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Abstract

Here we present a “smart” xenon-129 NMR biosensor that undergoes a peptide conformational

change and labels cancer cells at acidic pH. To a cryptophane host molecule with high Xe affinity,
we conjugated a 30mer EALA-repeat peptide that is alpha-helical at pH 5.5 and disordered at pH
7.5. The 129Xe NMR chemical shift at rt was strongly pH-dependent (AS = 3.4 ppm): 8 = 64.2 ppm
atpH 7.5 vs. § = 67.6 ppm at pH 5.5 where Trp(peptide)-cryptophane interactions were evidenced

by Trp fluorescence quenching. Using Hyper-CEST NMR, we probed peptido-cryptophane
detection limits at low-picomolar (10711 M) concentration, which compares favourably to other
NMR pH sensors at 1072-10~3 M. Finally, in biosensor-HeLa cell solutions, peptide-cell
membrane insertion at pH 5.5 generated a 13.4 ppm downfield cryptophane-129Xe NMR chemical
shift relative to pH 7.5 studies. This highlights new uses for 129Xe as an ultrasensitive probe of
peptide structure and function, along with potential applications for pH-dependent cell labeling in
cancer diagnosis and treatment.
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INTRODUCTION

Magnetic resonance imaging (MRI) and spectroscopy (MRS) are versatile and commonly
employed techniques for the diagnosis and staging of disease.! The development of targeted
and stimuli-responsive (i.e., “smart”) contrast agents improves the capabilities of MRI/MRS
for molecular imaging.2 Targeted therapeutic and diagnostic imaging techniques are
typically directed to one or more receptors associated with a disease state. However, in
cancer, as a result of large natural variations between cells and the heterogeneous nature of
tissue within a tumor, there is also need for more general biomarkers.34 For example,
hypoxia and acidification occur in 90% of tumors and are key microenvironmental factors in
progression and treatment resistance in solid tumors.>® Tumors have been shown to acidify
their micro-environment to levels between 5.7-6.9 (from a normal pH of 7.4) to aid in
metastasis, mutation rate, and viability.# 78 Therefore, pH detection has practical importance
in the design of cancer therapies and controlled-release drug delivery mechanisms.8
Additionally, acidic environments can mitigate the efficacy of weakly basic
chemotherapeutics such as doxorubicin, necessitating methodologies to probe extracellular
pH (pHe).? Here, we present an ultrasensitive xenon-based MR contrast agent that can
identify and label cell populations based on their pHe.

A variety of pH-responsive MR contrast agents have been designed, including Gd
complexes, 1911 tunable micelle-encapsulated polymers and 1°F compounds,12:13 Gd and
super-paramagnetic iron oxide (SP10) glycol chitosan,1415 and CEST agents,16-20 among
others.2! Applications with these reagents are generally limited by relatively low detection
sensitivity on a per-monomer basis (i.e., low mM).22:23 One strategy for improving NMR
detection sensitivity involves the use of exogenously supplied “hyperpolarized” (hp) nuclei,
e.g., 129Xe, 13C, and 3He, with magnetic spin reservoirs that exceed the normal Boltzmann
distribution by several orders of magnitude. Xe binds void spaces in materials24 and
proteins,?® but shows highest affinity and useful exchange kinetics for a class of host
molecules known as cryptophane.26-31 Perturbation of the large (~42 A3 volume) 129Xe
electron cloud can produce significant nuclear magnetic chemical shift changes and results
in a nearly 300 ppm chemical shift window when bound to different cryptophanes in
aqueous solution,27:32:33

Based on these principles, we and others have developed 129Xe-cryptophane NMR
biosensors for the sensitive detection of protein receptors,34-37 enzymes,38 DNA,3° and
metal ions in solution.4% In one proof-of-concept experiment, Berthault et a/. decorated
cryptophane with six carboxylic acids to create a pH sensor: unique chemical shifts were
measured over the pH 3.5-5.5 range with a total AS of 3.55 ppm.#1 However, solubility
issues precluded work near neutral pH.

Recent studies have moved xenon biosensing from buffer solutions to lipid membrane
suspensions and living cells. Meldrum et a/. discovered that cryptophane associated with a
dilute suspension of sub-micron Intralipid vesicles yielded a 12°Xe NMR peak that was
shifted ~10 ppm downfield from the aqueous 129Xe-cryptophane peak;*2 similar results were
later obtained with different lipid compositions.*3 Most recently, Klippel et a/. performed

hp 129Xe chemical exchange saturation transfer (Hyper-CEST) NMR spectroscopy and
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imaging studies in cells loaded with lipophilic cryptophane and found a similar 9-11 ppm
downfield chemical shift change, likely due to membrane association.#44¢ These studies
highlight the large 129Xe NMR chemical shift changes that can be achieved by engineering
cryptophane-lipid membrane interactions.

Building on these examples, we set out to develop an ultra-sensitive 129Xe NMR pH sensor
for biological applications. We hypothesized that our previously reported tripropargyl
cryptophane-A derivative (with two cyclotriveratrylene units tethered by three ethylene
linkers)#” would allow facile attachment of a pH-responsive peptide and two water-
solubilizing moieties (Scheme 1), which mitigate the potential for cryptophane
aggregation.® Recent work from our laboratory*® and elsewhere49-51 has demonstrated nM-
to-pM detection of water-soluble cryptophane using Hyper-CEST NMR spectroscopy. Thus,
Hyper-CEST NMR should enable ultrasensitive pHe sensing, provided that 129Xe-
cryptophane NMR signals vary over the pH range 5.5-7.5.

In order to modulate 129Xe NMR chemical shift in response to physiologic pH changes, we
modified cryptophane with an EALA-repeat peptide:
WEAALAEALAEALAEHLAEALAEALEALAA.52 Upon a decrease in pH from 7.5 to
5.5, the 30mer peptide undergoes a conformational change from random coil to alpha-helix,
due to neutralization of charge repulsion between glutamate residues.>3 This change is
readily observable by electronic circular dichroism (ECD) spectroscopy. The poly-glutamic
acid nature of the peptide elevates the pKj to around 6, resulting in a conformational change
over a biologically relevant pH range.>3 Based on our prior study of a cryptophane-peptide
biosensor,3” we sought to promote tryptophan-cryptophane interactions as a means of
increasing 122Xe NMR chemical shift sensitivity to peptide conformational changes
occurring over large distances.

Building on work from the Pines®! and Schréder#44° labs we strove to take advantage also
of the chemical shift perturbation afforded by membrane association in the design of our pH
sensor. The synthetic EALA-repeat peptide design was inspired by hemagglutinin (HA),
which membrane inserts in low-pH environments.>2 As the glutamates are protonated, the
peptide becomes more helical and hydrophobic, and it bidirectionally inserts into lipophilic
membranes.?” This pH-dependent membrane insertion has been used in living cells to
facilitate endosomal escape of both nanocapsule and gene payloads.>#-%6 Thus, by
appending a membrane-inserting EALA peptide to cryptophane we endeavored to generate a
xenon biosensor capable of being “activated” in acidic cell environments to label cell
membranes and give large 129Xe NMR chemical shift changes.

RESULTS AND DISCUSSION

Synthetic Procedures

Scheme 1 shows the synthesis of the water-soluble EALA-cryptophane (WEC) pH sensor 5,
the details of which are provided in the Supporting Information. Briefly, the synthesis of
tripropargyl cryptophane 1 was performed in six steps with modifications to previously
published methods,>8 with an overall yield of 9.9% (Scheme S1). The azido-EALA-repeat
peptide 2 was prepared with standard Fmoc synthetic methods (Figures S1-S2). The peptide
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was attached to the cryptophane via copper(l)-catalyzed [3+2] azide-alkyne cycloaddition
(CUAAC) to form 3.59:60 The mono-peptide cryptophane was achieved in preference by
controlling reaction stoichiometry. The resulting triazole-hexyl spacer kept the peptide in
close proximity to the 129Xe nucleus while minimizing steric clashes with cryptophane
during conjugation. Formation of compound 3 was confirmed by MALDI-MS and the yield
quantified by analytical reverse-phase HPLC to be 60-80% (Figures S3-S4). A solubilizing
linker, 3-azidopropionic acid 4, was synthesized in one step from the commercially available
B-propiolactone (see Supporting Information)36:38 and reacted with crude 3 via a second
CuAAC. Starting from tripropargyl cryptophane 1, pH sensor 5 was isolated in ~40% yield
after sequential CUAAC reactions with 2 and 4 and HPLC purification to remove unreacted
EALA and unreacted cryptophane (Figures S5-S6).

Electronic Circular Dichroism (ECD) Spectroscopy

For ECD studies, all samples of azido-peptide 2 or WEC were prepared at 30 uM
concentration in 10 mM sodium phosphate buffer, as confirmed by UV-vis spectroscopy
(peptide: 289 = 5,700 M~lem™1, WEC: 557 = 17,700 M~1ecm™1) and pH adjusted with 1 M
HCl or 1 M NaOH. We used ECD spectroscopy to confirm that azido-peptide 2 maintained
pH sensitivity (Figure 1a):32:61.62 indeed, percent helicity increased from 25% to 67% as the
pH was decreased from 7.5 to 5.5 (Table S1). The ECD signal at pH 5.5 had pronounced
local minima at 208 and 222 nm, indicative of an alpha-helical secondary structure. At pH
7.5, the spectrum approached a minimum at 204 nm while subsequently decreasing in
negative ellipticity at 222 nm, characteristic of a more disordered state. For the WEC pH
sensor (Figure 1b, Figure S7), we observed a similar increase in EALA helicity from 36%
(pH 7.5) to 61% (pH 5.5). These data established that the peptide still undergoes a
significant conformational change when conjugated to the cryptophane. Samples showed
reproducible and reversible secondary structure changes between pH 5.5 and 7.5 (Figure
S8). Interestingly, WEC was more ordered at pH 7.5 than peptide alone, suggesting that the
cryptophane elevated the conjugated peptide pKj. pKj elevation was previously observed for
the analogous tris-propionic acid cryptophane, due to the bulky, hydrophobic cryptophane
disfavoring the ionized propionates.2®

Tryptophan Fluorescence

The EALA-repeat peptide contains a single N-terminal tryptophan that we hypothesized
should provide a useful local probe of peptide conformation, as well as peptide-cryptophane
interaction. Fluorescence studies (Aex = 280 nm) with peptide 2 demonstrated blue-shifted
and somewhat quenched Trp emission with decreasing pH: 352 nm (pH 7.5) to 343 nm (pH
5.5), Figure 2a. Trp maximum emission wavelength for the WEC decreased from 336 nm to
322 nm over the same pH range (Figure 2b), which was considerably blue-shifted relative to
peptide 2 alone, consistent with the Trp experiencing a less solvated environment near
cryptophane. We note that the fluorescence signal for the amino acid tryptophan is typically
not perturbed by pH changes in the range of 4-8,6% whereas Trp incorporated within peptides
can exhibit emission that is very sensitive to the peptide folded state. Cryptophane fluoresces
(Amax = 313 nm) with comparable intensity to Trp, which further blue-shifts the observed
emission spectrum.2937 At all pH values, cryptophane quenched Trp emission, as compared
to the free peptide (Figure 2c). Plots of F/Fg vs. pH (Figure 2¢) confirmed that cryptophane
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quenching increased from pH 7.5 down to pH 5.5, where cryptophane-Trp interactions were
presumably favoured by the relatively uncharged, alpha-helical peptide. This analysis is in
agreement to an earlier work with a peptide-cryptophane conjugate where we examined the
interaction between Trp and cryptophane with a temperature-dependent quenching assay and
Stern-Volmer analysis.3” These experiments revealed that Trp(peptide)-cryptophane
complex formation resulted in loss of Trp fluorescence. Previous studies identified high-
affinity interactions between Cgg (an aromatic molecule with similar dimensions and
spherical shape to cryptophane) and Trp-containing proteins, which also resulted in Trp
fluorescence quenching and blue-shifted emission.54-66 These results support a mechanism
by which the EALA peptide can mediate Trp-crptophane complex formation in WEC
(Figure 2d) and result in pH-dependent Trp fluorescence quenching. Importantly,
Trperyptophane pi-stacking interactions have the potential to deshield 129Xe within the
cryptophane cavity, and produce a downfield chemical shift.57-69

129%e NMR Spectroscopy

We performed hp 129Xe NMR studies to examine the sensitivity of the cryptophane-
encapsulated 129Xe chemical shift to the nearby peptide conformational state. NMR samples
were identically prepared at 30 UM concentrations in 10 mM sodium phosphate buffer.
Repeated trials at 300 + 1 K ([Xe] = 6.2 mM)7% with the pH sensor at pH 7.5, 6.5, and 5.5
gave reproducible chemical shifts (Figure 3). A single peak was observed at both pH 5.5
(67.6 £ 0.5 ppm) and pH 7.5 (64.2 + 0.5 ppm), with a chemical shift difference of 3.4 ppm.
The double peak observed at pH 6.5 (8 = 67.0 and 64.4 ppm) is indicative of a roughly 1:1
mixture of the pH sensor in the alpha-helical and more disordered conformation, consistent
with the CD spectra (Figure 1b). Interestingly, although the cryptophane itself is a racemic
mixture of stereoisomers and the EALA-repeat peptide is chiral, we did not observe a pair of
diastereomeric peaks at pH 7.5 or pH 5.5 as we reported for a previous peptide-cryptophane
xenon biosensor3” and has been seen for various racemic xenon biosensors complexed to
protein active sites.40 We hypothesize that the two diastereomers provide a very similar
environment for the bound xenon atom, and produce what appears to be a single 129Xe NMR
peak at both pH values. This is consistent with the solubilizing propionates promoting open,
xenon-binding conformations of the cryptophane, regardless of peptide conformation.

Hyper-CEST 129Xe NMR

To improve detection sensitivity with this pH sensor over direct detection by nearly six
orders of magnitude, we employed Hyper-CEST NMR spectroscopy. This indirect detection
method took advantage of the exchanging 129Xe population between bulk aqueous solution
and the xenon host molecule (Figure 4a) by selectively saturating the bound signal (Figure
4b). Because of xenon exchange, the selective depolarization resulted in a concomitant
signal loss from the 129Xe@water peak, which was readily monitored (Figure 4). This signal
was compared with a reference measurement where an “off resonance” saturation was
applied to account for the natural self relaxation of the 129Xe@water over time.

Using 33.8 pM WEC (pH 7.5, 310 K, [Xe] = 0.15 mM) indirect detection via Hyper-CEST
was performed by applying shaped radiofrequency saturation pulses at the chemical shift
of 129Xe@WEC resonant frequency and measuring the residual aqueous 129Xe signal for
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different saturation duration (Figure 5). WEC was observed to “catalyze” this depolarization
process through on-resonance (64.2 ppm) saturation rf pulses with 129Xe@WEC in pH 7.5
buffer. In contrast, saturation pulses applied off-resonance (320.6 ppm) gave a depolarization
time that approximates the natural 7; of hp 129Xe in water.

We also investigated the precision of pH measurements with WEC by using a 1-ppm
saturation pulse to look at “normal” (pH 7.5) and acidic (pH 5.9) buffer solutions, Figure 6.
Because the depolarization efficiency is decreased with the narrower saturation pulse, WEC
was employed at 1 uM concentrations, which is still at least 103-fold more dilute than
demonstrated for other CEST pH reporters.22 Prior to detecting a free xenon signal, a loop of
selective Dsnob-shaped saturation pulses was scanned over the chemical shift range of
40-230 ppm in 5-ppm (700 Hz) steps, which corresponded to pulse length of 3748.6 s and
field strength of 77 pT. Two saturation responses centered at 195 ppm (129Xe@H-0) and 65
ppm (129Xe@WEC) were observed (Figure 6, full image). By decreasing the frequency
scanning step size to 1 ppm (138.2 Hz), which corresponded to shaped pulse length of 19014
ps and field strength of 15 pT, we were able to distinguish the WEC-encapsulated 129Xe
peak for pH 7.5 and pH 5.9 samples at 300 K (Figure 6, inset). The total time to record the
Hyper-CEST NMR spectra was composed of xenon delivery time (20 s) and data collection
time. For the latter, each data point required time 7:

T= (sp6+d12)  L6+d1+pl

In the 5-ppm step scanning experiments, sp6 (saturation pulse length) = 3.748 ms, d12
(delay between saturation pulses) = 20 ps, L6 (number of saturation cycles) = 400, dZ (delay
before acquisition pulse) = 0.5 s, pZ (acquisition pulse) = 22 ps. Thus, the total time needed
to acquire the whole spectrum was 860 s. In the 1-ppm step scanning experiments, sp6 =
19.014 ms, L6 =600, and the total time needed was 478 s. The observed ~2:1 ratio of peaks
corresponding to alpha-helical/disordered peptide at pH 5.9 was consistent with hp 129Xe
NMR data collected for 30 uM WEC by direct detection, where 1:1 ratio of alpha-helical/
disordered peptide was observed at pH 6.5 (Figure 3). As illustrated by these data, the
Hyper-CEST 129%Xe NMR spectrum readily distinguished between physiologically normal
and acidic pH values.

Cellular Hyper-CEST 129%e NMR

Finally, we investigated the utility of the WEC pH sensor in a biological setting through /n
vitro 129Xe-NMR studies. Human cervical carcinoma (HeLa) cells were grown in a flask to
confluency. Cells were washed and suspended in either pH 7.5 or 5.5 sodium phosphate
buffer containing 5-10 uM WEC to give 1 x 107 cells/mL concentrations. Pluronic L-81
(0.1% final conc.) was added to reduce foaming that can result from Xe bubbling.* Cells
were incubated in these conditions for 45-60 min and then transferred to the NMR tube.
Spectra were acquired at both pH values with frequency scanning step size of 1 ppm (138.2
Hz), 400 cycles, which corresponded to shaped pulse length of 19014 ps and field strength
of 15 uT. Figure 7a shows xenon internalized in cells (red trace) and xenon dissolved in
aqueous solution of HeLa cells suspended in pH 7.5 buffer with WEC (blue trace). Figure 7b
shows WEC-encapsulated xenon in the same sample. 129Xe@WEC,q, pH 7.5 gave a
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chemical shift of 65.0 ppm, which corresponds to free biosensor in buffer at pH 7.5. In pH
5.5 experiments, Figure 7c shows two peaks, one for Xe@cells (red trace) and one for
Xe@aq (blue trace). Figure 7d shows the biosensor region of the same sample and exhibits
two peaks, one at 68.0 ppm corresponding to free alpha-helical WEC in buffer (blue trace)
and one at 78.4 ppm that we assign to WEC inserted in cell membrane (red trace). Notably,
upon biosensor-membrane insertion at pH 5.5, we observed a 13.4 ppm downfield chemical
shift compared to biosensor-cell solutions at pH 7.5. Contrary to previous 129Xe NMR cell
studies performed with a more lipophilic cryptophane, we did not observe cryptophane-
membrane association at pH 7.5.42 This result is also consistent with previous studies with
the EALA peptide that showed no membrane association at pH 7.5.71 By targeting pH as a
general cancer biomarker, along with membrane association we further increased the shift of
Xe@biosensorcgs relative to Xe@biosensor,q as compared to earlier studies.3-4°

CONCLUSIONS

In summary, by attaching a pH-responsive, membrane-inserting peptide and two water-
solubilizing moieties to a tripropargy! cryptophane host, we were able to generate an
ultrasensitive 122Xe NMR pH sensor capable of labeling cells in acidic microenvironments.
This xenon biosensor is unique for undergoing a reversible conformational change (over a
range of physiologic pH values) as well as functional changes: at pH 5.5, the pendant
EALA-repeat peptide was mostly alpha-helical and gained membrane-insertion capabilities.
This expands the palette of “smart” 129Xe MR contrast agents, which in previous examples
have bound specific targets (e.g., protein receptors, DNA) or undergone a modification event
(i.e., enzyme-mediated peptide cleavage).

Significantly, this study demonstrated that appending the peptide to the ~1 nm diameter,
hydrophobic cryptophane did not significantly reduce its ability to undergo a conformational
change. Circular dichroism, Trp fluorescence, and hp 129Xe NMR spectroscopies were
employed to measure the change in helical character of the peptide in the pH range 5.5-7.5.
EALA peptide helix formation resulted in a 129Xe NMR downfield chemical shift change of
3.4 ppm, which was likely enhanced by significant cryptophane interactions with the nearby;,
N-terminal Trp residue. This suggests a general strategy for engineering larger chemical
shift changes in xenon biosensors, particularly to monitor molecular events occurring
nanometers away from the xenon-cryptophane reporter. These data represent a significant
advance over the previous example of a peptido-cryptophane biosensor, which monitored
MMP-7 activity: only a 0.5 ppm chemical shift change observed upon enzyme-mediated
peptide cleavage, perhaps because the Trp was positioned much farther from the
cryptophane.3’

More generally, these experiments highlight the utility of hp 129Xe as a biophysical probe.
Monitoring peptide (or protein) conformational changes with Hyper-CEST NMR requires
only a single-site modification with cryptophane and may present significant advantages
relative to FRET and other optical techniques with regard to detection sensitivity,
particularly in turbid media. Picomolar concentrations of WEC pH sensor were detected by
Hyper-CEST NMR, making this approach nearly 10 orders of magnitude more sensitive than
conventional MR contrast agents.
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With our long-range goal to develop ultrasensitive 129Xe MR contrast agents for cancer
detection and diagnosis, we employed an EALA peptide capable of membrane insertion at
acidic pH.57:62 pioneering studies in the Pines and Schroder laboratories have shown that
cryptophane insertion into membranes induces significant downfield 129Xe NMR chemical
shift changes.5”:62 We exploited this property in designing the WEC pH sensor, and
demonstrated a 13.4 ppm downfield chemical shift from disordered-peptide biosensor at
“normal” pH to the helical, membrane-inserted biosensor at pH 5.5. The development and
cellular implementation of this “smart” xenon biosensor are important steps towards
biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Synthesis of water-soluble EALA-cryptophane (WEC): a. 1 (1 eq), 2 (1 eq), CuSOy4 (1 eq),

TBTA (5 eq), 2,6-lutidine (1 eq), NaAsc (10 eq), 12 h; b. 3 (crude), 4 (10 eq), CuSO4 (1 eq),
TBTA (5 eq), 2,6-lutidine (1 eq), NaAsc (10 eq), 12 h.
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Figure 1.
pH titrations monitored by ECD spectroscopy for a. azido-EALA peptide and b. water-

soluble EALA-cryptophane (WEC). Samples (30 uM) were in 10 mM sodium phosphate
buffer over the pH range 5.5-7.5 at 298 K.
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pH titration monitored by Trp fluorescence for a. azido-EALA peptide; b. water-soluble

EALA-cryptophane (WEC); c. plot of F/Fg for the A« Of peptide only (352 nm) and WEC
(336 nm) as a function of pH change; and, d. representation of alpha-helical and disordered
peptide-cryptophane interaction. Samples (30 M) were in 10 mM sodium phosphate buffer

over the pH range 5.5-7.5 at 298 K.
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Figure 3.
Hyperpolarized 129Xe NMR spectra (average of 16 scans, line-broadening = 60 Hz) of WEC

(30 uM) in 10 mM sodium phosphate buffer at 300 + 1 K, with peak widths (FWHM)
indicated in Hz: a. pH 5.5, 211 Hz; b. pH 6.5, 317 and 214 Hz; c. pH 7.5, 154 Hz.
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Figure 4.
Hyper-CEST detection scheme for WEC-encapsulated 129Xe. a. Representative spectra are

shown for i. the initial spectrum and ii. the resulting spectrum from selective “on resonance
saturation of the WEC-encapsulated 129Xe and commensurate bulk 122Xe@H,0
depolarization; b. selective radio frequency depolarization of WEC-encapsulated 129Xe.
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Figure5.
Hyper-CEST signal decay with 33.8 pM WEC at pH 7.5, 310 K

. Depolarization rates were

measured with radiofrequency pulses either on-resonance (64.2 ppm) or off-resonance

(320.6 ppm) with hp 129Xe@WEC.
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Figure 6.
Hyper-CEST scan of WEC (1 pM) at 300 K. Full image was collected with 5-ppm step and

individual peaks with 1-ppm step at pH 7.5 and pH 5.9 (inset).
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Hyper-CEST 129Xe NMR spectra for 5-10 pM WEC in 10 mM sodium phosphate buffer
with 0.1% pluronic in a suspension of 10 x 106 cells/mL. Data were collected at pH 7.5, a.
Xe@cells-red trace, Xe@aq-blue trace; b. Xe@WECadg; and at pH 5.5, c. Xe@cells-red

trace, Xe@aq-blue trace; d. Xe@WECcells-red trace and Xe@WECaq blue trace.

Exponential Lorentzian fits are shown as coloured, solid lines and the corresponding sums

are shown as solid black lines.
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