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Cryptophane nanoscale assemblies expand '**Xe NMR bio-
sensing

Serge D. Zemerov, Benjamin W. Roose, Mara L. Greenberg,” Yanfei Wang,* and Ivan J. Dmochowski*

Department of Chemistry, University of Pennsylvania, 231 S 34™ St., Philadelphia, PA 19104

ABSTRACT: Cryptophane-based biosensors are promising agents for the ultrasensitive detection of biomedically relevant targets
via '"*Xe NMR. Dynamic light scattering revealed that cryptophanes form water-soluble aggregates of tens-to-hundreds of nanome-
ters in size. Acridine orange fluorescence quenching assays allowed quantitation of aggregation state, with critical concentration
ranging from 200 to 600 nM, depending on the cryptophane species in solution. Addition of excess carbonic anhydrase (CA) pro-
tein target to a benzenesulfonamide-functionalized cryptophane biosensor (C8B) led to C8B disaggregation and produced the ex-
pected 1:1 C8B-CA complex. C8B showed higher affinity at 298 K for the cytoplasmic isozyme CAII than the extracellular CAXII
isozyme, a biomarker of cancer. Using hyper-CEST NMR, we explored the role of stoichiometry in detecting these two isozymes.
At CA-saturating conditions, we observed that isozyme CAII produces a larger '*’Xe NMR chemical shift change (6= 5.9 ppm,
relative to free biosensor) than CAXII (6= 2.7 ppm), which indicates the strong potential for isozyme-specific detection. However,
stoichiometry-dependent chemical shift data indicated that biosensor disaggregation contributes to the observed '*Xe NMR chemi-
cal shift change that is normally assigned to biosensor-target binding. Finally, we determined that monomeric cryptophane solutions
improve hyper-CEST saturation contrast, which enables ultrasensitive detection of biosensor-protein complexes. These insights into
cryptophane-solution behavior support further development of xenon biosensors, but will require reinterpretation of the data previ-

ously obtained for many water-soluble cryptophanes.

Molecules that self-assemble and exist in equilibrium with
aggregates in solution are prominent in the literature, includ-
ing complex salts, branched polymers, amyloid peptides,
polymethine dyes, porphyrins, pi-conjugated macrocycles,
fullerenes, and other large hydrophobic molecules.'’ Their
supramolecular architectures remain challenging to design but
are generally tuned by varying molecular concentration and
amphiphilic character, solvent composition, and surfactant
additives. Such aggregates have emergent properties for uses
in drug delivery, sensing, and imaging. For example, a library
of cyclodextrin derivatives™” allowed encapsulation of the
antimicrobial agent metronidazole'® and the breast cancer drug
tamoxifen.'' Additionally, various organic compounds and
biomolecules exhibit intense fluorescence in their aggregated
state.'”"” This aggregation-induced emission (AIE) has recent-
ly been used to identify cancer cells using a ratiometric fluo-
rescent probe.'® For many other molecules, however, spectro-
scopic signatures of aggregation are subtle, and may go unde-
tected. We recently discovered water-soluble aggregates of
cryptophanes, which are prototypal organic host molecules
amenable to investigation by '*’Xe NMR spectroscopy (Figure
1). The characterization of cryptophane aggregation phenome-
na informs the use of such molecules for sensing applications,
and further highlights the potential to form soluble aggregates
with many drug-like molecules.

First synthesized in 1985 via the linkage of two cyclotriben-
zylene units by three ethylene linkers to give cryptophane-A,19
many cryptophanes have since been generated by modifying
the internal volume of the cage and the substituents attached to
the aromatic rings.”’ Importantly, it was established in 1998
that cryptophane-A binds xenon with good affinity (K, = 3000
M in C,D,Cl, at 278 K) and an exchange rate that is suffi-

ciently slow to obtain well-resolved signals via '*’Xe NMR.”'
This has motivated the investigation of cryptophanes as con-
trast agents for hyperpolarized (hp) '*’Xe magnetic resonance
spectroscopy (MRS) and imaging (MRI) modalities, which
have been shown to complement 'H MRI for human lung and
brain imaging.” > The *Xe isotope is attractive for applica-
tions in biomolecular imaging due to its relatively high natural
abundance of 26.4%, solubility in many organic and aqueous
solvents,”” and large, polarizable electron cloud. Xenon’s po-
larizability imparts affinity for void spaces as well as sensitivi-
ty to its molecular environment, resulting in a nearly 300 ppm
12%e NMR chemical shift window.”® Moreover, hp 129Xe,
readily achieved by the process of spin-exchange optical
pumping, can reach 10*-10° signal enhancement over the
thermally polarized Boltzmann population of nuclear spins.”
These features have been exploited in the design of xenon
biosensors that generate a unique '>’Xe NMR chemical shift or
“turn on” signal’’ > upon association with their target.

In 2001 the first xenon biosensor was developed through bi-
otin-modification of cryptophane-A. Introduction of avidin in
solution produced a ~3 ppm downfield hp '*’Xe NMR chemi-
cal shift.”* This example has led our lab and others to synthe-
size cryptophane-based '*’Xe biosensors that report on pro-
teins,”™' biothiols,* pH,“’44 metal ions,” ™ and DNA” via
direct-detection '*Xe NMR spectroscopy. To increase the
potential for molecular imaging, the substantially more sensi-
tive hyper-CEST NMR technique was developed, which com-
bines hp '“’Xe with chemical exchange saturation transfer
(CEST).”" This technique takes advantage of the exchange of
hp '*’Xe between the cryptophane interior and bulk solvent.
By applying radiofrequency saturation pulses that are selective
to the cryptophane-bound '*Xe population, the cryptophane
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can be indirectly detected by monitoring the subsequent loss
of aqueous '’Xe NMR signal. Ultrasensitive (nM-to-fM) de-
tection of protein gas vesicles,” bacterial spores,” nanoemul-
sion droplets,” and water-soluble small-molecule hosts has
been achieved using the hyper-CEST NMR technique.***’

In order to harness the enhanced detection sensitivity of hy-
per-CEST NMR/MRI, we and others have sought to optimize
the design of cryptophane-based biosensors.”* We previously
synthesized biosensor C8B (Figure 1) and investigated its in-
teraction with target carbonic anhydrase II (CAIl), a cyto-
plasmic CA isozyme important in carbon dioxide transport and
pH regulation in healthy cells.””® A crystal structure of the
C8B-CAII complex confirmed coordination of the benzenesul-
fonamidate ligand to the Zn(II) active site.”’ However, ambig-
uous '”Xe NMR peak assignments®”** compelled us to rein-
vestigate C8B binding to CAII and extend this analysis to the
catalytic domain of CAXII, a membrane-bound CA isozyme
upregulated in many cancers.”’ For comparison, we used the
previously synthesized water-soluble tris(triazole propionic
acid) cryptophane-A derivative (TTPC, Figure 1)* lacking a
benzenesulfonamide CA-targeting moiety.

Many water-soluble cryptophanes and cryptophane-based
xenon biosensors have been characterized using HPLC,
'H/PC/'*Xe NMR spectroscopy, and mass spectrometry to
confirm purity and identity, and have been considered to be
well-solvated, molecular species in aqueous solution. Howev-
er, dynamic light scattering (DLS) and fluorescence assays
revealed that C8B, TTPC, and other water-soluble cryptopha-
nes at low micromolar concentrations are not monomeric mol-
ecules in aqueous solution, as generally assumed, but instead
form water-soluble aggregates that are tens-to-hundreds of
nanometers in size. C8B becomes monomeric upon binding to
target CA protein, consistent with our previous X-ray crystal
structure®’ as well as ITC measurements showing stoichio-
metric C8B-CA binding.”’ Ultrasensitive hyper-CEST '*’Xe
NMR spectroscopy enables investigation of Xe-cryptophane
behavior at concentrations where cryptophane is either mono-
meric (nM) or aggregated (uM). These studies provide new
insight into the solution-phase behavior of cryptophanes and
cryptophane-based biosensors, and offer important considera-
tions for evaluating their xenon-binding and biosensing char-

acteristics.
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Figure 1. Molecular structures of biosensor C8B and water-
soluble cryptophane TTPC. The benzenesulfonamide moiety of
C8B coordinates to Zn*' in the active site of CA.

EXPERIMENTAL SECTION

Synthetic methods. TTPC and C8B were synthesized from
the precursor tripropargyl cryptophane, which was synthesized
as described previously via a 6-step non-linear synthesis. The
spectroscopic data match those reported in the literature.®

Three azidopropionic acid solubilizing groups were appended
to tripropargyl cryptophane via copper(I)-catalyzed [3 + 2]
azide-alkyne cycloaddition to generate TTPC as described
previously. The spectroscopic data match those reported in the
literature.** Two azidopropionic acid solubilizing groups and
one benzenesulfonamide linker were similarly appended to
tripropargyl cryptophane to generate C8B as described previ-
ously. The spectroscopic data match those reported in the lit-
erature.”’ To synthesize TAAC, the propargyl moieties of
tripropargyl cryptophane were first removed to give trihy-
droxy cryptophane, as described previously.” TAAC was then
synthesized from trihydroxy cryptophane in a 2-step synthesis.
The spectroscopic data match those reported in the literature.”
Cryptophane-A was synthesized following previously de-
scribed procedures. The spectroscopic data match those re-
ported in the literature.’

CAII expression and purification. CAIl was expressed
and purified as described previously.*> Briefly, a pCAM plas-
mid containing the full-length human CAII gene (UniProt
accession no. P00918) was transformed into BL21(DE3) com-
petent E. coli cells. Protein expression was induced with 1 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) in the presence
of 1 mM ZnSO,. Cells were lysed in 50 mM sodium phos-
phate (pH 7.4), 0.3 M NaCl, and the soluble fraction was puri-
fied by nickel immobilized-metal affinity chromatography
followed by size-exclusion chromatography. Isothermal titra-
tion calorimetry experiments to characterize C8B-CAII bind-
ing were performed previously.”’

CAXII expression and purification. A pET-20b(+) ex-
pression vector containing the sequence encoding the extracel-
lular catalytic domain of human CAXII (UniProt accession no.
043570) was transformed into BL21(DE3) competent E. coli
cells (New England Biolabs) and grown overnight at 37 °C on
LB-agar culture plates containing 100 pg/mL ampicillin. Sin-
gle colonies of transformed cells were used to inoculate 5 mL
of LB media supplemented with 200 ng/mL ampicillin. The 5
mL starter cultures were incubated overnight at 37 °C with
shaking at 250 rpm. The 5 mL cultures were used to inoculate
6 x 1 L of 2xYT media supplemented with 200 pg/mL ampi-
cillin in baffled culture flasks. The 1 L cell cultures were incu-
bated at 37 °C with shaking at 250 rpm until ODg, reached
~1. Protein expression was induced by adding IPTG to a final
concentration of 1 mM and ZnSO, to a final concentration of 1
mM. The induced cultures were incubated overnight at 25 °C
with shaking at 250 rpm. The cells were pelleted by centrifu-
gation and frozen at -80 °C for long-term storage.

The frozen cell pellet was thawed in 50 mM sodium phos-
phate (pH 7.4), 0.3 M NaCl and stirred at rt until the cell sus-
pension was homogeneous. The cells were lysed with lyso-
zyme (Sigma) and DNAse was added to the lysate to reduce
viscosity. The lysate was clarified and the insoluble fraction
containing CAXII inclusion bodies was washed with 50 mM
sodium phosphate (pH 7.4), 0.3 M NaCl, 2 M urea, 1% (v/v)
Triton X-100, rinsed with 50 mM sodium phosphate (pH 7.4),
0.3 M NaCl, and then resuspended in 50 mM sodium phos-
phate (pH 7.4), 0.3 M NaCl, 8 M urea, 5-20 mM BME. CAXII
was refolded via snap dilution by adding unfolded CAXII
dropwise into rt 50 mM Tris (pH 8.0), 2 mM reduced glutathi-
one, 0.2 mM oxidized glutathione, 5-7 uM ZnSO,, and 10%
(v/v) glycerol with rapid stirring. Refolded CAXII was loaded
onto a 5 mL Q HP anion-exchange column (GE Healthcare)
pre-equilibrated with 50 mM Tris (pH 8.0), 10% (v/v) glycerol
and eluted via a gradient to 50 mM Tris (pH 8.0), 10% (v/v)
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glycerol, 3 M NaCl. The eluted fractions were evaluated by
SDS-PAGE, and fractions containing pure CAXII were
pooled, concentrated, and then loaded onto a HiLoad 16/600
Superdex size-exclusion column (GE Healthcare Life Scienc-
es) pre-equilibrated with 50 mM Tris (pH 8.0), 10% (v/v)
glycerol. Eluted fractions containing pure CAXII were pooled,
and analysis by SDS-PAGE indicated that the protein was
over 95% pure. Protein concentration was determined by
measuring absorbance at 280 nm using the extinction coeffi-
cient (&,50 = 42985 M ¢cm™) calculated by the PROTPARAM
server.

Isothermal titration calorimetry (ITC) with CAXII and
C8B. All ITC experiments were performed in triplicate at 298
K on a GE Healthcare MicroCal™ iTC200 instrument. Lig-
ands were prepared at concentrations of 300-345 uM in 50
mM Tris (pH 8.0), 10% (v/v) glycerol, 3% (v/v) DMSO.
CAXII was diluted to 30 uM in 50 mM Tris (pH 8.0), 10%
(v/v) glycerol) and DMSO was added to match the final com-
position of the ligand solution. Prior to performing ITC, both
the ligand and protein solutions were degassed by brief bath
sonication followed by centrifugation at 13.4k rpm for 5 min.
The sample cell was filled with 300 pL of CAXII solution, and
the reference cell was filled with water. Calorimetric data were
analyzed by performing nonlinear regression fitting to the
binding isotherm using ORIGIN software. The data are shown
in Table S1 and Figure S1.

Dynamic light scattering (DLS). Samples were prepared
as 100 uM cryptophane in pH 7.2 PBS buffer with 0.1%
DMSO. Samples were filtered via 0.22 pm centrifugal filter
units. The temperature was set to 298 K. The number and in-
tensity distributions were analyzed. Measurements were aver-
aged over 3 trials. DLS data were collected on the Zetasizer
Nano Z system, using software from Malvern Instruments Ltd.
v. 2.0.

Determination of cryptophane monomeric to aggregated

transition via fluorescence spectroscopy. This method was
adapted from the literature.” A stock solution of 145.5 pM
acridine orange (Sigma) in pH 7.2 PBS buffer was prepared.
Care was taken to avoid light exposure to solutions containing
acridine orange. Aliquots of 3.4 pL of this solution were added
to 100 pL samples of cryptophane in pH 7.2 PBS buffer with
0.1% DMSO at varying concentrations. The acridine orange
concentration was 4.8 uM for all samples. The acridine or-
ange-cryptophane solution was mixed thoroughly before fluo-
rescence measurements. The excitation wavelength was 436
nm. The PMT voltage was 900 V. Emission at 525 nm was
monitored. Measurements were averaged over 3 trials. Fluo-
rescence measurements were obtained using a Varian Cary
Eclipse Fluorescence Spectrophotometer.

'®Xe NMR hyper-CEST frequency scans. Hyperpolarized
(hp) 'PXe was generated using the spin-exchange optical
pumping (SEOP) method with a home-built '*Xe polarizer
based on the IG1.Xe.2000 commercial model by GE. A Shark
65 W tunable ultra-narrow band diode laser (OptiGrate) set to
795 nm was used for optical pumping of Rb vapor. A gas mix-
ture of 88% helium, 10% nitrogen, and 2% natural abundance
xenon (Linde Group, NJ) was used as the hyperpolarizer input.
'#Xe hyperpolarization level was roughly 10-15%. For each
data point in the hyper-CEST z-spectra, hp '**Xe was bubbled
into a 10-mm NMR tube containing 2.5 mL of sample through
capillaries for 20 s, followed by a 3-s delay to allow bubbles to
collapse. A Dsnob saturation pulse with 690 Hz bandwidth
was used. Pulse length t,;. = 3.80 ms, field strength By ;. =

77 uT, number of pulses ny;. = 400, saturation time T, = 1.52
s. NMR experiments were performed using a Bruker BioDRX
500 MHz NMR spectrometer and a 10-mm PABBO probe at
300 K. A 90° hard pulse of this probe has a pulse length of 22
ps. For all experiments, the cryptophane and/or protein con-
centration was 5 uM, in pH 7.2 PBS, with 0.1% DMSO and
0.1% (v/v) Pluronic L81 (Aldrich) to mitigate foaming. Meas-
urements were averaged over 3 trials.

¥Xe NMR hyper-CEST depolarization curves. For C§B
only, saturation frequencies of Dsnob shaped pulses were po-
sitioned at (193 — 130) = 63 ppm for on resonance and (193 +
130) = 323 ppm for off resonance. For 1:5 C8B:CAII samples,
pulses were positioned at (193 — 124) = 69 ppm for on-
resonance and (193 + 124) = 317 ppm for off-resonance. In
each experiment, the following parameters were used: Pulse
length t,,. = 2.624 ms, field strength By, = 112 pT, delay
between pulses = 20 ps, maximum number of saturation cycles
=10 000 for 100 nM C8B and 5 000 for 1 uM C8B. Meas-
urements were averaged over 3 trials.

Direct detection hp Xe NMR spectroscopy of C8B-
CAXII sample. Hp 'Xe was cryogenically separated, accu-
mulated, thawed, and collected in controlled atmosphere valve
5 mm NMR tubes (New Era). Prior to data collection, tubes
were vigorously shaken to mix sample solutions with Xe.
NMR experiments were performed using a Bruker BioDRX
500 MHz NMR spectrometer and a 5-mm BBO probe at 300
K. A selective pulse centered at 66 ppm with excitation band-
width of 2000 Hz was used, and signal averaged over 16
scans. Fourier-transformed spectra were processed with zero-
filling and Lorentzian line broadening of 20 Hz. Chemical
shifts were referenced to aqueous '*’Xe at 197.6 ppm.

RESULTS AND DISCUSSION

DLS measurements of cryptophane solutions. Figure 2
shows the size distribution measurements obtained by DLS for
solutions in pH 7.2 PBS of biosensor C8B with and without
CA target, and in comparison to TTPC. It was observed that
on its own, 100 pM C8B was aggregated in solution, with an
average diameter of 345 + 13 nm, considerably larger than
expected for a ~1 nm diameter molecule. When equimolar
CAII was added to 100 pM C8B (apparent K4 = 60 + 20 nM,
measured by ITC at 298 K),”” the complex exhibited a narrow-
er size distribution with an average diameter of 4.4 + 0.1 nm,
which is approximately the expected diameter of CAIL®"" and
just 0.8 nm larger than the average diameter of CAII alone in
solution (for the corresponding DLS data, see Figure S1). This
transition from aggregated to monomeric state was also ob-
served in the binding of C8B to CAXII (Figure S1): ITC gave
apparent K, of 2.07 + 0.03 uM at 298 K, Table S1, raw ITC
data shown in Figure S2. By first incubating CAII with the
high-affinity inhibitor acetazolamide (K; = 7.5 nM),”” C8B
binding to CAII was blocked and the biosensor remained ag-
gregated, with average diameter of 1000 + 50 nm. This ap-
proximately 3-fold increase in average diameter from the
‘C8B only’ condition was likely due to nonspecific interac-
tions between cryptophane and protein. Notably, this is rele-
vant to many cellular applications, where nonspecific protein
binding has the potential to stabilize larger cryptophane aggre-
gates. The DLS-determined size distribution of TTPC (average
diameter = 55 £+ 5 nm, Figure 2) highlights that substituting the
triazole-benzenesulfonamide targeting moiety of C8B with a
third triazole-propioniate moiety reduced the average diameter
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by approximately six-fold. It is likely that the shorter length of
the propionate moiety, as well as its reduced hydrophobicity,
disfavored formation of very large aggregates.

30 - B TTPC
[ CsB
I C8B + CAll

24 Il C3B + CAIll + acetazolamide

18

%

12 4

) | ‘ll.ll'
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Figure 2. DLS data showing size distribution by number in
pH 7.2 PBS with 0.1% DMSO at 298 K of 100 uM TTPC;
average diameter = 55 = 5 nm; PdI = 0.485, 100 uM CS8B;
average diameter = 345 £+ 13 nm; Pdl = 0.119, 100 uM C8B-
CAII; average diameter = 4.4 = 0.1 nm; Pdl = 0.497, and 100
uM C8B-CAII + 500 uM acetazolamide; average diameter =
1000 £ 50 nm; PdI = 0.403.

By DLS, we also observed aggregation of the previously
synthesized triacetic acid cryptophane-A derivative (TAAC)66
(Figure S3), which supports our hypothesis that all cryptopha-
nes, depending on concentration in solution, may exist in ag-
gregated form. Notably, TTPC was also determined using
DLS to aggregate in the organic solvent dimethylformamide
(DMF) (average diameter = 70 + 5 nm, Figure S4), indicating
a general self-association phenomenon that goes beyond the
well-recognized challenge of solvating cryptophane in aque-
ous solution. Aggregation of cryptophane-A in DMF was ob-
served to a lesser extent (average diameter = 13.2 + 0.4 nm,
Figure S5), suggesting that functionalization of the crypto-
phane cage may facilitate aggregation. Interestingly, this ag-
gregation behavior is not seen with cucurbit[6]uril (CB[6]), a
commercially available Xe-binding macrocycle’' that has been
similarly shown to be an ultrasensitive '~’Xe NMR contrast
agent using hyper-CEST* and has been detected within the
vasculature of a living rat.”” Indeed, the DLS-determined size
distribution of 100 pM CBJ[6] in pH 7.2 PBS is very narrow,
with average diameter of 0.68 + 0.01 nm (Figure S2). The
apparent lack of CB[6] aggregation suggests that phenyl-
phenyl m-stacking interactions may promote aggregation in
cryptophanes, although the molecular features underpinning
this phenomenon are still under investigation.

A single xenon atom can occupy the cryptophane interior,
as we established previously by small-molecule X-ray crystal-
lography.” However, the clustering of cryptophanes into su-
pramolecular aggregates suggests a role for additional “xenon-
cryptophane interactions” in solution. For example, crypto-
phane clusters likely contain hydrophobic void spaces where
many xenon atoms can reside, as has been observed in zeolites
and, more recently, in porous organic cages.”* Undoubtedly,
in addition to the two conventionally assigned pools of xenon,
one in bulk solvent and one bound to the tailored cryptophane

cavity, there exists a third, less well-defined pool of xenon
atoms contained in the larger cavities and pores within crypto-
phane clusters. Due to rapid exchange between these sites,
solution *’Xe NMR studies have not yet revealed these inter-
actions. Nonetheless, pooling of xenon in close proximity to a
cryptophane cavity should increase the apparent cryptophane-
xenon affinity, as such host-guest interactions in supramolecu-
lar complexes are modulated by the size, chemical environ-
ment internal composition of the aggregate, including counter-
ions.” This complicates efforts to measure cryptophane-Xe
affinity, and we consider that Xe affinities that have been
measured to date should be categorized as “apparent” dissocia-
tion constants. We will explore issues of Xe affinity in a fol-
low-up work. Here, we consider that the formation of stable
cryptophane biosensor aggregates can compete with the for-
mation of the desired biosensor-target complex. Importantly,
this realization can explain the observation of both “free” and
“bound” peaks in prior hp **Xe NMR experiments, at concen-
trations and stoichiometries where only “bound” biosensor-
protein peak was expected.

Concentration dependence of cryptophane aggregation
state. A common method for determining the critical micelle
concentration (CMC) of surfactant molecules involves the
addition of a fluorescent dye to the surfactant solution, and
monitoring fluorescence as a function of surfactant concentra-
tion.””"® As surfactant concentrations reach and exceed the
CMC, the dye becomes adsorbed onto the micelles, and its
fluorescence intensity decreases via static quenching resulting
from high local concentrations of dye. Here, we used a similar
method to determine the critical concentration at which am-
phiphilic cryptophanes transition from being monomeric to
aggregated using the fluorescent dye acridine orange (AO).
Figure 3 shows the percentage decrease in AO fluorescence at
various concentrations of cryptophane in solution. Fitting the-
se S-shaped (sigmoidal) data to a logistic growth curve al-
lowed for the extraction of the critical concentration, which
was found to be 201 = 9 nM for TTPC and 601 * 13 nM for
C8B. It is striking that this transition point occurs at three-fold
higher concentration for C8B than TTPC, given that C8B ag-
gregates have an average diameter that is six-fold larger than
those of TTPC. We hypothesize that the final size of these
aggregates is unrelated to the minimum concentration neces-
sary for aggregate nucleation. For instance, the high symmetry
of TTPC may facilitate aggregation with its three identical
solubilizing groups promoting interactions between neighbor-
ing TTPC molecules. In the case of C8B, the longer benzene-
sulfonamide linker may prevent initial aggregation at low con-
centrations due to steric effects. At higher concentrations, the
benzenesulfonamide moiety may provide a hydrophobic scaf-
fold that stabilizes larger aggregates. We note that the optical
properties of these water-soluble aggregates obey the linear
relationship between absorbance and concentration as de-
scribed by the Beer-Lambert law. The absorbance of solutions
of C8B in the concentration range of 1.6 — 85.6 uM was line-
arly proportional (R* = 0.994) to the concentration of the solu-
tions (Figure S6). Indeed, the well-behaved solution properties
of cryptophanes have long masked their supramolecular-
aggregation behavior.

The aggregation behavior of biosensors in solution is an im-
portant consideration for in vivo applications. Biosensor ag-
gregation may be a useful attribute for in vivo studies, for ex-
ample, by increasing circulation time and improving bio-
targeting. Thus, it is important to study cryptophane biosen-
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sors in solutions with the same physico-chemical properties
(i.e., ionic strength, pH, viscosity, temperature) as the target
biological fluid(s). It is also critical to study the solution be-
havior of xenon biosensors at the relevant concentrations of
biosensor and protein target. HP '**Xe NMR studies have been
employed by several laboratories to identify biosensor-protein
interactions based on changes in the cryptophane-'>’Xe NMR
chemical shift. Most of these studies have been performed via
“direct detection” experiments where hp '*Xe is bubbled into
the biosensor-protein solution, and separate peaks are ob-
served for '’Xe in water and '*Xe residing in cryptophane
that is either “protein-bound” or “free”. However, direct detec-
tion 'Xe NMR experiments typically require high crypto-
phane concentration (~100 uM), where we have evidence the
biosensor is strongly aggregated. These conditions also make
it more difficult to work with super-stoichiometric concentra-
tions of target biomolecule. Here, we employed the hyper-
CEST '¥Xe NMR technique to examine xenon biosensor be-
havior over a wide range of concentrations (nM—uM) where
the biosensor is either monomeric or aggregated. This facili-
tated the study of target-bound biosensor, as a function of in-
creasing target concentration.
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Figure 3. Percentage decrease in fluorescence emission at 525 nm
of 4.8 uM acridine orange in pH 7.2 PBS with 0.1% DMSO at
298 K as a function of cryptophane concentration (A = 436 nm).
Data were fitted to logistic growth curves to extract critical con-
centration values of 201 + 9 nM and 601 + 13 nM for TTPC and
C8B, respectively.

¥Xe Hyper-CEST NMR with C8B and C8B-CA com-
plexes. DLS results (Figure 2) established that C8B transitions
from an aggregated to a monomeric state upon binding target
biomolecule. C8B shares high structural similarity with the
other published xenon biosensors, which opens many '*Xe
NMR studies to possible reinterpretation. In the original mod-
el, the change in '“*Xe-biosensor NMR chemical shift was
proposed to result from protein-mediated mechanical distor-
tion of the cryptophane, which is communicated to the bound
xenon atom.”*””” However, the observation of large crypto-
phane aggregates raises the possibility of a different model-
mechanism where the '”’Xe NMR chemical shift change is a
result of xenon transitioning from a hydrophobic cryptophane
cluster to a monomeric, solvent-exposed cryptophane during
target binding. In this model, it is possible that the protein
target serves as a “disaggregase” but plays no direct role in

perturbing the bound cryptophane nor the '*’Xe NMR chemi-
cal shift.

To investigate these competing models at a lower biosensor
concentration where protein target can be supplied in large
excess, we used the hyper-CEST NMR technique. First, we
acquired '*Xe hyper-CEST z-spectra with 5 uM C8B (Table
1). Upon addition of 5 pM CAIIL, the Xe@C8B-CAII peak
shifted 3.9 ppm downfield from 62.6 ppm (C8B only) to 66.5
ppm, which is in good agreement with our previously pub-
lished direct detection '**Xe NMR results for the 1:1 com-
plex.”” Remarkably, when the C8B:CAII ratio was increased to
1:2, the Xe@C8B-CAII peak shifted further downfield to 68.2
ppm. Increasing this ratio to 1:5 or higher resulted in a maxi-
mum chemical shift of 68.5 ppm. Repeating these studies with
the C8B-CAXII complex revealed a more gradual increase in
the chemical shift of the Xe@C8B-CAXII peak (Table 1).
Upon addition of 5 pM CAXII, the Xe@C8B-CAXII peak
shifted only 1.0 ppm downfield from C8B only, which is in
agreement with our direct detection '*’Xe NMR spectrum of
C8B-CAXII at a 1:1 ratio (Figure S7). A 1:10 C8B:CAXII
ratio was necessary to reach the maximum chemical shift of
65.3 ppm, within error. The z-spectra for these experiments
are shown in Figure S8, and summarized in Table 1.

Table 1. Chemical shifts of '*’Xe encapsulated by C8B-
CAII and C8B-CAXII complexes”

Xe@C8B-CAII
chemical shift

Xe@C8B-CAXII

[protein] (M) chemical shift

(ppm) (ppm)
0 62.6+0.3 62.6+0.3
5 66.5+0.2 63.6+0.4
10 68.2+0.3 64.1+0.3
25 68.5+0.3 64.8+0.3
50 68.5+0.3 652+0.3
100 68.5+0.4 653+0.2

? Performed at varying concentrations of protein in pH 7.2 PBS
with 0.1% DMSO at 300 K. The C8B concentration was kept
constant at 5 pM.

We attribute the gradual increase in 'Xe NMR chemical
shift (Table 1) to the progressive disaggregation of crypto-
phane clusters as more CA target was added to solution. In our
previously published direct detection '**Xe NMR experiment’’
(conducted with 100 uM C8B and CAII), this was observed as
a decrease in intensity of the '**Xe@C8B peak, with concomi-
tant increase in intensity of the '*’Xe@C8B-CAII peaks. How-
ever, in the hyper-CEST experiment, we observe an average of
the ‘free’ and ‘bound’ peaks and the resultant downfield
chemical shift as the Xe@C8B-CAII population increases.
Indeed, we see evidence by DLS of the presence of both C§B
and C8B-CAII at a 1:1 C8B:CAII ratio when looking at the
intensity distribution of particles, which shows all of the spe-
cies present in solution (Figure S9), not just the dominant spe-
cies as shown by the number distribution data in Figure 2.

We hypothesize that the difference in disaggregation behav-
ior between the CAIIl and CAXII isozymes is due to the differ-
ing K, values for the two C8B-CA complexes. The apparent
K, value (Kyq,y, Scheme 1) for the C8B-CAII complex, as
measured by ITC (Figure S2), is 60 nM,”” which is ~35-fold
lower than that for the C8B-CAXII complex (Kyqy, = 2.07
puM). This is consistent with the hyper-CEST results in Table
1, showing that more CAXII than CAII is necessary to dis-
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aggregate C8B and form the stable protein complex. It is im-
portant to emphasize that the apparent X, values measured by
ITC for these complexes are indeed “apparent”, due to the
aggregated state of the cryptophane during these measure-
ments. The equilibrium constant for the biosensor disaggrega-
tion-aggregation process (K,;), which we measured by AO
fluorescence quenching to be 601 nM (Figure 3), competes
with the process of biosensor-CA dissociation-binding (K,),
leading to an overall apparent K, value, as measured by ITC
(Scheme 1). This competition between two equilibrium pro-
cesses involving the biosensor can be modeled most simply

as Kgappy = v [Ka1 * Kg2]. Based on this simple model
(which ignores the details of biosensor nanoparticle for-
mation), we estimate that the K, value, reflecting the dissocia-
tion constant for monomeric cryptophane and CA target, is 6
nM for C8B-CAII and 7 uM for C8B-CAXII. A xenon biosen-
sor that remains monomeric in solution (or a suitable solvent
system), will facilitate testing of this binding model.

Scheme 1. Model for the competing processes of biosensor
self-aggregation and biosensor-target binding.

+ protein target

~
- protein target
Kd{ﬂppl
 EE— —
~100 nm ~4 nm
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S, & ~
& &
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The difference in chemical shift of *Xe@C8B-CAII and
X e@C8B-CAXII (8 = 3.2 ppm) at the 1:20 C8B:CA ratio
(Table 1) supports the established biosensing model, where
binding to a protein target perturbs the cryptophane, which is
communicated to the bound '**Xe atom. All C8B is bound as
the stoichiometric protein complex at the 1:20 C8B:CA ratio.
This protein-environmental (CAIl vs. CAXII) chemical shift
difference represents slightly more than half of the total chem-
ical shift change observed for the C8B-CAII interaction (6 =
5.9 ppm) relative to free biosensor. Indeed, CAXII shares only
51% sequence homology with CAIIL In particular, the side
chains of residues 131-133, among others,” differ in the re-
gion occupied by the cryptophane (see Figure S10), which
likely contributes to the observed differences in '*Xe NMR
chemical shift and affinity for the two C8B-CA complexes.
The similarity between the “bound” (64.5 and 61.6 ppm) and
“free” (63.1 ppm) peaks for C8B-CAXII in the direct detection
NMR spectrum (Figure S7) suggests that there is relatively
little interaction between the cryptophane and CAXII, con-
sistent with the lower affinity for this isozyme. We conclude
that the newly discovered cryptophane (dis)aggregation phe-
nomenon contributes significantly to the observed '’Xe NMR
chemical shift change upon biosensor binding to CA. The abil-
ity to distinguish the cancer biomarker CAXII from cytoplas-

mic CAII using both direct detection and hyper-CEST '*’Xe
NMR is another important finding in this study.

To compare the hyper-CEST detection sensitivity of biosen-
sor alone to the biosensor-target complex, time-dependent
saturation transfer experiments were performed by measuring
the aqueous '*’Xe NMR signal as a function of saturation du-
ration. The normalized difference between on- and off- reso-
nance saturation transfer was reported as hyper-CEST satura-
tion contrast. To ensure that the biosensor was completely
protein-bound in the C8B-CA solution, a 1:5 C8B:CAII ratio
was used. By this method, it was found that 100 nM C8B re-
ported 0.22 + 0.02 saturation contrast, and 100 nM C8B with
500 nM CAII reported 0.18 * 0.02 saturation contrast (Figure
S11). Notably, 100 nM C8B is monomeric in solution. The
similarity in observed contrast between “free” and “bound”
biosensor suggests that the target-bound state does not signifi-
cantly affect the overall CEST efficiency of the biosensor.

To determine whether biosensor aggregation affects CEST
efficiency, these experiments were repeated with 1 uM CS8B,
which is in mostly aggregated form (Figure 3). It was found
that 1 pM C8B reported 0.48 + 0.02 saturation contrast,
whereas 1 uM C8B with 5 pM CAII reported 0.66 + 0.03 satu-
ration contrast (Figure S12). This 38% increase in contrast
upon biosensor disaggregation suggests that Xe exchange is
favored in the monomeric cryptophane species, likely due to
greater Xe accessibility. It is important to note that CAII alone
at 5 pM does not give any CEST response at this frequency
(Figure S8a), indicating that the contrast enhancement is due
exclusively to C8B disaggregation. This effect may be ex-
ploited for in vivo '*’Xe MR imaging experiments, as biosen-
sor-target binding should produce significant enhancement of
the CEST effect relative to aggregated biosensor. These pre-
dictions have been partially validated with cucurbit[6]uril,
which remains monomeric and yields efficient hyper-CEST
contrast in solution®® and in vivo,” despite its modest xenon
affinity.

CONCLUSIONS

In summary, we determined that cryptophane-A, the water-
soluble cryptophanes TTPC and TAAC, and the cryptophane
biosensor C8B form aggregates in solution with diameters of
tens to hundreds of nanometers at rt. Fluorescence quenching
assays with acridine orange identified the transition from
monomeric to aggregated C8B biosensor at approximately 600
nM concentration. TTPC was more prone to aggregation, with
critical concentration of ca. 200 nM. This indicates that cryp-
tophane aggregates predominate in solution when performing
routine '’Xe NMR biosensing and xenon binding studies, as
well as obtaining z-spectra via the hyper-CEST NMR tech-
nique, all of which typically employ micromolar cryptophane
concentrations. The biosensor aggregation process appears to
be fully reversible, with strong potential for disaggregation
upon target binding. Hyper-CEST NMR experiments were
performed at different ratios of C8B biosensor and CA iso-
zymes II and XII, with the '*Xe NMR chemical shift migrat-
ing 2.7 ppm downfield for the cancer biomarker CAXII and
5.9 ppm downfield for CAIL In both experiments, the biosen-
sor aggregate was replaced with 1:1 biosensor-CA complex at
higher ratios of CA protein. Finally, we found that biosensor
disaggregation via target binding increased CEST efficiency
by approximately 38%.

ACS Paragon Plus Environment

Page 6 of 9



Page 7 of 9

oNOYTULT D WN =

Analytical Chemistry

The propensity of cryptophanes to aggregate in solution has
profound consequences for many ongoing cryptophane stud-
ies, including efforts to: (1) improve and/or measure crypto-
phane-Xe affinity, where only the molecular host-guest com-
plex has been considered; (2) multiplex '*’Xe NMR signals
from different cryptophanes in solution, where hetero-
cryptophane aggregates may potentially form; and (3) assign
interactions between cryptophane biosensors and target bio-
molecules to chemical shift changes observed by '*’Xe NMR
spectroscopy. Our findings suggest that the chemical shift
changes thought to result from cryptophane-mechanical per-
turbation by biological targets have an additional contribution
from biosensor disaggregation. We consider that aggregation
itself may be useful for many in vivo applications, as for-
mation of “cryptophane nanoparticles” that are tens-to-
hundreds of nanometers in size should extend the circulation
time of cryptophane biosensors in vivo. Notably, these nano-
particles show propensity to increase to micron size via non-
specific protein interaction.

The insights gleaned from DLS, AO fluorescence quench-
ing, and hyper-CEST NMR characterization methods using
two different CA isozymes provide a stronger foundation for
developing cryptophane-based sensors. For example, crypto-
phane-based metal ion sensors® * are likely to exhibit differ-
ent aggregation states depending on the metal ion(s) in solu-
tion, which may contribute to the observed **Xe NMR chemi-
cal shift(s). Over the past decade, our laboratory and others
have produced a variety of xenon-cryptophane biosensors; we
hypothesize that all of these biosensors exist as aggregates at
micromolar concentrations in solution. Many xenon biosen-
sors have yielded only modest '“’Xe NMR chemical shift
changes when bound to their targets.”****** This could result
if the biosensor aggregate is more stable than the desired bio-
sensor-target complex. In this scenario, experiments per-
formed with stoichiometric biosensor and biomolecular target
in solution will produce little of the desired biosensor-target
complex. Biosensor disaggregation may result in modest '*’Xe
NMR chemical shift change (as seen for C8B with CAXII),
and in cases where target binding results in stereoelectronic
perturbation of the cryptophane, additional '*’Xe NMR chemi-
cal shift changes should result (as observed for C8B with
CAIL, with support from X-ray crystallographic data®").

Cryptophane aggregation phenomena complicate the inter-
pretation of many previous studies, but now provide a mecha-
nism for modulating Xe-cryptophane interactions and poten-
tially developing new classes of xenon-based sensors. For
example, we recently described a “turn-on” xenon biosensor
that produced no '*’Xe NMR signal until bound to its calmod-
ulin target’—we hypothesize that biosensor aggregation cou-
pled with peptide-cryptophane interactions produced this par-
ticular “off” state. With a new understanding of cryptophane
solution behavior, this is a critical juncture to reevaluate the
methods used in the synthesis, purification, and characteriza-
tion of these compounds, as well as their application. Further
investigation into the properties of these aggregates should
allow for their optimization and control, as has previously
been achieved with similar supramolecular constructs.*"
Finally, we expect that many other drug-like molecules form
water-soluble aggregates that have similarly escaped detec-
tion, and such nanoscale assemblies (perhaps stabilized by a
protein corona) have the potential to modulate in vivo stability,
circulation, cell transport, and target binding, among other
properties.
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