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Abstract: Ribonuclease S' bearing
iminodiacetic acid as a metal-binding
site was designed and semisynthesized
by self-assembly of native S-protein with
chemically modified S-peptide. Iminodi-
acetic acid-appended amino acid (Ida4)
was synthesized and incorporated into
the S-peptide sequence by solid-phase
peptide synthesis based on Fmoc chem-
istry at a single site or double sites of the
solvent-exposed side of the S-peptide.
Circular dichroism (CD) spectroscopy
of these S-peptides confirmed that the
CuII ion induced an increase or decrease
of a-helix conformation depending on
the replacement position. S-Peptide/S-
protein titration monitored by conven-
tional enzymatic activity and UV or CD
spectroscopy demonstrated that various
S-peptides form a stable complex (Ida4 ±
RNase S') with S-protein, except when
Met13 and Asp14 are replaced with Ida4.
In CuII titration and thermal denatura-

tion experiments with single-site re-
placement mutants, CuII binding occur-
red at 1:1 stoichiometry of Ida4/CuII with
perturbation of the a-helix conforma-
tion. Both 2:1 and 2:2 stoichiometries
were achieved by addition of CuII ions to
double-site mutants, and were depend-
ent on the CuII concentration. Most
importantly, the A6/E9Ida4 ± RNase S'
mutant shows cooperative binding of
CuII ion with two Ida4; holoenzyme
stability is enhanced at 2:1 stoichiome-
try, but at 2:2 stoichiometry, two Ida4

sites independently bind two CuII ions,
and the mutant is destabilized. Other
double mutants showed simple destabi-
lization of 3D structure upon CuII bind-
ing. The response of the enzymatic

activity of these Ida4 ± RNase S' to the
concentration of CuII ion was evaluated
by the hydrolysis of polyuridiric acid
catalyzed by RNase S' mutants. The
CuII-induced activity change of single
and double mutants agreed well with the
structural response to CuII, that is, the
activity of A6/E9Ida4 ± RNase S' was
enhanced upon cooperative CuII binding
at 2:1 stoichiometry and then sup-
pressed at the 2:2 ratio. The activity of
all other mutants was simply suppressed
by CuII ions. These results represent
successful switching of A6/E9Ida4 ±
RNase S' activity in dual mode, that is,
suppression (OFF) or enhancement
(ON), depending on the environmental
CuII concentration. Thus it has been
established that rational design of a
metal-binding site can confer the dual
mode of response to a metal cation on
the structure and activity of an enzyme.
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Introduction

Metal ions play crucial roles in various aspects of biological
systems. In metal-containing proteins and enzymes, for
example, metal ions act as an essential structural element in
the regulation of the net enzymatic activity by metal-induced
conformational change, and are components of active sites.[1]

Native enzymes have adeptly utilized the valuable properties
of reversible and strong coordination bonds in aqueous
solution between metals and ligands consisting of side and
main chains of the polypeptide matrix. This gives us an
important clue for the artificial design of metal-ion-assisted
semisynthetic enzymes.

In the research field of de novo design of artificial peptides
and proteins, such coordination chemistry has contributed
towards the successful construction of various unique protein-
like structures.[2] Three-helix bundles and DNA-binding
protein mimics have been prepared by means of a transition
metal complex with 2,2'-bipyridine or terpyridine as a
template.[3] A short, single-strand helix structure has also
been formed by bridging two iminodiacetic acids with a metal
cation.[4] In spite of these successes, there have been few
reports of enzyme engineering with the concept of coordi-
nation chemistry, and these have been limited to examples
of site-directed mutagenesis based on DNA recombinant
technology.[5] For example, a histidine cluster was intro-
duced into the proximity of an active site so that chelation of a
metal there involved the amino acid responsible for activity
and thus suppressed the enzymatic activity. Aspartic acid
or cysteine domains similar to the metal-binding motifs
of other proteins have also been created as artificial binding
sites for calcium ions or a cubic iron cluster, respectively.
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In order to establish a rational
design for sophisticated novel
biocatalysts assisted by coor-
dination chemistry, it is desira-
ble to link valuable findings
obtained from de novo peptide
studies to enzyme engineering.
For this purpose, ribonuclease
S (RNase S'), a RNA-hydro-
lyzing enzyme consisting of
S-protein and a short S-peptide
segment, is regarded as an
appropriate model, because
the S-peptide can be replaced
with other peptides prepared
by solid-phase peptide synthe-
sis.[6] It is also known that
various unnatural amino acids
can be stably incorporated
into the S-peptide of RNase
S'.[7] The pioneering work by
Hopkins and co-workers in
model peptides demonstrated
that transition-metal induced
conformational change occurs
in peptides with two imino-
diacetic acid groups (Ida4) at
the i and i�3 or i�4 positions.
We planned to apply this
concept to the RNase S' en-
zyme as a model case and examine the efficacy of the
metal-induced conformational change at the local site for
the modulation of the structure and function of the net
enzyme.

We describe herein the incorporation of a unnatural
amino acid, with an iminodiacetic acid moiety (Ida4) as a
transition metal binding site, into ribonuclease S' by a
semisynthetic method. The iminodiacetic acid-appended
RNase S' (Ida4 ± RNase S') displayed CuII-responsive proper-
ties, both in the structure and the activity, which were
dependent on the replacement position and number of Ida4

moieties.

Results

Design and synthesis of Idan-incorporated S-peptide by the
Fmoc strategy: Although Hopkins used Boc chemistry to
insert Idan into a model peptide,[8] we found Fmoc (fluore-
nylmethyloxycarbonyl) chemistry for mutant S-peptide syn-
thesis to be more feasible. In order to allow Idan access to the
solid-phase peptide synthesizer for the Fmoc method, we
synthesized the unnatural amino acid 1 (Ida4), protected by a
Fmoc group at the N-terminal and by tert-butyl groups at the
iminodiacetic acid ends, as shown in Scheme 1.

Since iminodiacetic acid, a strong chelator for transition
metal cations in aqueous solution, is hydrophilic, it is
reasonable to expect that Ida4 can favorably replace the
amino acid residues positioned at the solvent-exposed side of
the RNase S-peptide a-helix. According to the 3D-structure
and activity data reported previously,[9] we selected four
amino acid sites, all of which are expected to be exposed to the
aqueous phase suggested by X-ray analysis of native RNase S
(Scheme 2).[10] At first, four different peptides (Thr3Ida4,
Ala6Ida4, Glu9Ida4, Asp14Ida4), each of which have a single
mutation in the native sequence of the S-peptide (1 ± 15
residue sequence), were designed to check the accommoda-
tion capacity for Ida4. On the basis of the results from these
single mutants, we next designed mutants with double-site
replacement. Double-site replacement was conducted at
several sets of the i and i�3 or i�4 positions (T3/A6Ida4,
A6/E9Ida4, E9/M13Ida4, A5/E9Ida4) in which two iminodi-
acetic acids may act cooperatively to bind transition metal
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Scheme 2. Native and mutant S-peptide sequences.

cations so as to bridge one turn along the a-helix axis. T3/
E9Ida4 was prepared as a control sequence. These sequences
are summarized in Scheme 2. All peptides were synthesized
by a solid-phase peptide synthesizer, purified by reverse-
phase HPLC, and characterized by MALDI-TOF mass
spectroscopy.

CuII-induced conformational change of the Ida4-incorporated
S-peptide in 30 % TFE aqueous solution: Before investigating
the semisynthetic Ida4 ± RNase S', we examined metal-in-
duced conformational change of mutant S-peptides without
S-protein by CD spectroscopy. In aqueous buffer solutions,
neither native nor mutant S-peptides can form any 3D
structures within the single component (that is, in the absence
of S-protein). Under these conditions, no conformational
change is observed by the addition of any metal cations. With
30 % of trifluoroethanol (TFE), all the S-peptides partially
form a-helix conformation.[11] Figure 1 shows the CuII-in-
duced CD spectral change of A6/E9Ida4. Two negative peaks
at 222 and 208 nm, characteristic of an a-helix conformation,
are intensified by the addition of up to 1 equivalent of copper
sulfate, and subsequently reduced by further addition of
CuII.[12] Other metal cations such as Ni2�, Co2�, Zn2�, and Cd2�

did not significantly induce conformational change (data not
shown).[13] Titration curves for all of the mutants are
summarized in Figure 2. In the case of all single mutants,

Figure 1. CD spectral change of A6/E9Ida4 ± S-peptide on addition of
CuII cation in 30% trifluoroethanol. A6/E9Ida4 ± S-peptide 60mm in MES
buffer (10 mm, pH 6.0, 0.1m NaCl) containing 30% trifluoroethanol at
25 8C.

Figure 2. CuII/S-peptide titration curve monitored by CD-spectroscopy:
a) single mutants: Glu9 (*), Ala6 (~), Thr3 (~); b) double mutants: A6/E9
(*), T3/A6 (~), E9/M13 (*), A5/E9 (^), T3/E9 (~). S-peptide 60 mm in
MES buffer (10 mm, pH 6.0, 0.1m NaCl) containing 30% trifluoroethanol at
25 8C.

these two peaks decrease upon CuII addition (Figure 2a).
On the other hand, the double mutant, T3/A6Ida4, displays
a biphasic change similar to that of A6/E9Ida4, that depends
upon the CuII concentration (Figure 2b). The CD intensity
of A5/E9Ida4 and T3/E9Ida4 mutants, however, steadily
decrease up to the addition of 2 equivalents of CuII. Signifi-
cant changes are not observed in the case of E9/M13Ida4

peptide. It is clear that doubly replaced Ida4 at the i and i�3
sites cooperatively bind a CuII ion in the S-peptide so as to
increase the helix content, similar to Hopkins� model pep-
tides, although the efficiency is greatly dependent on the
mutation site. Double mutants at i and i�4 or i�6 did not
show such a cooperative binding.[14] Noncooperative 1:1
binding of Ida4 with CuII simply disturbs a-helix conforma-
tion.
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Semisynthesis of RNase S'' by complexation of S-protein with
mutant S-peptides: It is known that native self-assembled
S-peptide/S-protein complex (so-called RNase S) restores the
ordered 3D structure and the RNA hydrolysis activity
identical to native RNase A. We confirmed the complex
formation of the mutant peptides with S-protein by a conven-
tional activity assay.[15]

Hydrolysis of polyuridiric acid (poly-U) is not catalyzed by
the single components of S-peptide or S-protein. When
S-protein was complexed with a mutant S-peptide, the
hydrolysis reaction occurred. S-Peptide/S-protein titration
monitored by this activity assay is a conventional method for
the evaluation of complex formation. The initial rate was
increased by the addition of most S-peptide mutants and
saturated at almost a 1:1 ratio of S-peptide to S-protein, with
the exception of Asp14Ida4 and E9/M13Ida4 (Figure 3).[16]

Figure 3. Initial rate of poly-U hydrolysis catalyzed by various RNase S':
native (*), Glu9 (*), A6/E9 (~), Asp14 (~), E9/M13 (^). S-protein 1 mm,
poly-U 100 mm, 10mm MES buffer, pH 6.0, containing 0.1m NaCl, 25 8C.

This saturation behavior is the same as that of the native
S-peptide, indicative that these mutant peptides are tightly
bound to the S-protein to form the native-like RNase S'.
Using this saturation curve, we estimated the association
constant (K) of the corresponding S-peptide/S-protein com-
plex.[17] The values for mutant S-peptides (107.4 ± 108.6mÿ1) are
comparable to that for native S-peptide (108.3mÿ1),[18] suggest-
ing that the mutation by Ida4 at the 3, 5, 6, or 9 positions does
not seriously affect the complexation. In the case of Asp14I-
da4 ± RNase S', the initial rate is slightly increased at more
than 10 equiv of excess peptide, owing to its low binding
affinity to the S-protein (K< 104mÿ1). Since no reaction
occurred for E9/M13Ida4 ± RNase S', we cannot estimate the
binding constant.

UVand CD spectroscopies were also utilized to monitor the
S-peptide/S-protein complexation.[19] The absorbance at
287 nm was intensified when a mutant S-peptide (either
single or double mutants) was added to the S-protein solution,
as is the case for native S-peptide (data not shown). CD
spectral titration of S-protein with S-peptide shows that the
helix content increases upon S-protein ± S-peptide binding
(Figure 4). The CD spectral change is practically saturated at
a 1:1 ratio of S-peptide to S-protein. Asp14Ida4 and E9/
M13Ida4 are, once again, exceptions, and have shallow curves
as a result of their low association constants. The saturated q

Figure 4. CD spectra of Glu9, A6/E9, E9/M13, native Ida4 ± RNase S' (S-
peptide/S-protein� 1:1), inset: Glu9 S-peptide/S-protein titration curve.
S-protein 10 mm, 10mm, MES buffer, pH 6.0, containing 0.1m NaCl 25 8C.

value for mutant S-peptide/S-protein complexes is almost
identical to that of native species. This data implies that all
mutant S-peptide/S-protein complexes are successfully
formed in a manner similar to the native RNase S, apart from
Asp14Ida4 and E9/M13Ida4, which is in good agreement with
the data from the activity titration. We also checked the
association constant in the presence of CuII for the following
discussion on the CuII response of Ida4 ± RNase S'. The CD
titration of S-protein with A6/E9Ida4-S-peptide suggested
that the association constant (108.4mÿ1) barely changes upon
the addition of CuII, that is, 108.5mÿ1 at 1 equiv of CuII and
108.6mÿ1 at 2 equiv of CuII. Other mutants displayed the same
behavior, indicating that CuII binding does not affect the tight
complex of S-protein with S-peptide.

CuII-induced structural change of semisynthetic Ida4 ± RNase
S'': It was found that the two negative peaks from a-helix
formation (208 nm and 222 nm) in the CD spectra of
the single-mutant RNase S' varieties were reduced by addi-
tion of CuII. Figure 5 depicts plots of the CD intensity
(222 nm) against CuII concentration. The order of the
CuII-induced q value decrease is Glu9>Ala6>Thr3Ida4 ±
RNase S' (Figure 5a), which implies that the perturbation of
the a-helix domain takes place upon CuII binding and
it depends on the incorporation position of Ida4. This titration
was not conducted for Asp14Ida4 ± RNase S' because of
its low association constant between S-peptide and S-pro-
tein.[16]

On the other hand, for A6/E9Ida4, a double mutant, the
peaks became more pronounced upon addition of up to
1 equiv of CuII and were then reduced upon furhter addition
of CuII (Figure 5b). This suggests that Ida4 units positioned on
the S-peptide bind the CuII cation in two different modes at
2:1 and 2:2 stoichiometry.[20] For other double mutants (T3/
A6, A5/E9, and T3/E9Ida4), the two peaks simply decreased
upon addition of CuII.[21]

The subtle conformational change of the A6/E9Ida4 mutant
upon CuII addition was also probed by fluorescence of the
tyrosine residues, shown in Figure 6.[22] The fluorescence at
307 nm due to Tyr residues, which are located only in the
S-protein portion of RNase S', was lessened at 1 equiv of CuII

and gradually recovered to the original value at more than
1 equiv for the A6/E9Ida4 mutant. Such changes were minimal
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Figure 5. CD spectral change ([q] 222 nm) of Ida4 ± RNase S' by addition
of CuII : a) single mutants: native (*), Glu9 (~), Ala6 (&), Thr3 (*);
b) double mutants: A6/E9 (*), T3/A6 (~), A5/E9 (~), T3/E9 (^). Ida4 ±
RNase S' 10mm, 10 mm MES buffer, pH 6.0, containing 0.1m NaCl, 35 8C.

Figure 6. Plots of relative fluorescence intensity (307 nm) by addition of
CuII: native (*), A6/E9 (*), Glu9 (&), Ala6 (~). Each point is plotted with
averaged volumes in three experiments. Ida4 ± RNase S' 1mm, 10mm MES
buffer, pH 6.0, containing 0.1m NaCl, 25 8C.

for other single and double mutants. This suggests that the
structure of the S-protein was also affected by the cooperative
CuII binding in the A6/E9Ida4 mutant complex.

Thermal denaturation experiments clearly supported the
above-mentioned effect of CuII on the net RNase S' structure.
Figure 7a shows the dependence of the thermal denaturation
curves of Glu9Ida4 ± RNase S' upon the CuII concentration.
Without the CuII ion, the denaturation temperature (Td) was
36.1 8C. In the presence of 1 equiv of CuII, Td shifted to 31.2 8C.
Td decreased similarly for Thr3Ida4 ± RNase S' (36.2!
34.8 8C), or Ala6Ida4 ± RNase S' (35.4!33.1 8C) upon addi-
tion of 1 equiv of CuII. There was no significant shift in Td for
the native RNase S' (37.1!36.3 8C). Clearly, the mutant
RNase S' enzymes with an iminodiacetic acid at a single site
were destabilized upon CuII binding. The order of CuII-
induced destabilization was in accord with the above-men-

tioned CD-titration data. In the case of A6/E9Ida4 ± RNase S',
a double mutant, the CuII effect on the denaturation temper-
ature is greatly dependent on the stoichiometry of CuII to
RNase S' (Figure 7b). At a 2:1 stoichiometry of CuII to A6/

Figure 7. Thermal denaturation curve monitored by CD at [q]222 nm of
RNase S': a) Glu9Ida4 ± RNase S'; b) A6/E9Ida4 ± RNase S'; CuII 0 equiv
(*), 1 equiv (*), 2 equiv (~). Ida4 ± RNase S' 10mm, 10 mm MES buffer, pH
6.0, containing 0.1m NaCl.

E9Ida4 ± RNase S', Td rose by 3.1 8C (39.7 8C), and at 2:2
stoichiometry it fell by 7.4 8C (29.2 8C), relative to the Td value
without metals. It is noteworthy that the A6/E9Ida4 mutant is
more stable by about 3 8C with regard to the native RNase S'
through cooperative binding at 2:1 stoichiometry. In contrast,
for the other double mutants, including T3/E6Ida4, a simple
decrease in the denaturation temperature was caused by the
addition of CuII [35.8 (0 equiv)!34.2 (1 equiv)!32.1 8C
(2 equiv) for T3/E6Ida4, 35.4 (0 equiv)!33.6 (1 equi-
v)!30.9 8C (2 equiv) for T5/E9Ida4, 36.0 (0 equiv)!34.6
(1 equiv)!31.7 8C (2 equiv) for T3/E9Ida4].

CuII-responsive activity change of semisynthetic Ida4 ± RNas-
e S'': The addition of CuII also affected the net activity of the
semisynthetic RNase S'. The initial rate of the poly-U
hydrolysis catalyzed by Glu9Ida4 ± RNase S' was reduced by
an increase in CuII (Figure 8a).[23] A similar suppression was
caused by CuII ions for other single mutants to different
extents, but not for the native RNase S. The efficiency of the
CuII-induced suppressions (the ratio of the initial rate with
1 equiv of CuII over that without CuII) is in the order of
Glu9Ida4>Ala6Ida4>Thr3Ida4 ± RNase S' (the relative ac-
tivities based on the initial rate are 62 %, 87 %, and 94 %,
respectively). This order is coincident with the CuII-induced
structural changes estimated by CD and thermal denaturation
experiments. Figure 8b shows the titration curves for the
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Figure 8. Initial rate of poly-U hydrolysis catalyzed by various RNase S',
a) single mutants: native (*), Glu9 (~), Ala6 (&), Thr3 (*), b) double
mutants: A6/E9 (*), T3/E9 (~), A5/E9 (*), T3/A6 (^). S-protein 1 mm,
poly-U 100 mm, 10 mm buffer, pH 6.0, containing 0.1m NaCl, 25 8C.

series of double mutants. In sharp contrast to the single
mutants, the initial rate of A6/E9Ida4 ± RNase S' increased at
1 equiv of CuII cation (120 %) and then decreased after the
addition of more than 1 equiv of CuII (relative initial rate:
60 %), indicating that the cooperative binding of two Ida4 of
the A6/E9-mutant directly influences the enzymatic reactivity.
Interestingly, such a dual response, that is, enhancement and
suppression dependent on copper concentration, was not
observed for other double mutants: T3/A6Ida4 (50% at 2:1,
25 % at 2:2), A5/E9Ida4 (85 % at 2:1, 38 % at 2:2), and T3/
E9Ida4 ± RNase S' (75% at 2:1, 15 % at 2:2); that is, their
activity is only suppressed by CuII binding. These experiments
apparently demonstrated that the sensitivity for CuII concen-
tration is less than 1 mm for all mutants.[24] This activity
modulation by CuII in both single and double mutants accords
well with the above-mentioned structural data. Addition of
other metal cations such as Ni2�, Co2�, Zn2�, and Cd2� did not
influence the initial rates of the reaction catalyzed with
RNase S' (data not shown).[25]

Using both kinds of the CuII-induced reactivity change, we
attempted to switch the RNase activity in two different
patterns, that is, CuII-induced suppression and CuII-induced
enhancement. Figure 9 shows the switching of the activity of
A6/E9Ida4 ± RNase S' by changing the environmental con-
centration of the CuII cation. The poly-U hydrolysis, which is
catalyzed by RNase S' in the absence of CuII, is quickly
suppressed upon addition of more than 2 equiv of CuII cation
(5 equiv CuII used in Figure 9a). Subsequently, when 5 equiv
of EDTA (ethylenediamine tetracetic acid) was added to the
solution to remove the bound CuII, the reaction was resumed.
These processes can be repeated several times; this indicates

Figure 9. Switching of A6/E9Ida4 ± RNase S' activity depending on the
environmental CuII concentration: a) inhibition of activity by CuII ; A6/
E9Ida4 ± RNase S' 1mm, poly-U 100 mm, CuII 5 equiv (5mm) and EDTA
5 equiv (5mm) for every arrow, pH 6.0, 10mm MES buffer, containing 0.1m
NaCl, 25 8C; b) enhancement of activity by CuII ; A6/E9Ida4 ± RNase S'
1mm, poly-U 300 mm, CuII 1 equiv (1 mm) and EDTA 1 equiv (1mm) for every
arrow, pH 6.0, 10 mm MES buffer, containing 0.1m NaCl, 35 8C.

that the reversible change between the active state and the
less active state of A6/E9Ida4 ± RNase S' is carried out upon
the binding or release of CuII ions. Following this, we used
only a small amount of CuII (less than 1 equiv to Ida4) to
conduct the reverse type of switching. When 1 equiv CuII

cation was added to A6/E9Ida4 ± RNase S', the reaction was
not suppressed but accelerated as shown in Figure 9b. Under
these conditions, addition of 1 equiv of EDTA caused the
suppression of the reaction. Repeated addition of 1 equiv of
CuII reactivated the A6/E9Ida4 ± RNase S' once again. Clearly,
this is a switching mode completely opposite to that in
Figure 9a.[26]

Discussion

In the study of the single mutants of Ida4 ± RNase S', it was
clear that changing the free iminodiacetic acid to a CuII-
complexed iminodiacetate induced destabilization (decrease
of Td) and deactivation (the decreased initial rate of poly-U
hydrolysis). This is probably due to the bulkiness of the metal
chelate and the introduction of positive charge upon CuII

complexation. The responsive efficiency to the CuII ion was in
the order of Glu9Ida4>Ala6Ida4>Thr3Ida4. This is reason-
ably explained by the following considerations: i) a chelation
position close to the center of the a-helix is the most effective
for structural perturbation of the S-peptide, and ii) since the
order is also coincident with the distance (12, 9 5.4 �, 12, 6
10.0 �, 12, 3 14.1 �) between the incorporated Ida4 and the
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enzymatic active site (His 12), a chelation position close to His
12 is the most influential.

With the double mutants, it has been demonstrated that
Hopkins� strategy shown in a de novo designed peptide can be
principally applied to an enzyme, that is, A6/E9Ida4 ± RNase
S' displays cooperative binding of a CuII ion with two
iminodiacetic acids on the mutant enzyme. This transition
metal binding at specific sites by the artificial chelator can
cause the perturbation not only of the local a-helix structure,
but also of the net structure and activity change in the
holoenzyme (Scheme 3). A correct spatial arrangement of the

Scheme 3. Schematic illustration of the dependence of dual-mode mod-
ulation of A6/E9Ida4 ± RNase S' on CuII concentration.

two receptors is essential for the dual response to CuII ions.
However, we found several points of difference with respect
to the Hopkins� peptide, owing to the structural specificity of
the enzyme: i) the incorporation of Ida4 at the i and i�3
positions does not always result in a cooperative binding site
(for example, T3/A6-mutant), or rather, there are only a few
positions (a so-called hot spot) which can cooperatively bind
CuII ; ii) we did not find cooperative binding at the i and i�4
position in our study (for example, A5/E9 or E9/M13-
mutants); iii) the incorporation position of Ida4 was also
limited by the accommodation capacity of the holoprotein
molecule (for example, Met13 or Asp14 mutants); iv)
interestingly, metal-ion selectivity was found in the A6/
E9Ida4 ± S-peptide and -RNase S', that is, CuII is the most
effective ion, whereas ZnII, CoII, and NiII showed almost no
effect. Despite some limitations, the present study shows that
a number of findings accumulated in the research on de novo
designed peptides could also be applicable to native protein/
enzyme engineering.

So far, there are only a few examples of synthetic metal
binding sites which have been incorporated into native
protein frameworks by site-directed mutagenesis.[5] Unnatural
amino acid incorporation is expected to make these ap-
proaches more flexible. We have previously proposed, using
myoglobin as a model template, that rational introduction of
artificial receptor molecules into naturally occurring proteins
and enzymes is one of the promising approaches for the design
of environment-sensitive semisynthetic enzymes.[27] Genera-
tion of negative or positive charges upon binding with a

corresponding guest close to an active site was a guiding
principal in these examples. The present structure and activity
switching, in contrast, is attributed to the fastening or
unfastening of a specific a-helix domain by coordination
chemistry, which is envisaged as a novel strategy for modu-
lation of the enzyme activity.[28]

Experimental Section

Materials: Ribonuclease A (bovine pancreas) and subtilisin (Nagarse) were
purchased from Sigma Chemical and used without further purification. The
S-Protein of RNase (21 or 22 ± 124 amino acid sequence of RNase A) was
purchased or prepared by the subtilisin-catalyzed cleavage of RNase A
followed by ion exchange and gel chromatography, according to the
literature method.[29] Fmoc-Lys(Boc)-OH and other chemicals for peptide
synthesis were purchased from Watanabe Chemicals (Hiroshima, Japan).
HATU was purchased from PerSeptive Biosystems.

Synthesis of Fmoc-Ida4(tBu)2OH: Fmoc-Lys(Boc)-OH (10.0 g, 20.5 mmol),
benzyl bromide (6.4 mL, 53 mmol), and anhydrous sodium bicarbonate
(1.8 g, 20.5 mmol) were dissolved in dry DMF (dimethylformamide;
75 mL) and stirred at room temperature under a nitrogen atmosphere.
DMF was removed under reduced pressure after 45 h. The residues were
suspended in 75 mL of water and extracted with dichloromethane (1�
125 mL, and then 3� 50 mL). The organic layer was dried over anhydrous
magnesium sulfate and concentrated. The crude residue was purified by
silica-gel chromatography (4.5 diam.� 8 cm length, eluent: ethyl acetate/
hexane� 1:5!5:2 gradient) to afford a colorless solid, Fmoc-Lys(Boc)-
OBn (2 ; 8.4 g, 71% yield). IR (KBr): nÄ � 3320, 1730, 1690 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 1.3 ± 1.9 (m, 15H), 3.10 (d, 2 H), 4.10 (m, 1 H), 4.39
(m, 3 H), 4.58 (m, 1H), 5.26 (s, 2H), 5.45 (m, 1H), 7.30 (t, J� 7.1 Hz, 2H),
7.39 (t, J� 7.6 Hz, 2H), 7.49 (d, J� 8.3 Hz, 2 H), 7.57 (d, 2H), 7.77 (d, J�
7.3 Hz, 2H), 8.19 (d, J� 8.4 Hz, 2 H); m.p. �87 ± 89 8C.

The protected amino acid 2 (8.4 g, 14.6 mmol) was dissolved in dry
dichloromethane (60 mL), and trifluoroacetic acid (TFA, 11.3 mL) was
added to the solution. The reaction mixture was stirred at room temper-
ature for 21 h before removal of the solvent under reduced pressure. The
oily residue was dried in vacuo for several hours. Deprotection of the Boc
group was confirmed by 1H NMR (CDCl3; i.e., disappearance of a singlet
peak at d� 1.3) and this crude product was used without further
purification.

Crude Fmoc-Lys-OBn (3 ; 10.3 g, 16.3 mmol) thus obtained was dissolved in
dry DMF (88 mL), and sodium bicarbonate (24.5 g, 0.28 mol), KI (3.7 g,
21.6 mmol), and tert-butyl bromoacetate (21.6 mL, 0.12 mol) were added to
the solution. The mixture was stirred at room temperature for 84 h, and
DMF was removed under reduced pressure. The residue was suspended in
water (176 mL)and extracted with dichloromethane (90 mL and then
40 mL). The organic layer was dried over anhydrous magnesium sulfate
and concentrated. The crude residue was purified by silica-gel chromatog-
raphy (4.5 cm diam.� 7 cm length, eluent: ethyl acetate/hexane� 1:6 ± 3:5
gradient) to afford a pale yellow oil, Fmoc-Ida4(tBu)2-OBn (4 ; 5.3 g, 52%
yield for 2 steps). IR (KBr): nÄ � 3320, 1730, 1700 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 1.3 ± 1.9 (m, 24H), 2.68 (m, 2H), 3.40 (s, 4H), 4.21 (t, 1H), 4.38
(m, 3 H), 5.26 (s, 2H), 5.59 (d, 1 H), 7.30 (t, J� 7.3 Hz, 2 H), 7.39 (t, J�
7.2 Hz, 2 H), 7.50 (d, J� 8.5 Hz, 2 H), 7.60 (d, J� 7.2 Hz, 2H), 7.76 (d, J�
7.4 Hz, 2H), 8.19 (d, J� 8.5 Hz, 2H); anal. calcd for C40H50;N2O8�
2CH3CO2Et: C 67.31, H 7.65, N 3.38; found: C 67.01, H 7.56, N 3.41%.

Fmoc-Ida4(tBu)2OBn (4 ; 1.0 g, 1.45 mmol) was dissolved in ethyl acetate
(11 mL). Palladium charcoal (20 mg, Pd/C) was added to the solution. The
suspended mixture was stirred under a hydrogen atmosphere at room
temperature. After 11 h, Pd/C was filtered off with Celite and the filtrate
was concentrated. The crude product was purified by silica-gel chromatog-
raphy (4.5 cm diam.� 7 cm length, eluent: ethyl acetate/hexane� 3:5!
ethyl acetate only!ethyl acetate/ethanol� 5:1) to afford a colorless solid,
Fmoc-Ida4(tBu)2-OH (1; 0.71 g, 72% yield). IR (KBr): nÄ � 3300, 1730, 1700,
1690 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 1.3 ± 1.9 (m, 24 H), 2.65 (m,
2H), 3.41 (s, 4H), 4.21 (m, 1H), 4.31 (m, 3H), 5.95 (m, 1 H), 7.25 ± 7.35 (m,
4H), 7.57 (d, 2H), 7.70 (d, 2 H); m.p.� 52 ± 54 8C; anal. calcd for
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C33H44N2O8�1�2 CH3CO2Et: C 65.61, H 7.50, N 4.50; found: C 65.61, H 7.55,
N 4.37%.

Peptide synthesis : All S-peptide mutants were synthesized by peptide
synthesizer (ABI, with NMP as a reaction solvent and DCC as a coupling
reagent, or PerSeptive Pioneer, with DMF as a solvent and HATU as a
coupling reagent) with solid-phase peptide synthesis based on Fmoc
chemistry. The crude peptides were purified by reverse-phase HPLC (ODS
column, eluent: water/acetonitrile gradient containing 0.1% of TFA,
HITACHI-LC series). The purified peptides were characterized by
MALDI time-of-flight (TOF) MS (a-cyano-4-hydroxycinnamic acid) as a
matrix.

Preparation of RNase S' S-protein :[18, 29] Subtilisin-catalyzed cleavage of
RNase A and purification of the S-protein were conducted according to the
literature method. We monitored the progress of the hydrolysis reaction by
HPLC (ODS column, 4.6 mm diam., eluent: water/acetonitrile gradient
containing 0.1 % TFA, HITACHI-LC series). The S-protein was identified
by MALDI-TOF mass spectroscopy.

CD and fluorescence measurements : CD spectra of the S-peptide mutants
and S-peptide/S-protein complexes were measured by CD spectropolarim-
eter (JASCO J-720w). Fluorescence measurements of the RNase S'
mutants were conducted with a Hitachi fluorescence spectrophotometer
F-4500.

Thermal denaturation : Thermal denaturation experiments were conducted
by CD spectropolarimeter (JASCO J-720w spectropolarimeter, sensitivity:
10 mdeg; resolution: 0.2 nm; bandwidth: 2.0 nm; response: 0.5 s; scan
speed: 200 nm minÿ1) equipped with thermal controller; light-path length:
1 mm, temperature rose from 10 8C to 60 8C at 0.5 8Cminÿ1.

Activity assay :[30] Polyuridiric acid (poly-U) hydrolysis was catalyzed by
RNase S', according to the literature. The solution (MES buffer, pH 6.0,
0.1m NaCl) containing S-protein (1 mmol) and S-peptide (1 mmol) was
incubated at 25 8C for 5 min (in the case of CuII addition, an appropriate
amount of CuSO4 solution was mixed and incubated). The reaction was
started by injection of poly-U solution (final concentration of 100 mmol)
and the reaction was monitored by absorbance change at 278 nm (Hitachi
U-3000 or JASCO UV/vis spectrophotometer, MES buffer, pH 6.0, 0.1m
NaCl). The initial rates were calculated with a differential molar extinction
coefficient at 278 nm (1360mÿ1 cmÿ1).[28]
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