wavelength (670 nm here), Ris SPR
response (in the unit of degrees) via binding, m is a instrument
constant (determined experimentally by calibrating the measured
sensor response to changes in refractive index), 1, is the refractive
index of adsorbed molecule, and 7 is the refractive index of bulk
solution (1.33 for water). |4 is much larger than the thickness of
bilay(ae{ lipid membrane (~5 nm), alowing correct application of

1

To calculate the surface coverage of cavitand 1, the bulk
refractive index of cavitand 1 was estimated as 1.6013 and bulk
density was estimated as 1.1254 g/cm®.*? From the SPR signal
increase upon cavitand 1 binding (0.20 £+ 0.02 degree), 0 was
determined to be 8.02 £ 0.93 x 10" molecules/cm?. NeutrAvidin
binding to the 17 complex caused a signal increase of 0.25° +
0.05°. Crystalline protein refractive index (1.60) was used as bulk
refractive index,>* and 1.43 g/cm® as bulk density;*® thus, the 6 of
NeutrAvidin was determined to be 2.94 4 0.62 x 10% molecules/
cm?,

Kinetic Analysis. Saturation binding mode (eq 2)2° was applied
here to determine the equilibrium dissociation constant (Kp) value
for the interaction between cavitand 1 and guest 6. Increasing
concentrations of guest 6 (0.5—5 mM) were injected over the
cavitand 1:membrane complex, and the minimum angle shift was
recorded

AB, = AB,,{1/(1 + Ky/[A])} o)

where ABg is the average of the response signal at equilibrium
and ABpa is the maximum response that can be obtained for guest
6 binding and [A] is the concentration of guest 6 injection. ABma/
ABg was plotted against 1/[A], and the slope is equal to the Kp
value (3.54 & 0.92 mM). Ka, the equilibrium association constant
(282 + 73 M™1), can be determined as the reciprocal value of Kp.
This process was used to determine Kp/K, for guests 6—8 and
NeutrAvidin.

In transient SPR response mode,* the initial rate kinetic method
was employed to extract association constant (Kassc), dissociation
constant (kgiss), and Kp value for the interaction between cavitand
1 and guest 6. At t = 0, the equation for initia rate anaysisis

dAB/dt = AB,[AlK ®)

By plotting the initial rate against [A], Kasc Was calculated as
289.76 M~ min~2. kg can be determined from the dissociation
curve of SPR sensorgram

AB, = (AB, — AB.)[exp(—kgsl)] + AB.. 4

where AB, istheinitial response at the beginning of the dissociation
curve and AB.. is the final response once completely dissociated.
Given that the kgss Value is 1.304 min~2, Kp is thus determined to
be 3.54 mM via Kp = Kgjis/Kassoc-

Results and Discussion

Three cavitands were initialy tested for their associative
properties with the membrane bilayer: water-soluble tetracar-

(31) Jung, L. S,; Campbell, C. T.; Chinowsky, T. M.; Mar, M. N.; Yee,
S. S. Langmuir 1998, 14, 5636-5648.

(32) Lide, D. R., Ed. Handbook of Chemistry Physics, 71st ed.; CRC Press:
Boston, 1990.

(33) Connally, M. L. J. Mol. Graph. 1993, 11, 139-141.

(34) Edwards, P. R.; Leatherbarrow, R. J. Anal. Biochem. 1997, 246, 1-6.
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Scheme 1. A Cartoon Representation of Guests Binding to
Cavitand 1 Incorporated in a PC Bilayer Membrane
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boxylate cavitand 1 and its more lipophilic counterparts 2 and
3. The synthesis of 1—3 and their binding properties in both
water and organic solvents have been previously reported. 31435
Cavitand 1 is soluble in water at millimolar concentrations,
whereas lipophilic cavitands 2 and 3 are only sparingly soluble
in pure water but can be incorporated into micelles in the
presence of added lipid.*™ All three hosts show millimolar
affinity for choline and related trimethylammonium salts due
to favorable cation—a interactions between the aromatic cav-
itand walls and the guest. In water, choline has a binding affinity
for 1 of 2.6 x 10* M™%, although the K, was lessened in an
SDS micelle.™® A significant advantage of cavitands as hosts
is their open-ended character; long guests can extend out of
the cavity, presenting large functional groups into the bulk
solvent. This allows a variety of guest derivatives to be tested.

The experiment is illustrated in Scheme 1. The membrane
was deposited on a nanoglassified gold chip in a flow-cell (see
the Experimental Section).?? The membrane was fabricated by
theinjection of preformed L-a. phosphatidylcholine (PC) vesicles
that fuse readily on this chip. Cavitands 1—3 were subsequently
injected into the system in a 10% DMSO:H,O solution (to
maximize solubility) followed by arinsing stage to remove all
DM SO and unincorporated cavitand from the flow cell. Finally,
a suitable guest (Figure 1c) was introduced to the system by
injection, followed by copious rinsing to remove the unincor-
porated excess. PC was chosen as the constituent lipid to
minimize the host:guest binding of the lipid inside the cavitand.
The two akyl chainsin PC (oleoyl and palmitoyl) cannot both
fit inside the cavity (as has been observed with SDS?), and
the phosphate anion in the phosphocholine group minimizes
binding at that terminus via a repulsive interaction with the
carboxylates at the cavitand rim.*°

The effect of addition of cavitand 1 to the membrane bilayer
is shown by the SPR sensorgram in Figure 2. The change in
resonance angle upon addition indicates the binding of cavitand
1 to the PC membrane. The cavitand remains bound to the
membrane bilayer even after extensive rinsing, and the angular
shift indicates a surface coverage of 8.02 + 0.93 x 10%
molecules/cm? (see Experimental Section). The incorporation
of cavitands 2 and 3 in the PC membrane was also observed,
but with a substantially lower change in SPR signal and, thus,
surface coverage. We attribute this to their poor solubility in
water and limited exposure to the membrane in the flow cell
setting. All subsequent analyses were performed using water-
soluble cavitand 1.

(35) Far, A. R.; Shivanyuk, A.; Rebek, J., J. J. Am. Chem. Soc. 2002,
124, 2854-2855.
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Figure 2. SPR sensorgrams for guest 6 interaction with PC bilayer
membrane in the presence (left) and absence (right) of cavitand 1.

The sensorgram does not, however, give any indication of
the orientation of cavitand 1 in the membrane. To determine
whether its binding properties remained intact, the cavitand:
membrane system was exposed to the guest molecules shown
in Figure 1c. To minimize nonspecific interaction between the
guest and the membrane bilayer, commercially available long
chain akyltrimethylammonium salts were avoided. The guests
used in this study were synthesized by the coupling of
2-(trimethylammonium)ethylamine chloride with either the
isothiocyanate (5, 6) or acid chloride (7, 8) of the corresponding
headgroup (Figure 1c). All showed good water solubility (=20
mM) and were analyzed by 'H NMR spectroscopy before
injection.

Upon addition of choline 4, no change in resonance angle
was observed. This is not entirely unexpected, as molecular
modeling (Figure 1b) indicates that choline is completely
surrounded by the cavity upon binding and does not protrude
into the solvent above the membrane. The small change in the
membrane composition upon small guest binding would be
difficult to detect, however, so host:guest affinity cannot be ruled
out. Upon addition of larger guests 5—8 to the system, a small,
reproducible change in resonance angle was observed, indicating
guest binding and concomitant change in refractive index of
the membrane. The SPR response to guest binding was
dependent on the molecular weight of the substrate. SPR signal
response increased with increasing guest molecular weight and
a corresponding increase in perturbation of the environment at
the membrane—water interface. The change in resonance angle
for the three largest guests 6—8 was large enough to alow
reasonably accurate calculation of Kp/Ka values, although this
was not possible for smaller guests 4 and 5.

The values of equilibrium dissociation constant (Kp) and
binding affinity (Ka) for the host:guest interactions between
guests 6—8 and cavitand 1 were determined from SPR sensor-
grams via saturation binding mode (see Experimental Section).
Guest 6 showed millimolar binding affinity (Kp = 3.54 4= 0.92
mM, Ky = 282 & 73 M™Y). Thisvalueis 2 orders of magnitude
smaller than that observed for substituted trimethylammonium
sats in pure water but is consistent with the binding affinity
observed under physiological conditions (phosphate buffer, as
used in these experiments).** For comparison, the transient SPR
response method was a so used to determine the binding constant
to the cavitand:membrane complex. The Kp value (4.55 mM)
agrees well with the number derived from equilibrium binding
analysis. A stronger affinity was determined for biotin-derived
guests 7 ([Kp (7¢1) = 1.87 + 0.24 mM, K, = 535 + 68 MY
and 8 ([Kp (8°1) = 1.95 & 0.61 mM, Kn = 513 & 160 M~ 1].
These binding affinities show that the cavitand retains most of
its host abilities while incorporated in the membrane. Further-
more, control experiments in the absence of cavitand 1 show
no SPR response from addition of any of the guests 4—8 to the
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Table 1. Binding Properties of Guest Molecules 4—8 in the PCe1
Complex

guest M, KyM~1 Ko/mM
4 104.2 N/A N/A
5 288.5 N/A N/A
6 492.6 282+ 73 3.54 4+ 0.92
7 329.2 535+ 68 1.87+0.24
8 442.3 513 + 160 1.95+ 0.61

supported membrane. This indicates that there is no nonspecific
incorporation of the targets in the membrane even in the case
of mildly lipophilic naphthalene guest 5.

It should be noted that although the changes in resonance
angle observed upon guest binding are small, the measurements
are reproducible. Further evidence for guest incorporation was
obtained by fluorescence microscopy. Construction of the
membrane:cavitand 1:guest 6 complex was performed as before,
and the chip visualized under a confocal microscope. The
fluorescence microscopic images are shown in Figure 3. After
extensive rinsing, the boundary of the flow cell with 6 was
clearly visible, demonstrating fluorescence signal from the guest
6ecavitand 1 complex incorporated in the membrane bilayer.
The host:guest system was strong enough to retain the substrate
in the membrane for a period of many minutes under rinse
conditions. In the absence of cavitand, little fluorescence was
observed under the same excitation condition, providing further
evidence that there was little nonspecific adsorption of 6 on
the membrane.

Theresult dso illustrates the advantage of the choline-based
guest system. Nonspecific interaction between organic molecules
and membrane bilayers is a significant problem when creating
shape-based receptors for membranes. Hydrophobic substrates
would be susceptible to incorporation in the membrane itself,
but that is not observed in this case; negligible binding of the
guests 4—8 can be observed in the absence of cavitand by either
fluorescence (if applicable) or SPR.

These results show that cavitand 1 is able to noncovaently
bind a variety of trimethylammonium-tagged species while
incorporated in the supported membrane bilayer. The open-
ended nature of the cavitand allows a wide scope of guest size;
the trimethylammonium group is bound in the cavity, and the
unencapsulated portion of the guest is displayed above the
membrane surface. This suggests that a guest that contains a
recognition element itself should be able to recognize its target
while bound to the membrane:cavitand complex. Compounds
7 and 8 were used for this purpose. Both guests display abiotin
group above the membrane surface, differing only in the space
between the biotin recognition motif and cavitand/membrane
complex.

Figure 3. Fluorescence microscopic images of the calcinated chip
containing (a) PC bilayer, cavitand 1, and guest 6 and (b) PC bilayer and
guest 6 aone (control).
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Scheme 2. A Cartoon Representation of NeutrAvidin Binding to the
Complex of Cavitand 1 and Guests 7 or 8 Incorporated in a PC
Bilayer Membrane

Flow Cell

| x r
neutravidin 4 neutravidin:

it S
RARAH ot

—
glass slide Aulayer

Upon addition of NeutrAvidin to the preformed membrane:
cavitand 1:guest 7 complex, a significant change in resonance
angle (AR = 0.20° + 0.02°) was observed, indicating that the
complex is capable of displaying the biotin tag above the
membrane while retaining its affinity for a suitable protein. As
would be expected due to its much greater size and charge,
NeutrAvidin displays a significantly larger AR upon binding
than observed for the binding of guests 5—8. Both biotin-derived
guests 7 and 8 displayed affinity for NeutrAvidin (the SPR
sensorgrams for guest 7 are shown in Figure 4, and those for
guest 8 are shown in the Supporting Information). The sequentia
binding of cavitand, guest, and NeutrAvidin are all observable.
Addition of NeutrAvidin to the membrane:cavitand 1:guest 8
complex caused a much larger change in resonance angle (AR
= 0.42° 4+ 0.06°).

Control experiments were performed by substituting biotin
itself for guests 7/8 (Figure 4b) and the addition of guests 7/8
to the membrane followed by NeutrAvidin in the absence of
cavitand 1. All controls were performed with the same
concentration of guests. The sensorgram in Figure 4b displays
no increase in resonance angle upon addition of biotin or
NeutrAvidin, indicating minimal nonspecific interactions of the
protein or biotin with the cavitand or the membrane itself. In
the absence of cavitand 1 (Figure 4c), neither guest 7 nor
NeutrAvidin show significant incorporation in the membrane.
The presence of both cavitand 1 and the trimethylammonium
binding handle are required to attach the protein to the surface;
afour-component binding event is seen, with only noncovalent
interactions binding the cavitand, guest, and NeutrAvidin to the
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Figure 4. SPR sensorgrams for NeutrAvidin interaction with a supported
PC membrane containing (a) cavitand:guest complex 1+7, (b) cavitand 1
and biotin control, and (c) derivatized biotin guest 7 in the absence of
cavitand.
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supported membrane bilayer. The binding affinities are strong
enough to hold the four-component complex together during
the final washing phase.

The NeutrAvidin surface coverage was caculated by SPR
response as before. When immobilized by the cavitand 1eguest
7 complex, NeutrAvidin surface coverage was estimated to be
2.94 4+ 0.62 x 10% molecules/c?, [cf. € (cavitand 1) = 8.02
+ 0.93 x 10* molecules/cm?]. The cavitand:NeutrAvidin ratio
is 27.3:1, which is to be expected due to the vast differencein
sizes between cavitand 1 (MW = 1377 Da) and NeutrAvidin
(MW = 60 kDa). The millimolar binding affinity of guest 7
will also contribute to this difference, as not all host molecules
will be occupied.

Although there was minimal change in the binding affinity
for guests 7 and 8 in cavitand 1, asignificant differencein SPR
response was detected upon NeutrAvidin binding. The surface
coverage of NeutrAvidin when bound to the PCeleguest 8
complex is4.94 + 0.71 x 10" molecules/cm?, which is 2-fold
greater than that observed for the shorter guest 7. This is most
likely due to reduced steric interactions between the protein and
the membrane bilayer when the longer guest 8 is used as the
recognition motif.

In addition to the surface coverage experiments, the binding
affinity of NeutrAvidin for the cavitandeguest complex could
be measured. Thisis unusual, as the biotin:NeutrAvidin binding
affinity is ~10' M, far too high for analysis by SPR. In this
case, the saturation binding mode gave the biotin:NeutrAvidin
binding constant of 3.64 x 10° M~ This lowered binding
affinity is most likely not due to the biotin:NeutrAvidin
interaction but the interaction between NeutrAvidine8 complex
and the membrane:cavitand complex; the “weakest link” is the
cavitand:trimethylammonium interaction, and some of the guest
may be pulled out of the cavitand upon NeutrAvidin coordina-
tion. Given that the binding affinity is at least partially driven
by the hydrophobic effect,® it is unsurprising that the affinity
decreases upon conversion of the small 8 to the large, extremely
hydrophilic NeutrAvidine8 complex. The binding affinity was
determined by regression analysis, and the best fit was obtained
by assuming a 1:1 biotin:avidin binding motif. It is possible
that multivalent binding between NeutrAvidin and the 1.8
complex can occur, but our binding data suggests this is not
dominant in this case, most probably due to the low density of
18 in the membrane.

Figure 5 shows an illustration of the relative sizes of the
cavitand, guest, and lipid bilayer (as determined by molecular
modeling; SPARTAN, AM1 force field). The cavitand is
relatively small, with a vertical height of approximately 13 A.
When compared to the POPC length (~26 A), it becomes clear
that the cavitand is most likely positioned toward the top of the
lipid bilayer, incorporated in the first layer such that the
negatively charged carboxylates are in proximity with the
aqueous exterior, and the hydrophobic cavitand body is incor-
porated among the lipid hydrocarbon chains. This alows the
host to present suitable guests to the exterior milieu.

The binding abilities of the membrane:cavitand:trimethylam-
monium complexes are quite remarkable: in the presence of

(36) Hooley, R. J; Biros, S. M.; Rebek, J., J. Angew. Chem,, Int. Ed.
2006, 45, 3517-3519.

(37) (@) Jung, H.; Robison, A. D.; Cremer, P. S. J. Sruct. Biol. 2009, 168,
90-94. (b) Yang, T.; Baryshnikova, O. K.; Mao, H.; Holden, M. A_;
Cremer, P. S. J. Am. Chem. Soc. 2003, 125, 4779-4784. (c) Pérez-
Luna, V. H.; O'Brien, M. J.; Opperman, K. A.; Hampton, P. D.; Lopez,
G. P; Klumb, L. A.; Stayton, P. S. J. Am. Chem. Soc. 1999, 121,
6469-6478.
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Figure 5. lllustration of the relative sizes of the cavitand 1eguest 6 complex
and POPC lipids (host:guest complex minimized by SPARTAN, AM1 force
field).

lipids that can act as competitive substrates, in buffered solution
that lowers substrate affinity, and despite shear forces from the
flow cell, ahost the diameter of only two POPC lipid molecules
is able to immobilize a 60 kDa protein. This protein is held in
place solely by cation—s interactions between eight aromatic
rings and a single trimethylammonium cation. Cation—x
interactions are a vital component of protein:substrate recogni-
tion events,®® but this shows their potential as the “mortar”
holding together quaternary nanoscale constructs.

Conclusions

In this work, we have shown that a deep water-soluble
cavitand can be incorporated in a membrane bilayer attached
to a nanoglassified surface, while still retaining its host
properties. The open-ended nature of the cavitand allows binding
of a variety of guest sizes; the trimethylammonium binding
“handle” is incorporated inside the cavity while the rest of the
molecule is displayed above the cavity in the agueous phase.
Competitive binding from the membrane lipids is minimal, and
association constants on the order of 10° M~ are observed with
avariety of trimethylammonium-derived substrates. The binding
events can be observed in real-time by SPR spectroscopy and
the binding of fluorescent derivatives observed by fluorescence
microscopy. No nonspecific binding of the guest molecules in
the membrane itself can be observed in the absence of cavitand;
the host can selectively recognize its targets in a biorelevant
setting. The membrane:cavitand:guest complexes can subse-
quently be used to sense proteins at the membrane surface. By
the use of a suitable biotin-derived guest molecule, the biotin
motif is displayed above the membrane bilayer and is able to
immobilize NeutrAvidin at the surface, a process detectable by
SPR. The surface coverage is dependent on the spacer used to
derivatize the biotin: an increased distance from the bilayer
allows a higher concentration of protein to be immobilized.

These binding studies showcase the potential of this system
as ahost for larger, more hydrophilic aggregates; the trimethy-
lammonium:cavitand interaction is not just a product of the
hydrophobic effect, so it is tolerant of the binding of highly
hydrophilic species such as proteins. Lipid/steroid “anchors”
can be rendered useless if the external group is too hydrophilic

(38) Ma, J C.; Dougherty, D. A. Chem. Rev. 1997, 97, 1303-1324.
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(as has been observed for lipophilic oligonucleotides™); exploit-
ing nonhydrophobic interactions to anchor species in a mem-
brane can allow a far greater range of target species. Further
studies on the properties of membrane-bound hosts are underway.

(39) (8 Bunge, A.; Kurz, A.; Windeck, A.-K.; Korte, T.; Flasche, W.;
Liebscher, J.; Herrmann, A.; Huster, D. Langmuir 2007, 23, 4455—
4464. (b) Jakobsen, U.; Simonsen, A. C.; Vogel, S. J. Am. Chem.
Soc. 2008, 130, 10462—-1046.
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