A\C\S

ARTICLES

Published on Web 09/16/2006

Designing ?°Xe NMR Biosensors for Matrix Metalloproteinase
Detection

Qian Wei,T Garry K. Seward,T P. Aru Hill,* Brian Patton,* lvan E. Dimitrov,$
Nicholas N. Kuzma,*" and Ivan J. Dmochowski*t

Contribution from the Department of Chemistry, ueisity of Pennsylania, Department of
Physics, Princeton Umersity, Philips Medical Systems, Department of Biomedical Engineering,
University of Rochester

Received June 8, 2006; E-mail: ivandmo@sas.upenn.edu

Abstract: Xenon-129 biosensors offer an attractive alternative to conventional MRI contrast agents due to
the chemical shift sensitivity and large nuclear magnetic signal of hyperpolarized ?°Xe. Here, we report
the first enzyme-responsive *2°Xe NMR biosensor. This compound was synthesized in 13 steps by attaching
the consensus peptide substrate for matrix metalloproteinase-7 (MMP-7), an enzyme that is upregulated
in many cancers, to the xenon-binding organic cage, cryptophane-A. The final coupling step was achieved
on solid support in 80—92% yield via a copper (l)-catalyzed [3+2] cycloaddition. In vitro enzymatic cleavage
assays were monitored by HPLC and fluorescence spectroscopy. The biosensor was determined to be an
excellent substrate for MMP-7 (Ky = 43 uM, Vmax = 1.3 x 1078 M s7%, kea/Km = 7200 M~ s71). Enzymatic
cleavage of the tryptophan-containing peptide led to a dramatic decrease in Trp fluorescence, Amax = 358
nm. Stern—Volmer analysis gave an association constant of 9000 & 1000 M~* at 298 K between the cage
and Trp-containing hexapeptide under enzymatic assay conditions. Most promisingly, ?°Xe NMR
spectroscopy distinguished between the intact and cleaved biosensors with a 0.5 ppm difference in chemical
shift. This difference most likely reflected a change in the electrostatic environment of 12°Xe, caused by the
cleavage of three positively charged residues from the C-terminus. This work provides guidelines for the
design and application of new enzyme-responsive ?°Xe NMR biosensors.

Introduction °C),8 nontoxic, and readily delivered by inhalation or perfusion.
Furthermore, the environmental sensitivity of xenon chemical
shift and relaxation parameters should allow the detection of
multiple species in solution simultaneouslitenon represents,
therefore, a useful probe for studying biological samples.
Important advances have been made by the Pines group and
others, proving that?°Xe NMR can report xenonprotein
interactiong~11

Xenon has been shown to bind cryptophane-A reversibly and
with high affinity (Ka = 3900 M1 at 278 K in GD2Cly, Ka is
higher in water)12%e that is free in aqueous solution or bound
inside the cage is distinguished by a greater than 120 ppm
T Department of Chemistry, University of Pennsylvania. differe_nce inl_zgxe NMR Che_mica_l ShifT' In order to COUp}é%(e
* Department of Physics, Princeton University. chemical shifts with specific biological processes, Pines and

® Philips Medical Systems. o o Schultz exploited known methods for functionalizing the organic
U Department of Biomedical Engineering, University of Rochester.
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Nuclear magnetic resonance (NMR) spectroscopy offers
tremendous opportunities for high-resolution, minimally inva-
sive, molecular imaging of deep tissue for the early diagnosis
and treatment of disease. However, low sensitivity and complex
background signals compromise biomarker detection. Recently,
laser-polarized?3Xe has gained attention as an MR prébe,
due to its large signal (£070% alignment of Xe nuclear spins,
compared to thermal polarization of 0.00027% at’87and 3
T) and wide NMR chemical-shift window>(200 ppm in water).
Xenon gas is soluble in biological fluids-8.5 mM/atm at 37
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Linker difficult to significantly and transiently alter the number of water
MMP-7 substrate .
— molecules bound to Gd(lll), and the abundance of water in
QNN E;') RKRPLA*LWRSRK biological samples gives high background signals. Furthermore,
\_\\,N’\/ “NT — placing the substrate near the Gd(lll) center imposes steric
H constraints on the enzyme and lowers catalytic efficiency.
1 Another high-relaxivity MR contrast agent is dextran-coated

iron oxide. These superparamagnetic nanoparticles disrupt
Figure 1. Structure of an MMP-7-responsiv&Xe biosensot, with xenon- magl’t])etlc field horInOglenelté’ Whlchhdecrﬁa§QS§lgna| from d th
binding cage, linker, and MMP-7-preferred peptide substrate (underlined N€arby water molecules. Researchers have demonstrated the
in blue). Star indicates the enzyme cleavage site, while xenon (green sphereydetection of a single cell loaded with nanometer-sized iron oxide
is observed within the cage on the NMR time scale. particles’® and even a single micrometer-sized iron oxide
1215 . o ) particle3! These particles appear to be nontoXiend Weissle-

cage:*** Attaching biotin to cryptophane-A created a variety ger et al. demonstrated the use of iron oxide nanoparticles to
of biosensors for streptavidin, whose binding produced as much yetect DNA, proteins, and enzymatic activi82s27.28where
as a 4 ppm change |ﬁ'29_x_e chemical sr_nft?’l‘“ 1_6 #Xe 1/T, is directly proportional to nanoparticle cross-sectional area.
biosensors offer the possibility to functionalize various xenon- pyowever, changes ifT, are too small for most in vivo
binding cages with different repognition unitg*+16 Thi; work ~ applicationg’-28and similarly to Gd(lll), iron oxide agents offer
expands the range of accessible targets by describing the firste\y opportunities for multiplexed imaging, due to the difficulty
enzyme-responsivé?Xe NMR biosensor (compourid Figure of resolving multiple, different magnetic inhomogeneities within
1). _ ) a complex biological sample.

The design of enzyme-responsive MR contrast agents has  prgteases serve as promising diagnostic indicators, based on
been the focus of considerable recent reseffrthbased on their upregulation in many cance¥s? The matrix metallo-
the gogl of collecting biochemical in_formation from o_ptical]y_ proteinases (MMPs), which degrade all components of the
dense tissues, such as tumors. Menitoring the catalytic activity gyiracellular matrix and thereby influence a wide range of
of an enzyme, as opposed to stoichiometric protein binding, yhysiological and pathological processes, are particularly at-
dramatically improves MR.detectlon gensmvny, since a single active candidates. For the design of an enzyme-responsive
enzyme can perform mulyple, sometimes thousands, of turn- 120y o biosensor, we targeted MMP-7, based on its overexpres-
overs. However, the design of such compounds has provengjon and extracellular localization in the progression of many
difficult, and there are still few examplé%.2° One strategy tumors, particularly of the colon and bre&&t3 This work
involves modulating the coordination sphere of gadolinium, complements various fluorogenic substrates that have been

since water molecules that bind Gd(lll) exhibit shorter
relaxation times and enhancéd NMR signals!®22 In one

pioneering example, Meade et al. positioned a glucose molecule

near Gd(lll) in order to block water coordination until the sugar
was cleaved by3-galactosidasé®2! However, it has proven
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developed recently for imaging MMP-7 and other MMPs in
tumors33:36.37

In the present study, we describe an enzyme-respoSke
biosensoll in which an MMP-7 specific peptide substrété?
was attached to cryptophane-A (Figure 1). This design was
based on the sensitivity of encapsulated xenon for its local cage
structure and remote environment, the varied charge of the
biosensor molecule before-§) and after -2) MMP-7 cleavage,
and the enzyme specificity imparted by the attached peptide
recognition motif33:38 The synthesis was more efficient than
the route described previously for cryptophanes functionalized
with bioactive molecule$1416 The final step involved a
stepwise Huisgen cycloaddition procé8sopper (I)-catalyzed
regioselective coupling of a peptide azide to a cryptophane-A
terminal alkyne’®41 A fluorometric assay for MMP-7 activity
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Scheme 1. 12-Step Nonlinear Synthesis of Monopropargyl-Cryptophane-A
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was developed to monitor the cleavage of the tryptophan- gradient eluent was composed of two solvents: 0.1% aqueous TFA
containing peptide fragment from tH&°e biosensor. Laser-  (solvent A) and a 0.1% solution of TFA in GBN (solvent B). Mass
polarized?®Xe NMR spectroscopy showed a 0.5 ppm change identification of all peptide-containing compounds was performed by
in 129Xe chemical shift between the intact biosensor and cleaved the Wistar Institute Proteomics Facility using an Applied Biosystems
cryptophane product. This work illustrates important principles Voyager 6030 MALDI-TOF mass spectrometi. (499.90 MHz) and

. L 13C (124.98 MHz) NMR spectra were obtained on & IBm500 MHz
for the design and application of new enzyme-responsixe . N )
NMR biosensors Fourier transform spectrometer at the University of Pennsylvania NMR

facility, and recorded in CDGlnless otherwise noted. THi spectra
Experimental Procedures were referenced to residual CHQF.27 ppm). The'3C spectra were
referenced to the central line of CDC{77.23 ppm).*C and H
Reagents.Organic reagents and solvents were used as purchasedchemical shifts 4) are given in parts per million (ppm) and reported
from the following commercial sourcesSigma-Aldrich 3,4-dihy- to a precision of:0.01 ppm. Proton coupling constang ére given
droxybenzaldehyde, sodium hydride, dimethyl sulfoxide (DMSO), iy Hz and reported to a precision #0.1 Hz. Column chromatography
dimethylformamide (DMF), methanol, triisopropylsilane (TIS), 2,6-  \as performed using 60 A pore size,-4T5 um particle size silica gel
lutidine, piperidine; Acros propargyl bromide, dibromoethane;  from Sorbent technologies. Thin layer chromatography (TLC) was
Fisher. tris(hydroxymethyl)aminomethane (Tris), calcium chloride,  performed using silica gel plates with UV light as the detection method.
sodium chloride, copper(ll) sulfate, sodium borohyride, sodium iodide, Peptide Synthesis and Purification Peptides N-CH,CH,-CONH,-
potassium carbonate, trifluoroacetic acid (TFA), diethyl ethesGEt RKRPLALWRSRK., 1. Ns-CH,CH,-CONH»-RKRPLA. 2. and
acetone, perchloric acid (60%)ifa Aesar cesium carbonatéyova- LWRSRK, 3, were synthesized using standard Fmoc amino acid
biochem Fmoc-Lys(Boc)-Wang resin (0.67 mmol/g, 16200 mesh), protection chemistry on Fmoc-Lys(Boc)-Wang resin (0.1 mmol scale).
2-(*H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-  compjete synthetic details are included in the Supporting Information.
phate (HBTU), N-methylmorpholine (0.4 M), and Fmoc-protected g, 1 rification of peptided, 2, and3, the following gradient was
amino acids Fmoc-Lys(Boc)-OH, Fmoa:-Arg(Pbf)-OH, Fmoce-Ser- run: time 0, A/B= 90/10; 0-30 min, linear increase to A/B- 60/40;
(tBu)-OH, Fmoce-Ala-OH, Fmoce.-Leu-OH, Fmoce-Pro-OH, Fmoc- 3435 min, linear change to A/B= 20/80; 32-42 min, A/B= 20/80.
L-Trp-OH); BIOMOL International LP MMP-7 (recombinant, catalytic MALDI calculated for peptidel, CraH1N3001s (M + H*), 1664.01;
domain). For biological assays, all solutions were prepared using found, 1663.72. MALDI calculated for peptid® CasHesN1Os (M +

deionized water purified by Ultrapure Water Systems. The standard H*), 836.95; found, 836.43. MALDI calculated for pept8eCasHsN1Os
buffer is defined herein as 50 mM Tris, 5 mM CaC300 mM NaCl, M N HY) 845.02- found. 845.28.

PH 7.5. . . . ) Organic Synthesis.Scheme 1 shows the synthetic route to mono-
General Methods. All air- and moisture-sensitive reactions were o 4925 . .
d propargyl-functionalized cryptophane-A&, The synthetic details

performed under dinitrogen with glassware oven-dried and then flame . . L . o
. . . .~ for this compound are described in this section. The cyclotriguaiacylene,
under partial vacuum. Peptides were generated using a Protein

Technologies PS3 Peptide Synthesizer. HPLC analysis was performed -
. . . . (42) Brotin, T.; Lesage, A.; Emsley, L.; Collet, A. Am. Chem. So200Q
on an Agilent 1100 system equipped with a quaternary pump and diode 122 1171-1174.
array detector using a Zorbax C-8 semipreparative (9.4 250 (43) Darzac, M.; Brotin, T.; Bouchu, D.; Dutasta, J.Ghem. Commur2002
)
)

; 48-49.
mm, 5um) or analytical column (4.6 mmx 150 mm, 5um). The (44) Brotin, T.; Barbe, R.; Darzac, M.; Dutasta, J.Ghem. Eur. J2003 9,

5784-5792.
(41) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K.ABgew. (45) Darzac, M.; Brotin, T.; Rousset-Arzel, L.; Bouchu, D.; Dutasta, Ndéw
Chem., Int. Ed2002 41, 2596-2599. J. Chem 2004 28, 502-512.
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[3-propargyloxy-4-(2-iodoethoxy)phenyllmethanol linker, and [4-(2- Scheme 2. Synthesis of Biosensors | and Il with the Final Step

iodoethoxy)-3-methoxyphenylmethanol linker were prepared on the Involving Cu(l)-Catalyzed Cycloaddition of Monopropargyl-

basis of reported syntheses of similar compoufidé Detailed synthetic Cryptophane-A to Azidopeptide on Solid Support

procedures for these compounds are provided in the Supporting /\)Ol\

Information. N3 RKRPLALWRSRK—-@
12-[2-(4-Hydroxymethyl-2-propargyloxyphenoxy)ethoxy]-3,8,13- 1

trimethox-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene-2,7-diol (5). 0]

To a two-neck flasl_< with nitrogen inlet, cyclotriguaiacyle@e(408 2 NMRKRPLA

mg, 1 mmol, 1 equiv) and GEO; (975 mg, 3 mmol, 3 equiv) were

added into anhydrous DMF (30 mL). The mixture was stirred at rt for

30 min.[3-Propargyloxy-4-(2-iodoethoxy)phenyljmethano(331 mg, 1. monopropargyl cryptophane 7

CuSQ,, Na ascorbate

1 _mmol, 1 equiv) was then added in one portion, and the resulting 2 6-lutidine, DMSO, rt, 16 h

mixture was heated at 5% for 48 h under Matmosphere. The mixture

was poured into water (200 mL), and the product was extracted with 2. TFATISMHO, it, 3 h

ethyl acetate. The combined organic extracts were concentrated to 200 O

mL and washed subsequently with NaOH %3200 mL), water (200 Q 0 N=N ﬁ‘

mL), and brine (5x 200 mL). The organic layer was dried over MgsSO 0 om‘l"“ /0 o A I\d/\/c\

and filtered, and the solvent was removed under vacuum. The crude 'ECth (CHe  (CHa, RKRPLALWRSRK
product as a brownish solid was chromatographed on a silica gel column \o / MeO 0 |
(eluent: 1 to 3% methanol in GiEl,) to give pure product as a white MeO, O  ome o g

solid (420 mg, yield: 69%)*H NMR 6 = 6.98 (s, 1H), 6.90 (s, 1H), O Q O “RrkrPLA I

6.84 (t,J = 5.8, 3H), 6.77 (s, 1H), 6.72 (d = 2.3, 2H), 4.64 (two
doublets,J = 13.7,J = 14.3, 3H), 4.58 (dJ = 2.3, 2H,—OCH,C=
CH), 4.54 (s, 2H~CH,0H), 4.30 (m, 4H,~OCH,CH,0), 3.76 (s,
3H, —OCHG), 3.75 (s, 3H,~OCH), 3.66 (s, 3H~OCH,), 3.4 (two
= = = —C= 1
doublets) = 13.7, = 13.5, 3H), 2.41 (1) = 2.3, IH,~C=CH).C  ; _ 50 st 475 (4dJ, = 3.2, 3 = 21.6, 3H), 4.61 (d) = 18.2,
NMR 6 = 148.59, 148.42, 147.41, 146.62, 145.40, 144.19, 144.17,
5H), 4.18 (M, 12H,—OCH,CH,0—), 3.81 (s, 5H,—~OCHy), 3.80 (s,

134.39, 133.28, 132.63, 132.30, 132.10, 131.41, 131.32, 121.14, 116.80 —
115.79, 115.67, 114.61, 114.29, 113.84, 112.32, 78.91, 75.92, 68.18, 1 - OHa) 3.78 (S, SH~OCH), 3.42 (d,J = 19.2, 6H), 2.70 (1)

o N ) o o e oo oo T = 3.2, 1H,—C=CH). 13C NMR ¢ = 150.46, 150.43, 150.28, 148.57,

67.84, 65.08, 56.99, 56.25, 56.16, 56.10, 36.44, 36.34, 36.30. HRMS 1 15 1 14739, 147.27, 135.06, 134.88, 134.83, 134.76, 134.48, 133.89,
calculated for GeHssOs (M + Na), 635.2257; found, 635.2232. 132.44, 132.29, 132.24, 132.16, 122.30, 122.19, 121.96, 121.30, 121.19,
{3-Propargyloxy-4-[2-(3,8,13-trimethoxy-7,12-bis[2-(4-hydry- 159 14 118 08 114.69, 114.48, 114.40, 114.33, 79.65, 76.82, 70.27
oxymethyl-2-methoxyphenoxy)ethoxy]-10,15-dihydro-5H-tribenzo- (_Ocl'i2CH20—s 20.17 ’(_OCHzéHZO—) ’69 A e’OCHZC’:Hzo_)’
[a,d,g]cyclononen-2-yloxy)ethoxy] phenyl methanol (6). According 69.89 EOCHzCH'zO—), 5801 EOCHZCEéH), 56.83 (-OCHz), 56.46

to the procedure for the synthesis ®fcompound6 (700 mg, yield: —OCH-). 56.38 (-OCH-). 56.26 (-OCH.). 36.88 CH,—). HRMS
80%) was obtained from the reaction®f60 mg, 0.91 mmol, 1 equiv), E:alculat%d for @5&4012 3()M T Naﬁ) 9413.)\,;513; fo(u_nd, 294)1.3541'

[4-(2-iodoethoxy)-3-methoxyphenylJmethanol(800 mg, 2.7 mmal, [3 + 2] Cycloaddition. As shown in Scheme 2, a solution of

3 equiv, ?nd CsCO; (1.2 g, 3.7 mmol, 4 equiv) in anhydrous DMF copper(ll) sulfate (0.006 mmol, 0.5 equiv) was added to the azidopep-
(20 mL). *H NMR 6 = 7.01-6.80 (m, 15H), 4.73 (d) = 13.7, 3H), tide-modified resin (20 mg, maximum 0.0124 mmol azidopepiide
4.61 (m, 8H), 4.38 (M, 4H-OCHCH:0-), 3.75 (s, 3H,~OCHs), 5 1 oquiv) followed by 2,6-lutidine (2.78L, 0.024 mmol, 2 equiv),
3.74 (s, 3H,~OCH), 3.69 (s, 9H,~OCHj), 3.53 (d,J = 13.7, 3H, sodium ascorbate (0.018 mmol, 1.5 equiv), and monopropargyl-

— o — = 1 —
14%%13),14%4555 (i'AfJS gozii’sl:g' 1:%_5C2H)1'473%1N1'\1§ 30_14164 257?146 ggCryptophane-A7 (21 mg, 0.024 mmol, 2 equiv). The suspension was
o D DO D Doy T " e "~ ~degassed with gentle,Nlow and stirred at rt for 16 h. The resin was

146.82,134.74, 133.21, 133.14, 131.99, 121.13, 119.54, 116.73, 116'60'(ransferred to a fritted reaction vessel and washed sequentially with

116,59, 114.59, 114.55, 113.86, 111.05, 78.90, 75.97, 68.17, 67.98, : , \
67.80, 65.28, 65.08, 56.96, 56.27, 56.23, 55.90, 36.56. HRMS calculatedgr?gg'fj’ng/'eerov';é::ﬁer’ and 1:1 MeOH:CGElz. The resin was then

—+ .

for’v(l:SGHG"ols M —Ii_CNa ): 9:5'38i9’ ;our:\;i, ?]95'?180?'50 L Cleavage of the conjugate product from the resin was accomplished

dd c:jnopropa_rgy(; rylptc_)p z:\ge- (7). Methano I( U M I) vlvas by treating the dried resin at rtf@ h with a mixture of TFA, water,
added to a s_t|rre_ solution @ (90 mg, 0.09 mmol) n (.:bcz (10 thioanisole, phenol, ethanedithiol, and triisopropylsilane (81.5/5/5/5/
mL)._PerchIorlc acid (150 mL) was then added dropwise into the c_Ioudy 2.5/1) for peptide containing unprotected Trp and with TFA, water,
Sfluﬁlo? at40 r(]: Tge rea_lc_:tt:on was allowed to War?I to :jtsnd stirred and triisopropylsilane (95/2.5/2.5) for peptide without the Trp residue.
ssc())v(\)/y or 8d un erl_u M reacn%n m|xltur_e WaSOC':Uteh éggz The resin was removed by filtration and rinsed with minimal TFA.
( mL) and neutralizedybd M NaOH solution at 0C. The CHC, Addition of anhydrous EO to the filtrate gave a white solid precipitate,
and aqueous phases were separated, and the aqueous layer was extraciet 1 \was washed with anhydrous,8t collected by centrifugation

with C';b?zd(? éogsoLmL)d Thehcgml?tlrr]le’\? or(g;m;:_ extraé:t; WEr€ " and dried under vacuum to yield crude product. The produatsd il
concentrated to mL and washed wi aHGolution and brine were purified by HPLC with the following gradient: time 0, A/B

several times. The solution was filtered and dried over Mg3ater 75/25: 0-30 min, linear increase to A/B- 45/55; 30-32 min, linear

removal of the solvent under vacuum, the brownish residue was change to A/B= 20/80; 32-42 min, A/B= 20/80. MALDI calculated
chromatographed on a silica gel column (eluent: 1 to 3% methanol in for intact biosensoil ’C129|'|181N3o(’)27 M + H*.) 258237 found

CHCl,) to give pure product as a light yellowish solid (42 mg, yield: 2582 .42. MALDI calculated for cleaved biosendb H
499%)."H NMR 6 = 6.90 (5, 2H), 6.78 (5, 2H), 6.76 (5, 4H), 6:69 (1 - 1)), 175631, ound. 175564 F CorFtdNaOz0

Enzymatic Assay, Monitored by HPLC. At rt, an aliquot (2uL)

aReaction ofl or 2 with 7, followed by TFA cleavage and HPLC
purification, yieldedl andll in 80—92% vyield.

(46) Brotin, T.; Devic, T.; Lesage, A.; Emsley, L.; Collet, £&hem. Eur. J.

2001, 7, 1561-1573. of active MMP-7 (0.454.g/uL) was added into 0.998 mL of a freshly
(47) GCO%n?’Ce”L J.; Collet, A; Gottarelli, G. Am. Chem. Sod984 106, 5997~ prepared solution of biosensbat a known concentration in standard
(48) Canceill, J.; Lacombe, L.; Collet, A. Am. Chem. S0d985 107, 6993 buffer. The extinction coefficient of, ¢ = 15,000 M cm™ at 280

6996. nm in water, was determined from a solution containing the weighed
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sample. At approximately 3 min intervals, #0 aliquots were removed
from the reaction mixture and immediately quenched withuB®f a
40 mM EDTA solution. Each aliquot was analyzed by HPLC with the
gradient: time 0, A/B= 75/25; 6G-30 min, linear increase to A/B-
45/55; 36-32 min, linear change to A/B- 20/80; 32-42 min, A/IB=
20/80. The retention times for and Il were 15.6 and 17.9 min,
respectively. The enzyme activity was determined from the initial rate
of increase in the concentration of cleaved senorduring the
consumption of the first 1015% of substraté. The absorbance at
280 nm of the growing peak at 17.9 min was integrated and compared
for each time point. Initial velocities were measured at substrate
concentrations of 6, 16, 28, 38, 48, 74, and 100.

The keafKu value for all peptide substrates was calculated on the
basis of the MichaelisMenten equation (eq 1) after fitting the activity

quickly transferred to a special aluminum container inside'thée
probe. At 9.4 T, the spin relaxation tinfe of 1°Xe gas in the container
ranged from 70 to 120 mirA 5 mm sample test tube and an NMR
tank circuit, along with the output gas capillary, were mounted on a
removable probe insert, a configuration which allowed the sample to
be changed without removing the hyperpolarized xenon container from
the magnet bore. Sample temperature (unregulated) in the probe was
stable at 18t 1 °C, whereas the solutions were prepared at rt-2B

°C. This difference in temperature led to an initial cooling of the sample
upon introduction into the probe, and the sample was allowed to sit to
achieve thermal equilibrium with the probe. By opening a needle valve
mounted on the container and monitoring the output gas flow rate, pure
hyperpolarized xenon gas was gently bubbled through the test tube
containing the sample solution; then the bubbling was stopped, and

data at varying substrate concentrations with a nonlinear regressionNMR scans i = 1—32,%?%e frequency 110.45 MHz, 2830° tipping

curve:

 _ [EldSkey O
Ku + [S]

where [E} and [S] were the total enzyme and substrate concentrations

in solution, kear Was the rate of product formation by the enzyme

substrate complex, andy was the Michaelis constant, which gave

the concentration of substrate at which the reaction occurred at half of

the maximum rateYmax

For the azidopeptide substrate enzyme activity was determined
similarly by HPLC with the gradient: time 0, A/B= 90/10; 0-30
min, linear increase to A/B- 60/40; 36-32 min, linear change to A/B
= 20/80; 32-42 min, A/B = 20/80. Peak areas were monitored for
the intact substraté and cleaved hexapeptide prodidcat retention
times of 17.0 and 10.3 min, respectively. Initial velocities were
measured at substrateconcentrations of 6, 50, 100, and 8#DI.

Fluorescence Spectroscopy and Fluorometric Enzymatic Assay.
Fluorescence spectra bfand Il dissolved in standard buffeidy =
295 nm) were measured in small volume, 1-cm path length quartz
cuvettes at 298 K using a Varian Cary Eclipse fluorescence spectro-
photometer operated with the Cary Eclipse Bio software package (1
nm steps, 5 nm excitation and emission slits). Kinetics data were
collected at 30 s intervals using the same software on samples with
controlled temperature and stirring.

For the fluorometric enzymatic assay, an aliqguou(9 of active
MMP-7 (0.454uglul) was added into 0.998 mL solution éf%e
biosensoll with known concentration at 298 K. Fluorescence spectra
were collected from 316450 nm. All reported fluorescence data are
uncorrected and are roughly 5 nm red-shifted from the values obtained
when the instrumental correction feature is employed. Trp fluorescence
at 400 nm was analyzed as a function of time, since there was little
contribution at this wavelength from monopropargyl-cryptophane-A
fluorescence. The enzyme activity was calculated from the initial rate
of decrease in Trp emission at 400 nm, over the time interval that
corresponded to the first #15% completion of the reaction. Tlkey/

Kwm value for biosensor was calculated by nonlinear regression of the
activity data by varying the biosensor concentration fronl80uM;
double-reciprocal 1/ versus 1/[S] LineweaverBurk plots’® gave a
similar kea/Ky value.

129%e NMR Spectroscopy.??Xe chemical shift data for andll
were collected in BO solution on a homemade spectrom&ter
connected to a home-bulf®Xe probe mounted in the bore of an Oxford
9.4 T magnet’H = 400 MHz). Isotopically enriched xenon (86%Xe
and 0.13%'%Xe, Spectra Gases) was polarized and cryogenically
separated from the buffegas mixture in a Nycomed-Amersham (now
GE) IGI.Xe.2000 polarizer (output polarization 120%) and then

pulse) were performed and averaged. Raw free induction decay (FID)
signals were recorded in quadrature, then processed using standard
baseline and phase corrections, fast Fourier transform, and Gaussian
broadening of 20 Hz. Peaks attributed to gaseous xenon at 1 atm inside
the input capillary (coaxial with the vertical sample tube) were taken
as +0.55 ppm frequency referengemaking the observed peaks
consistent with the published data f&PXe dissolved in pure BD%?

and in cryptophane's;*442 after taking into account the temperature
dependence of the frequency shiftd442 All curve fitting was
performed with IGOR Pro 5 (WaveMetrics, Inc., Oregon) prior to
applying Gaussian broadening. The uncertaintié®Xe chemical shifts

from peak fits were smal2 Hz, 0.02 ppm), with additional sources

of error (such as assignment of the gas reference peak) being much
less than the linewidths of approximately 20 Hz. These contributions
resulted in peak uncertainties of approximatet).05 ppm.1%°Xe
chemical shifts are reported to a precisionded.1 ppm.

Results

Synthesis of Peptide-Cryptophane-A Conjugates. In
designing biosensdr, the sequence RPLALWRS was chosen
because of the high specificity of MMP-7 for this substrate and
its successful function in a fluorogenic beacon for in vivo
detection and imaging of MMP-%:38Schemes 1 and 2 outline
the synthesis of. Cryptophane-A was synthesized with a single
propargyl group, which not only overcame the hurdles of allyl
ether deprotection and subsequent low-yielding alkylation that
confronted previous studies with cryptophah#t;*345but also
provided an efficient route to couple a variety of peptides to
cryptophane-A via azide-alkyne [3 2] cycloaddition?®-41 ]
was generated through two different methods: (a) MMP-7-
mediated enzymatic hydrolysis bfand (b) direct synthesis on
solid support, as described (Scheme 2). Both routes gave the
desired product, as confirmed by HPLC and MALDI-TOF mass
spectrometry. The latter method was more efficient in generating
large quantities of material for this study.

Monopropargylated cryptophane-Awas synthesized in 12
nonlinear steps by following a modified template method which
involved stepwise incorporation of two types of linkers and the
formation of two cyclotriveratrylene units in two different stages
of synthesid? Starting from vanillyl alcohol, cyclotriguaiacylene
4 was prepared in three steps and 35% overall yield, based on
a known procedur&42-48 Two linkers were synthesized for
attachment to4: [3-propargyloxy-4-(2-iodoethoxy)phenyl]-
methanol (4 steps, 49% yield) and [4-(2-iodoethoxy)-3-meth-

(49) Segel, I. HEnzyme Kinetics: Beh#r and Analysis of Rapid Equilibrium
and Steady-State Enzyme Systelokn Wiley & Sons: New York, 1993;
pp 1-957.

(50) Patton, B.; Kuzma, N. N.; Happer, Whys. Re. B 2002 65, 020404.
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(51) Jameson, C. J.; Jameson, A. K.; Cohen, SJMChem. Phys1973 59,
4540-4546.

(52) Grishin, Y. K.; Mazitov, R. K.; Panov, A. NAppl. Magn. Resonl998
14, 357-366.



129Xe NMR Biosensors for MMP Detection

ARTICLES

400'_ . — LWRSRK 3, 15uM
350 : '. - = Biosensor I, 15uM
5 1, sin - - Biosensor II, 15uM
a 3004, .’ R ‘\ — = Tryptophan, 15 uM
2 0]l
c r j . -
£ 200{: 7\
m L] -
S 150+
§ 100‘
g ]
S
i 50'_
0 T T T T L}
300 350 400 450 500 550

Wavelength (nm)

Figure 2. Fluorescence spectra of biosendorcleaved biosensoH,
hexapeptide LWRSRK3, and tryptophan. All spectra were obtained by
excitation at 295 nm at rt in standard buffer.

oxyphenyl]methanol (2 steps, 52% yield). In the presence of
cesium carbonate as badeyas alkylated with one [3-propar-
gyloxy-4-(2-iodoethoxy)phenyllmethanol linker, followed by
two [4-(2-iodoethoxy)-3-methoxyphenyllmethanol linkers, to
give precursob in 50—55% yield for the two alkylation steps.
As compared with literature reports of $35%:245 substan-
tially improved yields of alkylation were achieved with lower
reaction temperatures and longer reaction times. The most
challenging step was the cyclization of precuréado afford7.
This had been reported to be low yielding in the synthesis of
other monofunctionalized cryptophane-A compoutidSeveral
trials on the final cyclization using pure formic acid or a
chloroform/formic acid mixture (50/50) at 5% led to multiple
non-isolable compounds, with very little product appearing on
TLC. However, the desired cyclized produtivas obtained in
49% yield by using perchloric acid/MeOH (50/50) at rt. Further
attempts using perchloric acid/MeOH mixtures at elevated
temperatures led to decomposition of starting material.

The azidopeptides NCH,CH,-CONH,-RKRPLALWRSRK,
1, and N-CH,CHx-CONH,-RKRPLA, 2, were synthesized by
standard solid-phase synthesis using Fmoc-substituted re&ents.
3-Azido propionic acid was prepared according to literature
procedure¥ and incorporated as the N-terminal residue. Yields
of purified peptides were about 80% for all peptide coupling

(a)
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400 =3h
1 t=1h
3001 —~ t=45 min
200+ N t=30 min
2 100' & S\ t=24 m?n
£ J) AL=12 min
04 & NA_t=6 min
1 J t=0 min
-1004
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Figure 3. (a) HPLC traces for aliquots of biosendo32 uM) digested by
MMP-7 (42 nM) at rt in standard buffer to givé. Proteolysis was stopped

at the indicated time points by EDTA addition, then analyzed by reversed
phase HPLC. (b) Fluorometry monitored digestion of biosehg8R xM)

by MMP-7 (42 nM) at rt in standard buffer. Trp fluorescende\(= 295

nm, Aem = 358 nm) decreased during the reaction.

3a). A standard assay was performed by inculgainl mL
reaction mixture of 32 nmdl and 42 pmol MMP-7 at 310 K.
Reaction progress was monitored by analyzing aliquots of the
reaction mixture at regular intervals. HPLC data showed a

and cleavage steps, based on the maximum possible yield fromy o 4ressive decrease of the intact biosensatrretention time

the amount of starting resin. While still attached to the Wang
resin, the azidopeptide was coupled to the monopropargyl-

of 15.6 min and a concomitant increase of two new peaks at
retention times of 3.0 min and 17.9 min. MALDI-TOF mass

cryptophane-A by a copper (|)-catalyzed{32] cycloaddition spectrometry identified these new peaks as the cleaved hexapep-

to give biosensor in 8992% yield04! After cleavage from i .
solid support, reversed phase HPLC analysis showed completet!de LWRSRKS and cryptophanepeptide productl, respec-

disappearance of azidopeptide and appearance of new peaks é'tv?ly' The peptide cleavage patterln ggreed W?th previgus gssays
longer retention times, as expected for peptides conjugated toUSiNg th|s_substraf[€:34~38The 2.3-min increase in retention time
the hydrophobic cryptophane. Pooled fractions for each productWas consistent with the lower charge of the cleaved product
were collected and lyophilized, and all compounds were (12) relative to the intact biosensor(+5).
characterized by MALDI-TOF mass spectrometry. Figure 2  Biosensol contained a single tryptophan near the C-terminus
shows the emission spectra for the intact cryptophane sénsor  that was two residues removed from the cleavage site for MMP-
cleaved cryptophane sensbfLWRSRKS3, and free tryptophan. 7. Considering the sensitivity of Trp fluorescence to its
Enzymatic Assay.The ability of MMP-7 to hydrolyzé?Xe environment, we explored whether the Trp emission changed
biosensoil was initially confirmed by HPLC analysis (Figure  upon peptide cleavage. The broad fluorescence spectrum of
(Figure 2) was assigned to contributions from both cryp-
tophane-A fmax= 318 nm) and TrpAmax= 358 nm). The Trp
fluorescence spectra dfand 3 were red-shifted, as is typical

(53) Atherton, E.; Sheppard, R. Golid-Phase Peptide SynthesiBL Press:
Oxford, 1989; pp +203.
(54) Leffler, J. E.; Temple, R. DJ. Am. Chem. Sod.967, 89, 5235-5246.
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Table 1. Comparison of MMP-7 Activity toward I, Monitored by 1.0- O A
UV—vis (HPLC) and Fluorometry > 5
biosensor | (uM) K7
= e
6 50 100 = 038 " u
Initial Velocity (pmol/s) ‘© =
HPLC assay 1 7 2 06- AR
fluorometric assay 0.9 9 8 ]
4 s B
S 04+ -
for the fully solvated amino acid in pH 7.5 water.The 3
fluoresc_ence §pectrum _@fw_as (_Jliminishe_d from free tryptopha_n 3 0.2 Al B O 1at360nm
in solution (Figure 2), indicating considerable Trp quenching % £ 5 = B Iat318nm
o

aromatic residues within the hexapeptide that would contribute
to quenching by energy transfer, but quenching of tryptophan
by excited-state proton and electron transfer is well-known
within peptides and proteir?s. ] ) ) ) )
In enzvme kinetics studies. the fluorescence spectruin of Figure 4. Concentration dependence of biosensor fluorescence intensity
enzy ” u ’ u o p u. (I andll, Aex = 295 nm,lem Monitored at 318 or 358 nm, corresponding
was taken at 30 s intervals after addition of MMP-7 (Figure to emission from cryptophane and Trp, respectively). Solutions at rt in
3b). A continuous decrease of Trp emission was observed thatstandard buffer. The fluorescence intensity for each compound at a given
was attributed to the aforementioned intramolecular quenching wavelength and concentration was normalized to its value at the maximum
S . . . biosensor concentration, in order to facilitate comparison and show linearity
processes. A similar decrease in 'I_'rp fluorescence intensity wasgyer a large concentration range.
observed upon cleavage of peptitigdata not shown). The

change in fluorescence intensity at 400 nm was used to calculate  Having ruled out a prevalent role for intra- and intermolecular

the initial velocity ¢) of the enzyme reaction. The values interactions within or between biosensors, we sought further to
determined by HPLC and fluorometric methods were in investigate whether the cryptophane contributed to the observed
excellent agreement (Table 1), which validated using the decrease in Trp fluorescence upon enzymatic cleavage. The
fluorometric assay to monitor thls enzyme reaction. Th(_a Trp quenching process observed in the MMP-7 cleavage assay was
fluorescence assays were easier to run, allowed continuous,ery efficient, which discounted the possibility of diffusion-
monitoring of the reaction, provided greater sensitivity, and qnirolled bimolecular collisional quenching, & 10° M1 s7Y),
required less material than HPLC-based s absorbance  paseq on the low micromolar concentrations of (equimolar) Trp
measurements. ) ) and cryptophane, and short lifetime of the Trp excited state

~ Fluorescence Studies.Experiments were performed 0 (..10-85)55 Thus, it was investigated whether static quenching
|_nvest|gate Trp fluoresence u_nder dlffel_rent experimental condi- ~5,,sed by association between the Trp-containing hexapeptide,
tions. In the fully extended blosensp(Flgure 1) cryptophane | \wRSRK 3, and cryptophane, could occur. To examine this
and Trp were separgted lt?y approxma.ter. 40 A Temperat.ure possible quenching mechanism, the steady-state fluorescence
dependence studies identified little contribution to Trp quenching intensity of the hexapeptide LWRSRE was measured as a
from th? cryptophgne within the intact blosengbr(see function of the cleaved sensbr (putative quencher) concentra-
Supporting Information). The observed decrease in Trp fluo- tion in standard buffer. This SterVolmer experiment could
rescence at elevated temperaturag, &= 358 nm,F/Fo = 0.3 only be performed within a limited range df concentrations,

at 353 K) was virtually identical to that seen with the due to limitations in the quantity of material and the contribution

Trp-containing hexapeptid@, and was thus attrlby t?d to of this compound to total fluorescence. Nonetheless, 8-fold
temperature-dependent solvent quenching by nonradiative decay

processe®’ The similar fluorescence temperature dependence excess quencher was .suff.icient t(.) elucidate the strength of the
for I and3 also suggested a lack of intermolecular interactions C'YPtoPhanehexapeptide interaction. All fluorescence spectra
between biosensors, since higher temperatures should dissociaty€"¢ Corrected to remove contributions from cryptophane.
any aggregates in solution. This was confirmed witind Il onsiderable absorbance at 280 nm from the cryptophane,
by comparing the concentration dependence of fluorescencetoupled W|th residual cryp_tophane quor_esence intensity even
intensity flex = 295 NM, Lem = 318 nm for cryptophane, and after _correctlon, compromls_ed the quality of thesg data. _The
Jem= 358 nm for Trp), after correcting for inner filter effects esulting fluorescence maximum at 358 nm, which mainly
and dilution®® Neither compound’s fluorescence intensity devi- corr_e_sponded to Trp emission bfdecreased with successive
ated from linearity over the concentration range;250 uM additions ofll . The slope of~¢/F vs [Il ] gave the agsoua’uon
(Figure 4). The absorption and fluorescence maxima were COnstant,Ks = 9000 + 1000 M, for the formation of a
unchanged over this range (data not shown). The biosensorglonfluorescent ground-state complex between Trp and cryp-
were very soluble in water, and the fluorescence studies tophane (Figure 53 The Stern-Volmer experiment revealed
indicated that, Il , and related amphiphilic cryptophanes were Strong Trp-cryptophane complex formation, leading to a loss
unlikely to aggregate at concentrations relevant to the presentof Trp fluorescence. Within this concentration range, there was

50 100 150 200
[Sensor] (uM)

in the environment of the hexapeptide. There are no other U m A T1at318nm
0.0F
0

129¢e NMR studies. no significant deviation from linearity that indicated additional
contributions from collisional quenching processes.
(55) Lakowicz, J. RPrinciples of Fluorescence Spectroscopgd ed.; Kluwer i
Academic/Plenum: New York. 1999: pp 23250, Cryptopha_nes are k_n(_)wn to encapsulate some cationic
(56) Chen, Y.; Barkley, M. DBiochemistryl998 37, 9976-9982. molecules with high affinity (K ~ 2700-6400 M%) due to
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Figure 5. Stern—Volmer plot of fluorescence quenching of Trp-containing
hexapeptide (16 «M, 298 K in standard buffer) by cleaved biosen#ar
Solution of3 was titrated with 3.18 mMI, to achieve concentrations bf

between 0 and 120M. Steady-state fluorescence measurements found the

ratio of initial fluorescencery, to observed fluorescendg, at each quencher
concentration. The linear fit gave &* value of 0.88, which indicated a

dominant static quenching mechanism. The slope of this line gave the Na-CH,CHy-CONH,-RKRPLALWRSRK 1

association constanks = 9000 M1, for the -3 complex.

both cations and hydrophobic interactior$8thus, comparable

Table 2. MMP-7 Enzyme Kinetic Parameters for Different Peptide
Substrates

KM Vmax kcat/KM
substrate (uM) Ms™ M1s)
biosensot 43 13x10% 7.2x10¢
150 4.7x 108 7.3x10°
dinitrophenyl-RPLALWRS 26 — 1.9x 10°

aMMP-7 activity toward this fluorogenic substrate was reported previ-
ously at 303 K38

association between electron-rich cryptophane and the positively
charged peptide could be responsible for stable complex exploring this interaction by alternate spectroscopic methods.
formation. Trp is known to function as an efficient quencher This is a useful application of Trp fluorescence quenching to
for some organic dyes via photoinduced electron transfer, and monitor a biochemical reaction. For monitoring the enzymatic
Trp emission can be quenched by Tyr and Phe via long-rangecleavage process at longer timés>(20 min; Figure 3, a and
energy transfet® 63 The limited spectral overlap between b), the HPLC data were a more transparent indicator of reaction
cryptophane emission and Trp absorption reduced possibilitiesprogress, based on defined substrate and product peaks. In the
for long-range fluorescence energy transfer, as evidenced byfluorometric assay, the Trp fluorescence decreased linearly for
the lack of Trp quenching that was observed within the intact the first 20 min but showed little apparent decrease after 30
biosensorl. Alternatively, the observed Trp quenching could min, which was likely due to the diminishing concentrations of
involve a shorter-range, photoinduced electron-transfer reactionTrp (3) and free cryptophandl( in solution. By monitoring
between Trp and cryptophane-A. However, cryptophane-A initial velocities, it was possible to circumvent this problem and
(reversible oxidation at 0.69 V for related cryptophane-E in obtain data in good agreement with the less sensitive HPLC

acetonitrile with Ag/AgNQ reference electrod®) and tryp-
tophan (midpoint potentia= 1.02 V vs NHE at pH 7P are

assay.
Future hyperpolarized?°Xe MRI studies are likely to be

both good reducing agents, and formation of the Trp radical conducted with in vivo concentrations of £Q00 uM bio-
cation by electron transfer was disfavored thermodynamically. sensor*hyperpolarize¥°Xe complex, based on considerations

More simply, -stacking between tryptophan and the cryp-

of biosensor delivery, as well as hyperpolariZé¥e lifetime

tophane could mediate this interaction and lead to quenchedin solution and sensitivity. Thus, the efficiency of the MMP-7
Trp fluorescence, as has been observed in many previouscleavage reaction for biosensowas compared to that for the

studies??56-68 However, we have no direct spectroscopic
evidence ofr-stacking interactions at this time. We are currently

(57) Garel, L.; Lozach, B.; Dutasta, J. P.; Collet, A, Am. Chem. Sod.993
115 11652-11653.

(58) Garcia, C.; Humiliere, D.; Riva, N.; Collet, A.; Dutasta, Ja?g. Biomol.
Chem.2003 1, 2207-2216.

(59) Jones, G.; Lu, L. N.; Vullev, V.; Gosztola, D. J.; Greenfield, S. R,
Wasielewski, M. RBioorg. Med. Chem. Lettl995 5, 2385-2390.

(60) Neuweiler, H.; Schulz, A.; Bohmer, M.; Enderlein, J.; Sauer,JMAm.
Chem. Soc2003 125 5324-5330.

(61) Wagenknecht, H. A.; Stemp, E. D. A.; Barton, J. K.Am. Chem. Soc.
200Q 122 1-7.

(62) Bush, M. E.; Bouley, N. D.; Urbach, A. R. Am. Chem. So2005 127,
14511-14517.

(63) Marme, N.; Knemeyer, J. P.; Wolfrum, J.; Sauer,Ahgew. Chem., Int.
Ed. 2004 43, 3798-3801.

(64) Renault, A.; Talham, D.; Canceill, J.; Batail, P.; Collet, A.; Lajzerowicz,
J. Angew. Chem., Int. Ed. Engl989 28, 1249-1250.

(65) DeFelippis, M. R.; Murthy, C. P.; Broitman, F.; Weinraub, D.; Faraggi,
M.; Klapper, M. H.J. Phys. Chem1991, 95, 3416-3419.

(66) Marme, N.; Knemeyer, J. P.; Sauer, M.; WolfrumBibconjugate Chem.
2003 14, 1133-1139.

(67) Vaiana, A. C.; Neuweiler, H.; Schulz, A.; Wolfrum, J.; Sauer, M.; Smith,
J. C.J. Am. Chem. SoQ003 125 14564-14572.

(68) Doose, S.; Neuweiler, H.; Sauer, MhemPhysChe2005 6, 2277-2285.

cognate peptidé over this biosensor concentration range. The
cleavage of was monitored both fluorometrically and by HPLC
UV —vis measurements, wherehsvhich lacked a cryptophane
guencher, was monitored only by HPLC. Enzyme reaction
parameters were determined from measuring the initial con-
sumption of 16-15% of each substrate. Tley/Ky value was
calculated by nonlinear regression of the enzyme activity data
at different concentrations of as shown graphically in Figure
6 and tabulated in Table 2. The data showed thand| were
similarly specific substrates for MMP-7 with virtually identical
values forkea/Kym. MMP-7 showed higher affinity for biosensor
I (Km = 43 uM) than the more natural substratgKy = 150
uM). One explanation for the 3.6-fold low#&fnax for biosensor
I could be stabilization of the enzym@roduct complex by the
cryptophane, but this remains to be tested in the lab.

Both substrates were comparable in affinity to the previously
studied, fluorescently labeled MMP-7 consensus sequence,
dinitrophenyl-RPLALWRS Ky = 26 uM),®® but showed
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624 [ 61.8 Information), Il gave two peaks with very similar chemical

I shifts,—0.1 ppm andt0.1 ppm for the two diastereomer peaks.
According to calculations by Harris et & the difference in

the diastereomer separation might be due to the difference in
the electrostatic potential between intact and cleaved Xe
biosensof>16 The diastereomers also showed distinct Xe-
binding properties evidenced from the different linewidths they
exhibited individually!>6 Because thé?®Xe chemical shift is
known to be temperature depender(28 ppm pefC)!3 and
it was not possible to control the sample temperature precisely
in the home-built NMR spectrometer during the data acquisition,
a mixed solution ofl and Il was prepared to indicate the
difference in12%Xe chemical shift. As shown in Figure 7, two
sets of peaks, major (frequeney 61.4, 62.2 ppm; line width
= 25, 21 Hz) and minor (frequency 61.9, 62.5 ppm; line
width = 26, 21 Hz), were observed in the mixed solution. Based
66 64 62 60 58 on the concentrations ¢fandll (77 and 954M, respectively),
the major peaks were assigned to Xe encapsulated in the cleaved
biosensoll , and the minor peaks were due to Xe in the intact

Chemical shift (ppm)

Figure 7. Hyperpolarized??Xe NMR spectra in BO of biosensot alone ; ;
(above, blue trace, 154M) and a mixture of intactl( 77 uM, blue labels) blpseqson. .The area under each set of pe.aks W.as gonsstent
and cleaved sensord (95 uM, red labels). with this assignment. Furthermore, the chemical shift differences
o ) between the two major and two minor peaks were 0.8 and 0.6
roughly 25-fold lower specificity. Substratdsand| differed ppm, respectively, which is in agreement with the difference

from this fluorogenic peptide with charged arginine and lysine paotween diastereomer peaks for the cleaved and intact Xe
residues at both the C- and N-termini. It appears likely that these j;gsensors.

residues were responsible for decreasing enzyme specificity and,
thereby, lowerind{cafKm. The two RK units were incorporated  Discussion

into biosensor in order _to improve water solubility and to .. Reasons for the difference #°Xe chemical shift between

modulate the electrostatic environment near the cage, but it .

should be possible o remove these residues and im rovethe two compounds have not yet been fully elucidated, but the
P b previously described fluorescence experiments help to rule out

substratg specificity. Through these studies, the promising everal possible explanations. Intra- and intermolecular interac-
observation was made that the cryptophane had a modest effecf.

L jons were foun insignificant inand Il and th r
on enzyme activity when placed35 A from the MMP-7 ons were fou d to be Si9 ca_t h_a dil and thus are
. : . unlikely to make substantial contributions to the Xe-binding
cleavage site. Thus, future biosensors can incorporate the . - o . .
o ) . .__environment. Similarly, it is unlikely that the rotational cor-
enzyme-reactive site much closer to the cage, which will provide

- . . . relation time differs sufficiently between the two compounds
ac!dmonal avenues.for modulgtlng thiéxe .chem|cal Sh'.ft' .We to produce the observed differencelfiXe chemical shift. A
reiterate that the incorporation of a single Trp within the

. . L substantial interaction was identified between cryptophane-A
biosensor provided valuable insight into the molecular structure yptop

. . . - and the Trp-containing hexapeptide, but only after enzymatic
in solution and greatly facilitated the enzymatic assays. Future .

. . . : .~ cleavage, an@ was absent from th&°Xe NMR experiments.
biosensor designs are likely to benefit from also placing

trvotophan within the peptide sequence. in Some cases muc It appears that dissimilar electrostatic environments of the Xe-
yptop peplic d ’ . hbinding cages i andll, produced by the difference in charge
closer to the cryptophane, in order to promote intramolecular (+3) between the two peptides, resulted in the observed 0.5

quenching. . ; ) . .
i . m change if2°Xe chemical shift for one pair of diastereo-
*22Xe NMR. Hyperpolarized*Xe NMR experiments clearly aners anng.S ppm for the other pair. The sngall changé&e

revealed differences in the xenon environment between the intactChemical shift mav be due to the larae distance of the trvptophan
biosensorl and MMP-7-cleaved produdt (Figure 7). The y g ypiop

concentration of each compound was determined by-\U¥ and C-terminal p(_JS|_t|veI)_/ charged_ residues from the cryp-

. ) tophane, and the limited intra- and intermolecular interactions
absorbance measurements at 280 nm in watgg; = 15,000 atrt. It is postulated that the positively charged (RK) C-terminus
M~1 cm™! for the intact biosensor anggo = 9300 M~ cm™* ' P P y 9

. . . . of | distorted the xenon electron cloud, despite its 50-A
for the cleaved biosensor. Chemical shift assignments wereSe aration from the crvptoohane. The remarkable ability of
based on using frég%Xe in D,O at 186.2 ppm as the reference. P yptop : Y

. . Xenon to sense its remote environment presents many op-
Raw Fquner Fransforms were fitted to th? double and quadr.uple portunities for the development of enzyme-speciti®Xe
Lorentzian line forms prior to applying 20-Hz Gaussian

. e . magnetic resonance biosensors. Information gained from these
broadening. As shown in Figure 7, each spectrum of intact and 9 9

. . i fl i ill make i
cleaved Xe biosensors consisted of two peaks separated by 0_§nzyrnat|c assays a}nd uorescence experiments will make it
. . . . possible to design biosensors that produce much larger changes
and 0.8 ppm, respectively, which were attributed to diastereo- in 129Xe chemical shift, while maintaining catalytic efficiency
mers of the peptide-cage conjugates (RL and LL) that originated 12 . . ;
from the chirality of the two components, peptide and cryp- Efforts_ to devglop Xe plosensors as cancer d|agno.st|c
tophane-At213The two diastereomer peaks fofFigure 7, top agents will benefit from previous applications of hyperpolarized
trace) were at 61.8 and 62.4 ppm with linewidths of 28 and 22 (69) Sears, D. N.: Jameson, C. J.. Harris, RJAChem. Phy2004 120 3277

Hz, respectively. In a separate measurement (see Supporting = 3283.
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129¢e for in vivo imaging. Hyperpolarize&®Xe MRI has been ~ semi-continuous inhalation. New techniques for generating
performed on the bodies and brains of rats,’2 the lungs of multiliter quantities of highly polarized?%Xe will facilitate
mice? dogs’® and humang,and in animal tumor8.Hyperpo- efforts to conduct?*Xe MRI experiments in human patierfts.
larized 12%Xe is typically delivered in vivo by inhalation or  =oncjusion

through direct injection of xenon-saturated perdeuterated or - .
In summary, we developed an efficient synthesis for an

perfluorocarbon solution®. Pines and co-workers recently enzvme-responsivi?%Xe biosensor consisting of a modified
demonstrated the application of xenon biosensors in heteroge- y P 9

neous mixtures by obtaining MR images of the biotin-labeled cryptpphane-A cage _and peptlde_substrat_e. Th? cryptoph_ane,
biosensor attached to avidin-coated agarose Héaflbese despite its hy_drophoblcny anq steric bulk, did not _mterfere with
studies represent significant advances, but the development OTMMP'7 activity at relevant_ biosensor cozncentratlops. En_zyme
12 . . : o .~ “cleavage produced a maximum changé?®Xe chemical shift

Xe biosensors for cancer imaging applications requires of 0.5 ppm for one pair of diastereomers. The average change
additional investigations: for example, the cytotoxicity of . = pp . pair ) ; . 9 9
cryptophanes, the specificity e biosensors for cancer cell in 12%Xe chemical shift, including both pairs of diastereomers,
receptors, anéj mechanisms for generating latg®te NMR was 0.4 ppm. Hyp(_erpola_rizéégxe NMR experiments detected
chemical shifts and higher affinity xenon-binding cages that proteol_y&s_from Just plcomoles of MMP_?.’ based on the

. A L . catalytic efficiency of this enzyme to cleave biosenisorhese

expand the chemical shift window for multiplexing experiments. experiments. indicated that future biosensors can place the
An important proof-of-principle experiment will come from our P P

- R cleavage site much closer to the Xe-binding cage in order to
ilt,)\::;y to distinguish healthy cells from cancer cells jxe modulate the”2°Xe chemical shift. A strong interactiolKs =

1 i ifi _
Current limitations in developing?®Xe MRI contrast agents Sgg&ﬁmm?‘gxg—e’ t\i':ljaes allizmtlrfll:dar%er;v:;iﬂici tgpt?ghsgne
for in vivo studies include the difficulties of synthesizing large Specific ir?teractiopnspbetween crvotophanes and pe t?/dpesp rovidé
quantities of functionalized cryptophanes and delivering laser- P yptoph AN pep P
polarized?%e to living tissue. Improved methods for synthe- new avenues to modulate tH&Xe chemical shift for biosensing

sizing xenon biosensors are crucial to developing this technology applications.

for in vivo applications. Because the lifetime of hyperpolarized ~ Acknowledgment. This work was supported by DOD
129e s relatively short in biological fluid&474 it will be (W81XWH-04-1-0657) and NIH (1R21CA110104) to 1.J.D.
important that hyperpolarized®Xe can be continuously deliv- ~ We thank Will Happer and IstvaPelczer for providing access
ered to the site of the cryptophane in order to maintain signal to Princeton lab facilities, Jack Leigh for providing the support
intensity. Thus, one possible application of xenon biosensors 0f MMRRCC (NIH RR02305), Jeffery Saven and Ronen
is the12%Xe MR spectroscopic identification of biomarkers in  Marmorstein for access to instrumentation, and Steve Kadlecek,

the lungs, where hyperpolarized xenon can be delivered throughGeorge Furst, and Jerry Glickson for valuable discussions.
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