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Introduction

The design of synthetic catalysts or molecular devices based
on peptide[1] foldamers[2] is an appealing goal for many rea-
sons, for example, the flexibility in the selection of the build-
ing blocks, the chirality of the structure, and the possibility
to mimic natural systems. If one focuses on hydrolysis cata-
lysts, the most challenging substrates are phosphate esters.
Indeed their hydrolysis is so slow under physiological condi-
tions that the most recent estimates place the half-life for
the cleavage of dimethyl phosphate in 1010 years.[3] Not far

from this sluggish reactivity should be that required for hy-
drolytically cleaving the P�O bond of DNA. RNA is more
labile, because the nucleophilic attack on the phosphorus
atom is performed intramolecularly by the -O(H) group in
the 2’-position of the ribose. Thus, the half-life is, in this
case, of only 104 years. Nevertheless nature has developed
very efficient enzymes that contain and require a multinu-
clear metal-ion site for activity.[4] These include enzymes
able to cleave RNA and DNA.[5] Suitably designed, simple
multinuclear metal complexes quite effective in the cleavage
of model esters have previously been reported.[6] In some
cases these complexes promoted effective cleavage of
RNA[7] and, to a lesser extent, of DNA.[8] . These biopoly-
mers are appealing targets, because their selective hydrolysis
could have implications for applications such as cancer ther-
apy and gene manipulation.
We have recently reported[9] that the peptide 310-helix

conformation can be used as a robust scaffold[10] to develop
effective artificial metallonu-
cleases. This has been achieved
by inserting two copies of an
amino acid (ATANP[11]) bearing
a metal-ion binding site,[9a±c]

into proper positions in a short
peptide sequence, or by con-
necting several copies of a short
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Abstract: Three new 42-mer peptides
(PRI±III) designed to fold into a hair-
pin helix±loop±helix motif have been
prepared. In the peptide sequence two
(PRII±III) or four (PRI) copies of an
unnatural amino acid bearing a triaza-
cyclononane metal-ion binding site
(ATANP) have been inserted in appro-
priate positions to allow the ligand sub-
units to face each other either within
the same helix or between the two heli-
ces of the hairpin motif. Circular di-
chroism (CD) studies in solution have
shown that the apopeptides adopt a
well-defined helix±loop±helix tertiary
structure that dimerizes in solution at

concentrations above 200mm to form a
four-helix bundle. However, the helical
content is strongly dependent on pH
and metal-ion binding. Both protona-
tion of the amines of the triazacyclono-
nane units present in the ATANP later-
al arm and complexation with ZnII ions
cause a significant decrease of the heli-
cal content of the sequences. The ZnII

complexes of the three peptides cata-
lyze the transesterification of the RNA

model substrate 2-hydroxypropyl-p-ni-
trophenyl phosphate (HPNP) with dif-
ferent efficiency. The best catalyst ap-
pears to be PRI±4ZnII, that is, the pep-
tide incorporating four ATANP units.
Michaelis±Menten saturation kinetics
allowed us to estimate that substrate
fully bound to the catalyst reacts
380 times faster than in its absence.
The kinetic evidence suggests coopera-
tivity between (at least two) metal
ions: one activating the nucleophilic
species (directly or indirectly) and the
other facilitating nucleophilic attack by
coordination of the phosphate.
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sequence also functionalized with such an amino acid to a
proper templating unit.[9d]

As an alternative approach to robust, catalytically active
foldamers, researchers have focused on longer peptides,[12]

of less than 100 residues, with significant results obtained by
using the four-helix bundle,[13, 14,15] coiled coil,[16] and bba[17]

motifs. Recent studies by one of the laboratories[18] contribu-
ting to this paper have clearly shown that the helix±loop±he-
lix motif can be used as a scaffold for the design of new es-
terolytic catalysts based on HisH+±His cooperative sites.[19]

The above catalysts were based on sequences composed of
natural amino acids.
We now report our results on the design, synthesis, con-

formational and kinetic studies of new sequences comprising
two or more copies of the unnatural amino acid ATANP re-
sulting in helix±loop±helix forming foldamers. These systems
were tested, as their ZnII complexes, as catalysts of the intra-
molecular transphosphorylation of 2-hydroxypropyl-p-nitro-
phenyl phosphate (HPNP), a model for an RNA phosphate.

Results and Discussion

Peptide design and synthesis : The design of the three pep-
tides PRI±III was based on the sequence of peptides SA-
42[19a] and KO-42,[18] which are known to fold into a hairpin
helix±loop±helix motif that dimerizes in an antiparallel
mode to form a four-helix bundle.[20] In order to maintain
the same conformation for the three new peptides, the
amino acid sequences of PRI±III were identical to that of
KO-42, but for the six His amino acids in positions 11, 15,
19, 26, 30, and 34.

The artificial amino acid ATANP was inserted in positions
11, 15, 30, and 34 in PRI, 30 and 34 in PRII, and 15 and 30
in PRIII. Assuming an a-helix conformation, the insertion
of ATANP in positions i, (i+4) allows the lateral arms,
bearing the ligand subunit, to face each other in the same
helix. In contrast, when they are on two different helices the
close interaction is guaranteed by the hairpin conformation
adopted by these peptides (see below). In all three systems
the His residues were replaced by Lys and Glu residues in
positions 19 and 26, respectively. This substitution is known,
from previous studies on the parent peptide SA-42,[19a] to
preserve the helical conformation. The choice of the amino

acids replacing the other two His residues in PRII and
PRIII was based on their propensity for helical structure
formation. Because of this, when fully folded the three pep-
tides should assume a helix±loop±helix conformations; that
for PRI is shown in Figure 1. The conformational aspects
will be discussed in more detail in the section below.

The syntheses were performed by means of standard
solid-phase procedures on an automated peptide synthesizer
following an Fmoc protocol. The introduction of the artifi-
cial amino acid ATANP into the sequence did not present
any problem in spite of the bulkiness of the Boc-protected
azacrown present in its lateral arm. Accordingly, the three
peptides were obtained in good yields and could be purified
easily by reverse-phase HPLC. Synthetic details and identifi-
cation of the peptides are reported in the Experimental Sec-
tion.

Solution structure : As mentioned above the sequences of
PRI±III were chosen based on those of two parent peptides,
SA-42 and KO-42, whose helix±loop±helix conformations
were unambiguously assigned by NMR and CD spectrosco-
py and by equilibrium sedimentation ultracentrifuga-
tion.[18,19a] The reported mean residue ellipticities at 222 nm
are �25000�1000 degcm2dmol�1 and �24000�1000 degcm2

dmol�1 for SA-42 and KO-42, respectively, and correspond
to a helical content of approximately 60±70%.[21,22] The CD
spectra of PRI±III are typical of helical polypeptides
(Figure 2) with minima at 208 and 222 nm. The mean resi-
due ellipticities at 222 nm are �25000�1000 degcm2dmol�1

for PRII and PRIII, respectively, and �18000�
1000 degcm2dmol�1 for PRI at 298 K in pH 7 aqueous solu-
tion. The measured ellipticities allow one to estimate a heli-
cal content of 70% for PRII and PRIII, and of 50% for
PRI.[21,22] The CD spectra are strongly dependent on pH, as
shown in the pH profiles of Figure 3. All three peptides
showed a significant increase in the absolute value of the

Figure 1. Helix±loop±helix conformation likely adopted by peptide PRI
in its folded state.
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molar ellipticity upon increasing the pH from 2 to 7. Above
this pH they leveled off to their maximum value. The pro-
files of Figure 3 suggest that the progressive increase of the
helical content of each peptide is associated with the depro-
tonation of the amine groups of the azacrown present in the
side chain of the ATANP residues (the reported pKa

for 1,4,7-triazacyclononane are respectively:[23] pK1 2±3,
pK2 6.84, pK3 10.44). Thus the electrostatic repulsion be-
tween the protonated amines causes a significant disruption
of the helical conformation regardless of whether the aza-
crown moieties are on the same or on different helices. Fur-
thermore, since the ellipticity reaches a plateau region at
pH higher than 7 for all peptides, and this value is very simi-
lar to that of their parent compounds, it suggests that the
presence of a single positive charge per azacrown is not det-
rimental to the helical conformation. However, with PRI
the presence of four ATANP residues in the sequence ap-
pears to present a hindrance to the attainment of a fully
folded conformation. We speculate that this may be due to
the increase of the hydrophilicity of the two helices. Indeed,
their close, hydrophobically driven interaction plays a major
role in the folding of these sequences.[24] This is also high-
lighted by the plot in Figure 4 in which the ellipticity versus
concentration profiles for the three systems at pH 7 and
298 K are reported.

The helical content increases up to a concentration
~200mm for all peptides. In analogy with what is observed
with the parent compounds SA-42 and KO-42, this is likely
to be associated with their dimerization. In a monomer±
dimer equilibrium the absolute value of [q]222 should in-
crease as a function of the concentration of peptide up to a
maximum value, at which the dimer is the predominant spe-
cies. Thus at concentrations higher than 200mm, the dimer is
likely to be the predominant species with a mean residue el-
lipticity of �25000�1000 degcm2dmol�1 for PRII and
PRIII, and �18000�1000 degcm2dmol�1 for PRI.
The temperature-dependent denaturation process of the

peptides was also followed by CD as may be seen for PRIII
in Figure 5. At 293 K and at the concentration used for the

Figure 2. CD spectra of peptides PRI±III at pH 7, 298 K, [peptide]=2î
10�4m.

Figure 3. Mean residue ellipticity [q]r at 222 nm versus pH for peptide
PRI (*), PRII (&), and PRIII (*). Conditions: 298 K, [PRI±III]=
0.2mm.

Figure 4. Mean residue ellipticity [q]r at 222 nm as a function of the pep-
tide concentration at 298 K and pH 7 PRI (*), PRII (&), and PRIII (*).

Figure 5. a) CD spectra of PRIII (0.2mm) as a function of increasing tem-
perature. b) Temperature dependence of the mean residue ellipticity [q]r
at 222 nm in the case of PRI (*), PRII (&), and PRIII (*). Conditions:
[peptide]=0.2mm, pH 7.
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experiments (200mm, that is, in the presence of the dimer)
the molar ellipticity was �24500 degcm2dmol�1 and at
353 K, the maximum temperature explored, it was half this
value. Analogous behavior was observed with PRI and
PRII (data not shown). The loss of helicity becomes rele-
vant above 313 K. An isodichroic point can be observed at
203 nm (Figure 5a) suggesting a two-state equilibrium be-
tween the unfolded (random coil) and folded states.[25] How-
ever, the shift from the helical to the random coil conforma-
tion does not appear to be highly cooperative (no sharp
melting temperature was observed) in line with the molten
globule nature[26] of these peptides (and also parents SA-42
and KO-42). Because the CD investigation carried out for
PRI±III provides results very similar to those of the parent
peptides SA-42 and KO-42, we assume with confidence that
they adopt similar conformations (a helix±loop±helix system
dimerizing to a four-helix bundle). It is important to point
out that at 313 K, which is the temperature used in the fol-
lowing kinetic studies, there is only a loss in helical content
of about 10%.

Metal-ion binding : A relevant aspect of our investigation
was the study of the ability of our peptides to bind transi-
tion-metal ions and the effect of the complex formation on
their conformation. Our aim was the synthesis of metal-ion-
based catalysts as artificial metallonucleases. ZnII (and MgII)
are the most frequently encountered metal ions in natural
nucleases.[4] For this reason in our kinetic experiments we
tested our putative catalysts as ZnII complexes. However,
for the purpose of addressing the stoichiometry of the bind-
ing of transition-metal ions to peptides PRI±III, it was more
convenient to follow the complexation of CuII, since this can
be done by UV-visible spectroscopy. The complexes of 1,4,7-
triazacyclononane with CuII show an absorption band with
maximum at about 600 nm. Figure 6 reports the titration
curves obtained for the three peptides with Cu(NO3)2 at
pH 7 in water ([PRI±III]=0.2mm). PRII and PRIII can
bind up to two equivalents of CuII ions, and the coordination
of the first does not seem to interfere with the coordination
of the second. This statement is supported by the monotonic
increase of absorbance at 600 nm when up to two equiva-
lents of metal ion are added, that is, the complete saturation
with the metal of the two macrocycles. A smaller binding
constant for the introduction of the second metal ion, or a

change in the coordination sphere with a change of the max-
imum of absorbance, would have resulted in a change in
slope after the addition of the first equivalent. This is
indeed the case for PRI; after the addition of three equiva-
lents of CuII a change in slope can be clearly appreciated, in-
dicating that the complexation of the fourth ion is harder to
achieve. Accordingly, complete saturation of the four bind-
ing sites in this polypeptide is only observed when at least
five equivalents of CuII are added. The order of binding of
the different ATANP in the sequence cannot be determined
from the spectroscopic data. In particular we do not know if
there is a specific binding site that is particularly reluctant
to take up the last metal ion. We may only speculate that
ATANP CuII binding sites in positions 15 or 34 in the
sequence, which face two bound CuII ions on the oppo-
site helix, are those more affected in terms of binding
strength.
Complexes of ZnII do not show a similar absorption band

in the UV-visible spectrum amenable to a similar binding in-
vestigation. We assume that the stoichiometry of binding of
this metal ion is not much different from that of CuII. Its
binding strength is, however, 2±4 orders of magnitude
lower.[23] Accordingly, the complete saturation of the ligand
subunits of PRI should be even more difficult with ZnII. An
indirect appreciation of the binding of ZnII to these peptides
could be obtained from the effect of the addition of the
metal ion on the CD spectra carried out with the aim of
evaluating the influence of the metal on the secondary struc-
ture. Upon addition of increasing amounts of ZnII to solu-
tions of the three peptides, the absolute value of the mean
residue ellipticity at 222 nm tends to decrease up to a com-
plete saturation of the binding sites (Figure 7).[27] This indi-
cates that the complexation of the metal ions has a destabi-
lizing effect on the secondary structure. Lau et al.[28] have re-
ported, for coiled-coil structures, that metal-ion binding in-
duces a shift from the dimer to the monomer thus decreas-
ing the helical content of the polypeptides (see also Figure 4
and previous discussion). It might be that this is the case for
our peptides too. Whatever the reason, it is clear that the
ZnII-bound peptides are less structured than the correspond-
ing apo systems.

Figure 6. UV-visible titration at 600 nm of PRI (*), PRII (&), and PRIII
(*) with CuII. Conditions: [PRI±III]=0.2mm, HEPES 50mm, pH 7.

Figure 7. Dependence of the mean residue ellipticity [q]r at 222 nm as a
function of the [ZnII]/[peptide] ratio for PRI (*), PRII (&), and PRIII
(*). Conditions: 298 K, pH 7, [PRI-III]=2î10�4m.
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Cleavage studies : The catalytic activities of peptides PRI±
III were tested, as ZnII complexes prepared in situ, toward
the transesterification reaction of the RNA model substrate
HPNP (see Scheme 1). The reactions were carried out with

a tenfold excess of substrate over catalyst, that is, under
turnover conditions, at pH 7.4 and 313 K. This temperature
causes only a minimum decrease of the helical content of
the peptides (see Figure 5b). However, upon formation of
the complexes with ZnII, the loss of helical content was sig-
nificant, particularly for PRI (see Figure 7).
The kinetic plots showed a well-behaved first-order pro-

file, indicating that our systems are real catalysts and no in-
termediates accumulate during the cleavage process. Table 1

lists the apparent second-order rate constants (k2, m
�1 s�1)

obtained for the different ZnII±peptide complexes.[29] In
spite of the fact that under the conditions used for the kinet-
ic experiments (in the presence of four equivalents of ZnII)
PRI was not fully saturated with the metal ions (see discus-
sion in the previous section), it was the best catalyst among
the different peptides. Hence a more thorough investigation
was carried out with this system.
We examined the catalytic efficiency of PRI by progres-

sively adding ZnII ions to a 2î10�5m solution of the peptide
to determine the most catalytically active complex. The ini-
tial rates of the HPNP cleavage reaction (vi, m s

�1) are re-
ported in Figure 8. By analyzing the profile of this curve we
learn the following:

1) The apopeptide is modestly active (less than three times
faster than the uncatalyzed process).[30] This is in line
with results reported by others on the activity in the
cleavage of HPNP and RNA by amines/ammonium ions,
including triazacyclononane.[31]

2) The most active system is the one fully loaded with ZnII

ions. For the saturation of all four ligand subunits an

excess of ZnII was required in accord with the CuII com-
plexation results reported in a previous section.

3) There is cooperativity between the metal centers. Indeed
the profile of the curve is sigmoidal indicating a non-
linear increase of activity upon progressive complexation
of ZnII ions.

One may argue that, since metal ion complexation causes
a substantial loss of helicity of the peptide, probably related
to the decrease of the amount of dimeric peptide present,
the increase of activity could be due to the higher activity of
the random coil (monomeric) conformation with respect to
the helical one. We cannot rule out that this is the case.
However it appears unlikely that a random aggregate of
metal centers is more active than an ordered system with
the four metal complexes residing on the same side of the
helix±loop±helix motif and in close proximity to one anoth-
er. If, as we consider more likely, the folded peptide is the
active species, we underestimate its activity because of the
coexistence of the less active, random coil conformation
under the conditions of our experiments. It is also conceiv-
able that the catalytic site in the dimeric system is less ac-
cessible to the substrate than in the monomeric one.
One important point pertaining to the mechanism of the

cleavage process is the binding of the substrate to the cata-
lyst. In the natural enzymes a precise binding of the sub-
strate is necessary to perform the catalytic process. For this
reason we performed kinetic measurements at increasing
concentration of HPNP and found a Michaelis±Menten be-
havior indicating that this substrate binds to PRI-4ZnII

(Figure 9). Analysis of the curve indicates a 380-fold rate ac-
celeration over the uncatalyzed cleavage process.[30]

Support to cooperativity between the metal ions was also
obtained from the rate vs. pH profile (Figure 10). In this
figure we observe that the initial rate value increases with
pH up to pH 8, then decreases to reach a minimum at
pH 8.5 and increases again. We previously reported[9a,c] that,
in the cleavage of HPNP, the kinetically relevant nucleo-
phile bound to a ZnII±triazacyclononane complex has a pKa

in the range 7.7±7.9, very close to the pH at which is ob-
served the maximum in the graph of Figure 9. There are at
least two possible explanations for such a behavior. The first

Scheme 1. Transesterification reaction of HPNP.

Table 1. Observed second-order rate constants (k2) for the cleavage of
HPNP by ZnII complexes of peptides PRI±III at pH 7.4 (50mm HEPES,
313 K).

Entry Catalyst k2 [m
�1 s�1]

1 PRI±4Zn 0.16
2 PRII±2Zn 0.094
3 PRIII±2Zn 0.084
4 TACN±Zn 0.024
5 310±2Zn

[a] 0.05

[a] Dinuclear ZnII complex of 310-helical peptide described in refer-
ence [9b].

Figure 8. Initial rate of cleavage of HPNP (vi, m s
�1) as a function of the

[ZnII]/[PRI] ratio. Conditions: [PRI]=2î10�5m, [HPNP]=2î10�4m,
313 K, pH 7.4, HEPES buffer 50mm.
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is that catalysis is due to deprotonation of the substrate hy-
droxyl, or through direct coordination to a ZnII ion (Figure
11b,d), or indirectly by means of a ZnII-bound water mole-
cule that acts as a general base (Figure 11a,c). A second
metal-bound water molecule would act as a general acid to
favor the departure of the leaving group (Figure 11a).[32] Al-

ternatively, the second ZnII ion could bind to the P(=O)O-
group of the substrate thus activating the attack by the nu-
cleophilic species (Figure 11c). In this last case the decrease
in rate would be the result of a decreased binding of the
substrate due to the difficulty in displacing a ZnII-bound hy-
droxyl instead of a water molecule.[33] Our data do not allow
us to differentiate between these two mechanisms. Never-
theless both point to a cooperative role of (at least) two
metal ions.

Conclusion

Several copies of the artificial amino acid ATANP have
been efficiently inserted in proper positions in de novo de-
signed polypeptides by using automated solid-phase synthe-
sis. The new peptides (PRI±III) have been shown to adopt a
well-defined tertiary structure characterized by a helix±
loop±helix motif, which dimerizes in solution at concentra-
tions above 200mm to form a four-helix bundle. The above
studies have also revealed that although the apopetides
adopt the above conformation quite similarly to the parent
systems used as reference in their design, the helical content
is strongly dependent on pH and metal-ion binding. Both
protonation of the amines of the triazacyclononane units
present in the ATANP lateral arm and complexation with
ZnII ions cause a significant decrease of the helical content
of the sequences. This appears to be at variance with what
we have observed with oligopeptides incorporating Ca-tetra-
substituted amino acids as helix inducers that are extremely
robust foldamers.[9b,d] It is likely that the conformational
constraints introduced by a,a-disubstituted amino acids are
such to support the charge repulsions and steric hindrance
connected to the presence of the ATANP amino acid in a
sequence.
Nevertheless the ZnII complexes of the three peptides cat-

alyze the transesterification of the RNA model substrate
HPNP with different efficiency. The best catalyst appears to
be PRI-4ZnII, that is, the peptide incorporating four
ATANP units. Michaelis±Menten saturation kinetics have
allowed us to estimate that the substrate fully bound to the
catalyst reacts 380 times faster than in its absence. The ki-
netic evidence suggests cooperativity between (at least two)
metal ions with a mechanism requiring the activation of the
nucleophilic species and its facilitated attack to the phos-
phate through its coordination to a ZnII ion. Alternatively a
ZnII-bound water molecule may act as a general base. This
latter possibility, however, seems less likely because of the
pKa of p-nitrophenol, the leaving group, which is lower than
that of the ZnII-bound H2O.
The present systems constitute one of the few examples

so far reported of synthetic peptides that act as efficient
models of a multinuclear metallonuclease operating with a
cooperative mechanism.[34]

Figure 9. Initial rate of cleavage of HPNP as a function of HPNP concen-
tration in the presence of 2x10�5m PRI±4ZnII at pH 7.4 (HEPES 50mm)
and 313 K. The curve is the fitting with the Michaelis±Menten equation.

Figure 10. Initial rate versus pH profile for the cleavage of 2î10�4m
HPNP by 2î10�5m PRI±4Zn at 313 K. Buffers (50mm): pH 6.0 and 6.5,
MES; pH 7.0±7.5, HEPES; pH 8.0±9.25, CHES.

Figure 11. Proposed mechanisms for HPNP transesterification promoted
by the ZnII complexes of the peptides.
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Experimental Section

General : Solvents were purified by standard methods. All commercially
available reagents and substrates were used as received. TLC analyses
were performed using Merck 60 F254 precoated silica gel glass plates.
Melting points were determined with a B¸chi SMP-20 apparatus and are
uncorrected. NMR spectra were recorded using a Bruker AM-250
(250 MHz) spectrometer. Chemical shifts are reported relative to internal
Me4Si (TMS). Multiplicity is given as usual. Optical rotations were deter-
mined on a Perkin±Elmer Model 241 polarimeter at 25 8C. ESI-MS spec-
tra were obtained on a PE-API spectrometer at 5600 V by infusion of an
MeOH/H2O/acetic acid (10/90/1) mixture. Cu(NO3)2, Zn(NO3)2, and
ZnCl2 were analytical grade products. Metal-ion stock solutions were ti-
trated against EDTA following standard procedures. The buffer compo-
nents were used as supplied by the manufacturers: 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma), 2-(N-morpholino)eth-
anesulfonic acid (MES, Sigma) and 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES, Sigma).

(N-9-Fluorenylmethoxycarbonyl)-2-amino-3-{1-[1,4,7-(N-4-N-7-di-tert-
butoxycarbonyl)triazacyclononane]}propanoic acid (Fmoc-ATANP-OH):
Fmoc-ATANP-OH was obtained starting from (N-benzyloxycarbonyl)-2-
amino-3-{1-[1,4,7-(N-4-N-7-di-tert-butoxycarbonyl)triazacyclononane]}-
propanoic acid (Z-ATANP-OH).[11] Z-ATANP-OH (1.4 g, 2.54 mmol)
was dissolved in methanol (10 mL) and the Z-protecting group was re-
moved by hydrogenolysis with H2 on Pd/C (5%). After filtration and
evaporation of the solvent the deprotected amino acid H-ATANP-OH
was obtained in quantitative yield. The amino acid was dissolved in water
(20 mL) and N,N,N-triethylamine (TEA, 1.5 equivalents, 3.81 mmol) was
added. A solution of 9-fluorenylmethyl-N-succinimidylcarbonate (Fmoc-
OSu, 0.860 g, 2.56 mmol) in acetonitrile (5 mL) was added dropwise over
a period of 10 minutes at room temperature. The reaction was followed,
adjusting the pH to about 8 with TEA, and stirred overnight at room
temperature. The solvent was evaporated under reduced pressure and
the aqueous solution extracted once with diethyl ether (20 mL). The
aqueous phase was acidified to pH 2±3 with KHSO4 (10%) and extracted
with ethyl acetate (3î50 mL). The organic phase was washed several
times with water in order to eliminate N-hydroxysuccinimide (H-OSu)
and dried over anhydrous Na2SO4; the solvent was evaporated. Pure
Fmoc-ATANP-OH was obtained by precipitation from ethyl acetate/pe-
troleum ether (1.22 g, 80% yield). Rf.=0.6 (CHCl3/MeOH, 9/1); m.p.=
99±101 8C; [a]25D=++29.6 (c=1 in chloroform); 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=1.48 (s, 18H; -(CH3)3), 3.49±3.08 (m, 14H; b-
CH2, -CH2-CH2-N), 4.22 (t,

3J(H,H)=6 Hz, 1H; CH Fmoc), 4.34 (m, 3H;
-CH2,OCO, -aCH), 6.01 (br s, 1H; NH), 7.36 (m, 4H; H2,2’, H3,3’ Fmoc),
7.59 (d, 3J(H,H)=7 Hz , 2H; H1,1’ Fmoc), 7.75 ppm (d, 3J(H,H)=7 Hz,
2H; H4,4’ Fmoc); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=28.4 (q),
47.1 (t), 48.6 (t), 50.3 (t), 54.3 (d), 55.4 (t), 59.0 (d) ,67.2 (t), 80.9 (s),
119.9 (d), 125.2 (d), 127.1 (d), 127.7 (d),141.2 (s), 143.8 (s),155.1 (s),155.6
(s), 156.3 (s), 172.7 (s).

PRI±III peptide syntheses : The peptides were synthesized by using a
PerSeptive Biosystems Pioneer automated peptide synthesizer with a
standard Fmoc chemistry protocol. The carboxy terminals were amidated
upon cleavage from the resin using a Fmoc-PAL-PEG-PS polymer (Per-
Septive Biosystems). The amino terminals were capped by acetic anhy-
dride (0.3mm in DMF). The peptides were cleaved from the polymer and
deprotected with a mixture of trifluoroacetic acid (TFA, 13.5 mL), thio-
anisol (750 mL), 1,2-ethanedithiol (450 mL), and anisole (300 mL) at
room temperature for 3 h. The crude peptides were precipitated by cold
diethyl ether and collected by centrifugation. The peptides were purified
by isochratic reversed phase HPLC on a C-8 semipreparative Kromasil
(250 mmî2.5 mm), 7 mm column using different mixtures of isopropyl al-
cohol/water, 0.1% TFA, with a flow rate of 10 mLmin�1 (PRI: 31% iso-
propyl alcohol; PRII±III: 35%). The peptides were eluted as single
peaks and their purity was checked under identical conditions by re-
versed phase analytical HPLC. The peptides were identified by electro-
spray MS (PRI calculated 4660.515, found 4660.990; PRII calculated
4491.224, found 4490.850; PRIII calculated 4491.224, found 4491.345)
and the mass spectra obtained provided a further check of the purity of
the peptides, since no other peaks were observed.

CD studies : CD spectra were recorded on a Jasco J-715 spectropolarime-
ter, routinely calibrated with (+)-camphor-10-sulphonic acid, in the wave-
length interval 260±200 nm. Samples were prepared by diluting aqueous
stock solutions, previously titrated by UV-visible spectroscopy with a
standard solution of Cu(NO3)2 measuring the absorbance of the copper
complex at 600 nm in 50mm HEPES buffer at pH 7. The experiments
were carried out in 0.1, 0.2, and 1 mm cells. The pH dependence was de-
termined using proper buffers from pH 5±11 (pH 5±6, MES; 7±8,
HEPES; 9±11, CHES) and the temperature-dependence experiments
were peforemd with a water-jacked cell (0.1 mm) together with a circulat-
ing HAAKE constant temperature bath.

Kinetic measurements : Kinetic traces were recorded with a Unicam
Helios b spectrophotometer equipped with a HAAKE temperature con-
troller at 40 8C in 50 mm buffer (MES, HEPES, CHES). Fresh stock solu-
tions of PRI±III and TACN were prepared in water (mQ) and the con-
centrations determined by UV-visible titration as described above. The
PRI±4ZnII, PRII±2ZnII, PRIII±2ZnII, and TACN±ZnII complexes were
prepared just before each experiment by dilution of the stock solutions
through addition of proper aliquots of the buffer, water (mQ), and
Zn(NO3)2 solutions up to a 0.8 mL final volume. The pH was checked
before starting the measurement and the cuvettes were kept at 40 8C for
30 minutes before adding the substrate (HPNP). The reactions were car-
ried out under turnover conditions using a tenfold excess of substrate
over catalyst ; the typical concentrations used were: [HPNP]=2î10�4m,
[peptide]=2î10�5m.

The kinetics were followed at 400 nm (or 320 nm at a pH below 7), moni-
toring the release of 4-nitrophenolate (-phenol) up to a substrate conver-
sion of 20%. The rate constants were obtained by using the method of
initial rates. The absorbance versus time data of the first linear part of
the reaction were converted into concentration versus time data by using
the extinction coefficient for 4-nitrophenolate (e=18700m�1 cm�1). Con-
centrations were corrected for the degree of ionization of the 4-nitrophe-
nol at the operative pH. The slope of this initial linear part of the kinetic
trace gives the initial rate (vi, m s

�1) of the reaction. The second-order
rate constants were obtained by dividing the initial rate by the analytical
concentration of HPNP and peptide. In some experiments the reaction
was followed to the total conversion of substrate. The kinetic traces regis-
tered followed a first-order process and the fitting of the data gave rate
constants in good agreement with those obtained with the initial rate
method.
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