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The heptapeptide H-Iva-Api-Iva-ATANP-Iva-Api-Iva-NHCH3 (P1a),
where Iva is (S)-isovaline, Api is 4-amino-4-carboxypiperidine, and
ATANP is (S)-2-amino-3-[1-(1,4,7-triazacyclononane)]propanoic
acid, has been synthesized. Its conformation in aqueous solution is
essentially that of a 310-helix. By connecting three copies of P1a to
a functionalized Tris(2-aminoethyl)amine (Tren) platform a new
peptide template, [T(P1)3], was obtained. This molecule is able to
bind up to four metal ions (CuII or ZnII): one in the Tren subsite and
three in the azacyclononane subunits. The binding of the metals to
the Tren platform induces a change from an open to a closed
conformation in which the three short, helical peptides are aligned
in a parallel manner with the azacyclonane units pointing inward
within the pseudocavity they define. T(P1)3 shows a peculiar
behavior in the transphosphorylation of phosphate esters; the
tetrazinc complex is a catalyst of the cleavage of 2-hydroxypropyl-
p-nitrophenyl phosphate (HPNP), whereas the free ligand is a
catalyst of the cleavage of an oligomeric RNA sequence with
selectivity for pyrimidine bases. In the case of HPNP, ZnII acts as a
positive allosteric effector by enhancing the catalytic efficiency of
the system. In the case of the polyanionic RNA substrate, ZnII

switches off the activity, thus behaving as a negative allosteric
regulator. It is suggested that the opposite behavior of the catalyst
induced by ZnII is associated with the change of conformation of
the Tren platform, and consequently of the relative spatial dispo-
sition of the three linked peptides, that occurs after binding of the
metal ion.

Typical features that characterize the catalytic site of natural
enzymes are the placement of several functional groups in

appropriate relative positions, the control of their solvation, and
the recognition of the substrate. They are achieved via protein
folding into precise secondary and tertiary conformations. Co-
factors such as metal ions may provide additional, and in many
instances critical, elements for performing the catalytic process
and�or impart further structural rigidity or conformational
control. Cooperativity is the key motif for achieving the aston-
ishing rate accelerations observed by using the functional groups
present in protein amino acids that, taken individually, show
modest or no reactivity at all (1).

Although the design of peptides that fold into well defined
tertiary structures mimicking native proteins has been reported
recently for sequences of relatively modest size, the exploitation
of these structures for the obtainment of efficient catalysts is still
in its infancy (2). Rapid progress is being made, however.
Notable examples taken from the most recent literature are
those provided by Baltzer and coworkers (3, 4), Shogren-Knaak
and Imperiali (5), Ghadiri and coworkers (6, 7), and
Chmielewski and coworkers (8).

We recently reported that peptide sequences as short as 7 aa
may adopt an essentially helical conformation in water (9)
provided at least five C�-tetrasubstituted �-amino acids are
present. Furthermore, dinuclear ZnII heptapeptides incorporat-
ing two copies of a 1,4,7-triazacyclononane (Tacn)-functional-
ized amino acid showed clear evidence of cooperativity in the

cleavage of RNA model substrate 2-hydroxypropyl-p-nitrophe-
nyl phosphate (HPNP; refs. 10 and 11) and plasmid DNA (12)
as well, with rate accelerations in this latter case in the order of
10 million-fold over the uncatalyzed reaction. These peptides set
a clear principle: to obtain a cooperative catalyst it is not
necessary to design a large molecule. However, they lack a
specific recognition site, the number of cooperating functional
units is limited, and there is little possibility to incorporate
control units such as allosteric regulators (1, 13).

For these reasons we decided to move a step forward in the
design of a de novo catalyst by increasing the complexity of the
system and maintaining to a minimum the synthetic effort
required. Because of our interest in synthetic phosphatases
(10–12), we focused on a system incorporating catalytic units
typically present in this class of enzymes (14–16), i.e., two or
more functional metal centers. As an additional feature, we
wanted also a regulatory metal ion to provide an allosteric
control element (13) in analogy with the role played by MgII in
alkaline phosphatases (17).

Materials and Methods
Details for all of the synthetic procedures, compounds charac-
terization, and analytical techniques used are published as
supporting information on the PNAS web site, www.pnas.org.

Results and Discussion
Design. The dissection of the structural features outlined above
led us to identify the following elements for the construction of
our putative synthetic phosphatase: (i) a templating unit, the
conformation of which could be controlled by metal ion com-
plexation, and (ii) a conformationally stable, albeit short, peptide
sequence incorporating at least a metal ion binding subunit.
Several copies of this peptide connected to the templating
platform would provide the binding and catalytic site of the
system. As the metal ion binding platform we selected Tris(2-
aminoethyl)amine (Tren), because derivatives of this tetraamine
are very strong ligands (18) for transition metal ions (such as
ZnII) and can be functionalized very easily. We have used this
templating unit already for the preparation of peptide-based
systems for which a metal ion acts as an allosteric regulator (19).
The choice of Tren as the platform sets to three the number of
peptides to be connected to its arms. Three is also the minimal
number of structural units required to define a catalytic cavity.
The peptide sequence had to be selected very carefully because
the relative position of the three metal ion binding subunits had
to be such to allow for their cooperativity in the catalytic process:
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they had to point inward within the pseudocavity. For all of the
above reasons we designed the following sequence: H-Iva-Api-
Iva-ATANP-Iva-Api-Iva-NHCH3 (P1a), where Iva is (S)-
isovaline (20), Api is 4-amino-4-carboxypiperidine (21), and
ATANP is (S)-2-amino-3-[1-(Tacn)]propanoic acid (22). Be-
cause of the presence of six C�-tetrasubstituted �-amino acids,
peptide P1a is expected to assume a 310-helical conformation in
aqueous solution, which is in line with our recent findings (9).
Furthermore, in this helical conformation the amino group of
the two Api residues will be located on different sides of the helix
with respect to the triazacyclononane of ATANP (Fig. 1a). When
three copies of P1a are bound to the Tren platform via an
aromatic spacer, the resulting template will likely assume, after
metal ion binding, the conformation shown in Fig. 1b. The
correct location of the three metal ions within the thus-defined
pseudocavity should be ensured by the exposure of the side of
each helix bearing the two Api lateral chains to the bulk water
solution. It must be pointed out that at the pH at which we
planned to run our experiments (�7), the nitrogens of the
piperidine units are protonated, whereas metal ion binding
removes the protons from the three nitrogens of the azamacro-
cycles. Because of their coordination to the macrocycles, the ZnII

ions are less hydrophilic than the ammonium ions (23).

Synthesis. The synthesis of the Tren templating unit T1 (R � OH)
was performed as reported (24). Peptide P1a was prepared by
solution synthesis and fully characterized (see supporting Mate-
rials and Methods for details). The solid-phase approach is of
limited use for C�-tetrasubstituted �-amino acids such as Iva and
Api because of their sluggish coupling reactivity. Regrettably,
the synthetic shortcut by directly coupling Z-Iva-Api(Boc)-
Iva-OH (Z, benzyloxycarbonyl; Boc, tert-butyloxycarbonyl) to
H-ATANP(Boc)2-Iva-Api(Boc)-Iva-R gave a mixture of prod-
ucts with only traces of the desired heptapeptide. The connection
of three copies of peptide P1a to the platform T1 (R � OH) was
performed by using EDC [N-ethyl, N�-(3-dimethylaminopropyl)-
carbodiimide] and HOAt (1-hydroxy-7-aza-1,2,3-benzotriazole)

as coupling agents. Deprotection led eventually to the desired
tripodal derivative T(P1)3. For comparison purposes in the
subsequent kinetic studies, the Tren trisamide derivative T1
(R � NHCH3) and Ac-(S)-ATANP-NHCH3 have been prepared
also. The structures of the compounds synthesized are shown in
Scheme 1.

Conformational Studies. Peptides P1b and templates T(P1)3 are
fully soluble in aqueous solution in the pH interval 2.0–11.0.
Consequently, they were studied in this medium by circular
dichroism and, in the case of P1b, by bidimensional NMR too.
The circular dichroism spectra of peptide P1b and its ZnII

complex are reported in Fig. 2 (Upper). The free peptide shows
the typical profile of a right-handed 310-helical conformation
characterized by a negative Cotton band at 207 nm with a
shoulder at 222 nm (24–26). The ratio between the molar
ellipticity at the two wavelengths (R � �222��207) is 0.6, slightly
larger than what has been reported for peptides adopting a
310-helical conformation. This finding might suggest a modest
deviation of the canonical 310-helical conformation toward an
�-helix. After metal ion binding, almost 50% of the helicity is
lost, suggesting that the interaction with ZnII has an adverse
effect on the stability of the helix.

Support to the 310-helical secondary structure comes from the
rotating-frame Overhauser effect spectroscopy NMR spectrum
of peptide P1b recorded in 9:1 H2O�D2O and 312 K. The
spectrum highlights the connectivities between NH(i) and
NH(i � 1) protons in the sequence. The strong intensities of the
cross-peaks lend support to a highly structured conformation.
The spectrum shows also two long-range connectivities between
C�H(4) 3 NH(6) and C�H(4) 3 NH(7) (Fig. 9, which is
published as supporting information on the PNAS web site). The
first of the two is diagnostic of a 310-helical conformation (9),
because in this helix d�N(i, i � 2), i.e., the distance between the
C�H in the i position and the NH in the i � 2 position, is in
the range of 3.5–3.9 Å as opposite to �4.5 Å in an �-helix. The
second cross-peak indicates that d�N(i, i�3) should be relatively
short (�3.6 Å), and hence the torsion angle � should be close to
�30°. Furthermore, the cross-peak between C�H(4) 3 NH(8),
the terminal methylamide hydrogen, is missing. Such a peak
would be present only with an �-helix conformation.

Once the peptides have been connected to the platform, the
resulting template presents a circular dichroism spectrum similar
to that of the parent oligomer in the 207-nm region but for �

Fig. 1. Top and side views of the molecular models of peptide P1b–ZnII

complex (a) and the tetrazinc complex of the peptide template T(P1)3 (b). The
peptide backbone is in the canonical 310-helical conformation. The template
has been obtained by docking three copies of peptide P1a–ZnII to the ZnII

complex of the Tren platform in the conformation obtained from the x-ray
crystallographic analysis of an analogous complex (43).

Scheme. 1. Structures of the compounds synthesized and acronyms used for
their identification.
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values that are 3 times larger (Fig. 2, Lower). On the contrary,
the 222-nm region most probably is influenced by the negative
portion of the exciton band of the benzoyl substituents (27)
present in the platform, the positive component of which is
clearly visible above 240 nm (Fig. 2, Lower). Because of this
overlapping, we believe that the conformation of each peptide in
the template is still that of a 310-helix, and there is no confor-
mational shift to an �-helix. Quite interestingly, the addition of
ZnII (6 equivalents) in excess to those, 4, required for the
saturation of all binding subunits led to a modest decrease
(�20%) of helicity. This result suggests a more stable confor-
mation for the clustered peptides in the template than when they
are isolated. Both single peptide P1b and template T(P1)3 show
an increase in helicity after increasing the pH (Fig. 10, which is
published as supporting information on the PNAS web site).
Again, this effect is more significant for P1b than for T(P1)3 and
follows the deprotonation of the ammonium nitrogens in the side
arms of the functional amino acids and the Tren platform as well
[the reported (28) pKa of the parent amines are: piperidine, 11.1;
Tren, 10.1, 9.5, and 8.4; Tacn, 10.4 and 6.8].

Summing up the conformational analysis confirms our pre-
dictions formulated in the design of P1b and T(P1)3 in that both
systems largely adopt the conformation represented in Fig. 1.

Site Selectivity in Metal Ion Binding. Template T(P1)3 is able to bind
up to four metal ions: one in the Tren platform expected to
control the relative spatial position of the three peptides and
three on the azacyclononane units, one for each peptide. The
Tren binding site should not be involved in catalysis, rather its
role should be that of tuning the conformation of the template
similar to an allosteric regulator and inducing, after metal ion
binding, the formation of the putative catalytic site at which the
three metal ions, bound to the triazacyclononanes, will be

located. To obtain a deeper understanding of the binding
sequence of the metal ions to the two different binding sites we
followed the formation of the complexes with CuII ions in the
500–900-nm region. The band caused by the complex with
the Tren platform is centered at 845 nm, whereas that with the
triazacyclononanes is centered at 605 nm. The visible spectrum
of T(P1)3–4CuII is the result of these two independent contri-
butions, because it is almost superimposable to that obtained
with three equivalents of P1b–CuII and one equivalent of
T1–CuII (R � NHCH3, see Fig. 11, which is published as
supporting information on the PNAS web site). This result
means that there is no relevant interference between the two
different binding sites. The comparison of the increase of
absorbance at the wavelength of the maxima of the two different
complexes when CuII is added progressively to a solution of
T(P1)3 provides the distribution curve shown in Fig. 3. It shows
that the metal ion first binds to the Tren site and then to the three
azamacrocycles. The selectivity, however, is low with an apparent
ratio between the binding constants of the two sites of �5. It
should be pointed out that the ratio KTren�KTacn for the binding
to CuII is �103 according to the literature (18, 28). However, it
is known also that the functionalization of the three arms of Tren
with benzyl groups leads to a substantial decrease of the binding
constant (29).

Such a direct evaluation of the selectivity of binding for ZnII

was not possible for the lack of appropriate absorption bands
that could allow to discriminate between the two binding sites.
We performed, however, a competition experiment with the
tetracopper complex. It is known that the binding constants of
the parent polyamines (Tren and Tacn) with ZnII are �3 orders
of magnitude lower than those with CuII (18, 28). After the
addition of 2.5 � 103 equivalents of ZnII, this metal ion displaces
CuII from the triazacyclononane binding sites, whereas that
bound to the Tren site is not affected at all (Fig. 12, which is
published as supporting information on the PNAS web site). This
result indicates that in the case of ZnII, KTren-site�KTacn-site � 5,
i.e., lower than in the case of CuII.

The experiments described above indicate that template
T(P1)3 binds up to four metal ions (CuII or ZnII) with very little
preference for the binding to the Tren platform in the case of
CuII and an even lower preference in the case of ZnII.

Cleavage of an RNA Model Substrate. The major purpose of this
investigation was to prepare a catalyst able to bind and subse-

Fig. 2. Circular dichroism spectra of peptide P1b (Upper) and template T(P1)3

(Lower) in a pH 6.3 aqueous solution. Trace a is the system without metal, and
trace b is in the presence of 1.5 or 6.0 equivalents of ZnII for P1b and T(P1)3,
respectively.

Fig. 3. Distribution of CuII ions in the two different binding sites of T(P1)3 as
a function of the number of equivalents of metal ion added. Filled symbols
refer to the Tren site, and the open symbols refer to the triazacyclonane sites.
Circles, free ligands; squares, complexed ligands.
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quently hydrolyze a phosphate diester. To this aim we selected
HPNP as a model substrate. Because of the presence of the
secondary alcoholic function that may act as an intramolecular
nucleophile (Scheme 2), this substrate is considered a good
model for the cleavage of RNA, although it must be pointed out
that the presence of p-nitrophenol as the leaving group renders
HPNP a far more reactive phosphate than any present in an RNA
sequence. By exposing HPNP (2.0 � 10�5 M) to a solution
containing T(P1)3 (2.0 � 10�4 M) or T1 (R � NHCH3, 2.0 �
10�4 M) and Ac-(S)-ATANP-NHCH3 (6.0 � 10�4 M) at pH �
7.0, 40°C, and progressively increasing the amount of ZnII added,
the reactivity profiles shown in Fig. 4 were obtained (indepen-
dent experiments have shown that the ZnII complexes of P1b and
Ac-(S)-ATANP-NHCH3 have very similar catalytic efficiencies
in the cleavage of HPNP). The shape of the plot for the
hydrolysis by T(P1)3 clearly is indicative of a cooperative process;
as the equivalents of metal ion increase to fully saturate the
peptide template binding sites, the system becomes more effec-
tive in a ‘‘nonlinear’’ manner (13). This phenomenon can be
caused by two convergent effects: (i) allosteric control of the
conformation caused by the binding of a ZnII ion to the Tren
platform, and (ii) cooperativity between the metal Tacn centers
once they get closer because of the conformational change
associated with process i. The maximum rate acceleration over
that exerted by the unassembled mixture of T1 (R � NHCH3)
and 3 Ac-(S)-ATANP-NHCH3 is �50-fold. Thus, in the peptide
template, we observe a remarkable rate acceleration without
changing the intrinsic nature of the catalytic elements.

By running the cleavage reaction in the presence of an excess
substrate, i.e., under catalytic conditions, the system is still active
and does not show any inhibition of its efficiency in the presence
of up to 100-fold excess of HPNP. By increasing the substrate
concentration, a reactivity saturation profile was observed (Fig.
5). Michaelis–Menten analysis of the curve gave kcat � 3.9 � 10�4

s�1, Km � 3.9 � 10�3 M and k2 � kcat�Km � 0.1 M�1 s�1. The

value of kcat is slightly lower than that reported recently (30–32)
for calixarene-based di- and trinuclear ZnII catalysts, although in
these latter cases the intrinsic reactivity of the 2,6-diaminopyri-
dine–ZnII complex, present in the catalytic site, appears to be
higher than that of the triazacyclononane–ZnII, which is at the
basis of our system.

Interestingly enough, the tetracopper catalyst is less active
than its tetrazinc counterpart. A plot of the reactivity against the
[ZnII]�([CuII] � [ZnII]) mole fraction revealed that a key role is
played by the metal bound to the Tren platform, because the
exchange of CuII with ZnII in that site was responsible for the
change of activity (Fig. 6). In fact, as shown in the same Fig. 6,
the last ZnII added occupies the structural position in the
templating platform. Recent results by Krämer and coworkers
(33) point out the relevant role played by a metal ion in an
allosteric position in determining the activity of an artificial
phosphodiesterase. In that particular case the rigidity of the
system was such to make it very sensitive to even little changes
in the geometry of binding at the allosteric site. We don’t know
whether the same explanation holds true in this case too.
Alternatively there might be a role played by the Tren-bound
CuII in interfering with the binding of the substrate at the

Scheme. 2. The cleavage of HPNP occurs via an intramolecular nucleophilic
attack as in RNA.

Fig. 4. Observed rate constants for the cleavage of HPNP by T(P1)3 (F) and
the unassembled mixture of T1 (R � NHCH3) and three equivalents of Ac-(S)-
ATANP-NHCH3 (E) as a function of the number of equivalents of ZnII added.
Conditions: [T(P1)3] � 2 � 10�4 M, [HPNP] � 2 � 10�5 M, 0.1 M Hepes buffer,
pH 7.0, 40°C.

Fig. 5. Dependence of the initial rate of cleavage of HPNP by T(P1)3–4ZnII

(2 � 10�5 M) as a function of the initial substrate concentration (0.1 M Hepes
buffer pH 7.0, 40°C). (Inset) Dependence of the observed rate constant for the
cleavage of HPNP from the pH of the solution. Conditions were as described
above but [HPNP] � 2 � 10�4 M.

Fig. 6. Dependence of the observed rate constant for the cleavage of HPNP
(F) and of the absorbance at 845 nm caused by the binding of CuII to the Tren
site of T(P1)3 (E) as a function of the [ZnII]�([CuII] � [ZnII]) mole fraction.
Cleavage conditions: [T(P1)3] � 2 � 10�5 M, [HPNP] � 2 � 10�4 M, 0.1 M Hepes
buffer, pH 7.0, 40°C.
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catalytic site, possibly by coordinating it at its free apical position
where it can take less advantage of the interaction with the other
three metal centers. An involvement of this metal ion in the
catalytic process seems unlikely. Indeed, by comparing the rate
acceleration observed with the T1 (R � NHCH3) and P1b metal
complexes, a modest rate acceleration was observed with the
peptide-based system, whereas the complexes of the Tren de-
rivative proved totally inactive.

The above results point to a mechanism in which T(P1)3, after
ZnII binding, adopts the conformation depicted in Fig. 1b, thus
providing the binding pseudocavity and catalytic site for the
substrate. The metal centers not only are involved in the binding
but also in the catalytic process. This conclusion is supported by
both the reactivity profile of Fig. 4 and the shape of the pH vs.
rate plot with T(P1)3–4ZnII, which shows a break point at an
approximate pH of 7.0 (Fig. 5, Inset). This behavior may be
caused by direct coordination of the HPNP hydroxyl to a ZnII,
resulting in a decrease of its pKa and thus allowing the formation
of its conjugate base in this pH region. Alternatively, general
base catalysis might be operative. In this latter case a ZnII-bound,
deprotonated water molecule would act as a base for the
deprotonation of the alcoholic function that then would become
available for intramolecular transesterification. The two mech-
anisms are indistinguishable kinetically. The involvement of a
water molecule coordinated to the Tren platform-bound ZnII

would show a break point at a higher pH in accord with the pKa
value reported for these kinds of complexes (29, 34).

RNA Cleavage. As mentioned above, advantages of HPNP as a
model substrate are its increased reactivity and the formation of
nitrophenolate as a single, easily detectable product. However,
it is an imperfect model as far as leaving group basicity is
concerned. In addition, it lacks the polyanionic character and the
sequence-specific properties of RNA. For this reason we tested
our peptide-based catalysts in the cleavage of a linear 29-mer
RNA substrate. To analyze the multiple hydrolysis products, a
commercial sequencer served as an efficient tool (35, 36). For
best resolution of all possible fragments a short DNA spacer
(T10) was placed between the fluorescent dye and the RNA part
of the substrate, Cy5-TTT TTT TTT TCU AGC CGA CUG
CCG AUC UCG CUG ACU GAC TTT T (37). The presence
of very short fragments complicating the analysis thus is avoided.
Four additional deoxynucleotides (T4) were attached at the 3�
end to improve the separation between substrate and the longest
degradation product.

Fig. 7 reports the amount of RNA cleaved as a function of the
number of equivalents of ZnII added both for the peptide
template T(P1)3 and the unassembled mixture of T1 (R �
NHCH3) and three equivalents of P1b. Under the experimental
conditions used (140 nM RNA, 10 �M catalyst, pH 7.0, and 3 h
incubation time at 37°C), T(P1)3 is quite active in the absence of
ZnII ions. Addition of the first two equivalents of ZnII causes a
modest decrease of activity, whereas the third and fourth equiv-
alents almost suppress the activity of the system. The unas-
sembled mixture is less active and apparently not much affected
by the addition of the metal ion. This last evidence indicates that
the free macrocycle in the peptide is only slightly less active than
its metal complex. Accordingly, we interpret the relevant loss of
activity of T(P1)3 by the addition of ZnII with a conformational
change associated with its complexation to the Tren platform.
The closed conformation of the metallated T(P1)3 template,
similar to that depicted in Fig. 1b, would prevent the interaction
of the macrocycles with the oligomeric phosphates of the RNA
substrate, thus inhibiting the activity of the system.

Cleavage of RNA by diamines (38–40) and macrocyclic
polyamines (41, 42) is well documented. The catalysis takes
advantage of the intramolecular acid-base cooperation of the
neutral amine and ammonium ion both present at neutral pH.
Although Michaelis and Kalesse (42) have shown that the
catalysis by 1,4,7,10-tetraazacyclododecane (cyclen) is also in-
hibited by ZnII, which is at variance with ours, their system
requires a large excess of metal ion. Very likely the mode of
action of ZnII in their cyclen-based catalyst is different from the
one we propose for the present polypeptide template. The shape
of the activity profile of Fig. 7 indicates that the binding process
of ZnII does not follow a linear-saturation relationship (11) such
that the strength of binding does not seem to be at stake in our
case.

RNA hydrolysis induced by T(P1)3 and the unassembled
mixture of T1 (R � NHCH3) and three equivalents of P1b occurs
specifically after pyrimidines (Fig. 8). A similar RNA cleavage
pattern was observed recently with an oligopeptide–cyclen
conjugate by Kalesse et al. (42). Pyridine sites in our substrate are
not cleaved with equal efficiency. The preference for the 5�-
terminal U seems to be a sequence-specific effect also observed
with other catalysts (unpublished results).

Fig. 7. Percentage of RNA cleaved by 10 �M T(P1)3 (F) and the unassembled
mixture of 10 �M T1 (R � NHCH3) and 30 �M P1b (�) as a function of the
number of equivalents of ZnII added. Cleavage reactions were performed in 50
mM Tris�HCl�0.01% SDS buffer with 140 nM Cy5-labeled DNA�RNA for 3 h at
37°C.

Fig. 8. RNA cleavage pattern induced by T(P1)3 (10 �M) and a mixture of T1
(R � NHCH3, 10 �M) and P1b (30 �M). Lane e shows a base cleavage ladder of
the Cy5-labeled RNA substrate. Reaction conditions were as described for Fig.
7. RNA fragmentation was analyzed by denaturing PAGE on an ALFexpress
DNA sequencer. In lane d, a magnification of lane c is shown to determine the
cleavage sites: Cy5-T10-CUAGCCGACUGCCGAUCUCGCUGACUGAC-T4 (cleav-
age sites are underlined).

5148 � www.pnas.org�cgi�doi�10.1073�pnas.072642699 Scarso et al.



Conclusions
By covalently connecting three copies of an azacrown-
functionalized helical heptapeptide to a Tren platform, we
succeeded in preparing a transphosphorylation catalyst, the
activity of which could be controlled in opposite ways by ZnII

according to the type of substrate used. In the case of HPNP, a
small, monomeric phosphate diester, ZnII acts as a positive
allosteric effector enhancing the catalytic efficiency of the
system. In the case of an oligomeric RNA substrate, ZnII

switches off the activity, thus behaving as a negative allosteric
regulator. This bimodal role played by the metal ion likely is
associated with the same change of conformation induced by the
metal ion itself after binding to the Tren platform. In this
conformation the three short helical peptides are aligned and
oriented in such a way to allow the occurrence of a cooperative
interaction between the ZnII ions bound to the azamacrocycles
when a small substrate such as HPNP binds to them. Oligomeric
RNA does not seem to be able to interact with the catalytic site

in such a closed conformation, and hence the system devoid of
metal ions and conformationally more flexible is more active.
The higher activity with respect to the unassembled components
is, in this case, likely caused by a stronger binding of T(P1)3 to
polyanionic RNA because of the larger number of protonated
amines present in the molecule.

This tripodal peptide provides also a striking example of
selective mode of action toward two different phosphate esters
and shows how, by increasing the complexity of a supramolecular
catalyst, the choice of the model substrate to test its efficiency
may bring about quite different conclusions and information for
the future design of improved molecules. This behavior is rather
similar to that often found in enzymes.
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