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Abstract: NMR-based biosensors that utilize laser-polarized xenon offer potential advantages beyond current
sensing technologies. These advantages include the capacity to simultaneously detect multiple analytes,
the applicability to in vivo spectroscopy and imaging, and the possibility of “remote” amplified detection.
Here, we present a detailed NMR characterization of the binding of a biotin-derivatized caged-xenon sensor
to avidin. Binding of “functionalized” xenon to avidin leads to a change in the chemical shift of the
encapsulated xenon in addition to a broadening of the resonance, both of which serve as NMR markers of
ligand—target interaction. A control experiment in which the biotin-binding site of avidin was blocked with
native biotin showed no such spectral changes, confirming that only specific binding, rather than nonspecific
contact, between avidin and functionalized xenon leads to the effects on the xenon NMR spectrum. The
exchange rate of xenon (between solution and cage) and the xenon spin—Ilattice relaxation rate were not
changed significantly upon binding. We describe two methods for enhancing the signal from functionalized
xenon by exploiting the laser-polarized xenon magnetization reservoir. We also show that the xenon chemical
shifts are distinct for xenon encapsulated in different diastereomeric cage molecules. This demonstrates
the potential for tuning the encapsulated xenon chemical shift, which is a key requirement for being able
to multiplex the biosensor.

Introduction interacting pairs distinguishes signals from different ligand

Developments of new approaches in analytical chemistry are [2rget combinations, and readings are made by scanning
being increasingly driven by advances and applications of techniques or by imagingAt present, particular challenges exist

combinatorial chemistry and parallel assays. Products of com- " the development of multiplexed assays, which allow multiple
binatorial syntheses require fast and sensitive screening techiNtéractions in samples to be detected simultaneously.
niques due to the production of large numbers of chemical Macromolecule-based biosensors exploit the specificity and
analogues to be tested for affinity, catalytic activity, or other Strength of biological ligandtarget interactions to selectively
properties of interest:3 Various detection methodologies for ~ Signal the presence of particular molecular targets. These
high-throughput screening (HTS) applications, including laser- biosensors r_ely on the coupling of blologlcal recognition events
induced fluorescence, fluorescence polarization, and fluores-t0 @n experimental observable, allowing external detection.

cence energy transfer, have been implemented in high-densityHistorically, biosensors have been used for routine analyses in

microtiter plate format-7 The spatial separation of possible clinical diagnosis, as in the case of the traditional glucose
senso® however, new concepts in biosensor design are being

T University of California at Berkeley. considered for high-throughput applications such as drug
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into high-throughput and combinatorial chemistry applica-
tions13-18 Utilization of conventional NMR for high-throughput

biosensor applications may be limited by the intrinsically low

sensitivity and the complexity of spectra obtained from bio-

molecules and mixtures. Laser-polarizafibof 12°Xe offers an

increase in signal-to-noise by several orders of magnitude °
relative to the equilibrium nuclear-spin polarizations measured HN)LNH

in normal NMR experiment&®2! In addition, 12°Xe NMR
spectra are less complex than those frémor 13C NMR,
usually showing only a few, easily interpretable lines with no
background signal. Despite its spectral simplicity, xenon exhibits e
the important property that it can sensitively report on its local
environment via its chemical shift and relaxation parameters. rigyre 1. Structure and schematic representation of biosensor molecule
Furthermore, xenon NMR and MRI can take advantage of designed target xenon to avidin with high affinity and specificity. Cryp-
“remote” detection of signals that can be used to reconstruct tophane-A (black) binds the xenon atom, and the biotin ligand (red) is
substantially amplified specfhand image&® NMR of 12°Xe connected to encapsulated xenon via a linker (purple).
has been used to investigate the structure and dynamics oft
materials?*~2” molecular cage® 3 biological systems, and for
biomedical application®37 Recently, extensive reviews re-
garding the history and development of hyperpolarized xenon
NMR have been publishe§:3°

Biological systems studied witi¥Xe NMR include globular
proteins such as myoglobin and hemoglo#irt® membrane
associated peptides such as gramicfdiand lipid membranes

hemselved® While xenon shows appreciable binding to many
proteins, as evidenced by its use in making heavy atom
derivatives of protein crystals for X-ray crystallograpliy®the
xenon-protein binding constants are relatively Idty & 10—

100 M™1). The exchange of bound and free xenon has been
found to be fast on the time-scale of the chemical shift difference
between the protein and solvent environments, leading to NMR
spectra with a single xenon resonance. The chemical shift
(13) Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, SSwiencel 996 reflects a population-weighted average over the xenon chemical
(14) ié‘i"felr‘?%lfj_gﬁ'r_ Opin. Biotechnol1999 10, 34-41. shifts of the available environments: solvent, protein interior,

(15) Lacey, M. E.; Subramanian, R.; Olson, D. L.; Webb, A. G.; Sweedler, J. and protein surface. As a result, the chemical shift value of this
V. Chem. Re. 1999 99, 3133-3152.

(16) Shapiro, M. J.; Gounarides, J./B0og. Nucl. Magn. Reson. Spectro$699 S'ngle_ peak Cf”m report 0|’_1 C_hanges _'n protein interactions.
. %Sf 15&13208.‘ beck T. L Webb. A. G- Magin. R. L- Sweedler. J. \ Experiments with maltose binding protein demonstrated that the
@n SCienCe1005 270 10671070, o e SWEedEn L 120xe chemical shift responds to a change in protein conforma-
(18) Hou, T.; Smith, J.; MacNamara, E.; Macnaughtan, M.; RafteryAial. tion upon ligand binding; the difference in shift results from
Chem.2001, 73, 2541-2546. - L )
(19) Happer, WRev. Mod. Phys1972 44, 169-249. distinct xenon-protein interactions between the two conform-
(20) Walker, T. G.; Happer, WRev. Mod. Phys.1997, 69, 629-642. ers#445 However, to induce measurable shifts, relatively high
(21) Zook, A. L.; Adhyaru, B. B.; Bowers, C. R. Magn. Resor2002 159, . ' . N . ! y hig
175-182. concentrations of the “analyte” are required.
(22) Moule, A. J.; Spence, M. M.; Han, S. |; Seeley, J. A.; Pierce, K. L.; Saxena, : ; f ; ;
S.; Pines, AProc. Natl. Acad. S¢i. U.5./2003 100 9122-9127. De_splt(_e the fa_lvoraple attnbgfce_s of xenon mtera(_:tmg_ with
(5‘31) geeley, J. A.;J HAarj,R S. II._;ff Plngsl, AT.Ma%an%ehsorfzgos 1|6:7, 232—2T90. proteins in solution, high-sensitivity molecular sensing is not
) e o ageciite, C. 1 Tse, JSChem. Soc., Faraday Trans. - compatible with the fast-exchange characteristic of xenon

(25) Chmelka, B. F.; Raftery, D.; Mccormick, A. V.; Demenorval, L. C.; Levine,  protein interactions. This limitation can be overcome by
R. D.; Pines, APhys. Re. Lett. 1991, 66, 580-583.

(26) Springuel-Huet, M. A.; Bonardet, J. L.; Gedeon, A.; Fraissardjalyn. idgntifying xenon intera.CtionS that report analyte bindinQ.Via a

Reson. Chentl999 37, S1-S13. unique resonance that is resolved from those averaged into the
(27) Sozzani, P.; Comotti, A.; Simonutti, R.; Meersmann, T.; Logan, J. W.; . . .

Pines, A.Angew. Chem., Int. E®00Q 39, 2695-2698. single fast-exchange peak. To realize this, we have taken the
(28) %??—732% Tanner, M. E.; Knobler, C. 8. Am. Chem. S0d99], 113 approach of “functionalizing” the xenon by providing a physical
(29) Bartik, K.; Luhmer, M.; Heyes, S. J.; Ottinger, R.; ReisseJ.JMagn. coupling between xenon and the ligand that targets a protein.

Reson., Ser. B995 109, 164-168. _afonrinci
(30) Branda, N.; Grotzfeld, R. M.; Valdes, C.; RebekJJAm. Chem. Soc. Rec,emly’ asa proof of pl’ln(?lple case, we reported a mOI,eCl,Jle

1995 117, 85-88. _ designed to be an NMR biosensor that targeted the biotin-
(1) nggTégé; ;gg";g&_’%f“tasmvl P.; Collet, A} Reisse].Jam. Chem.  hinding protein avidirf! The sensor consists of a modified
(32) Syamala, M. S.; Cross, R. J.; SaundersJMAm. Chem. So2002 124, cryptophane-A cage, to which xenon binds as the NMR reporter,

6216-6219.

(33) ElHaouaj, M.; Luhmer, M.; Ko, Y. H.; Kim, K.; Bartik, KJ. Chem. Soc.,

Perkin Trans. 22001, 804-807. (43) Locci, E.; Dehouck, Y.; Casu, M.; Saba, G.; Lai, A.; Luhmer, M.; Reisse,
(34) Song, Y. Q.; Goodson, B. M.; Taylor, R. E.; Laws, D. D.; Navon, G.; J.; Bartik, K.J. Magn. Reson2001, 150, 167-174.

Pines, A.Angew. Chem., Int. Ed. Endl997, 36, 2368-2370. (44) Rubin, S. M.; Spence, M. M.; Dimitrov, I. E.; Ruiz, E. J.; Pines, A,;
(35) Albert, M. S.; Cates, G. D.; Driehuys, B.; Happer, W.; Saam, B.; Springer, Wemmer, D. EJ. Am. Chem. So2001, 123 8616-8617.

C. S.; Wishnia, ANature1994 370, 199-201. (45) Rubin, S. M,; Lee, S. Y.; Ruiz, E. J.; Pines, A.; Wemmer, DJEMol.

(36) Albert, M. S.; Schepkin, V. D.; Budinger, T. B. Comput. Assist. Tomo. Biol. 2002 322, 425-440.

1995 19, 975-978. (46) Bowers, C. R.; Storhaug, V.; Webster, C. E.; Bharatam, J.; Cottone, A,;
(37) Albert, M. S.; Balamore, DNucl. Instrum. Methods A998 402, 441— Gianna, R.; Betsey, K.; Gaffney, B.J.Am. Chem. So999 121, 9370~

453. 9377.

(38) Cherubini, A.; Bifone, AProg. Nucl. Magn. Reson. Spectro2003 42, (47) Mckim, S.; Hinton, J. FBba-Biomembrane$994 1193 186-198.

1-30. (48) Xu, Y.; Tang, PBba-Biomembrane$997 1323 154-162.

(39) Goodson, B. MJ. Magn. Reson2002 155 157—216. (49) Schiltz, M.; Prange, T.; Fourme, B. Appl Crystallogr.1994 27, 950—
(40) Miller, K. W.; Reo, N. V.; Uiterkamp, A. J. M. S.; Stengle, D. P.; Stengle, 960.

T. R.; Williamson, K. L.Proc. Natl. Acad. Sci. U.S.A.981, 78, 4946— (50) Soltis, S. M.; Stowell, M. H. B.; Wiener, M. C.; Phillips, G. N.; Rees, D.

4949, C. J. Appl. Crystallogr.1997 30, 190-194.

(41) Tilton, R. F.; Kuntz, I. D Biochemistry1982 21, 6850-6857. (51) Spence, M. M.; Rubin, S. M.; Dimitrov, I. E.; Ruiz, E. J.; Wemmer, D. E.;
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Figure 3. Detection of cage diastereomers by xenon chemical shift. The laser-polarized xenon spectrum of allyl-substituted cryptophane-A in 25% toluene/
75% tetrachloroethane shows only one peak, with a line-width of 0.2 ppm (A). The addition of a single-enantiomer peptide chain to the cage leads to two
xenon resonances (B), separated~b§.10 ppm. The xenon spectrum after the addition of a biotin linker shows four lines (C), reflecting the effect of a
racemic mixture at a chiral carbon seven bonds away from the cage itself.

connected via a tether to the ligand biotin (Figure 1). ¥i&e the methylene bridges by one carbon in cryptophane-A to make
NMR signal demonstrated a response to the binding of the cryptophane-E leads to'&Xe chemical shift change of 30 ppm,
sensor to avidin in solution. The stronger binding of xenon to implying that many versions with distinct chemical shifts can
cryptophane-A is associated with slow exchange as comparedoe madé?! Implementation of high-sensitivity fluorescence-
to the chemical shift difference between water and cryp- based systems in a direct multiplexing assay is challenging due
tophane-A environments; therefore, the resonance for function-to spectral overlap, despite the high wavelength tunability of
alized xenon is distinct from xenon in bulk solution. The directly some systems such as quantum-dot-tagged microl5éats.
tethered ligand can bind to its target, with the bound xenon microarray format, realization of the xenon biosensor could
acting as a reporter (sensor) of this event through changes in
its chemical shift and line width. The potential for multiplexed .
detection comes from the Iarg}é‘-’)(e chemical shift range of (53) Nicewarner-Pena, S. R.; Freeman, R. G.; Reiss, B. D.; He, L.; Pena, D. J,;

. ) N Walton, I. D.; Cromer, R.; Keating, C. D.; Natan, M.Science2001, 294,
different cryptophanes. For example, increasing the length of 137-141.

(52) Han, M. Y.; Gao, X. H.; Su, J. Z.; Nie, 8lat. Biotechnol2001, 19, 631—
35
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result in a high-density assay in which each well of the microtiter
plate would not contain individual interacting pairs, but rather

a single analyte interacting with a complete set of xenon
biosensors, each consisting of a unique cage tethered to a unique
targeting molecule. Within each well, binding to different targets
would be distinguishable on the basis of chemical shift.

In this work, we provide a detailed characterization of this
avidin binding, functionalized xenon system. The high sensitivity
of the functionalized xenon to its environment is demonstrated
by the observation that different diastereomer products of the
cryptophane synthesis yield different chemical shifts. Upon the
addition of protein, additional resonances appear in the spectrum
that can be attributed to protein-bound functionalized xenon.

An increase in the functionalized xenon resonance line width
is apparent in the spectrum upon binding to the protein. The
exchange rates of both protein-bound and free functionalized
xenon were measured to investigate the origin of broadening
in the protein-bound functionalized xenon resonance. Finally, (C)
&t
m/\\“w\,:

(A)

(B)

two methods for signal-to-noise amplification by selective
excitation of bound xenon are also presented. Implications of
these studies for the application of the functionalized xenon
biosensors in the ordinary and multiplexing capacity are
discussed.
(D)
Materials and Methods

NMR Experiments. All e NMR spectra shown were obtained
at 83 MHz ¢H = 300 MHz) on a Varian Inova spectrometer. When
selective excitation experiments were performed, frequency-selective
EBURP1 and IBURP2 puls&avere generated using the PBox program
(Varian Instruments). Both selective pulses are designed to excite a | : : : : : |
bandwidth of 1.8 kHz centered at 10.25 kHz upfield of the frequency ) ) ) ) ) )
of xenon in water, corresponding to~&21.8 ppm excitation window & 77_ 75 ) ?3 _?1 ] 6.9 §8 ppm
centered about the NMR frequency of xenon bound to water-soluble Figure 4. Detection of biotin-avidin binding with xenon NMR. Th&°Xe

NMR spectra of the functionalized xenon biosensor at various titration
cryptophanes. Natural-abundance xenon (Isotec or Spectra Gases) WaBoints, (A) 0% (300uM biosensor, QuM avidin); (B) 10% (1800uM,

laser-polarized using a commercial polarizer (Amersham Health, 770,,m): (C) 20% (1800uM, 350 uM); (D) 60% (300:M with 180 «M);
Durham, NC) and was introduced to the sample using previously and (E) 120% (30Q:M, 360 uM). These spectra show a new resonance
described method$with polarizations of +5%. To remove molecular and marked broadening in response to the increasing amounts of avidin.
oxygen, samples were degassed via several freamp—thaw cycles Spectra in (C), (D), and (E) were exchange signal averaged as described in
prior to the introduction of xenon. Experiments involving water-soluble the NMR experimental section.

cryptophanes were carried out at 298 K ig The spectrum of xenon

in allyl-functionalized cryptophane (Figure 3a) was obtained at 213 K
in a 25% toluene/75% tetrachloroethane solvent mixture. All chemical
shifts were referenced by assigning the xenon y® Desonance to
195 ppm except for spectra of Figures 3a ane-dbThe spectrum of
Figure 3a was referenced to the shift of xenon gas when extrapolated
to 0 atm pressure. The spectra of Figure-ébwere referenced to the
spectrum of Figure 4a. Acquisition time wa s with a spectral width

of 60 kHz except for exchange-rate measurement data in which the
acquisition time was used as the mixing time. Fourier transformed
spectra were processed with zero filling and Gaussian line-broadening
values of 2 Hz in Figure 3b and ¢10 Hz in Figure 5; 10 Hz in
Figures 4, 7, 8; and 20 Hz for intensities integrated in Figure 8. 90
pulses were used for acquiring spectra unless otherwise noted.
Exchange-signal averaging was used for the spectra shown in Figure 7'5 7'4 7'3 7'2 7'1 7'0 5'9 6'3
4c—e (n = 10) and also for Figure é(> 3). Specific pulse sequences ppm

for exchange measurement anq exphange-5|gnal averaging teChn'_que%igure 5. Effect of inhibiting the xenon biosensor binding to avidin. (A)
are presented in the corresponding figures. For both the exchange-signal2sxe spectrum from a solution of the biosensor alone (380; and (B)
averaging and the indirect-assay experimentg,was at least 150 ms. after addition of approximately 0.5 equiv of avidin (18M) that was pre-
Concentrations of particular biosensor samples are noted where relevangquilibrated with a 5-fold excess of biotin. These spectra show that the
and were determined before addition of protein by-UNs spectro- induced shift in Figure 4 is from the specific binding of the biotinylated
photometry using a molar absorptivity for water-soluble cryptophanes cage to avidin.

(e287= 8000 M%), as determined by the dry weight method. The molar

(E)

-

(A)

(B)

absorptivity for cryptophane in aqueous solution was found to be
(54) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—-141. different than that previously used for cryptophane in organic sol&tion.

15290 J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004
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Figure 7. (A) A selective pulse centered about functionalized xenon

resonances is used to signal average functionalized xenon peaks. Between
selective saturations, the mixing timgix allows for the replenishment of
functionalized xenon signal by exchanging saturated spins with the polarized
xenon dissolved in the surrounding solution. (B) Two spectra of the
functionalized xenon peaks comparing one and five scans.

0.4 Lieon R L . . ) )
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Figure 6. Comparison of xenon exchange with the biosensor cage when
biosensor molecule is fre@®] and bound M) to avidin. (A) The pulse
sequence for the measurement of the laser-polarized xenon exchange. The
first pulse probes the magnetization of the functionalized xenon and
selectively saturates the resonance. After timex, the recovery of
magnetization through exchange is probed by a second pulse of the same
duration. (B) One pair of spectra showing magnetization recovery of
biosensor encapsulated xenonatl.5 ppm after a mixing time of 10 ms.

(C) Magnetization recovery curves for 30/ biosensor/36Q:M avidin
solution @) and 30QuM biosensor/36@&M biotin-saturated avidin solution

(®) are shown with fitted exponential recovery curves. The nonzero intercept
of the curves reflects that each pair of pulses was not set to exactly 90

(A)
IBURP2 Trnix

o e ~  ®

. . . . 4 0 -4 ppm 4 0 -4 ppm
Synthesis As _shown n Flgurg 2, the Wat_er_-solublc_a xenon _blc_)se_nsor Figure 8. Indirect assay for peptide-derivatized cryptophane-A cage. (A)
(1) was synthesized by attaching a maleimide-activated biotin linker A"sejective inversion pulse centered about the functionalized xenon
to a peptide-functionalized cryptophane-A cagle Cryptophane-Awas  resonances is used to report the presence of functionalized xenon via a
made water-soluble by attaching the peptide to the cryptophane-aceticdecrease in the xenon solution peak. Between selective inversions, the
acid cage ), which was prepared using a template method based on mixing time, zmiy, allows for the depletion of free-xenon signal by
that previously reported by Collet and co-work&s§’ A complete exchanging the negatively polarized spins from the cage with the positively

. ; e e : polarized xenon that is dissolved in the surrounding solution. (B) A spectrum
descrlpt!on of the synthenc approach and details is included in the of the xenon solution peak after the first broadband pulse (left) and a
Supporting Information.

spectrum of the xenon solution peak after five selective inversion pulses
(n = 5) and the second broadband pulse (right). The solution contained
1.5 mM peptide-derivatized cryptophane-A cage.

Results and Discussion

Biosensor Molecule Diastereomers Detected by Function-
alized Xenon.Cryptophane-A is chira®® and xenon dissolved  residue and the prochiral maleimide (marked with an arrow in
in a racemic mixture of the cage enantiomers gives rise to a Figure 3c). As a result, the cage-peptide-maleimide product is
single resonanc®.Similarly, the xenon spectrum for a racemic  now a mixture of chiral combinations RLR, RLL, LLR, LLL;
mixture of the allyl-substituted cryptophane-A cage enantiomers correspondingly, the spectrum of xenon in the conjugate(s)
shows only one resonance upfield from the solvent peak (Figure contains four distinct peaks. The fact that the biotin ligand itself
3a). The first pair of diastereoisomers is formed by the is chiral does not affect the number of peaks predicted because
introduction of chiralL-amino acids Cys, Lys, and Arg. The the biotin is enantiomerically pure.
corresponding xenon spectrum (Figure 3b) of this mixture has  We attribute the four functionalized xenon peaks to distinct
two lines separated by 0.15 ppm, attributed to the RL and LL xenon chemical shifts arising from the diastereomers of the
cage-peptide coupled biosensor intermediates. When the peptidebiosensor molecule. The direct correlation between the number
derivatized cage is linked to the biotin linker, a new racemic of observed peaks and the number of diastereomers is apparent
chiral center is formed at the connection involving the Cys from Figure 3b,c. The identity of diastereomers has not yet been
directly verified, and further experimental studies are needed

Eggg collet ?‘ngi?ced{".”ﬁgggg‘le& A i L Collet, shem.-Eur, 9. [0 better characterize the connection between the chirality of
2001, 7, 1561-1573. biosensor molecule components and the xenon chemical shift.

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15291
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Previous studies have provided insight into the chiral nature of in a single peak about 3 ppm downfield (Figure 4e). The
the interaction between the xenon chemical shift and the appearance of a single, broadened peak for protein-bound
cryptophane-A cage. In the presence of a chiral shift agent, two biosensor indicates that functionalized xenon resonances undergo
resonances were observed for xenon encapsulated in a racemia significant increase in line width when compared to those of
mixture of cryptophane-A85°Experimental studies using xenon the free biosensor.

to report the interconversion of two diastereomexs,and Verification of Correspondence between Spectral Changes
B-glucoses® as well as theoretical studies using model helices and Binding Event. When the biotinylated xenon biosensor
have helped to clarify the interaction of xenon with dia- (300 «M) is added to avidin (18Q:M) that had been pre-

stereomer§l—64 equilibrated with a 5-fold excess of normal biotin, the xenon
Previous experimental studies, which are now being under- Spectrum is unchanged as compared to that of the same
stood with theoretical models by Sears and Jamé&shaye concentration of biosensor alone (Figure 5). This control

shown that direct changes to the basic structure of the cryp-experiment demonstrates that the appearance of the downfield
tophane-A cage perturb the chemical shift of the cryptophane- peak arises from specific binding of the biotin portion of the
encapsulated xenon. For example, a 30 ppm change in chemicafunctionalized xenon biosensor to avidin, rather than from
shift was noted when the length of the bridges between the nonspecific interactions with the protein. This also makes clear
cyclotriveratrylene caps of cryptophane-A was increased by one that specific binding of the biosensor to avidin is responsible
me[hy|ene grouﬁiL and even deuteration of a Sing|e methoxy for broadening of the functionalized xenon resonances. The
group on a Cryptophane_A cage has been shown to produce road lines from the biosenseprotein complex have contribu-
noticeable shift £0.1 ppm)% In this work, we show that  tions from homogeneous broadening and the distribution of
significant xenon chemical shift differences also result from diastereomeric shifts. ' S
derivatizations of cryptophane-A that are not local to the ~ Exchange MeasurementsThe biosensorprotein binding
encapsulated xenon. The presence of chiral centers attached t€vent may decrease the lifetime of xenon in the cage, thereby
the outside of the cage cause Changes of upIgppm in the making exchange Iine-broadening more efficient. To determine
xenon chemical shift. The sensitivity of xenon to indirect Whether this was the case, the exchange rates were measured
changes in cage structure or environment is important for for both free and protein-bound biosensor. _
distinguishing bound and free ligand in addition to offering ~ The exchange of xenon between cage and solution was
greater potential for multiplexing the xenon biosensor. By determined by measuring the recovery of selectively saturated
combining different chemical changes in and around the functionalized xenon signal. The pulse sequence used is shown
cryptophane, it will be possible to tune the chemical shift of in Figure 6a, in which all pulses are90" chemical-shift-

the xenon in the cage, making it possible to follow binding Selective pulses centered on the resonance frequency of func-

events of different ligandcage combinations in parall@l. tionalized xenon as described in the experimental section. The
Characteristics of Protein-Bound Functionalized Xenon initial observation of the z-magnetization of the functionalized
Spectrum. Titration of Biotinylated Functionalized Xenon xenon is followed by an exchange delaysi, followed by

Biosensor with Avidin Protein. We previously showed that another observation of the z-magnetization. The measurement
the chemical shift of the biotinylated cryptophane-A biosensor ©f the signal intensity following the first pulse allows for the

is sensitive to the presence of avidiWe have now extended normalization of exchange-recovered intensity observed by the
the experiments to a complete titration of the free biosensor Sécond pulse (Figure 6b). Without exchange, recovery of
with avidin (Figure 4), showing that increasing amounts of Magnetization would be negligible as the equilibrium magne-
avidin lead to corresponding changes in the xenon spectrum.tization is small relative to the initial magnetization achieved
Biosensor-avidin solutions used for Figure-4ahave amounts ~ With laser-polarization. The growth of magnetization during
of avidin monomer that are 0%, 10%, 20%, 60%, and 120% of occurs only through exchange with polarized xenon atoms in
the total biosensor concentration, respectively (see figure captionth® solvent, allowing the rate to be determined via curve-fitting
for concentration values). The addition of avidin to free tO @ pseudo-first-order exchange mecharfi$ras shown in
biosensor leads to the appearance of a broad, downfieldFigure 6c. This method presumes that a single saturation of the
resonance accompanied by a decrease in the intensity of thdunctionalized xenon resonance does not significantly change

free biosensor resonances (Figure 4b). The spectral change§7e _p_olarizat_ion OT the xenon free in solution and that no
continue in this manner with increasing amounts of avidin Significant spir-lattice relaxation of free xenon occurs between

(Figure 4c,d). The addition of a full equivalent of avidin results the first and second saturations. These are reasonable assump-
tions as free xenon is present in greater than 10-fold excess,

(57) Kilenyi, S. N.. Mahaux, J. M.; Vandurme, B. Org. Chem1991, 56 and the spirrlattice relaxation time of free xenon in these

- é59t1'E2+5<94E| Haouai M. Luhmer. M. Collet. A+ Reisse. Chemph solutions is on the order of hundreds of seconds, as measured

) o0 L g Dy unmer, M.; Collet, A Reisse.GhemPhys- 1y, hrobing the longitudinal magnetization of the free xenon

(59) Bartik, K.; Luhmer, M.; Collet, A.; Reisse, Chirality 2001, 13, 2—6. using tipping angles of3° at regular intervals (data not shown).

(60) Locci, E.; Reisse, J.; Bartik, KChemPhysCher2003 3, 305-308. . . .

(61) Sears, D. N.; Jameson, C. J.. Harris, RJAChem. Phy=2003 119, 2685~ Figure 6c shows the data points and fits for exchange
2690. m rements of the fr nd avidin-bound functionalized xenon

(62) Sears, D. N.; Jameson, C. J.; Harris, RIAChem. Phy2003 119 2691~ easy ements of the eeq d.a din-bou d. unctionalized xeno
2693. solutions. The exchange lifetimes determined aret38 ms

(63) Sears, . N.; Jameson, C. J.; Harris, RJAChem. Phys2003 119, 2694- for free functionalized xenon and 4511 ms for protein-bound

(64) Sears, D. N.; Jameson, C. J.: Harris, RJAChem. Phy2004 120, 3277~ functionalized xenon. The exchange lifetime for free function-
3283.

(65) Sears, D. N.: Jameson, C.JJ.Chem. Phys2003 119, 1223112244 alized xenon is consistent with the line width ofl5 Hz

(66) Brotin, T.; Lesage, A.; Emsley, L.; Collet, A. Am. Chem. So00Q
122, 1171-1174. (67) Mcconnell, H. M.J. Chem. Phys1958 28, 430-431.
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observed in corresponding spectra, suggesting that the exchangexchange characteristic allows for the selective detection of free
process is the dominant mechanism for line-broadening in the and functionalized xenon resonances by use of selective pulses
absence of protein. The similarity in exchange rate values for to manipulate the two sets of spins independently. The exchange
free and protein-bound biosensor indicates that increasedis relatively rapid in comparison to the longitudinal relaxation
broadening upon binding is not caused by an increase in thetime of xenon, allowing for replenishment of biosensor-bound
exchange rate of xenon between the cage and solvent. Thusxenon polarization after saturation with little loss of signal
the broadening observed upon binding is most likely caused by between identical acquisitions. In the following sections, we
the increase in rotational correlation time of the cage that dictatesexploit these convenient exchange properties to increase bio-
transverseTy) relaxation time of xenon inside the cage. Binding sensor sensitivity.

of the biosensor molecule to a comparatively large protein  Exchange-Signal AveragingThe identification of a protein
should lengthen the correlation time of the cage considerably, pinding event by observation of a shift and broadening in the
leading to an increased efficiency of relaxation through dipole  spectrum only requires the spectral region including the caged-
dipole coupling and chemical shift anisotropy. Due to the high yenon resonance and not that from xenon in the solvent. The
spin-polarization of'**Xe, significant xenon-to-proton cross-  cryptophane-bound xenon can be selectively excited using
relaxation has been observed to protonated ligéfidsto- chemical-shift selective pulses. The polarization of xenon in
teins?*0 and also cryptophane cage protdh$’ Studies at  the solvent is left to serve as a magnetization reservoir from
different magnetic fields as well as studies with deuterated cagesyhich functionalized xenon magnetization is replenished fol-
should help distinguish contributions from the two mechanisms. lowing an appropriate mixing timegmix. Repeat acquisitions
Exchange rates comparable to those of xenon in the biosensokyf functionalized xenon spectra are added to result in a higher
have been measured previously for xengryptophane com-  gignal-to-noise spectrum. However, the magnetization of the
plexes in organic solutions at very low temperatifes.organic xenon in solvent is a finite reservoir, limiting the number of
solvents at room temperature, cryptophane-A-bound Xxenongpectra contributing a signal-to-noise enhancement to the
shows exchanged-broadened line widths of hundreds of Hertz, average. Estimates of the bulk xen®nvalue as well as the

suggesting exchange rates more than an order of magnitud&oncentrations of both biosensor molecule and dissolved xenon
higher than those measured here. The slower exchange reflectegjjow an accurate calculation of how much averaging is
in the narrower lines of the water-soluble xeramyptophane-A  peneficial. Figure 7a shows the pulse sequence used to ac-
complex presented here suggests a higher binding constant OEompIish exchange-signal averaging. An example of signal
xenon in water than organic solvents, consistent with a larger averaging is shown in Figure 7b for five scams= 5). The
hydrophobic contribution to the binding. signal-to-noise ratio has increased approximately by 2-fold

~ Methods for Enhancing Biosensor Sensitivityln conven- rejative to the single scan spectrum because this number of scans
tional-NMR signal averaging, individual scans are comprised nas not significantly depleted the polarization reservoir in the

of excitation, followed by acquisition and signal-recovery solvent andr; relaxation is negligible during the course of the
periods in which the magnetization is allowed to return toward gyperiment.

thermal equilibrium. Experiments involving laser-polarized
xenon are not amenable to this type of signal averaging becaus%e
the large initial magnetization is nonequilibrium. Following the
first acquisition, the xenon would relax back to its small,
equilibrium polarization, and subsequent scans would add
negligible signal to the initial contribution of hyperpolarized
xenon signal. Reestablishing the polarization requires adding
more laser-polarized xenon to the sample, a substantial cost in
experiment time.

Modified pulse sequences are often employed in laser-
polarized xenon NMR spectroscopy and imaging to maximize
use of the xenon magnetizatiéh’* The exchange properties
of the biosensor system presented here allow for the imple-
mentation of novel signal enhancement techniques using modi-
fied pulse sequences. The application of selective pulses is
accomplished easily due to the large separatief©h20 ppm)
between xenon resonances in solution and in cages. The slow

Signal averaging can afford a large sensitivity increase for
non biosensor detection of dilute analytes, where the con-
centration of the analyte is much less than that of xenon in water.
These averages can be repeated on the time scale of the
magnetization exchange, tens of milliseconds, in contrast to the
required relaxation delay for conventional signal averaging.
Furthermore, the very large signal of xenon in water is not
observed, eliminating the problem of dynamic range introduced
by the coexistence of two signals of significantly different
intensities, similar to that of proton NMR in the presence of
water.

Indirect Assay for the Biosensor Event by Xenon Ex-
change.In the simplest case, a xenon biosensor assay only
requires relating a measurement of magnetization intensity to a
quantity of protein-bound biosensor. This does not necessitate
the acquisition of a functionalized xenon spectrum. Here, we
introduce a method, Figure 8a, that measures changes in the

(68) Navon, G.; Song, Y. Q.; Room, T.; Appelt, S.; Taylor, R. E.; Pines, A. magnetization of free xenon in solution that are proportional to
Sciencel99q 271, 1848-1851.

(69) Berthault, P.; Landon, C.; Vovelle, F.; Desvaux,®.R. Acad. Sci. IV- the amount of xenon biosensor. This method utilizes exchange
Phys.2001, 2, 327-332. . of xenon between the functionalized and solvent environments
(70) Landon, C.; Berthault, P.; Vovelle, F.; Desvaux,Rotein Sci.2001, 10, N .
762-770. to indirectly assay for the presence of xenon biosensor.

(71) Luhmer, M.; Goodson, B. M.; Song, Y. Q.; Laws, D. D.; Kaiser, L.; Cyrier, i i
M. C.; Pines, AJ. Am. ChemSoc.1999 121, 3502-3512. F(E)l_lOWIng a p_l’Ob? pU|Se (tlp a.ngle 0#_10") to measure th(f.'
(72) Desvaux, H.; Huber, J. G.; Brotin, T.; Dutasta, J. P.; Berthault, P. initial magnetization of xenon in solution, multiple, selective

Chemphyscher®003 4, 384-387. i i i i i H i
(73) Patyal, B. R Gao, J. H.. Williams, R. F.: Roby, J.: Saam, B. Rockwell, inversions of functionalized xenon mggn_enzatlon are carried
B. A.; Thomas, R. J.; Stolarski, D. J.; Fox, P.X.Magn. Reson1997, out to measurably reduce the magnetization of free xenon. An
126, 58-65. ; i ; ;
(74) Ruppert, K.; Brookeman, J. R.; Hagspiel, K. D.; Mugler, MBRgn. Reson. appropriate repeytlon rate ofS X 7ex betw?en_ inversion pl'"Ses
Med.200Q 44, 349-357. allows the resulting, decreased magnetization of free xenon to
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directly reflect the amount of xenon biosensor, as measured bycryptophanol-A cages can be partially deuterdfeahd use of
another probe pulse. these unique constructs in biosensor molecules should allow
Figure 8b shows the application of the indirect assey 6) for experiments that distinguish the dipolar and CSA relaxation
to a solution containing 1.5 mM of peptide-derivatized cryp- contributions to line-broadening of biosensor resonances. Par-
tophane-A cage Figure 2). The decrease in the integrated ticularly, reduction in the dipolar coupling by deuteration should
intensity of the solution peak by 60% reflects the presence of improve the line width and sensitivity of biosensor experiments.
the cryptophane-bound xenon. Contributions to reduction in Another approach that may reduce relaxation efficiency involves
signal intensity from other factors including the initial tip pulse, changing the length of the tether between the cage and biotin.
T, relaxation, and shaped pulse error were investigated. ThisA longer linker might allow more independent motion of the
was done by repeating the indirect assay with an off-resonancecryptophane-A cage, decreasing its correlation time and slowing
inversion pulse. The shaped pulse, which is normally centeredxenon relaxation. In using this approach, we must consider the
about the functionalized xenon spins, is placed at an equal butpossible reduction in the binding-induced shift response of the
opposite offset from the solution resonance. By mirroring the biosensor, if the shift mechanism depends on contact between
position of the shaped pulse, inversion of the biosensor the cage and protein. Recent theoretical studies by Sears and
magnetization is eliminated while maintaining an identical Jamesoff have accurately modeled the response of xenon’s
residual excitation of free xenon in both experiments. In chemical shift to a given cage structure by the careful averaging
addition, the delay between probe pulsas<(5; Tmix = 150 of different cage configurations sampled by the encapsulated
ms) is unchanged in the off-resonance experiment allowing for xenon during an NMR experiment; consequently, it is possible
equalT; reduction in free xenon magnetization as compared to that the chemical shift change of a long-linker biosensor arises
that of an on-resonance indirect assay. We found a 10% from subtle distortions of the cage induced by changes in its
reduction in magnetization intensity after applying the off- vibrational and rotational motions, and this shift mechanism
resonance indirect assay pulse sequence, indicating the fullcould still be effective even with a longer linker.
reduction of signal intensity is associated with the presence of ~Signal enhancement using the exchange properties of the
cryptophane-bound xenon. laser-polarized xenon biosensor was demonstrated to improve
The indirect assay for the xenon biosensor has sensitivity détection sensitivity. The techniques presented here are ap-
advantages over signal averaging. Its signal-to-noise ratio scaledlicable to any system which binds xenon such that the exchange
directly with the number of scans because the signal is acquiredrate is slow on the chemical shift time scale, but fast on the
after the biosensor magnetization has accumulated. Unlike theSPin—lattice relaxation time scale; a number of cage molecules
functionalized xenon signal, the observed solution-xenon signal " the solid state and in solution show affinity and exchange
not only scales with increasing laser-polarization, but also scalesProperties for xenof? %0523 xchange-signal enhancement of
directly with the concentration of dissolved xenon. Hence, the the xenon biosensor may extend its application to environments
limit of detection in terms of biosensor concentration is reduced. Where analyte concentration is expected to be very low, such
A full description of the application of this technique to quan- s for in vivo spectroscopy and imagifigMoreover, it offers
titatively report and distinguish free and bound biosensor will the possibility for even higher sensitivity remote detection.
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