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ABSTRACT

A model is proposed for the homotropic cooperative hinding of a ditopic ligand to a double-wheel receptor with the aim of understanding the
origin of cooperativity. Application of the model to the case of Ce(IV) hisporphyrinate double-decker complexes indicates that cooperativity
is mainly due to ligand-induced torsional strain.

Cooperativity is the basis of enzyme control and many other This consists of two “wheels”, each bearing two or more
vital biological processe'sNot surprisingly, one of the main identical binding sites, connected by an “axle”, so that the
goals of supramolecular chemistry is the design of artificial wheels can rotate relative to each other. Simultaneous binding
allosteric systems capable of efficient regulation of drug of a first ditopic ligand to both wheels would suppress their
release, catalysis, and information transductidPositive internal rotational freedom so that the successive ligands
homotropic cooperativity is particularly important in view would be bound more efficiently. Several receptors of this
of the nonlinear amplification of affinities and selectivities type, namely, cerium(lV) bis(porphyrinate) double-decker
toward ligands but, unfortunately, is also the most difficult complexes,a meso-meso linked porphyrin dinmea buta-

to reproduce. Shinkai and co-workers, however, have recentlydiynil and ap-terphenyl porphyrin tetraméran ethynil and
introduced a successful new paradigm for the construction (3) (a) Takeuchi, M. Imada, T, Shinkai, ogew. Chem.. Int, E4998

of homotropic allosteric systems: the double-wheel recéptor. 37,2096 (b) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; Robertson, A.; Shinkai,
S.J. Chem. Soc., Perkin Trans.1999, 3259. (c) Sugasaki, A.; Ikeda, M.;

(1) (a) Cantor, R. C.; Schimmel, P. Biophysical Chemistry, Part III; Takeuchi, M.; Shinkai, SAngew. Chem., Int. Ec2000, 39, 3839. (d)
Freeman: New York, 1980. (b) Fersht, &tructure and Mechanism in Sugasaki, A.; lkeda, M.; Takeuchi, M.; Koumoto, K.; Shinkai, T&tra-
Protein Science; Freeman: New York, 1999. hedron 2000, 56, 4717. (e) Ikeda, M.; Takeuchi, M.; Sugasaki, A.;

(2) (a) Rebek, J., JAcc. Chem. Red984 17, 258. (b) Tabushi, IPure Robertson, A.; Imada, T.; Shinkai, Supramol. Chen2000,12, 321. (f)
Appl. Chem1988,60, 581. (c) Nabeshima, Toord. Chem. Re 1996, Sugasaki, A.; Sugiyasu, K.; lkeda, M.; Takeuchi, M.; ShinkaiJSAm.

148 151. (d) Shinkai, S.; Sugasaki, A.; Ikeda, M.; TakeuchiAdc. Chem. Chem. Soc2001, 123, 10239. (g) Yamamoto, M.; Sugasaki, A.; Ikeda,
Res.2001,34, 494. (e) Takeuchi, M.; Sugasaki, A.; lkeda, M.; Shinkai, S. M.; Takeuchi, M.; Frimat, K.; James, T. D.; Shinkai, Ghem. Lett2001,
Acc. Chem. Re2001,34, 865. (f) Kovbasyuk, L.; Krdmer, Ehem. Reuv. 520. (h) lkeda, M.; Takeuchi, M.; Shinkai, S.; Tani, F.; Naruta, Y.;
2004,104, 3161. Sakamoto, S.; Yamaguchi, kChem. Eur. J2002,8, 5542.
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a butadiynil linked trityl dimef, have been prepared and ¢ is the torsion angle, chosen so tiat= 0° corresponds to
proved to be highly cooperative, with a Hill coefficiemi,] a minimum?°
generally approaching the maximum allowed vdliie.
Despite the success of the design, however, the presumed vV,
mechanism of cooperativity has been taken for granted VZE(l_ COSOy ) (1)
without being investigated in detail. In fact the assessment
of the mechanism is an important issue, because its knowl-
edge would allow the rational design of the structure of the
receptor for maximum cooperativity. Indeed if the mecha-
nism were based on the loss of entropy accompanying the . ;
freezing of internal rotation, optimum design would require keal morol'lz'lsThe energy d|ffere°nce between_ the eclipsed
a structure in which the internal rotation is free and both the (? = 45°) and staggered (¢= 0°) conformations ofla
“wheels” have the highest possible moment of in€ftia. calculated at the BSLYP./G'SlG(d) (C, H, N), SDD (Ce) level
Owing to our interest in cooperative systehvee decided of theory by the Gaussian 03 program (18.6 kcal THols

4
to investigate the problem in more detail with the aim of co$§|stent W|th\/th§>ag<_)rvetﬁ st|mté¥é | rotati fact
understanding the relation between the loss of conformational en, Sincevo e intemnal rotation is in fac

entropy upon restriction of torsional motion and the observed gzelodzmmadr_ltlyla torsllonal bOSC'"at'Og gpout'\';he lvalplez .
degree of cooperativity as measured by the Hill coefficient. = * ccordingly, eq 1 can be expanded In a viaclaurin series

We focused our attention on the archetypal case, namely truncated after the second-order term, yielding the curve of
! ! i i i . 2[9 15

the cerium(1V) bis[tetrakis(4-pyridyl)porphyrinate] double- a harmonlg oscnflaiﬁr with z_a”fotrce ?°“;t§r?mf"m /2. i -I:[h?

deckerla, which binds certain dicarboxylic acids such as wavenumpber of the osciilaior in cm 1S Immediately

(1R,2R)-cyclohexane-1,2-dicarboxylic aclj,in a positive calculated by €d 2, wheréy is the barrier helght n loules

allosteric manner {n~ 4.0)32 Our first objective was to per mpleculelr Is the rgduged moment of inertia in kg'm

estimate the entropy associated with the internal rotation of andc is the speed of light in cm™8.

the two “deckers”. This requires the knowledge of the

The value ofV, has not been directly determined yet;
however a conservative estimate, based on experiments
carried out on the parent compouft,’* is of at least 15

corresponding potential energy curve and the reduced mo- O VO
ment of inertia about the rotational a%ig V= 5meA 21 @)
r
R2 i 21 R,f.f%’:‘*,{:é an The reduced moment of inertis & 1.36 x 1043 kg )
/N has been evaluated from the geometrylafoptimized in
—C the staggered conformation (see abo¥efhe entropy of
the torsional motion at 28C is then easily evaluated from
Ri(cell Ol\.l'le 7, by the Einstein equation 4§ = 7.5 cal mof! K1) 810
i Now the question is: can this entropy value justify the
observed degree of cooperativity? The answer to this question
m/coz requires a plausible model for the observed cooperative
COzH behavior. Various models can be envisaged, but maximum

cooperativity is obtained with the model outlined in Scheme
1, which has some of the features of both the Koshland—

Receptorlaconsists of two coaxial symmetric tops ©f Nemethy-Filmer (KNF) and the MonodWyman-Changetx

symmetry whose potential energy curve can be approxi- (;1) Takeuchi, M.; Imada, T.; Ikeda, M.; Shinkai, Betrahedron Lett.
mately represented by eq 1, whérgis the height of the 19&(9;235%% 7827. - _
; o ; o — ee Supporting Information.

barrier, oin is the internal symmetry numbesi = 4), and (13) There is a cooperative receptor, namely, cerium(lV) bis[5,15-bis-
(3,5-dimethoxyphenyl)-10,20-bis(4-pyridyl)porphyrinate], in which an even

(4) lkeda, M.; Shinkai, S.; Osuka, AZhem. Commur2000, 1047. higher barrier (18.1 kcal mot) has been directly determinédl.

(5) () Kubo, Y.; Ikeda, M.; Sugasaki, A.; Takeuchi, M.; Shinkai, S. (14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
Tetrahedron Lett2001,42, 7435. (b) Kubo, Y.; Sugasaki, A.; Ikeda, M.; M. A,; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

Sugiyasu, K.; Sonoda, K. Ikeda, A.; Takeuchi, M.; ShinkaiCsg. Lett. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
2002,4, 925. Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
(6) () Glass, T. EJ. Am. Chem. So000,122, 4522. (b) Raker, J.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Glass, T. EJ. Org. Chem2001,66, 6505. (c) Raker, J.; Glass, T. E. Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
Org. Chem.2002,67, 6113. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

(7) (a) Perlmutter-Hayman, B\cc. Chem. Re4986 19, 90. (b) Connors, Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
K. A. Binding Constants: The Measurement of Molecular Complex Stability Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Wiley: New York, 1987; Chapter 2. (¢) Schneider, H.-J.; Yatsimirsky, A. Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

K. Principles and Methods in Supramolecular Chemistiley: Chi- S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
chester, 2000; Sections A9 and D1.3.2. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
(8) Ercolani, G.J. Org. Chem1999,64, 3350. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
(9) Ercolani, G.J. Am. Chem. So2003,125, 16097. Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
(10) (a) Lewis, G. N.; Randall, M.; Pitzer, K. S.; Brewer, Thermo- M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

dynamics, 2nd ed.; McGraw-Hill: New York, 1961; Chapter 27. (b) Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
McClelland, B. JStatistical Thermodynamic€hapman and Hall: London, 03, Revision B.01; Gaussian, Inc.: Wallingford, CT, 2004.
1973. (15) Ercolani, GJ. Chem. Educ2000,77, 1495.
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Scheme 1. Proposed Model for Cooperative Binding of

Substrate S to Receptaa
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(MWC) models!1617Like the KNF, it assumes that, in the
absence of ligand, the receptor exists in one conformation
and that upon binding, the ligand induces a conformational
change in the subunit to which it is bound. However, unlike
the KNF but analogously to the MWC, this change is not
transmitted only to an adjacent binding site but, concertedly,
to all of the binding sites so as to make them equivalent. It
is assumed, therefore, that the binding of the first ligand
occurs with a microscopic association constiéfit with L

> 1, whereas all successive ligands bind with an identical
microscopic constank. The allosteric constant, is thus

174K

a measure of the price that has to be paid to induce the

conformational change. The saturation functignfor such

a model is given by eq 3 where [S] is the free substrate
concentratiort? Equation 3 describes a sigmoidal curve when
the system is cooperative ¢& 1), whereas it reduces to the
usual hyperbolic saturation curve in the absence of co-
operativity (L= 1).

__ K[SJ( +Ks)®
L—1+ (1+K[S])*

3

A standard measure of cooperativity is the Hill coefficient
at half-saturation, defined by
dlog [Y/(1— Y)])
n,=\\——m——=—= 4
" ( dlog[S]  Jv-uz )

Application of eq 4 to the saturation function defined by
eqg 3 shows that the Hill coefficient only depends on the
allosteric constant as illustrated in Figure 12
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Figure 1. Plot of Hill coefficient as a function of log. (bottom
axis) andAG®° (= —RTIn 1/L) at 25°C (top axis).

This in turn implies, by interpolation in Figure 1, thag
< 2.1. Since the experimental Hill coefficient is4.032 a
major fraction of the overall driving force required for
cooperativity (ca. 8—10 kcal mol) has to be found
elsewhere. A plausible alternative is that proper alignment
of pyridyl groups upon binding requires a deviation of the
torsional anglep from the energy minimum, thus inducing
a significant torsional strain (eq 1). This has been confirmed
by B3LYP/6-31G(d) (C, H, N, O), SDD (Ce) optimization
of the geometry of the compleber(2),, displaying a torsional
anglep = 20.6°% Thus,a significant barrier height can be
beneficial to cooperatity. This conclusion has profound
implications in the optimum design for cooperative double-
wheel receptors because, since they behave as torsion
balances, conversion of the binding energy into torsional
energy depends not only on the barrier height but also on
the distance of the binding groups from the torsional axis,
the latter affecting the torque exerted by the ligand. This
paves the way for further explorations of the structure of

The model outlined in Scheme 1 can be used to eStabliShdouble-wheels receptors.

if freezing of internal rotation is the main source of
cooperativity. Since no more entropy can be lost than that
initially present in the internal rotatioh'® restriction of
torsional motion of the two “deckers” cannot cost, in free
energy terms, more thanTAS°= 2.2 kcal mof* at 25°C,
yielding logL < 1.6.

(16) Koshland, D. E., Jr.; Némethy, G.; Filmer, Biochemistry1966,
5, 365.

(17) Monod, J.; Wyman, J.; Changeux, J.JPMol. Biol. 1965,12, 88.

(18) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971,68,
1678.
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Supporting Information Available: Estimation ofV, for
la, calculation of the reduced moment of inertia I,
derivation of eq 3 and Figure 1, B3LYP/6-31G(d) (C, H,
N), SDD (Ce) optimized geometries of the staggered and
eclipsed conformations dfa, and B3LYP/6-31G(d) (C, H,
N, O), SDD (Ce) optimized geometry of the compléa-
(2)4. This material is available free of charge via the Internet
at http://pubs.acs.org.
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