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Abstract: A cyclophane-based resorcinarene trimer (3) bearing a dansyl moiety as an environmentally
sensitive fluorophore was prepared by stepwise condensation of a tetraaza[6.1.6.1]paracyclophane skeleton
with a dansyl moiety and three resorcinarene derivatives having heptacarboxylic acid residues in this
sequence. The dansyl-appended cyclophane exhibited the following fluorescence properties regarding
solvent polarity dependency and histone surface recognition: With increasing dioxane contents in dioxane/
water solvents, the fluorescence intensity originating from the dansyl moiety of 3 increased along with a
concomitant blue shift of the fluorescence maximum (Zem). The microenvironmentally sensitive fluorescence
properties of dansyl fluorophore were maintained, even when the dansyl moiety was covalently attached
to a cyclophane. Most interestingly, the cyclophane-based resorcinarene trimer exhibited recognition and
fluorescence sensing capabilities toward histone, a small basic protein of eukaryotic chromatins. The
fluorescence intensity originating from 3 increased along with a concomitant blue shift of lem upon the
addition of histone, reflecting the formation of 3—histone complexes. A relatively large fluorescence
polarization (P) value was obtained for the 3—histone complexes (0.15), reflecting highly restricted
conformations of 3, and the obtained P value was much larger than that of 3 alone in aqueous medium
(0.07). The binding constant (K) of 3 with histone (unit basis) was estimated to be 2.1 x 106 M~1. On the
other hand, upon the addition of acetylated histone (Ac-histone) to an aqueous solution containing 3, the
extent of change in fluorescence intensity originating from the dansyl group of 3 was almost negligible,
indicating that the electrostatic interactions between 3 and Ac-histone were weak. In addition, the
fluorescence spectral changes were also small or negligible upon the addition of other proteins such as
albumin, ovalbumin, peanut agglutinin, myoglobin, concanavalin A, cytochrome ¢, and lysozyme, having
isoelectric points of 4.7, 4.8, 5.7—6.7, 6.8, 7.1, 9, and 11.0, respectively, to an aqueous solution
containing 3.

Introduction molecular scaffoldsthat can recognize and bind to specific
protein surface. The molecular recognition behavior of the
protein surface receptors depends principally on the size, shape,
hydrophobicity, and hydrophilicity of the binding sites; these
characteristics complement the distribution of functionality on
the protein surfacgIn their pioneering works on protein surface

recognition using artificial receptors, Hamilton and co-workers

The development of synthetic agents (artificial receptors)
exhibiting protein surface recognition capability is of great
importance for applications such as sensing, modulating, and
inhibiting of specific proteir-protein interactions. Organic
chemists have made numerous attempts to develop artificial
receptors on the basis of macrocyclgmrphyrins? and other

(4) (a) Jain, R. K.; Hamilton, A. DAngew. Chem., Int. Ed. Eng2002 41,

T Institute for Materials Chemistry and Engineering, Kyushu University. 641-643. (b) Aya, T.: Hamilton, A. DBioorg. Med. Chem. Let2003

*PRESTO, JST.
§ Department of Chemistry and Biochemistry, Kyushu University.
(1) (a) Peczuh, M. W.; Hamilton, A. DChem. Re. 200Q 100, 2479-2494.
(b) Fletcher, S.; Hamilton, A. DCurr. Opin. Chem. Biol2005 9, 632—
638.
(2) (a) Sites, W. EChem. Re. 1997, 97, 1233-1250. (b) Toogood, P. LJ.
Med. Chem?2002 45, 1543-1558.
(3) (a) Hamuro, Y.; Calama, M. C.; Park, H. S.; Hamilton, A Ahgew. Chem.,
Int. Ed 1997, 36, 2680-2683. (b) Lin, Q.; Park, H. S.; Hamuro, Y.; Lee,
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12842. (e) Zhou, H. C.; Baldini, L.; Hong, J.; Wilson, A. J.; Hamilton, A.
D. J. Am. Chem. So@006 128 2421-2425.
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2006 7, 1105-1113. (d) Klaikherd, A.; Sandanaraj, B. S.; Vutukuri, D.
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Figure 1. Anionic resorcinarene, dansyl-appended cyclophane-based resorcinarene trimer, and cyclophane-based resorcinarene tetramer.

have successfully developed multiple peptide receptors on the Histones, basic nuclear proteins in eukaryotic chromatins, are
basis of a well-defined calix[4]arene that behaves as a competi-also attractive as target proteins. That is, histones, which adopt
tive inhibitor of cytochromec.” They have also described the posttranslational modifications such as methylation, acetylation,
use of tetraphenylporphyrin derivatives bearing anionic side and phosphorylation, have been suggested to play important
chains and functionalized terphenyl scaffolds as binders of roles in diverse biological processes such as gene regulation
cytochromec.® For the surface recognition of other specific and chromosome condensatinTherefore, the ability of
proteins, Cunsolo et al. have designed calix[8]arene receptorsartificial receptors to detect histones is valuable. Naturally
bearing basic amino acid residues to bind human tryStakele occurring histones have high contents of the amino acids lysine
Neri et al. demonstrated the surface recognition of transglutami- and arginine and show an isoelectric point (pl) of 10.8. On these
nase by calix[4]arene that had peptides the authors desi§ned. grounds, we previously revealed that anionic resorcinarene
having octacarboxylic acid residuel§’? is a favorable candidate

(7) Lin, Q.; Hamilton, A. D.C. R. Chimie2002 5, 441—450. ; H H : H
(8) Omer, B. P.; Emst, 3. T.. Hamilton, A..D. Am. Chem. So@001, 123 as a histone recepf@r(Figure 1). Considering the importance
5382-5383.
(9) Mecca, T.; Consoli, G. M.; Geraci, C.; Cunsolo,Bioorg. Med. Chem. (11) Cheung, P.; Lau, RVol. Endocrinol 2005 19, 563-573.
2004 12, 5057-5062. (12) Bazzanella, A.; Mdbel, H.; Buachmann, Milbradt, R.; Boner, Vogt, W.
(10) Francese, S.; Cozzolino, A.; Caputo, |.; Esposito, C.; Martino, M.; Gaeta, J. Chromatogr 1997, A792 143-149.
C.; Troisi, F.; Neri, P.Tetrahedron Lett2005 46, 1611-1615. (13) Hayashida, O.; Uchiyama, Metrahedron Lett2006 47, 4091-4094.
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of multivalency* on the binding sites, we have developed a tetraaza[6.1.6.1]paracyclophar®) bearing three binding side
tetratopic resorcinarene having 28 carboxylate residg)ésdn branches and a fluorophore was designed for histone surface
the basis of a molecular design that allows the assembly of four recognition and fluorescent sensing. The side branches capable
anionic resorcinarenes on the tetraaza[6.1.6.1]paracyclophane of binding histone were derived from a resorcinarene derivative
as a rigid molecular skeleton (Figure 1). We have also clarified and were chosen so as to contain heptacarboxylic acid residues.
that the resulting cyclophane-based resorcinarene tetrameMe have previously clarified that the binding affinity of
exhibited so-called multivalent effeéfson the binding with cyclophane-based resorcinarene tetradngith histone was 31-
histone according to surface plasmon resonance (SPR) measurdold larger than that of an untethered resorcinarene octacar-
ments!® boxylic acid 1,22 reflecting the multivalent effects on binding

On the other hand, fluorescence-probe methods are powerfulsites!4 The fluorescent cyclophane-based resorcinarene trimer
techniques for studying molecular interactions in analytical 3 is also expected to exhibit potent multivalent effects in the
chemistry, biochemistry, and cell biology.For instance, binding with histone. A dansyl group, whose emission is
environmentally sensitive probes such as 5-(dimethylamino)- sensitive to change in microenvironmental polarity, was adopted
naphthalene-1-sulfonyl (dansyl) derivatives have the following as a fluorophore and introduced directly into the cyclophane
characteristic properties on fluorescence emis&idwith the skeleton through a sulfonamide linkage.
molecule exercising decreasing microenvironment polarity, its ~ We have focused on partially Boc-protected tetraaza[6.1.6.1]-
emission intensity increases with a blue shift in its wavelength, paracyclophane as a macrocyclic framework on which to
while its fluorescence intensity is relatively weak in water. assemble three resorcinarene derivatives and a dansyl moiety.
Therefore, the hydrophobicity of the probes enabled the detec-The fluorescent cyclophar® was prepared by following the
tion and visualization of hydrophobic domains of biomolecules reaction sequence given in Scheme 1. Tris(Beaanyl)-
such as cell membranes and lipophilic proteins by fluorescencetetraaza[6.1.6.1]paracyclopha®?f was dansylated with dansyl
imaging spectroscopy and microscdgy. chloride to obtain the dansyl-appended cycloph&heRrecursor

In the course of our ongoing research on histone surface 6 was subsequently obtained by condensation of resorcinarene
recognition, we became interested in developing fluorescent- derivative ) bearing a carboxylic acid residfavith a triamine
appendet?2! cyclophane-based resorcinarene oligomers ca- derivative of cyclophane, which was prepared by removal of
pable of binding and sensing histone surfaces. We have adoptedhe Boc-protecting groups @, in the presence of BOP as a
a simple strategy to develop fluorescent-appended histonecoupling agent. The final step was then the alkali hydrolysis of
surface receptors by conjugating the cyclophane-based resorthe precurso6 to give the dansyl-appended cyclophane-based
cinarene oligomers with an environmentally sensitive fluores- resorcinarene oligomed (4 steps, 48% overall yield).
cence probe. We report here the design and synthesis of a Molecular mechanics studies on fluorescent cyclophane-based
cyclophane-based resorcinarene trimer bearing a fluoropBpre ( resorcinarene trimes, followed by molecular dynamics simula-
(Figure 1) and its fluorescence properties regarding solvent tions (MacroModel 7.5, OPLS 2005, water, 2000 steps; MD,
polarity dependency and histone surface recognition in aqueous3Q K, 10 ps), gave us useful information about the conforma-
medium by fluorescence spectroscopy, with an emphasis on thetions. For the optimized conformation 8f the molecular size
specificity. of 3in the extended conformation is 3:8.1 nm in thexy plane,
as shown in Figure 2, while resorcinarene monofnirabout
) ) 1.5 nm. The hydrophobicity of the cyclophane cavity is relatively

Design and Synthesis of Dansyl-Appended Cyclophane-  masked by negatively charged resorcinarene derivatives sur-
Based Resorcinarene Trimer.A fluorescent-functionalized rounding the macrocycle. The exterior charged resorcinarene
(14) (@) Lee, Y. C.: Lee, R. T.: Rice, K.. Ichikawa, Y. Wong, T.Ruure Appl. residues could conferl the a.dvan.tage of enhanlc.ed solubility in

Chem 1991 63, 499-506. (b) Lee, Y. C.; Lee, R. TAcc. Chem. Res aqueous, neutral media at biological pH. In addition, the dansyl

%g?rihgg}oﬁzE?t_zz%oéc)‘lé*aggg&dgggg';(dga,'jaac)’,';"f‘shig; Hamachi, I moiety of3 was rigidly introduced into the macrocyclic skeleton

Results and Discussion

Matsunr;l_c()jto, S, Harr:]achi, Drg. Biomorl]. Chem2005 3, 654-660. through sulfonamide linkage, while the triple branches of
) e K, O o estianedron  Tesorcinarene derivatives have conformational flexibility because

Lett. 198Q 21, 4347-4350. (b) Koga, K.; Odashima, K. Incl. Phenom the alkyl spacer has an ether bond, as suggested by molecular
1989 7, 53-60. (c) Odashima, K.; Itai, A.; litaka, Y.; Koga, K. Org.

Chem 1991, 50, 4478-4484. (d) Kikuchi, J.; Murakami, Y. Incl. Phenom dynamics simulations (Figure 2b). The three heptaanionic
1998 32, 209-221. , resorcinarene derivatives 8fvere expected to afford negatively
(17) Garcia-Parajo, M. F.; Veerman, J. A.; Bouwhuis, R.; Vallee, R.; van Hulst, - . . . . .
N. F. ChemPhysChen2001, 2, 347—360. charged binding sites adjustable for lysine-rich domains of
(18) Slavik, J.Biochem. Biophys. Actd 982 694, 1-25. histone.
(19) (a) Hayashida, O.; Hamachi,J. Org. Chem2004 69, 3509-3519. .
(20) Dansylated calix[n]arenes; (a) Metivier, R. Leray, |. Valeur,Gem. Fluorescent Properties of Dansyl-Appended Cyclophane-

Commun 2003 996-997. (b) Meéivier, R.; Leray, I.; Valeur, BChem. ; : ; : _
Eur. J. 2004 10, 4480-4490. (c) Talanova, G. G.. Roper, E. D.. Buie, N. Based Resorcinarene Trimer First, the concentration depen

M.; Gorbunova, M. G.; Bartsch, R. A.; Talanov, V. Shem. Commun dency of the fluorescence spectra was investigated for an
2005 5673-5675. (d) Chen, Q.-Y.; Chen, C.-Fetrahedron Lett2005 TA-(D- 1oni ; ; ;
46, 165-168. () Liu, S.: He, ¥.: Qing, G. Xu, K. Qin, Hietrahedron: aqueous 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid

Asymmetry2005 16, 1527-1534. () Sctiaefeld, K.; Ludwig, R.; Feller, (HEPES) buffer (0.01 M, pH 7.4, with 0.15 M NacCl) Gfat
K-H. 3. Fluoresc 2006 16, 449454. various concentrations at 298 K. At least at the concentrations

(21) Dansylated cyclodextrins: (a) de Jong, M. R.; Engbersen, J. F. J.; Huskens, . i -e ’
E'l:.; Rear_lhpulgt, DG. l\llChem.—Egr. JéfZOOQ 6,540364—4040- (t/k) Pal\l/?llarﬁ Lﬁ;: R below 1.0x 1075 M of 3, the fluorescence intensity originating
orraaint, - alaverna, - orza, - ossena, - archelll, . . . . . .
Tetrahedron Lett200q 41, 3691-3695. (c) Kikuchi, T.; Narita, M.: from the dansyl group o8 increased in a linear fashion as its

Hamada, FTetrahedror2001, 57, 9317-9324. (d) Corradin, R.; Paganuzzi,  concentration increased without any changes in its maximum
C.; Marchelli, R.; Pagliari, S.; Sforza, S.; Dossena, A.; Galaverna, G.;

Duchateau, AChirality 2003 15, S30-S39. (e) Pagliari, S.; Corradini,
R.; Galaverna, G.; Sforza, S.; Dossena, A.; Montalti, M.; Prodi, L.; (22) (a) Hayashida, O.; Kitaura, AChem. Lett 2006 35, 808-809. (b)
Zaccheroni, N.; Marchelli, RChem—Eur. J. 2004 10, 2749-2758. Hayashida, OJ. Synth. Org. Chem., Jp@006 64, 1041-1048.
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Scheme 1. Preparation of DansyI—Appended Cyclophane—Based Resorcinarene Trimer
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Reagents and conditions: (a) dansyl chloride, DCM; (b) 30% TFA7(&OP, DMF; (d) NaOH, HO, THF.

(Lem 538 nm) (see SI (Supporting Information)). These results clophane-based resorcinarene oligomardiad good water-
indicate that3 is in a monomeric state under these conditions. solubility values of>0.4 g mL™%.

Even though molecular a modeling study indicates that com-  Second, solvent polarity’s dependence on the emission spectra
pound3 has a somewhat amphiphilic nature due to a hydro- of 3 (0.5uM) was also examined by fluorescence spectroscopy.
phobic cyclophane and hydrophilic branches, the high negative It is well-known that placement of dansyl fluorophore in a
charge density 08 seems to inhibit the intermolecular com- hydrophobic environment causes a significant increase in

plexes (self-aggregates). From a practical standpoint, the cy-duantum yield and a blue shift of the fluorescence emission
spectra® With increasing dioxane contents in dioxane/water

solvents, the fluorescence intensity originating from the dansyl
moiety of 3 increased along with a concomitant blue shift of
the fluorescence maximumidy), as shown in Figure 3.
Additionally, the fluorescence quantum yield3wWas evaluated

to range from 0.15 in water to 0.73 in dioxane, which was an
expected trend for dansyl fluorophd®The microenvironmen-
tally sensitive fluorescence property ®fvas maintained even
when a dansyl moiety was covalently attached to the cyclophane
skeleton. In other words, the dansyl moiety3ivas exposed

(23) (a) Hill, R. R.; Richenburg, C. W.; Roberts, D. R Photochem. Photobiol.,
Figure 2. Computer-generated CPK model (a) and molecular dynamlcs 1996 97 109-112. ®) GarciaMira, . M. Sadqi, M.. Fisher, N.

calculations (b) for the dansyl-appended cyclophane-based resorcinarene  ginchez- Ruiz, J. M.. Munoz, VScience2002 298 21912195. (c)
trimer 3. Carbon, hydrogen, oxygen, nitrogen, and sulfur atoms are shown Berezowska, |.; Chung, N. N.; Lemieu, C.; Zelent, B.; Szeto, H. H.; Schiller,
in green, white, red, blue, and yellow, respectively. P. W. Peptides2003 24, 1195-1200.
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el N .
2 10~ 0.58). These results suggest that the dansyl moiety whs
S 500 located on nonpolar surfaces of histone, which was shielded
| from the bulk aqueous phase, upon complexation with histone.
. ' In addition, a relatively large fluorescence polarizatiBhalue
4805 ) 5 % % 700 was obtained for3 bound to histone surfaces (0.15). The

Dioxane Content / %(v/v)

Figure 3. Solvent polarity dependence of fluorescence spectra (@5
uM) in dioxane/water solvents at 298 K: dioxane content (%, v/v) in
dioxane/water mixtures of 0, 20, 40, 50, 60, 70, 80, 90, and 100 (from
bottom to top) (a); correlations of the maximum wavelengthy) of
fluorescence spectra 8fand its intensity at 488 nm with a dioxane content
(%, viv) (b).

to the bulk solvent phases, whose emission was sensitive to
changes in the microenvironmental polarity experienced by the

molecule. The structural characteristics3afere also suggested

from our molecular model studies mentioned above; i.e., the

branched dansyl moiety & does not have enough conforma-
tional flexibility for self-inclusion because of the rigid sulfona-
mide linkages.

Histone-Binding by Dansyl-Appended Cyclophane-Based
Resorcinarene Trimer. The binding behavior o8 with histone

was conveniently monitored by fluorescence spectroscopy. Upon

obtainedP value was much larger than that®&lone in aqueous
medium (0.07) and was comparable to those of darisigtone
conjugate® (0.16). These results indicate that the tighthi-
stone interaction, which brings about a marked motional
repression of the dansyl moiety 8f becomes effective. Such
increase in apparent microviscosity around the dansyl moiety
of 3 upon complexation with histone reflects the change in
fluorescence spectra (i.e., fluorescence intensities and fluores-
cence maxima).

The stoichiometry for the complexes 8fwith histone was
confirmed to be 1:1 host:histone (unit basis) by a Job plot (see
Sl). The 1:1 binding constanK] of 3 toward histone (unit basis)
was evaluated on the basis of the computer-aided least-squares
curve-fitting methods applied to the fluorescence titration data
as shown in Figure 4K 2.1 x 10° M~1). The electrostatic
attraction betwee and histone was a major driving force for
molecular recognition, because tRevalue was subjected to

the addition of histone to an aqueous HEPES buffer (0.01 M, 0 increase (1% 10" M) in a lower ionic strength HEPES

pH 7.4, 0.15 M with NaCl) containind3 (0.5 uM), the
fluorescence intensity originating from the dansyl grougBof
increased by about 5-fold along with a concomitant blue shi
of the lem (from 538 to 502 nm), showing a saturation behavior
for the complexation o8B with histone as shown in Figure 4.

buffer (0.01 M, pH 7.4, 0.05 M with NaCl). Clearly, negatively
charged resorcinarene moieties dfvere responsible for the

¢ histone binding because neither the dansyl amide nor a precursor

of 3 lacking only the three resorcinarene moieties showed
meaningful fluorescence spectral changes upon the addition of

This color change can be also visually monitored by the naked histone (see Sl). In addition, replacements of the heptaanionic

eye as the light-yellow solution turns into light-green by the
histone addition. The quantum yield 8fwas increased from

0.15to 0.6 in the absence and presence of histone, respectivel

reflecting the complexation. The emission originating from the
dansyl group is sensitive to change in microenvironmenta
polarity and possibly to that in microviscosity. On the basis of
the correlation betweehen and solvent polarity (Figure 3b),
the microenvironmental polarity parame#éErN, experienced
by the dansyl moiety 08 bound to histone was estimated to be
0.58 equivalent to a value of 90% (v/v) dioxaneater €N =

(24) Reichardt, CSobents and Sokent effects in Organic ChemistryCH
Verlagsgesellschaft: Weinheim, Germany, 1988; Chapter 7.

13702 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007

resorcinarene derivatives 8fwith poly(acrylic acid§® having
an average molecular weight of 2100 or saccharide branches

yhaving terminal galactose residues resulted in the disappearance

of the affinity toward histone (see Sl), reflecting the importance

| of the rigid macrocyclic nature as well as the negative charges

of resorcinarene moieties &ffor histone binding.
We previously clarified the binding affinity of resorcinarene
tetramer4 and single octacarboxylated resorcinardneiith

(25) Royer, C. A.; Ropp, T.; Scarlata, S. Biophys. Chem1992 43, 197—
211

(26) We previously clarified that polyacrylic acid having an average molecular
weight of 2100 showed poor binding affinity toward immobilized histone
by SPR experiments: Hayashida, O.; UchiyamaTktrahedron Lett2006
47, 4091-4094.
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) ) L Figure 6. Changes in fluorescence intensity at 502 nm for an agueous
Figure 5. Response curve obtained by the injection30{13 uM) on solution of3 upon addition of proteins (0AM) such as albumin, ovalbumin,
immobilized histone surfaces. Aqueous sodium hydroxide (50 mM) was peanut agglutinin, myoglobin, concanavalin A, cytochramkistone, and
used to regenerate the surface. Flow rateuP@nin=, in HEPES buffer. lysozyme having isoelectric points of 4.7, 4.8, 567, 6.8, 7.1, 9, 10.8,

and 11.0, respectively. Excitation 333 nm.

immobilized histone on a sensor chip surface by means of SPR
measurement®. The K value of3 toward immobilized histone To examine the binding specificity, we examined the
was also evaluated from the SPR methods in a manner similarfluorescence spectra 8fin the presence of acetylated histone
to that reported previously. When a solution ®fn HEPES (Ac-histone) prepared by the reaction of histone with acetic
buffer (0.01 M, pH 7.4, 0.15 M with NaCl) was injected over anhydride in a manner similar to that applied in the literatire.
surfaces of immobilized historfé,the association shown in  The average extent of acetylation was estimated to be ca. 70%
Figure 5 was observed. Then, by our changing the HEPES bufferof lysine residues of histone by the trinitrobenzene sulfonic acid
to wash away the noncovalently bouBgthe dissociation was ~ (TNBS) methodf? Upon the addition of Ac-histone to an
initiated and observed as shown in Figure 5. The immobilized aqueous solution containing, the extent of change in the
histone surface was regenerated with an injection of aqueousfluorescence intensity originating from the dansyl grouBof
sodium hydroxide (50 mM) (Figure 5). The binding constant was almost negligible, indicating that the electrostatic interac-
(K) of 3 with immobilized histone was determined to be &7 tions betweer and Ac-histone were very weak (see Sl). In
10° M~ on the basis of kinetic analysis in a manner similar to addition, the fluorescence spectral change$ ofere almost

that reported previousB.28 By combining these results with  negligible upon the addition of other proteins such as albumin,
the fluorescence results, we can see that resorcinarene 8imer ovalbumin, peanut agglutinin, myoglobin, concanavalin A, and
shows binding affinity toward histones in the ordef M1 in cytochromec, which had pl values of 4.7, 4.8, 5.76.7, 6.8,

the aqueous HEPES buffer as well as on the sensor chip7.1, and 9, respectively, to the aqueous HEPES buffer containing
surface?® In comparison with the corresponding valuelofith 3, as shown in Figure 6 (see Sl). Upon the addition of lysozyme
immobilized histone (4.% 1P M~1),15 a 14-fold increas® in having a pl of 11.0 to the aqueous solutiorBpfthe fluorescence
theK value of3 relative tol can be regarded as a “multivalency spectral change was much smaller than that of histone. Even
effect” that is exhibited by the resorcinarene trimer. Khealue though lysozyme is also a basic protein like histone<{0.8),

of resorcinarene trime3 was somewhat smaller than thatdf  the positive charge density originating from the lysine residues
(1.3 x 10" M~1),15 reflecting a decrease in the number of on the lysozyme surfagéwas not high in comparison with that
resorcinarene binding sites. Such a difference in histone-bindingin the case of histone. These results suggest3feathibited a
affinity between3 and4 was also confirmed by fluorescence fluorescence sensing capability toward histone, reflecting elec-

competition experiments. That is, upon the addition of a tetramer trostatic interactions.

of resorcinarend to an aqueous solution containiBerhistone .
. . - Conclusion
complexes, the saturated fluorescence intensity originated from
3 bound to histone was subjected to decrease to almost the Cyclophane3 was developed bearing a dansyl moiety and
original position, indicating tha4, having four resorcinarene  three heptaanionic resorcinarene derivatives that act as an
moieties, was bound to the histone in place3of environmentally sensitive fluorophore and as histone-binding
sites, respectively. The dependence of solvent polarity on the

(27) The degree of immobilization of histone was given as a resonance signal emission spectra of the dansyl moiety was retained by the

of 5340 RU (resonance units). .
(28) Hayashida, O.; Mizuki, K.; Akagi, K.; Matsuo, A.; Kanamori, T.; Nakai, ~present cyclophane, as demonstrated by changing the solvent
T Sando, S.; Aoyama, YI. Am. Chem. 502003 125 594-601. systems. A remarkable increase in the emission spectra was

(29) There was a difference in tievalues estimated by fluorescence and SPR X K X
methods. The difference was attributable to the respective complexation Observed for the aqueous solution3aiipon complexation with
behaviors of3 toward nonimmobilized histone in a solution and im- i . ; B ; ; ;
mobilized histone on the SPR sensor chip surface. histone; this cannot be explained without considering the

(30) This was also confirmed by a competitive inhibition experiment. A single

(31) Hitchcock-DeGregori, S. E.; Lewis, S. F.; Chou, T. M.Biochemistry

octacarboxylated resorcinarene macrocyde&s an inhibitor competes
1985 24, 3305-3314.

for the binding sites of histone with The binding constani() of 1 toward
histone (unit basis) was estimated by the methods reported by Diederich (32) Haynes, R.; Osuga, D. T.; Feeney, RBibchemistryl967, 6, 541-547.

and Dick according to eq 1 (Diederich, F.; Dick, B. Am. Chem. Soc (33) (a) Zand, R.; Agrawal, B. B. L.; Goldstein, I. Proc. Natl. Acad. Sci.
U.S.A.197], 68, 2173-2176. (b) Miller, R.Anal. Biochem1983 131,

1984 106, 8024-8036.). In eq 1Kappis an apparent binding constant of

3 toward histone, whildy is the total concentration of inhibitdr. The K, 438-446. (c) Fraaije, J. G. E. M.; Norde, W.; LyklemaRBlophys. Chem
value was calculated to be 1.8 x5 1. On the other hand, th€ value 1991, 41, 263-276. (d) Johnson, J. E.; Matijevic, Eolloid Polym. Sci
of resorcinarene trime8 toward histone was evaluated to be 2.1 ¥ 10 1992 270, 353-363. (e) Yang, M.-C.; Tong, J.-Hl. Membr. Sci1997,

M~1 by fluorescence titration experiment as mentioned in the text. Again, 132 63-71. (f) Zacharis, E.; Halling, P.; Rees, D. Broc. Natl. Acad.
we can see that the guest-binding affinity3dbward histone was enhanced Sci. U.S.A1999 96, 1201-1205.

(12-fold), reflecting the multivalency effect achieved by multiplying the  (34) Renner, C.; Piehler, J.; Schrader JT Am. Chem. SoQ006 128 620—

resorcinareneK; = {K — Kapg {Kapplo} (€q 1). 628.
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microenvironments provided by histone. The binding affinity Fluorescence Quantum Yield.The fluorescence quantum yields
of 3 toward histone was relatively specific among the adopted (®) of 3 was measured in the absence and presence of histone in
proteins and was evaluated to be 2.1.0f M~ by fluorescence aqueous HEPES buffer as Wt_all asin dioxa_ne _using the known quantum
spectroscopy. To the best of our knowledge, the dansyl- yield standard _of dansyl_ amide. The excitation _vvavele’ngth was 333
appended cyclophar can be cited as the first example of nm. The following equatiotf was used to determine thi's:
fluorescence detection of histone. Naturally, histone adopts post- )
translational modifications such as acetylation, methylation, and O =P @ Asta Nunk
phosphorylation, which are thought to be key to important U TS B Ak g 2
biological processes such as gene regulation and chromosome
condensation. The present cyclophane exhibited potent dis-Here, Fyx and Fsq correspond to the fluorescence intensities of the
crimination capability between histone and chemically acetylated Amax Aunk and Asiq correspond to the absorbance of the solutions, and
histone due to the electrostatic interactions. In addition, in the Muk andnsq are the refractive index values of the solvents used.
case of methylation at the histone surface, the resulting SPR MeasurementsPreparation of sensor st_Jrface: The cgrpoxyl
trimethylatede-ammonium groups of lysine residues are ana- groups on the senspr_surfaces of CM5 were a_ctlvated Wlth an injection
logues to good guests for resorcinarene-type hosts. Therefore,Of a solution containing 0.4 M\-ethyl-N'-(3-(diethylamino)propyl)-

. . carbodiimide (EDC) and 0.1 M-hydroxysuccinimide (NHS), at a flow
we believe that our concept of molecular design by the

. . f . I itive f h d rate of 5uL min~*. Specific surfaces were obtained by injecting histone
conjugation of an environmentally sensitive fluorophore and a e proteins. These proteins were diluted in 10 mM acetate buffer

cy(_:Iophane-based resorcinarene trimer will provide a useful 4 pH 4 and used at a concentration of 1@0mL. The immobilization
guidepost for the development of fluorescent probes capableprocedure was completed by a 7-min injectidnloM ethanolamine
of sensing post-translational modifications of histone. In addi- hydrochloride to block the remaining ester groups. Interacticgweith

tion, 3 has a cyclophane cavity and acts as a fiofstr a immobilized proteins: HEPES buffer solutions containiBgwere
hydrophobic guest. When a guest molecule having a dabcyl injected for 1.5 min, at a flow rate of 26L min~.

moiety (quenche?$ is entrapped by, the emission of3 is Dansyl-Appended  Tris(Bocf-alanyl)tetraaza[6.1.6.1]-
effec“ve'y quenched The resu'“ng he.g:uest Comp|ex 3. paracyclophane (S)Dansyl chloride (48 mg, 0.18 mmol) was added

to a solution of tris(Bogs-alanyl)tetraaza[6.1.6.1]paracyclophane (0.1

dabsylated guest) is also expected to be utilized as a supramo
y 9 ) P P g, 98 umol) and triethylamine (0.15 mL, 1.1 mmol) in dry dichlo-

IeCl.JIa.r quorescencel pro:)e, agt(;]ognpar;ylng{[ the r_le_ﬁovery (t))f thteromethane (DCM) (10 mL) under nitrogen at room temperature; the
emission upon complexation with target proteins. 1hese subjec Sresulting mixture was stirred for 48 h at room temperature. Ethanola-

of interest will be explored further in the future. mine (0.15 g) and DCM (100 mL) were added to the reaction mixture,
and the mixture was then washed with 5% aqueous citric acid (20 mL)
and saturated aqueous sodium chloride (20 mL) in this sequence. After

General Methods. Elemental analyses were performed at the being dried (MgSG@), the solution was evaporated to dryness under

Microanalysis Center of Kyushu UniversifiH and*C NMR spectra reduced pressure. The crude product was purified by gel filtration

were taken on Bruker DRX 600 and JEOL JNM-EX400 spectrometers. chromatography on a column of Sephadex LH-20 with methanol

A JEOL JMS-HX110A spectrometer was used for FAB mass spec- chloroform (1:1 v/v) as an eluant. Evaporation of the product fraction

trometry. Fluorescence spectra were recorded on a JASCO Fp-7sgunder reduced pressure gave a white solid (88 mg, 724)NMR

spectrophotometer. Surface plasmon resonance (SPR) response curvééoo MHz, CDC}, 298 K)0 1.35 (s, 27H), 1.40 (m, 8H), 2:42.2 (m,

were recorded on a BlAcore X system docked with a sensor chip (CM5) 8H), 2.9 (s, 6H), 3.2 (m, 6H), 3:53.6 (m, 6H), 3.88 (s, 4H), 5.3 (M,

under the flow of degassed HEPES buffer (0.01 M, pH 7.4, with 0.15 SH): 6.9-7.0 (m, 9H), 7.3-7.2 (n, 8H), 7.39 (t, 1H), 7.46 (t, 1H),

M Nacl). 8.07 (m, 2H), 8.52 (d, 1H)**C NMR (150 MHz, CDC}, 298 K) 6
Materials. Tris(Boc{3-alanyl)tetraaza[6.1.6.1]paracyclophagewas i36832i§8 218213225725278 41123 745120469 .213339%4’11310555’ 113?10 ; iSZj ?

prepared after a method reported previodsiyhe following proteins 137'5’ 140' 5’ 140'9’ 15é(’) 15.6’3 17'1 ’9, Hﬁel\’/ls (IIZAiB) céléd fo.r '

were obtained from commercial sources and used without further e - s S e )

purification: calf thymus histone, egg white ovalbumin (both from C7(§?§jg§rsogésa?]f?i)’ fgrl:gg dlésgfz‘hiie-Base d Resorcinarene
Worthington); egg white lysozyme, horse heart cytochram@®oth Y-ApD yclop

o L ; . Trimer (6). Trifluoroacetic acid (1.0 mL) was added to a solution of
from Wako Pure Chemical); peanut agglutinin (from Vector); bovine compounds (88 mg, 70umol) in dry DCM (2 mL), and the mixture
serum albumin (from Sigma), concanavalin A, and myoglobin (both P 9. fu "y '

from Nacalai Tesque) was stirred fo 1 h at room temperature. After the solvent was

o ’ evaporated off under reduced pressure, DCM (20 mL) was added to

Binding Constants of Dansyl-Appended Cyclophane-Based Re-  he residue and this procedure was repeated 3 times to remove remaining

sorcinarene Trimer with Histone. To a solution of3 (0.5 uM) in trifluoroacetic acid. Evaporation of the solvent under reduced pressure
HEPES buffer (0.01 M, pH 7.4, with 0.15 M NaCl) were added gaye 4 triamine derivative of cyclophane (73 mg) as the trifluoroacetic
increasing amounts of histone at 298 K, and the fluorescence intensity 5¢iq salt. A solution of resorcinarene derivative bearing carboxylic acid
was monitored after each addition by excitation at 333 nm. The 1:1 residue ) (343 mg, 31Qumol) in dry N,N-dimethylformamide (DMF,
binding constantK) of 3 toward histone (unit basis) was evaluated on - 5 1) y as added dropwise to a solution of the triamine derivative of
the basis of computer-aided least-squares curve-fitting methods appliEdcyclophane (73 mg, 7Bmol), (benzotriazol-1-yloxytris(dimethylami-

Experimental Section

to the fluorescence titration data. no)phosphonium hexafluorophosphate (BOP, 205 mg46dl), and
: : . triethylamine (65uL) in dry DMF (4 mL) under nitrogen at room
(35) (a) Murakami, Y.; Hayashida, ®roc. Natl. Acad. Sci. U.S.A993 90, temperature; the resulting mixture was stirred for 6 days at room
1140-1145. (b) Murakami, Y.; Hayashida, O.; Nagai, Y. Am. Chem. . )
Soc 1994 116 26112612, (¢) Hayashida, O.: Hamachi.Ghem. Lett. temperature. EtOAc (160 mL) was added to the reaction mixture, and
2003 32, 632-633. (d) Hayashida, O.; Hamachi, J. Incl. Phenom. the mixture was then washed with 5% aqueous citric acid (40 mL),

Macrocyclic Chem2005 53, 57—61.

(36) (a) Beebe, K. D.; Pei, DAnal. Biochem1998 263 51-56. (b) Grahn, S.;
Ullmann, D.; Jakubke, H.-DAnal. Biochem 1998 265 225-231. (c)
Beythie, J.; White, P. Dletrahedron Lett2005 46, 101—104. (d) Weimer, (37) Subhendu, K. M.; Sundarababu, B.; Ashok, K. Bur. Polym. J 2006
S.; Oertel, K.; Fuchsbauer, H.-lAnal. Biochem2006 352, 110-119. 42, 1893-1898.

saturated aqueous sodium chloride (40 mL), and 5% aqueous sodium
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hydrogen carbonate (40 mL) in this sequence. After being dried 21.1, 28.3, 31.0, 33.9, 35.6, 40.6, 45.0, 61.9, 69.0, 100.6, 108.4, 117.8,
(MgSQy), the solution was evaporated to dryness under reduced 126.2, 128.2, 130.7, 139.2, 141.6, 152.8, 154.2, 155.2, 171.2, 173.2,
pressure. The crude product was purified by gel filtration chromatog- 177.4. Anal. Found: C, 53.13; H, 4.30; N, 2.74. Calcd f@sd3153Ns-
raphy on a column of Sephadex LH-20 with methardiloroform (1:1 Nap107,S-5H,0: C, 53.40; H, 4.35; N, 2.50.
v/v) as an eluant. Evaporation of the product fraction under reduced ) ) )
pressure gave a pale yellow solid (205 mg, 69%E NMR (150 MHz, Acknowledgment. This work is partially supported by a
CDCls, 298 K) 6 20.2, 25.3, 31.3, 34.7, 35.6, 41.3, 45.8, 49.2, 52.4, Grant-in-Aid for the Global COE Program, “Science for Future
67.4,99.9,115.4, 120.3, 123.5, 126.1, 128.0, 129.7, 130.2, 130.6, 143.7 Molecular Systems”, from the Ministry of Education, Culture,
140.5, 140.8, 151.9, 153.7, 154.5, 170.0, 171.0. Anal. Found: C, 61.75; Science, Sports, and Technology of Japan. We are grateful to
H, 5.87; N, 2.84. Calcd for £3H25:N90755-2H,0: C, 61.92; H, 5.94; Professor S. Kidoaki and Dr. T. Okuda for helpful discussions.
N, 2.91.

Dansyl-Appended Cyclophane-Based Resorcinarene Trimer (3). Supporting Information Available: NMR spectra for com-
A mixture of 6 (100 mg, 23zmol), aqueous sodium hydroxide (1 mL,  pounds3, 5, and6, concentration dependency of the fluorescence
1 mmol), tetrahydrofuran (6 mL), and water (6 mL) was stirred for 18 spectra of3 and a Job plot for histone complexation, and
h at room temperature. The reaction mixture was evaporated to drynessadditional titration experiments and fluorescence spectra. This

under reduced pressure. The residue was purified by gel filtration yaterial is available free of charge via the Internet at
chromatography on a column of Sephadex G-50 with water as eluant. http://pubs.acs.org

Evaporation of the product fraction under reduced pressure gave a pale
yellow solid (100 mg, 96%):*C NMR (150 MHz, DO, 298 K) 6 JA074906H
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