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Cooperative interactions play a ubiquitous role in Nature and
are utilized not only to construct discrete assemblies such as
the tobacco mosaic virus (TMV), but also to transfer
information, crucially exemplified in the binding of oxygen
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to hemoglobin.[1, 2] Cooperative interactions also play a critical
role in gene transcription; for instance, cyclic AMP has a
strong cooperative effect upon the binding of the gene-
transcription-regulating cAMP receptor protein (CRP) to
DNA.[3] In the latter two examples, the binding event at one
site in a multivalent host causes a discrete, reversible
alteration in the structure of the host which is transmitted
to another binding site and is called an allosteric interaction.[4]

In the case of hemoglobin, the binding of oxygen can be
described as positively homotropic, whereas the allosteric
interactions in the cAMP/CRP/DNA can be described as
positively heterotropic.

The area of artificial allosteric interactions is of great
general interest[5–7] not only because of its crucial role in
Nature, but also because it may help in the construction of
functional nanoscale objects. Towards understanding these
complex processes, we recently developed a double-cavity
porphyrin that displays very strong negative homotropic
allosteric behavior.[8] As a continuation of this research, we
present herein a positively heterotropic synthetic allosteric
system based on a combination of host–guest and metal–
ligand interactions.[9] This system was constructed from a
monocavity-appended porphyrin host ZnP[10,11] by using
various combinations of 4-tert-butylpyridine (tbpy), 1,4-di-
azabicyclo[2.2.2]octane (dabco), dimethylviologen (V), and
meso-tetrakis(4-pyridyl)porphyrin (py4por) as the ligands or
substrates (Figure 1). The choice of ligands was based on

earlier work in which it was demonstrated that ZnP binds V
very strongly in its cavity (Kass > 105

m
�1) and the bulky ligands

tbpy and py4por outside its cavity (Figure 2a).[12]

The binding between tbpy and ZnP was studied by a
1H NMR titration (Figure 2b), both in the absence and
presence of 1 equivalent of V as the allosteric substrate
(Table 1). A clear positive heterotropic allosteric effect was
observed: The Kass for the binding of tbpy to ZnP is more than
two orders of magnitude larger in the presence of V than in its
absence. In a system in which a host interacts with two
different guests, ligand L and substrate R (Figure 2a), the
allosteric magnification RAML caused by R on binding of the
ligand L to the host can be defined as:

RAML ¼ Kass for L in the presence of R
Kass for L in the absence of R ð1Þ

This results in a VAMtbpy of 250 for the aforementioned
system, and corresponds to a DDG of �14 kJmol�1. To
investigate the reverse effect, that is, the effect of tbpy on the
binding of V, a fluorescence titration was carried out in which
V was added to ZnP both in the absence and presence of
500 equivalents of tbpy. An allosteric magnification tbpyAMV=

3 was observed (Table 1), revealing that the binding of tbpy
also enhances the binding of V. It can be calculated that at the
concentrations used (~ 10�6

m) about 17 % of ZnP is bound to
tbpy before the addition of V, but this portion rises to > 98%
after 1 equivalent of V has been added. In a perfect three-
component system, as assumed here, the thermodynamic
cycle has to follow Hess?s law and balance: RAML should be
equal to LAMR.[13] The observation that VAMtbpy is not equal to
tbpyAMV highlights the fact that additional subtle effects also

Figure 1. Molecules used in this study.

Figure 2. a) Schematic representation of the possible interactions
between a host, ligand L, and substrate R, with ZnP, tbpy, and V,
respectively, as an illustrative example. The + sign indicates the
positive cooperativity between the neighboring ligands (guests).
b) 1H NMR titration of the ZnP host with the tbpy ligand showing the
chemical shifts changes (Dd) for Hside (Figure 1) in the absence (&)
and presence (*) of 1 equivalent of V. Also shown are the calculated
binding isotherms (c) obtained by nonlinear regression (assuming
a 1:1 binding model).
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play a role. Inspection of the thermodynamic cycle shown in
Figure 2a and Table 1 shows that the actual calculated free-
energy gain in the anticlockwise direction is �52 kJmol�1,
whilst in the clockwise direction the energy gain is
�63 kJmol�1. The difference of only �12 kJmol�1 is however
significantly greater than the experimental errors and would
appear to violate Hess?s law, as in a complete thermodynamic
cycle both directions should be equal. Our binding model, as
used in the model studies, does not take into account a
competitive effect from the solvent molecules. These third
competitive species are the acetonitrile solvent or residual
water molecules, (although extreme care was taken to avoid
the latter solvent), both of which are known to bind strongly
within the cavity. In a complete cycle, however, this com-
petitive behavior should also balance out if all measurements
are carried out at the same concentration. The discrepancy
arises from the fact that the complete cycle is not measured at
one concentration; owing to the extremely high association
constant of the bipyridine within the host, binding studies
were carried out at 10�6

m, whereas the binding of tert-butyl
pyridine was measured at 10�3

m. The combination of the
solvent effect and the different concentrations are thought to
be responsible for the incomplete thermodynamic cycle. It is
only when the whole thermodynamic cycle is measured that
these additional factors become apparent.

We investigated whether the allosteric effect could be
utilized in the directed self-assembly of a larger supramolec-
ular complex, from a multicomponent solution consisting of a
ZnP host and a tetradentate ligand py4por, again with V as an
allosteric cofactor (Figure 3). This system would be a very
simple analogue to the natural cAMP/CRP/DNA allosteric
system. ZnP and py4por can form complexes with varying
stochiometry. To calculate the Kass values between ZnP and
py4por, each meso-4-pyridyl group on py4por was treated as an
independent ligand (the results from the NMR titrations
showed no signs of cooperativity). In the presence of
1 equivalent of V per ZnP molecule a strong positive
heterotropic allosteric effect was found: VAMpy4por= 15,
DDG=�7 kJmol�1 (Table 1). From the Kass values it can be
calculated that in a mixture of ZnP and py4por (4:1,
[py4por]= 1 mm) in the absence of V only 1% of the ligand
is completely surrounded by four ZnP molecules, whilst in the
presence of V about 34% of the py4por ligands form a 1:4

complex with ZnP. The above results clearly illustrate how, in
principle, allosteric magnification can drive complex equili-
brium mixtures towards a more discrete architecture.

The allosteric effect that V showed on the binding of the
noncooperative ligands tbpy and py4por was also investigated
on the binding of the cooperative bidentate ligand dabco.
Anderson and Taylor have shown[14] that dabco binds to
zinc(ii) porphyrins with negative cooperativity, with an
interaction cooperativity parameter[15] (a= 4K2ass/K1ass) that
varies between 0.01 and 0.2, depending on the solvent. When
ZnP was titrated with dabco, a similar negative cooperativity
was observed. The cooperativity parameter a was estimated
to be approximately 0.05, with the association constant K1ass =

5 B 104
m

�1.[16] Upon the addition of V, K1ass was found to
increase by one order of magnitude (K1ass = 4 B 105

m
�1)

(Table 1, Figure 4). The differences in binding affinity of
dabco for ZnP in the presence and absence of V were most
clearly observed in the 1H NMR spectra. The porphyrin
resonances of ZnP bound and unbound to dabco underwent
fast exchange on the NMR timescale when V was absent, but
only slow exchange upon the addition of V. The latter
observation allowed us to measure directly the ratio between
the ternary V:ZnP:dabco complex (ddabco= 0.87 and
�2.88 ppm) and the pentameric V:ZnP :dabco:ZnP :V com-
plex (ddabco =�4.74 ppm) and thus measure the K1ass/K2ass

ratios.[17] A cooperativity interaction parameter a= 0.07,
which is similar to the value found in the absence of V was
calculated. The allosteric magnification observed in this case
has a pronounced effect on the distribution of species present

Table 1: Association constants K [m�1] and binding free energies DG [kJmol�1] for the complexation of ZnP and ZnOHP to various ligands L in the
absence and presence of substrates R at 298 K.

Host L R Without R With R DDG[b] RAML
[c]

K1
[a] DG K1

[a] DG

ZnP[d] tbpy V (1 equiv) 4E102 �15 1E105 �29 �14 250
ZnP[e] V tbpy (500 equiv) 9E105 �34 3E106 �37 �3 3
ZnP[f ] V tbpy (500 equiv) 3E105 �31 1E106 �34 �3 3
ZnP[g] dabco V (10 equiv) 5E104 �27 4E105 �32 �5 8
ZnP[f ] V dabco (10 equiv) 3E105 �31 9E105 �34 �3 3
ZnP[h] py4por V (1 equiv) 2E102 �13 3E103 �20 �7 15
ZnOHP[i] dabco V (10 equiv) n.d. n.d. 2E106 �34 n.d. n.d.

[a] Measurements in duplicate or triplicate. Estimated errors: 50%. [b] DDG= (DG for L with R)�(DG for L without R). [c] Defined as RAML= (K1 of L
with R)/(K1 of L without R). [d] In CDCl3/CD3CN (4:1, v/v) measured by

1H NMR titration. [e] In CHCl3/CH3CN (4:1, v/v) measured by fluorescence
titration. [f ] In CHCl3/CH3CN (1:1, v/v) measured by fluorescence titration. [g] In CDCl3/CD3CN (1:1, v/v) measured by

1H NMR (without R) and in
CHCl3/CH3CN (1:1, v/v) measured by UV/Vis titration (with R). An interaction cooperativity parameter a (4K2/K1)=0.05–0.07 for dabco is used, see
text for details. [h] In CDCl3/CD3CN (1:1, v/v) measured by

1H NMR titration. [i] In CHCl3/CH3CN (1:1, v/v) measured by UV/Vis titration.

Figure 3. Schematic representation showing how 4 equivalents of ZnP
assemble around the py4pyr ligand either with or without V as a sub-
strate, the + signs indicate the positive cooperativity between the
neighboring ligands (guests).
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in the solution (Figure 5). Calculations with the measured
association constants and with [ZnP]= 1 mm and [dabco]=
0.5 mm showed that the sandwich species ZnP :dabco:ZnP
accounts for only 22% of ZnP present in solution. Upon the
addition of V (and based on the assumption that ZnP,
V:ZnP :dabco and V:ZnP :dabco:ZnP :V are the only species
in the mixture), 57 % of ZnP is calculated to be in the
sandwich complex, thus illustrating how the binding of V
promotes the assembly of ZnP around the dabco ligand.
However, it does not drive the equilibrium through to the

pentameric complex owing to the negative cooperativity of
dabco.[18]

To form the desired pentameric architecture, a ZnP cavity
was synthesized with 4 hydroxy functions positioned on the
meso phenyl rings which might serve as additional interactive
elements (ZnOHP, Figure 1).[8] As indicated by molecular
modeling, the OH functions of ZnOHP are 3 D apart when
two molecules of this compound are self-assembled with
dabco. These OH functions can form hydrogen bonds upon
dimerization, possibly overcoming the negative cooperativity
of dabco. Initial studies revealed that in the presence of V, the
ditopic ligand dabco binds with K1ass = 2 B 106

m
�1 and K2ass =

9 B 106
m

�1, resulting in an a value of 17, which points to an

exceptionally positive cooperative
assembly process. A consequence of
the cooperative process is that at
concentrations of [ZnOHP]= 1 mm

and [dabco]= 0.5 mm, a remarkable
98.5% of ZnOHP is involved in the
pentameric sandwich complex
(Figure 6). This indicates that the
addition of an extra factor, namely,
the OH-groups in ZnOHP, combined
with the allosteric magnification that
V exerts on the binding of dabco,
results in the assembly of a single
species from a complex equilibrium
mixture.

Allosterically controlled assem-
bly, as demonstrated herein, opens
up numerous possibilities for direct-
ing complex equilibrium mixtures to a

Figure 4. 1H NMR titration of the ZnP host with the dabco ligand
showing the chemical shifts changes (Dd) for Hpyrrolic (Figure 1) in the
absence of V (&) together with the calculated binding isotherm (c)
obtained by nonlinear regression (assuming a 1:2 binding between
ZnP and dabco and a=0.05). Also shown are the chemical shifts
changes (Dd) for the same Hpyrrolic in ZnP in the presence of 1 equiva-
lent of V upon addition of dabco. In this case, the observed complexes
do not undergo fast exchange, so that the data points shown (g)
illustrate only the dominating species at any given point of the titra-
tion.

Figure 5. Schematic representation summarizing all the possible complexes of ZnP with dabco in the pres-
ence or absence of V, together with the relevant association constants obtained in this study. The +/� signs
indicate the positive or negative cooperativity between the neighboring ligands (guests), respectively.

Figure 6. Molecular models of ZnOHP and the pentameric sandwich
complex.
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desired product that mimics the hierarchical self-assembly
processes found in Nature. The manganese derivatives of the
above-mentioned systems have the added property of cata-
lytic activity.[12] Current research is directed at the construc-
tion of allosteric nanometer-sized assemblies with unique
catalytic properties.
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