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Noncovalent assembly of ZnII–mesoporphyrin IX was ac-
complished by coordination to a-helical peptides (4–64
segments) based on polyamideamine dendrimer; the electron
transfer functions were expressed more effectively with the
growth of the dendrimer generation.

Assemblies of peptides or functional groups perform a sig-
nificant role in nature, displaying highly efficient functions
including energy transfer and electron transfer. For example, in
photosynthetic bacteria, light-harvesting complexes (LH),1 in
which many bacteriochlorophylls are assembled and oriented
with a-helix peptides, absorb light energy, and delocalize and
transfer the energy to the reaction center where charge
separation occurs. The development of an artificial system with
native-like properties but without the complexity of the natural
components, has been attempted using de novo designed
peptides.2,3 On the other hand, dendrimers have also attracted
much attention in the field of polymer chemistry.4–8 Some
dendrimers have been investigated for electron transfer6 and
energy transfer7 functions because of their morphological
similarities to LH. Using dendrimers as templates in the de novo
design proteins, the peptide assembly conditions and function-
alization may be controlled precisely. In this study, designed
amphiphilic a-helix peptides (4, 8, 16, 32 and 64 segments)
were introduced at the end groups of polyamideamine den-
drimers (PAMAMs)4 (Fig. 1). ZnII–Mesoporphyrin (Zn-MP)
was coordinated between the 2a-helix peptides3 to accomplish
a multi-Zn-MP array so that electron transfer properties were
expressed more effectively with the growth of the dendrimer
generation.

Synthesis of peptide dendrimers was performed by a domain
ligation strategy.8 The 20-residual peptide (R-HL4) was
designed to take an amphiphilic a-helical structure, which was
stabilized by four sets of Glu–Lys salt bridges. As an axial
ligand of metalloporphyrin, His was introduced to deploy a

porphyrin parallel to the helix axis. Four Leu residues per a-
helix were arranged to construct a hydrophobic pocket as a
porphyrin-binding site.3 Cys was used at the N-terminus of the
peptide to ligate to the outer termini of the template dendrimer
through the thioether linkage. Arg was introduced at the C-
terminus of the peptide to form an electrostatic field at the outer
shell of the peptide dendrimers. R-HL4 was synthesized by the
solid-phase method using Fmoc-strategy and purified with
reversed-phase (RP) HPLC. The peptide was identified by
matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS).9 To conjugate the peptide
with PAMAM [Starburst Dendrimer, G0, G1, G2, G3 and G4,
from Aldrich], the chloroacetyl group was introduced at each
amino terminal group of PAMAM, by treatment with N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline10 and chloroac-
etic acid in MeOH. Perchloroacetylated (n-ClAc) PAMAMs
were purified by size exclusion chromatography (SEC, Sepha-
dex LH-60–MeOH) and RP-HPLC, and identified by MALDI-
TOFMS.11 R-HL4 and n-ClAc-PAMAM were combined by the
ligation reaction12 between the thiol side chain of Cys in R-HL4
and the chloroacetyl group of n-ClAc-PAMAM. The peptide
dendrimers, n-(R-HL4)PAMAMs, were purified by SEC (Se-
phadex G-50–30% AcOH) and RP-HPLC, and identified by
MALDI-TOFMS13 or ultracentrifugation.14

Circular dichroism (CD) study revealed that n-(R-HL4)PA-
MAM, (n = 4, 8, 16, 32 and 64) showed a typical a-helical
pattern in pH 7.4 buffer. The a-helicity15 of the peptides in the
dendrimers was estimated as ca. 50% (Table 1), indicating that
n-(R-HL4)PAMAMs with different extents of dendrimer gen-
eration have similar a-helical properties. UV-Vis titration3 of
Zn-MP with n-(R-HL4)PAMAM showed an increase of the
Soret band at 415 nm and decrease of the band at 403 nm of Zn-
MP. The binding constant (Ka) was determined from the
absorbance change at 415 nm using an equation assuming the
1/n (2a-helix in peptide dendrimer–Zn-MP) complexation
(Table 1). The n values were found to be close to 1.0, indicating
that Zn-MP bound to the peptide dendrimers almost equiva-
lently per 2a-helix. The Ka values indicated that Zn-MP bound
to the peptide dendrimers efficiently, and binding affinities to
peptide dendrimers were almost identical. n-(R-HL4)PAMAM
conjugated with multi-Zn-MP showed a strong induced CD

Fig. 1 Structure of the peptide dendrimers, (a) amino acid sequence of R-
HL4; (b) schematic illustration of Zn-MP coordination to 2a-helix; and (c)
64-(R-HL4)PAMAM and multi-Zn-MP-64-(R-HL4)PAMAM.

Table 1 Ellipticity at 222 nm and a-helicity of peptide dendrimers, and
binding constant Ka and n value for peptide dendrimers with Zn-MP

n-(R-HL4)
PAMAM

[q]222/104 deg
cm2 dmol21

a-Helicity
(%)

Ka/105

dm3 mol21 n value

n = 4 21.68 53 3.2 1.01
n = 8 21.67 53 1.7 0.84
n = 16 21.51 48 1.5 0.93
n = 32 21.45 46 1.8 0.98
n = 64 21.45 46 2.1 0.99

Ellipticity [q] at 222 nm and a-helicity were estimated from the CD spectra.
[n-(R-HL4)PAMAM] = 1.0 3 1025 mol dm23 (per 2a-helix), in 2.0 3
10–2 mol dm23 Tris·HCl buffer (pH 7.4) at 25 °C. The binding constant Ka

and n value were estimated by UV-Vis spectra titration, in pH 7.4 buffer at
25 °C. [Zn-MP] = 5.0 3 1026 mol dm23.
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peak at the Soret region,16 suggesting that Zn-MP was
coordinated in a regulated manner. In addition, the a-helicity
was not changed by the binding with Zn-MP.

To examine electron transfer properties of multi-Zn-MP-
conjugated n-(R-HL4)PAMAM, fluorescence quenching stud-
ies were performed by the addition of a negatively charged
electron acceptor, naphthalene sulfonate6 (NS2),  and a
positively charged methylviologen6 (MV2+). Upon excitation at
the Soret band, multi-Zn-MP–n-(R-HL4)PAMAM emitted
fluorescence at 582 and 630 nm, which was quenched by the
addition of NS2. The Stern–Volmer plots (Fig. 2a) showed that
the quenching occurred more strongly with increase in den-
drimer generation. In each generation, the concentrations of 2a-
helix and Zn-MP were constant. This result indicates that the
positive charges of Arg residues were assembled more densely
on the surface of the peptide dendrimer with the growth of each
generation so that the negative charged NS2 was bound more
effectively by the electrostatic force. Consequently, quenching
was amplified with the growth of generation. On the other hand,
when positively charged MV2+ was employed, the fluorescence
quenching (Fig. 2b) was also observed to increase with the
growth of the peptide dendrimer, although the charge repulsion
became stronger with the generation growth. It was suggested
that the quenching mechanism of MV2+ was different from that
of NS2. To examine these mechanisms, UV-Vis spectra on the
addition of NS2 and MV2+ were measured (Fig. 3). In the case
of NS2, the Soret band decreased, supporting electrostatic
binding between multi-Zn-MP–n-(R-HL4)PAMAM and NS2
in the ground state. By contrast, UV-Vis spectra were little
changed by the addition of MV2+,  indicating that MV2+ does
not have a strong influence on the ground state of Zn-MP. Table
2 shows the fluorescence lifetimes of multi-Zn-MP–n-(R-
HL4)PAMAM. With the growth of generation, a percentage of
the long-lived component (2.3–2.6 ns) increased. In 32- and
64-(R-HL4)PAMAM, the short-lived component (1.7–1.8 ns)
disappeared. In the presence of NS2, the fluorescence lifetime
of multi-Zn-MP–64-(R-HL4)PAMAM was not changed (2.3
ns). This result supports the idea that NS2 causes electron
transfer by a static mechanism.17 By contrast, addition of MV2+

caused the fluorescence lifetime to be extremely shortened (0.5
ns, 88%). These results indicated that the electron was
transferred mainly by a dynamic mechanism.17

In conclusion, noncovalent Zn-MP assembly was accom-
plished by coordination to novel peptide dendrimers, and the
electron transfer function was expressed more effectively with
the growth of dendrimer generation. Dynamic quenching with
viologen can be applied to the catalytic reactions. The nanoscale
assembly of a system combining de novo designed peptides
with dendrimers will be utilized in artificial photosynthesis.
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Fig. 2 Stern–Volmer plot for fluorescence quenching of Zn-MP (2.5 3 1027

mol dm23) conjugated with n-(R-HL4)PAMAM (7.5 3 1027 mol.dm23 per
2a-helix) by quenchers. lex = 415 nm, lem = 582 nm, in the buffer (pH.
7.4) at 25 °C. Electron acceptors = (a); NS2, (b); MV2+: 8; n = 64, 2; n
= 32, Ω; n = 16, .; n = 8 and 4.

Fig. 3 UV-Vis spectra of Zn-MP (2.5 3 1027 mol dm23) conjugated with
64-(R-HL4)PAMAM (7.5 3 1027 mol dm23 per 2a-helix) with increasing
concentration (0, 4.6, 9.3, 14.0, 18.5, 23.1 3 1026 mol dm23) of electron
acceptors, (a); NS2, (b); MV2+ in the buffer (pH. 7.4) at 25 °C.

Table 2 Fluorescence lifetime of multi-Zn-MP–n-(R-HL4)PAMAM

n-(R-HL4)
PAMAM

Electron
acceptors t1/ns A1 (%) t2/ns A2 (%)

n = 4 — 1.8 74.7 2.6 25.3
n = 8 — 1.8 73.8 2.6 26.2
n = 16 — 1.7 47.8 2.3 52.2
n = 32 — — — 2.4 100.0
n = 64 — — — 2.3 100.0
n = 64 NS2 — — 2.3 100.0
n = 64 MV2+ 0.5 88.0 2.3 12.0

Fluorescence lifetime was measured using Zn-MP (2.5 3 1027 mol dm23)
conjugated with n-(R-HL4)PAMAM (7.5 3 1027 mol dm23 per 2a-helix)
at 25 °C. lex = 415 nm, lem = 570–650 nm, electron acceptors, [NS2] =
[MV2+] = 2.0 3 1025 mol dm23. Decay profiles were analyzed by the
double exponential equation, If(t) = A1exp(t/t1) + A2exp(t/t2).
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