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Abstract: Eleven anthracylmethyl crown ethers have been synthesized and evaluated as fluorescence
sensors for the marine toxin saxitoxin. Fluorescence enhancement data are consistent with a 1:1 binding
complex for all crowns. The binding constants are in the range of 10* M~ in ammonium phosphate buffer
(pH 7.1) in 80% ethanol solvent. Selectivity for sensing saxitoxin versus several organic analytes has been
demonstrated for the first time. Possible modes of binding are presented, and relevance to saxitoxin

monitoring programs are discussed.

Introduction

Harmful algal blooms (red tides) produce a wide variety of
secondary metabolitéshut saxitoxin is virtually alone among

them in being capable of causing human mortality by consump-

tion of tainted shellfis?.The most severe symptom of saxitoxin
consumption, also known as paralytic shellfish poisoririg,
respiratory paralysi$® Saxitoxin and its congeners are known
as paralytic shellfish poisons (PSPs)he tragedy of human
mortality events due to PSP consumption is that recovery is

virtually guaranteed if the disease is properly diagnosed and

treated by mechanical ventilation for 24 iEurrently, govern-

ments of many countries monitor shellfish beds for the presence

of saxitoxin by using one of several tests, the most reliable of
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which is mouse bioass&Unfortunately, not all countries can
afford such monitoring facilities, and as recently as 1987, a
harmful algal bloom (HAB) on the Pacific coast of Guatemala
resulted in numerous deaths, including 50% of the children who
were reported ilP Despite massive monitoring efforts by the
respective governments, disease outbreaks in the United States
and Portugal have been documented as recently as the past
decadé.In the spring of 2002, the lay press reported a number
of saxitoxin poisonings from puffer fish caught near Cape
Canaveral, Florida. This is the first time this toxin has been
reported in the Atlantic, south of New England!
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Saxitoxin detection programs may use a number of tech-
niquest® but mouse bioassay is by far the most common, and
is the current benchmark technigiblew approaches include
insect bioassalt tissue biosensofg,molecular pharmacology,
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Figure 1. Crown sensors used in this study.

neurophysiology whole-cell bioassajt HPLC with postcol- chemosensor for saxitoxin using fluorescence seriSimgth
umn oxidation of the C4C12 bond and aromatizatidf,and the ultimate aim of incorporating the sensor into an optical
HPLC-linked mass spectroscopy.For both economic and  fiber.20

ethical reasons, an alternative to mouse bioassay is dé&ired. Synthesis.The crown ether sensors used in this study are
Herein, we report our efforts to date in the development of a shown in Figure 1. Crowrl was reported in 198% and was
the better of two STX sensors evaluated in preliminary studies.
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Scheme 1 @ to 1.0 x 1074 M, at concentrations of 1.& 1077, 2.5 x 1077,
(\N/\ 50 x 107, and 7.5x 107 M, and so forth, over this
o H o ArCHCI concentration range. The concentration of crown ether was held
[ j 2 constant at 1.0« 106 M and the buffer at 6< 1073 M, with
O x4 O
N

40-56% irradiation atd = 366 nm.
The raw data and the normalized binding isothermlfare

(Ar = 9-anthryl) ) . . e
shown in Figure 2a, along with the emission spectra corre-

sponding to the first and last datapoints (Figure 2b), at [STX]
a b c d e f = 0 and 1.0x 10~* M. It was not possible to determine the
85% |98% |51% |100% |96% |94% stoichiometry of binding using either a continuous variation or
mole ratio plot® for the following reasons: (i) at high
3 4 5 6 7 8 concentrations, the fluorescence intensity was not linear; (ii) at
lower concentrationsF/Fy was too small. Therefore, as a
working hypothesis, we assume that the binding is 1:1.
h h The binding constant was determined from the experimental
97% 84% | 73% data using a nonlinear least-squares fit to &§whereF and
Fo are the observed fluorescence intensities in the presence and
9 10 1" absence of STX, respectively, integrated from 380 to 600 nm;
2 Reagents and conditions: (a) HOAC, DCC, Chs, RT: (b) EbN, Kerown @nd ky1 are constants related tq fluorescence intensities
BrCH,COxt-Bu, toluene, reflux; (c) CH=CHCO:-Bu, i-PrOH, 85; (d) of the crown and the presumed 1:1 cro®mX complex,
CHy=C(COst-Bu)y, i-PrOH, rt; (e) Cbz-AsgxOMe, EDCI, CHCly, rt; (f) respectively;Ky; is the binding constant for the 1:1 complex;
Cbz-GluaOMe, EDCI, CHCly, RT; (g) 96% HCGH, 75°; (h) K2CO;, and [STX] is the equilibrium concentration of unbound sax-
MeOH/HO, rt. o
itoxin.
Crowns2—11 were prepared to compare structural effects on
sensitivity and, in some cases, as derivatives suitable for Kis
. o T 14+ [——|K[STX]
incorporation into peptidic libraries. Crowhwas prepared by F Kerow 1
the method of de Silvét the others were prepared by routine Fo - 1+ K, [STX] 1)

transformations as outlined in Scheme 1.

o o 10 .
Fluorescence Titrations.Our initial work!® began with crown A good fit was obtainedR = 0.991), and revealed a binding

o o2 . :
ether 1.2 This sensor resp_onds tq alkali cations in (strictly constant of (1.38k 0.46) x 10° M1, Figure 2a also shows
anhydrous!) methanol solution. Aminomethylanthracenes fluo- . S . . . -
. .data obtained from similar experiments with arginine, adenine,
resce poorly as free bases because the nitrogen lone pair S .
. ) uanidinium hydrochloride, and-bromophenol as controls.
quenches the excited state by photoinduced electron transfe

(PET)?2The sensing mechanism invoked for sensors sudh as None produced any fluorescence enhancement in crbwn
) : . S Arginine and guanidinium hydrochloride were tested because
is protonation, hydrogen bonding, or coordination to the R .
. SN guanidinium ions are known to bind to crowns, and STX has
nitrogen, thereby inhibiting electron-transfer such that the L - . L
] . two guanidinium moieties. Adenine was chosen because it is a
anthracene fluorophore emits normally. Because the C-8 guani-, . . i
dinium in STX has a K, of 8.242% and because we wanted to biomolecule and has a purine ring system, as does STX.
2 o o-Bromophenol was chosen because it haska @f 8.4527

eliminate the possibility of simple proton-transfer enhancing _. . - .
. - S similar to that of saxitoxin. Clearly, none shows any evidence
fluorescence, we did our binding studies in ethanol/water solvent L : L .
of binding, indicating that crowd binds saxitoxin selectively

mixtures, buffered to pH 7.1 with 6 103 M ammonium
. . over all of these analytes and that the observed fluorescence
phosphate. Control experiments showed that this buffer had no - : .
responsds not due to simple proton transfer to the benzylic

effect on the fluorescence intensityXin 80% ethanol. In water, .
nitrogen of the crown.

this type of crown sensor is insensitive to metal ions such as h - . . .
yp With these preliminary results in hand, we examined a series

Na*, K*, and C&".21.24 . -
. - of 10 more diazacrown—11 for binding. There were two
To determine the binding constant, fluorescence spectra Were | i ctives in evaluating these compounds: brobing the effect
recorded at concentrations of [STX] ranging from kQL0~7 ) 9 b - P d

of structural variation on binding and designing derivatives that

Zhang, Q.; Higgs, P. |.; Wang, S.; Leblanc, R. Tetrahedron Lett1999 results of the binding studies are listed in Table 1, along with
40, 5461-5465. Corrigendum 6135. . i
(20) (a) Wang, S.; Zhang, Q.; Datta, P. K.; Gawley, R. E.; Leblanc, R. M. the data froml for comparison. Least-squares fit of all the

'["%”(ggv‘\jlgogq 2o C‘S&Z}‘éﬁkz'R‘A&r‘fgﬂr‘?c,if’ﬁo%’ébi’?%i—,“iiggﬁ‘é“‘)””’ T titrations resulted in excellent correlatiomsx( 0.96). Individual

(21) () Bissell, R. A Calle, E.: de Silva, A. P.: de Silva, S. A.; Gunaratne, H. binding isotherms and emission spectra are reported in the
Q. N.; Habib-Jiwan, J.-L.; Peiris, S. L. A.; Rupasinghe, R. A. D. D; H H
Samarasinghe, T. K. S. D.; Sandanayake, K. R. A. S.; Soumillion, J.-P. Supportlng Information.
Chem. Soc., Perkin Trans. 2992 1559-1564. (b) de Silva, A. P.; de

Silva, S. A.J. Chem. Soc., Chem. Commu®886 1709-1710. (25) (a) Connors, K. A. IBinding Constants: The Measurement of Molecular
(22) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; Complex Stability Wiley-Interscience: New York, 1987; pp 248. (b)
McCoy, C. P.; Rademacher, J. T.; Rice, TGhem. Re. 1997, 97, 1515~ Bruneau, E.; Lavabre, D.; Levy, G.; Micheau, J.JCChem. Educ1992
1566. 69, 833-838. (c) Beltran-Porter, A.; Beltran-Porter, D.; Cervilla, A,;
(23) (a) Bordner, J.; Thiessen, W. E.; Bates, H. A.; Rapopord.tAm. Chem. Ramirez, J. ATalanta1983 30, 124-126.
Soc.1975 97, 6008-6012. (b) Wong, J. L.; Oesterlin, R.; Rapoport, H. (26) Connors, K. A. InBinding Constants: The Measurement of Molecular
Am. Chem. Sod 971, 93, 7344-7345. Complex StabilityWiley-Interscience: New York, 1987; pp 33343.
(24) Kele, P.; Orbulescu, J.; Calhoun, T. L.; Gawley, R. E.; Leblanc, R. M. (27) Hand, C. W.; Blewitt, H. L. InAcid-Base ChemistryMacmillan: New
Tetrahedron Lett2002 43, 4413-4416. York, 1986; pp 246-254.
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Figure 2. (a) Binding isotherm for crown 1 with STX, and comparison data for adenine, arginine, guanidinium hydrochloride and o-bromophenol. Crown
concentration is 1.0< 1076 M, and the guest concentration is varied from %0107 to 1.0 x 104 M. The solvent is 80:20 ethanol/water for STX,
guanidinium ando-bromophenol and 98:2 ethanol/water for adenine and arginine. Both solvent mixtures were buffered to pH 7.1 with ammonium
phosphate: 6< 103 M in 80/20 and 2x 10~ M in 98:2 EtOH/HO. (b) Emission spectra for crown 1 (1:010-% M) in the absence and presence of 1.0

x 1074 M STX, corresponding to the first and last datapoints for the binding isotherm in Figure 2a.

Table 1. Binding Constants Determined by Fluorescence Titration
and Assuming a 1:1 STX-Crown Complex (Buffered 80:20
Ethanol/Water)

cmpd Ky x 104 (MY r cmpd Ky x 104 (M™Y) r
1 1.384+0.46 .990 7 1.51+0.87 974
2 3.58+1.11 .982 8 .50+ 0.21 .995
3 3.26+ 1.32 974 9 1.80+ 0.52 .993
4 2.25+0.73 .986 10 1.63+0.97 972
5 0.88+ 0.24 .996 11 1.13+ 0.56 .988
6 1.63+ 0.50 1991

a Average of two runs.
Discussion

Comparison of monoazacrowhwith the diazacrown ana-
logue?2 shows a slight increase in binding, and acylation of the
basic nitrogen, as i8, gives no further change. The thresst-
butyl esters4—6, have similar binding constants, as ddés
andO-protected aspartate derivativeCuriously, the homologue  structure of crown2, with sodium complexed to the crown
8, a similarly protected glutamate derivative, has a somewhat heteroatoms in this way. In the solid state, the sodium is in
lower binding constant. Also interesting is the fact that close contact with all the heteroatoms in the crown except the
incorporation of a carboxylic acid moiety, which ought to be benzylic nitrogen.
ionized at pH 7.1, as iI8—11, has no measurable increase on  Our initial thinking was that saxitoxin, molecular formula
binding. The excellent fits of the experimental isotherms to the C;gH1gN7O4, would be an excellent candidate for fluorescence
theoretical 1:1 binding equation strongly suggests that a 1:1 sensing by quenching of PET, because of the large number (11)
complex is indeed formed in all cases. of potential hydrogen-bond donors. Moreover, STX is a bis-

It is of interest to determine the nature of the binding. The guanidinium dication, and it has long been known that guani-
mechanism by which these types of sensors are believed to workdinium ions bind to crown ethe This hypothesis is supported
is through photoinduced electron transfer, PETh PET, the by the fact that we observe a fluorescence response.
fluorophore fails to fluoresce because the excited state is

Figure 3. ORTEP drawing o2-NaCl at the 20% probability level. Two
waters of hydration and the chloride anion are deleted for clarity.

(a) Bissell, R. A,; de Silva, A. P.; Gunaratne, H. Q. N.; Lynch, P. L. M.;

quenched by electron transfer, unless the relative energies of(28)
the fluorophore are perturbed by a binding event. For example,

in aminomethylanthracenes, PET can be inhibited by protonation

or hydrogen bonding? Figure 3 shows the X-ray crystal

Maguire, G. E. M.; McCoy, C. P.; Sandanayake, K. R. AT8p. Curr.
Chem.1993 168 223-264. (b) Valeur, B.; Bourson, J.; Pouget, J. In
Fluorescent Chemosensors for lon and Molecule Recogni@aarnik, A.

W., Ed.; American Chemical Society: Washington DC, 1993; Vol. 538,
pp 25-44.
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(2) (b)

Figure 4. Global minima for STX docked into crowrisand2, with distances (in A) between STX hydrogen bond donors and crown heteroatoms indicated.
(a) Crown1-STX; (b) Crown2-STX.

Several crystal structures of 18-crown-6 and its aza analogues The parameters utilized by AMBER* for this study contained
with urea, uronium ions, amides, and amidines show hydrogen no low-quality torsional parameters, which could have adversely
bonding with crown heteroatonig put several of the analytes  affected the accuracy of computed conformational energies. The
tested (Figure 1) against crovinhave hydrogen bond donors point charges used for the calculations were derived from
but provide no detectable fluorescence enhancement. Attemptscharges fitted to the electrostatic potential derived from the
to grow crystals of a crom$TX complex have, thus far, failed.  6-31G** wave function. Moreover, since AMBER itself was
Although NMR titrations can be used to evaluate structural parametrized using electrostatic potential fitted charges, we
features in a complex, such studies are not possible at thebelieve that the energies calculated are reliable within the
concentrations we are studying (FM). As an alternative, we molecular mechanics paradigm. Nonetheless, we performed a
have used computational techniques to probe possible modesecond Monte Carlo search using the OPLS all-atom force field
of binding. (OPLS-AA) for 1-STX. The lowest-energy structures (j.the

Monte Carlo docking searches using the explicit hydrogen global minimum and all structures within 1 kcal/mol of it)
atom AMBER* force field were performed using the “low-mode  possessed hydrogen bonds between the C-8 guanidinium of STX
docking” search procedure, which performs atomic movement and the crown ether oxygens, while some of the higher-energy
on the crowrSTX complex in a manner such that atoms are Structures possessed hydrogen bonds between the C-2 guani-
moved along a trajectory that is consistent with the low- dinium of STX and the crown oxygens.
frequency vibrational modes of the compfxFurther, STX Relevance to Saxitoxin Monitoring Programs.The bench-
was subjected to explicit translation and rotation in the crown mark method for detecting saxitoxin and its congeners in
ether binding site, and explicit torsional variation was performed shellfish is mouse bioassay. The current legal limit for STX in
for the STX and crown ether side chains that can undergo free shellfish is 80ug/100 g of shellfish, and the mouse bioassay
rotation. The Supporting Information contains details of these can reliably detect down to 40y of STX/100 g of shellfish. In
calculations and the software employed. The global minima for the AOAC technique, extraction of shellfish that contains 40
the docking of STX with crownd and2, each of which were  ug of STX/100 g of shellfish produces an aqueous solution that
found multiple times in the search, are shown in Figure 4. is ~107% M in STX, and this is what is injected into the mouse.

The lack of apparent participation by the benzylic nitrogen As it stands now, our crown sensors show excellent fluorescence
in the binding of sodium in the solid state (Figure 3) and of enhancement at STX concentrations of 4®1. Many show
STX in these computational models (Figure 4) is interesting. If significant (16-20%) enhancement at concentrations ok 5
the structures in Figures 3 and 4 bear any resemblance to thelO® M, which is very encouraging for development of better
structure of the crown complexes in solution, it would seem sensors. A morsensitve STX sensor, having a larger binding
that coordination or hydrogen bonding to the benzylic nitrogen constant, would have a steep binding isotherm in the low-
is too simple an explanation to account for the PET. Molecular concentration range, and this is what we will be seeking as this
orbital calculations and time-resolved fluorescence measure-work proceeds. Nevertheless, we are already very close to the
ments are in progress to clarify this point. limit of detection by the mouse bioassay!

Selectivity of binding of STX to all our crowns has already
(29) Kyba, K. P.; Helgeson, R. C.; Madan, K.; Gokel, G. W.; Tarnowski, T. L.; i i i A
Moore, S. S.; Cram, D. J. Am. Chem. Sod.977, 99, 2564-2571. been .demonStrated rglatlve to.a.mmomum on, anc.j crm\»m
(30) (a) Watson, W. H.; Galloy, J.; Grossie, D. A."§tte, F.; Miller, W. M. selective for STX relative to arginine, adenine, guanidinium ion,
J. Org. Chem1984 49, 347-353. (b) Harkema, S.; van Hummel, G. J.; |
Daasvatn, K - Reinhoudt. . N Chern. Soc. Chem. Commuas] 368 ando-bromophenol. \{er){ recently, we have fourlld that coumaryl
369. (c) Uiterwijk, J. W. H. M.; Harkema, S.; Reinhoudt, D. N.; Daasvatn, Ccrown ethers have binding constants to STX in water that are
K, den Hertog, H. J., Jr.; Geevers Ahgew. Chem., Int. Ed. Engl982 an order of magnitude higher than those in aqueous ethanol,
(31) Kolossvary, I.; Guida, W. CJ. Comput. Chenl999 20, 1671-1684. and which are selective for STX in the presence of sodium and
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potassium ions in aqueous solutfThus, it appears that crown  Syracuse) for much practical advice on handling saxitoxin, and
ether sensors such as those reported herein will prove useful into Dr. Sherwood Hall (FDA) for generous gifts of saxitoxin.
testing for STX in environmental samples. Such experiments We are grateful to Professor Frasmn Raymo for the use of
are being planned, and will be reported in due course. his fluorometer and for many helpful discussions. T.R. is grateful
to the University of Miami for purchase of the CCD diffrac-

Ack led t. This work was supported by the United
crnowlecgmen PP y tometer used in this work.

States Department of Agriculture (Grants No. 9802839 and No.
2132%52675%)) g]:d fﬁg'&oaﬂgﬁglt?:};iﬁicg?Enéﬁi:geﬁfgfate;g; Supporting Information Available: Experimental details for
; ’ . ) the preparation of crown2—11, proton and carbon NMR
Sciences, NIH, through Grants ES05705 to the University of prep P
Miami Marine and Freshwater Biomedical Sciences Center,
ES07320, and ES05931 (NRSA traineeship and individual
fellowship to C.M.C.). Its contents are solely the responsibility
of the authors and do not necessarily represent the official views
of the funding agencies. We are grateful to Dr. Sherwood Hall
(FDA, Office of Seafood) and Professor Greg Boyer (SUNY- JA027507P

spectra, mass spectra, crystal data for cro@aad9, plots of
the binding isotherms for crowrs-11, details of the molecular
modeling calculations (PDF) and an X-ray crystallographic file
(CIF). This material is available free of charge via the Internet
at http://www.pubs.acs.org.

J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002 13453



