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Abstract: To construct an artificial pho-
tosynthetic system, peptide dendrimers
[n-(X-HLY)PAMAMs: X�R, E; Y�L,
F; n� 4, 8, 16, 32 and 64 segments], in
which amphiphilic a-helix peptides (X-
HLY: R-HLL, E-HLL and R-HLF)
were introduced at the end groups of
polyamidoamine dendrimers (PAM-
AMs), were designed and synthesized.
The peptide dendrimers 64-(X-HLY)-
PAMAMs are novel synthetic biopoly-
mers with an enormous molecular
weight, about 160 kDa, and with a
regulated amino acid sequence and
three-dimensional conformation. The

peptide dendrimers bound FeIII- or
ZnII-mesoporphyrin IX per two a-heli-
ces; this afforded a multimetallopor-
phyrin assembly similar to the natural
light-harvesting antennae in photosyn-
thetic bacteria. Circular dichroism stud-
ies and peroxidase activity measure-
ments revealed that metalloporphyrins
were coordinated to the peptide den-
drimers in a regulated manner and

packed more densely with the growth
of the dendrimer generation. Fluores-
cence quenching and photoreduction
studies with methylviologen demon-
strated that the photoinduced electron-
transfer function with the peptide den-
drimer-multi-Zn-MP was accomplished
more effectively as the dendrimer gen-
eration increased. Thus, the three-di-
mensional assembly of metalloporphy-
rins and peptides in the dendrimer was
an effective module for light-harvesting
antennae in an artificial photosynthetic
system.
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Introduction

Photoinduced electron transfer performs one of the most
essential and important processes in photosynthesis. There-
fore, it has been extensively studied for construction of an
artificial photosynthetic system that uses electron transfer as
an alternative energy resource to the dwindling fossil fuels.[1]

In natural systems, the efficient electron-transfer function is
due to supramolecular systems that consist of assemblies of
peptides and functional groups. For instance, the light-
harvesting antennae (LH) of photosynthetic bacteria,[2] in
which many bacteriochlorophylls are assembled and oriented
with a-helix peptides, absorb light energy, migrate, and
transfer the energy to the reaction center where charge
separation occurs.

Numerous attempts have been made to develop such an
artificial supramolecular photosynthetic system, which has
more native-like properties and can remove the complexity of
the natural counterparts, by the construction of de novo
designed peptides[3, 4] and porphyrin-conjugated polymers.[5]

On the other hand, dendrimers have attracted much
attention in the field of polymer chemistry.[6±12] Dendrimers
are hyperbranched, artificial macromolecules with well-de-
fined three-dimensional shapes, and their end groups are
packed more densely as the number of their branch units
increases. Unlike most synthetic macromolecules of linear
chains, dendrimers directly adopt constructs of a higher-
ordered structure. Therefore, their unique structures and
functions have been exploited for molecular catalysts[8] and
functional materials.[9] Particular attention has been focused
on the possiblity of creating artificial photosynthesis modules
from some dendrimers, due to their morphological similarity
to LH.[10]

By using dendrimers as a template to combine de novo
designed protein technologies, the assembly condition of the
peptides and the functionalization may be controlled directly
and exactly. In a previous study,[11] we developed peptide
dendrimers that bound one ZnII-mesoporphyrin IX (Zn-MP)
per 2a-helix peptides equivalently, so that they formed multi-
Zn-MP arrays. From the results of fluorescence studies with
an anionic electron acceptor, naphthalene sulfonate (NSÿ),[10b]
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and a cationic one, methylviologen (MV2�),[10b, 13] it could be
seen that the electron transfer properties were expressed
more effectively with the growth of the dendrimer gener-
ations. By using MV2�, the electron was transferred from
multi-Zn-MP into the peptide dendrimers by dynamic inter-
actions.[11]

In this study, to further examine the electron-transfer
functions of the peptide dendrimer-multimetalloporphyrin
conjugates, three amphiphilic a-helical peptides (X-HLY:
R-HLL, E-HLL and R-HLF) were designed and introduced
at the end groups (4, 8, 16, 32, and 64 segments) of
polyamidoamine dendrimers (PAMAMs)[6] (Figure 1 and
Figure 2, below). The FeIII- or ZnII-mesoporphyrins IX (Fe-
MP or Zn-MP) were each coordinated between 2a-helix
peptides[4, 11] to give a multimetalloporphyrin array (Fig-
ure 1a), which should pack more densely with the growth of
the dendrimer generation. The electron transfer and the
photoreduction of MV2� were also accomplished more
effectively as the dendrimer generation increased. Addition-
ally, their reactivities, which depend on the amino acid
sequence, such as on the hydrophobicity of the porphyrin
binding site, and on the electrostatic field of the peptide-
dendrimer outer shell, were evaluated.

Results and Discussion

Design and synthesis of peptide dendrimers : Synthesis of the
peptide dendrimers was performed by using a domain-ligation

strategy[12] by which the peptide and the template were
prepared separately and then both parts were conjugated by
ligation. The 20-residue peptides (X-HLY: R-HLL, E-HLL
and R-HLF) were designed to take on an amphiphilic a-
helical structure, which should be stabilized by four sets of
Glu-Lys salt bridges (Figure 1b). X (Arg or Glu) was
introduced at the C terminus of the peptides to form an
electrostatic field through the positive guanidinium side chain
of Arg or the negative carboxylate side chain of Glu at the
outer shell of the peptide dendrimers. As an axial ligand of
metalloporphyrin, His was introduced at the tenth position of
the peptide to deploy a porphyrin parallel to the helix axis.
Four hydrophobic residues [2Leu and 2 Y (� 2 Leu or 2 Phe)]
per a helix were arranged to construct a hydrophobic pocket
surrounding the His residues as a porphyrin binding site
(Figure 1c).[4, 11] The two 2 Y (2 Leu or 2 Phe) were employed
to examine the influences of the hydrophobic residues on the
metalloporphyrin coordination and on the electron-transfer
properties through the porphyrin binding. Cys was used at the
N terminus of the peptide to ligate to the outer termini of the
template dendrimer through the thioether linkage. The
peptides, X-HLY, were synthesized by the solid-phase method
by using the Fmoc-strategy[14] and purified with reversed-
phase HPLC (RP-HPLC). The purified peptides were iden-
tified by matrix-assisted laser-desorption ionization time-of-
flight mass spectrometry (MALDI-TOFMS) and amino acid
analysis.

PAMAM dendrimers[6] [outer terminal number (genera-
tion); n� 4 (G0), 8 (G1), 16 (G2), 32 (G3), and 64 (G4)] were

selected as the dendrimer
parts, since these were easy to
handle and their amidoamine
fragments resembled polypep-
tides. To conjugate the peptide
with PAMAM, a chloroacetyl
group was introduced at each
amino terminal group of the
PAMAM, by treating the pep-
tide with N-ethyloxycarbonyl-
2-ethyloxy-1,2-dihydroquino-
line (EEDQ)[15] and chloroace-
tic acid in methanol. Perchloro-
acetylated PAMAMs (n-ClAc-
PAMAMs) were purified by
size-exclusion chromatography
(SEC, Sephadex LH-60/
MeOH) and RP-HPLC, and
identified by MALDI-
TOFMS. Then, X-HLY and n-
ClAc-PAMAMs were com-
bined by the ligation reac-
tion[16] between the thiol side
chain of Cys in X-HLY and the
chloroacetyl group of n-ClAc-
PAMAM. The peptide den-
drimers, n-(X-HLY)PAMAMs
(Figure 2), were purified by
SEC (Sephadex G-50/30 %
AcOH) and RP-HPLC, and

Figure 1. Structure of the peptide dendrimers: a) 64-(X-HLY)PAMAM and multi-M-MP-64-(X-HLY)PAMAM.
b) Amino acid sequences of X-HLY (R-HLL, E-HLL and R-HLF). c) Schematic illustration of metalloporphyrin
(M-MP) coordination to the 2a-helix of the peptide dendrimer.
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identified by MALDI-TOFMS (n� 4, 8) or ultracentrifuga-
tion (n> 8) (Table 1). The sedimentation equilibrium experi-
ments revealed that these dendrimers were dispersed in a
single species with a monomeric molecular weight. The 64-(X-
HLY)PAMAM peptide dendrimers are novel synthetic bio-
polymers with an enormous molecular weight of about
160 kDa and a regulated amino acid sequence and three-
dimensional structure.

Circular dichroism studies : Circular dichroism (CD) studies
revealed that n-(X-HLY)PAMAMs (n� 4, 8, 16, 32, and 64),
and those in the presence of Fe-MP showed a typical a-helical
pattern in a buffer (Figure 3). Table 2 shows the a-helicity of
the peptides in dendrimers estimated from the ellipticities (q)
at 222 nm.[17] The peptide dendrimers, n-(X-HLL)PAMAMs
(X�R, E), with the different generations have similar a-
helical properties (helix content, ca. 50 %) and the addition of
Fe-MP did not alter the a-helix structure (Figure 3a, b). On
the other hand, the a-helicities of n-(R-HLF)PAMAMs were
lower than those of n-(X-HLL)PAMAMs (Figure 3c, dashed
line). By addition of Fe-MP to n-(R-HLF)PAMAMs, the a-
helicities were increased to 40 ± 50 % (Figure 3c, solid line).
These results indicated that the addition of Fe-MP to n-(R-
HLF)PAMAMs stabilized their a-helix structure through the
Fe-MP binding,[4a] and that the dendrimer structure afforded a
similar a helicity so as to produce a-helical peptide dendrim-
ers with the metalloporphyrins.

The Zn-MP coordinated to the peptide dendrimers showed
strong induced CD peaks in the Soret region (Figure 4). In the

presence of the lower-generation peptide dendrimers, 4-(X-
HLY)PAMAMs, the Soret regions of Zn-MP were split into a
negative peak at a longer wavelength and a positive peak at a
shorter wavelength (Figure 4a). The crossover wavelengths
were coincident with those of the Soret absorption maxima,
and the intensities of the positive and negative peaks were
almost equal; this indicated that the induced Soret CDs were
derived from exciton coupling with (Zn-MP) ± (Zn-MP)
interactions. From the split Cotton effect, that is exciton
coupling, Zn-MP-4-(X-HLY)PAMAM conjugates were as-
sumed to form a four-helix bundle structure.[3] In the presence
of the middle generation dendrimers, 8- or 16-(X-HLY)PAM-
AMs, negative CD peaks were diminished to give CD spectra
with a symmetrical shape (Figure 4b, c). These facts suggested

that the Zn-MP molecules in
these peptide dendrimers were
in a pseudospherical environ-
ment due to the dendrimer
architecture, which affords a
more spherical structure with
increased dendrimer genera-
tion. In the presence of the
higher-generation peptide den-
drimers, 32- or 64-(X-HLY)-
PAMAMs, negative CD peaks
were generated again (Fig-

Figure 2. Illustration of the peptide dendrimers, n-(X-HLY)PAMAMs.

Table 1. Characterization of the peptide dendrimers.[a]

n-(X-HLY) R-HLL E-HLL R-HLF
PAMAM Found Calcd Found Calcd Found Calcd

Peptide alone 2281.6 2 279.7 2 254.1 2252.6 2 349.0 2347.7
n� 4 9791.6 9 792.9 9 684.0 9683.2 10 055.5 10063.6
n� 8 19900.9 19 895.6 19 770.0 19763.1 20 552.9 20523.8
n� 16 37500� 2300 40 356 44 600� 2900 39922 47 900� 8200 41444
n� 32 84800� 7700 81 108 98 900� 3700 80242 82 500� 7600 83285
n� 64 155 100� 5700 162 612 173 400� 6000 160 880 149 000� 4200 166 966

[a] The peptides and the peptide dendrimers of lower generations (n� 4, n� 8) were identified by MALDI-
TOFMS. The peptide dendrimers of higher generations (n> 8) were characterized by ultracentrifugation, since
they were difficult to detect by MALDI-TOFMS.

Figure 3. CD spectra in the amide region of 64-(X-HLY)PAMAMs:
X-HLY� a) R-HLL, b) E-HLL, c) R-HLF; alone (dashed line) and in
the presence of Fe-MP (solid line) in 20mm Tris HCl buffer, pH 7.4 at 25 8C.
[64-(X-HLY)PAMAM]� 10 mm (2a-helix conc.), [Fe-MP]� 10mm.
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ure 4d, e). It was assumed that, when the peptides and Zn-
MPs were assembled more densely in the spherical architec-
ture of the peptide dendrimers in higher generations, then the
exciton coupling with (Zn-MP) ± (Zn-MP) interactions was
partially generated again. The differences in the CD shapes
indicated that the orientation of Zn-MPs differed between the
generations. The dendrimers with Fe-MP showed similar
results to those with Zn-MP (data not shown). These results
also suggested that Zn/Fe-MPs were coordinated to the
peptide dendrimers in a regulated manner according to the
dendrimer structure, and packed more densely with the
growth of the dendrimer generation, as suggested by the
peroxidase activity measurements (described below).

UV/Vis titration of metalloporphyrins (Fe-MP binding): To
characterize Fe-MP binding with the peptide dendrimers, UV/
Vis titration of Fe-MP with n-(X-HLY)PAMAMs was carried
out in a buffer.[4] With increasing peptide concentration, an
increase in the Soret band at 404 nm and a decrease in the
band at 370 nm of Fe-MP were observed (Figure 5a). The
binding constant (Ka) was determined from the absorbance
change at 404 nm by using a single-site binding equation and
assuming 1:1 (2 a-helices in the peptide dendrimer/Fe-MP)
complexation (Figure 5a, inset).[18] Data for all the peptide
dendrimers were fitted to this single-site binding equation;
this indicated that the peptide dendrimer bound one Fe-MP
per two a-helices and that the multi-Fe-MP array was
achieved. The Ka values indicated that Fe-MP bound to the
peptide dendrimers efficiently and that the binding affinities
were almost identical at about 1 ± 2� 106mÿ1 in the different
generations of n-(X-HLL)PAMAMs (X�R, E) (Table 3). In
the series of n-(R-HLF)PAMAMs, the binding affinities of
Fe-MP were slightly larger than those of n-(X-HLL)PAM-
AMs. These results suggested that the introduction of a Phe

residue instead of Leu at the hydrophobic binding site of Fe-
MP enhanced the Fe-MP binding, probably through CH-p
interactions between the phenyl group of Phe and the pyrrole
group of porphyrin.[4a]

(Zn-MP binding): To examine the photoinduced electron trans-
fer properties, ZnII-porphyrin was selected[1, 10, 11] and UV/Vis
titration of Zn-MP with n-(X-HLY)PAMAMs was carried out

Table 2. Molar ellipticities [q] at 222 nm and a-helix contents of the peptide dendrimers and those in the presence of Fe-MP.

Molar ellipticity [q]222 [deg cm2 dmolÿ1] (a-helix content [%])[a]

n-(X-HLY) R-HLL E-HLL R-HLF
PAMAM Peptide alone with Fe-MP Peptide alone with Fe-MP Peptide alone with Fe-MP

n� 4 ÿ 16800 (53) ÿ 16000 (51) ÿ 14 300 (45) ÿ 15 700 (50) ÿ 8100 (26) ÿ 12500 (39)
n� 8 ÿ 16700 (53) ÿ 16000 (51) ÿ 16 000 (51) ÿ 15 900 (50) ÿ 10 000 (32) ÿ 12700 (40)
n� 16 ÿ 15100 (48) ÿ 14700 (47) ÿ 15 600 (49) ÿ 16 300 (51) ÿ 10 600 (34) ÿ 12800 (39)
n� 32 ÿ 14500 (46) ÿ 14100 (45) ÿ 15 200 (48) ÿ 16 000 (51) ÿ 10 100 (32) ÿ 13400 (42)
n� 64 ÿ 14500 (46) ÿ 14000 (45) ÿ 15 600 (49) ÿ 16 300 (51) ÿ 12 300 (39) ÿ 16600 (52)

[a] Molar ellipticities and a-helix contents were estimated from CD spectra; [n-(X-HLY)PAMAM]� 10mm (per 2a-helix conc.), [Fe-MP]� 10 mm.

Figure 4. CD spectra in the Soret region of Zn-MP in the presence of n-(X-HLY)PAMAMs: a) n� 4, b) n� 8, c) n� 16, d) n� 32, e) n� 64; R-HLL (solid
line), E-HLL (dotted line), R-HLF (hatched line) in 20mm Tris HCl buffer, pH 7.4 at 25 8C. [Zn-MP]� 5.0mm, [n-(X-HLY)PAMAM]� 7.0mm (2a-helix
conc.).

Figure 5. UV/Vis spectra of M-MP with increasing concentration of 64-(R-
HLL)PAMAM in 20 mm Tris HCl buffer, pH 7.4 at 25 8C. [M-MP]� 5.0 mm.
Insets: Plots of the absorbance change at the Soret absorbance maximum of
M-MP as a function of 64-(R-HLL)PAMAM. a) M�Fe, absorption
maximum� 404 nm. b) M�Zn, absorption maximum� 415 nm.
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by the same method as described for Fe-MP binding. On
addition of the peptide dendrimers, an increase in the Soret
band at 415 nm and a decrease in the band at 403 nm of Zn-
MP were observed (Figure 5b). The binding constant (Ka) was
determined from the absorbance change at 415 nm by using a
single-site binding equation and assuming a 1:1 (2 a-helices in
the peptide dendrimer/Zn-MP) complexation (Figure 5b,
inset). All the peptide dendrimers bound one Zn-MP for
each two a-helices and formed multi-Zn-MP arrays. The Ka

values indicated that Zn-MP bound to the peptide dendrimers
effectively and that the binding affinities to the peptide
dendrimers were almost identical at about 3 ± 5� 105mÿ1 in
the different generations of n-(X-HLL)PAMAMs (X�R, E)
(Table 3). In the series of n-(R-HLF)PAMAMs, the binding
affinities of Zn-MP were also higher than those of n-(X-HLL)-
PAMAMs. These results for Zn-MP coincided with those for
Fe-MP. The affinities of Fe-MP were higher than those of Zn-
MP, probably due to the difference between coordination
states of Fe-MP and Zn-MP to the peptide dendrimers. It is
possible that the stable states are 6-coordinated and 5-coor-
dinated for the Feÿ and Zn-MP, respectively.[4a]

Peroxidase-like activities : In order to examine the catalytic
activity of Fe-MP as regulated by the binding of the peptide
dendrimers, peroxidase-like activity was demonstrated by
following the oxidation reaction of 2-methoxyphenol to its
tetramer, tetraguaiacol (Scheme 1).[4a,b] This reaction is one of
the typical reactions catalyzed by peroxidase or mono-oxy-
genase in the family of hemenzymes. In the design of Fe-MP
conjugated peptides, Fe-MP was fixed in the polypeptide
three-dimensional structure by the bis-His coordination,

Scheme 1. The oxidation of 2-methoxyphenol in the presence of Fe-MP.

similar to natural b-type hemeproteins. Thus, as the peptide
binds Fe-MP more tightly, Fe-MP reacts less readily with a
substrate, such as hydrogen peroxide.[4a,b] The reaction was
initiated by the addition of hydrogen peroxide (0.5mm) to a

solution containing 2-methoxyphenol (10 mm), multi-Fe-MP-
n-(X-HLY)PAMAMs (5.0 mm of Fe-MP, 7.0 mm of the peptide
dendrimers per 2a-helix). In this condition, 80 ± 90 % (4.0 ±
4.5 mm) of Fe-MP was coordinated to the peptide dendrimer.
The determined initial rates (v0) are summarized in Figure 6.

Figure 6. Initial rates (v0) of tetraguaiacol formation catalyzed by Fe-MP
(Fe-MP alone, black) in the presence of n-(R-HLL)PAMAMs (white), n-
(E-HLL)PAMAMs (light gray) and n-(R-HLF)PAMAMs (dark gray) in
0.1m Tris HCl buffer, pH 7.4 at 25 8C. [Fe-MP]� 5.0mm, [n-(X-
HLY)PAMAM]� 7.0mm (2a-helix conc.), [2-methoxyphenol]� 10 mm,
[H2O2]� 0.5mm.

The initial rates of the reactions in the presence of the peptide
dendrimers were suppressed more with the growth of the
dendrimer generation. This result implied that Fe-MPs bound
more tightly when the packing was denser, that is, in the
higher dendrimer generations. Especially, the initial rates of
the reactions in multi-Fe-MP-n-(R-HLF)PAMAMs were
suppressed even at n� 4; this indicated that Fe-MP was
coordinated much more tightly by using Phe at the binding
site.

Fluorescence studies : To examine the photoinduced electron
transfer properties of multi-Zn-MP-n-(X-HLY)PAMAMs,
fluorescence quenching studies were performed by the
addition of methylviologen (MV2�).[10b, 11, 13] Upon excitation
at the Q-band (545 nm), multi-Zn-MP-n-(X-HLY)PAMAMs
emitted fluorescence bands at 584 and 630 nm that were
quenched by the addition of MV2� (Figure 7a). Stern ± Volmer
plots showed that the fluorescence quenching occurred more
strongly with the growth of the generation (Figure 7b).
Table 4 summarizes the Stern ± Volmer constants (KSV) for
the fluorescence quenching study, calculated from the Stern ±
Volmer equation.[19] In each generation, the relative concen-
trations of the 2a-helix and Zn-MP were constant (the
solution contained 5.0 mm of Zn-MP and 7.0 mm of n-
(R-HLL)PAMAM per 2a-helix), in which 65 % of Zn-MP
(3.2 mm) was coordinated to the peptide dendrimers. Conse-
quently, the electron-transfer property was amplified by the
designed dendrimer structure.

In the comparison of the positively charged multi-Zn-MP-
64-(R-HLY)PAMAMs (Y�L, F), the Stern ± Volmer plots
were linear, and the fluorescence quenching with multi-Zn-
MP-64-(R-HLF)PAMAM was more effectively expressed
(1.3 times) than with multi-Zn-MP-64-(R-HLL)PAMAM.
Since the Phe-containing dendrimers bound Zn-MP more

Table 3. Binding constants Ka for the peptide dendrimers with Fe-MP and
Zn-MP.

n-(X-HLY)PAMAM Ka
[a] [105mÿ1]

R-HLL E-HLL R-HLF
Fe-MP Zn-MP Fe-MP Zn-MP Fe-MP Zn-MP

n� 4 13 3.1 12 4.0 19 6.8
n� 8 14 3.5 16 3.9 29 8.6
n� 16 18 4.9 17 3.5 37 7.7
n� 32 20 5.3 21 3.5 37 9.4
n� 64 21 5.3 20 3.4 39 9.8

[a] The binding constants Ka were estimated by UV/Vis spectra titration by
using an single-site binding equation and assuming one metalloporphyrin
to 2a-helices in the peptide dendrimer, in 20 mm Tris HCl buffer, pH 7.4 at
25 8C. [Fe-MP]� [Zn-MP]� 5.0mm.
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Figure 7. a) Fluorescence spectra of multi-Zn-MP-64-(R-HLL)PAMAM
with the addition of MV2� in 20 mm Tris buffer, pH 7.4 at 25 8C. lex�
545 nm. [Zn-MP]� 5.0mm, [64-(R-HLL)PAMAM]� 7.0 mm (2a-helix
conc.), [MV2�]� 0 ± 100 mm. b) The Stern ± Volmer plots for fluorescence
quenching of multi-Zn-MP-n-(R-HLL)PAMAMs: n� 4 (^), n� 8 (^),
n� 16 (~), n� 32 (~), n� 64 (*), and those of 64-(X-HLY)PAMAMs:
E-HLL (*), R-HLF (!) by the addition of MV2� in 20 mm Tris
buffer, pH 7.4 at 25 8C. lex� 545 nm, lem� 584 nm. [Zn-MP]� 5.0 mm,
[n-(X-HLY)PAMAM]� 7.0 mm (2a-helix conc.), [MV2�]� 0 ± 100 mm.

strongly than the Leu-containing dendrimers (Table 3), the
effective Zn-MP binding to a-helix peptides affected the
efficient electron transfer within the same generation of the
dendrimers. The Stern ± Volmer plot for the negatively
charged multi-Zn-MP-64-(E-HLL)PAMAM and MV2� sys-
tem showed a highly efficient fluorescence quenching even at
a lower concentration of MV2�. In contrast, for higher

concentrations of MV2�, the fluorescence quenching was
clearly saturated. Considering the result, this saturation
behavior indicates the binding of MV2� molecules to the
negatively charged surface of the peptide dendrimer by
electrostatic forces.[10b]

To confirm the electrostatic interaction in the ground state,
UV/Vis spectra were measured when MV2� had been
added.[11] In the case of the negatively charged multi-Zn-
MP-64-(E-HLL)PAMAM, the Q-band decreased (by ca.
20 %) evidently due to the addition of MV2� ; this supported
the idea of electrostatic binding between multi-Zn-MP-64-(E-
HLL)PAMAM and MV2� in the ground state. By contrast, in
the case of the positively charged multi-Zn-MP-64-(R-HLY)-
PAMAMs (Y�L, F), UV/Vis spectra were little changed by
the addition of MV2� ; this indicated that MV2� does not have
a strong influence in the ground state of Zn-MP. Consequent-
ly, the electron-transfer mechanisms were different between
the positively charged peptide dendrimer-multi-Zn-MP and
the negatively charged one. That is, electron transfer based on
dynamic interactions occurred in the cationic peptide den-
drimer-multi-Zn-MP and MV2� system, while electron transfer
through electrostatic binding took place in the anionic one.[11]

To examine the reason for the fluorescence quenching
magnification through the dendrimer architecture, the fluo-
rescence lifetime of Zn-MP conjugated with the peptide
dendrimers was measured in the absence of the quencher
MV2�. Table 5 shows the fluorescence lifetime parameters of
Zn-MP conjugated with the peptide dendrimers, in which the
fluorescence decay profiles were analyzed by the double-
exponential equation satisfactorily.[10b] Under these condi-
tions, about 65 % of Zn-MP (3.2mm) was bound to n-(R-
HLL)PAMAMs, which corresponded to the percentage (A1)
of the short-lived species (t1). The fluorescence lifetime (t1) of
Zn-MP coordinated to n-(R-HLL)PAMAMs decreased ac-
cording to the generation increase of the dendrimers [1.8 ns
(n� 4) to 1.2 ns (n� 64)]. With the growth of the dendrimer
generation, Zn-MPs were packed more densely in the peptide
dendrimer, so that the excitation energy might migrate among
the neighboring Zn-MPs and the fluorescence lifetimes were
shortened.[20] The rate constant (kent) for the energy transfer in
the neighboring Zn-MPs and the yield of the energy transfer
(Fent) were estimated by using the equations[21] described in
Table 5. At the highest generation, n� 64, kent was 3.6�
108 sÿ1, which was faster than that of the lowest generation,
n� 4, 0.8� 108 sÿ1, this indicated that the excitation energy
was delocalized in the neighboring Zn-MPs more effectively
with the generation growth. Thus, the yields of the energy
transfer (Fent) were also enhanced by the generation growth.
This delocalization of light energy by intercomplex energy
transfer through the dendrimer architecture was assumed to
induce the effective electron transfer in a similar way to
natural LH.[2] In the case of 64-(R-HLF)PAMAM, 76 % of
Zn-MP (3.8mm) was bound; this corresponded to the fluo-
rescence decay component (t1), and the lifetime was greatly
shortened (0.7 ns, 76.8 %). The rate constant for the energy
transfer (kent� 9.5� 108 sÿ1) was much faster than that for 64-
(R-HLL)PAMAM. These results indicated that Zn-MP was
bound strongly in the Phe-peptide dendrimer, so that the
electron transfer to MV2� was improved.

Table 4. The Stern ± Volmer constants (KSV) of fluorescence quenching by the
addition of MV2� and the parameters of photoreduction of the MV� radical.

Peptide dendrimer MV2� Photoreduction parameters
multi-Zn-MP KSV

[a] [104mÿ1] v0
[b] [10ÿ6mminÿ1] [MV�]10

[c] [10ÿ6m]

Zn-MP alone 0.9 1.1 4.2
4-(R-HLL)PAMAM 0.9 1.6 5.1
8-(R-HLL)PAMAM 0.9 1.8 5.1
16-(R-HLL)PAMAM 1.2 2.2 5.8
32-(R-HLL)PAMAM 1.5 2.3 6.5
64-(R-HLL)PAMAM 1.9 2.6 8.0
64-(E-HLL)PAMAM (4.0)[d] 2.4 6.7
64-(R-HLF)PAMAM 2.4 ±[e] ±[e]

[a] The Stern ± Volmer constants KSV were calculated by the Stern ± Volmer
equation, F0/F� 1 � KSV [MV2�], from fluorescence quenching studies. [b] Initial
rates for accumulation of the MV� radical. [c] Amount of the MV� radical after
10 min irradiation. [d] The constant was estimated in a lower concentration of MV2�

(Figure 7b, dashed line), since the Stern ± Volmer plot with 64-(E-HLL)PAMAM
was saturated at the higher concentration of MV2�. [e] Data were not obtained due
to the precipitation of 64-(R-HLF)PAMAM during the deaeration.
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Photoreduction of methylviologen : In order to know that the
peptide dendrimer-multi-Zn-MP functions as a photosensi-
tizer for the artificial photosynthesis process, accumulation of
the reduced MV� radical was performed by the three-
component photoreduction system shown in Scheme 2.[22]

Scheme 2. The three-component photoreduction system: triethanolamine
as an electron donor (D), the peptide dendrimer-multi-Zn-MP as a
photosensitizer (P), and MV2� as an electron acceptor (A).

When a solution containing triethanolamine, multi-Zn-MP-n-
(X-HLL)PAMAMs (n� 4, 8, 16, 32, 64; X�R, E) and MV2�

was deaerated and irradiated, the solution turned blue
immediately; this indicated the production of MV� radicals
(Figure 8). Figure 9 shows the time-dependent accumulation
of MV� radicals, which was measured by the absorbance at
602 nm (MV� radical, e� 1.37� 104mÿ1 cmÿ1). In the case of
multi-Zn-MP-n-(R-HLL)PAMAMs, the photoreduction of

MV2� was expressed more ef-
fectively with the increase in
the dendrimer generation (Fig-
ure 9a). This result implied that
the three-dimensional assembly
of metalloporphyrin with the
peptide dendrimer functioned
as an effective photosensitizer
in the artificial photosynthetic
system. Table 4 summarizes the
parameters for the production
of MV� radicals and the Stern ±
Volmer constants (KSV) from
the fluorescence quenching
study. In the multi-Zn-MP-n-
(R-HLL)PAMAMs, the photo-
reduction parameters were
comparable to the KSV values;

this indicated that the electron transfer from the peptide
dendrimer-multi-Zn-MP to MV2� would be the rate-deter-
mining step in this system.[1] Unfortunately, the photoreduc-
tion of MV2� by using multi-Zn-MP-n-(R-HLF)PAMAMs
was difficult to estimate due to the formation of precipitates
during the deaeration. In the comparison of the positively
charged peptide dendrimer, multi-Zn-MP-64-(R-HLL)PAM-
AM, and the negatively charged one, multi-Zn-MP-64-(E-
HLL)PAMAM, the photoreduction of MV2� by using the
positive dendrimer was more effectively expressed (1.2 times)

Table 5. Fluorescence lifetimes (t) and molar fractions (A) for the peptide dendrimers-multi-Zn-MP and the
calculated parameters of inter complex energy transfer.

Peptide dendrimer- Lifetime[a] kent
[b] Fent

[c]

multi-Zn-MP t1 [ns] A1 [%] t2 [ns] A2 [%] c2 [108 sÿ1]

Zn-MP alone ± ± 2.1 100.0 1.17 ± ±
4-(R-HLL)PAMAM 1.8 63.5 2.1 36.5 0.87 0.8 0.14
8-(R-HLL)PAMAM 1.8 64.3 2.0 35.7 1.15 0.8 0.14
16-(R-HLL)PAMAM 1.5 64.6 2.3 35.4 1.15 1.9 0.29
32-(R-HLL)PAMAM 1.4 62.4 2.0 37.6 1.20 2.4 0.33
64-(R-HLL)PAMAM 1.2 67.2 2.1 32.8 1.13 3.6 0.43
64-(E-HLL)PAMAM 1.3 60.2 2.1 39.8 1.20 2.9 0.38
64-(R-HLF)PAMAM 0.7 76.8 1.9 23.2 1.02 9.5 0.67

[a] Fluorescence lifetimes were measured by using Zn-MP (5.0 mm) conjugated with n-(X-HLY)PAMAMs (7.0 mm
per 2a-helix conc.) in 20 mm Tris HCl buffer pH 7.4 at 25 8C. lex� 545 nm, lem> 570 nm. Decay profiles were
analyzed by the double exponential equation, If(t)�A1exp(-t/t1) � A2exp(-t/t2). [b] The rate constants (kent) of
energy transfer were calculated with the equation, kent� 1/t1ÿ 1/t0 , in which t0 is the lifetime of the reference
compound, Zn-MP alone (2.1 ns). [c] The yield of the energy transfer (Fent) was calculated with the equation:

Figure 8. Absorption spectra of the MV� radical with multi-Zn-MP-64-(R-
HLL)PAMAM, taken at 0, 1, 2, 3, 5, 7.5, and 10 min under steady state
irradiation in 20 mm Tris HCl buffer, pH 7.4 at 25 8C. To remove
complications, the absorbance of Zn-MP was subtracted.
[triethanolamine]� 330 mm, [Zn-MP]� 5.0 mm, [64-(R-HLL)PAMAM]�
7.0 mm (2a-helix conc.), [MV2�]� 50 mm.

Figure 9. Time-dependent accumulation of the MV� radical under steady
state irradiation: a) with multi-Zn-MP-n-(R-HLL)PAMAMs: n� 4 (^),
n� 8 (^), n� 16 (~), n� 32 (~), n� 64 (*), and Zn-MP alone (�). b) with
multi-Zn-MP-64-(X-HLL)PAMAMs: X�R (*) and X�E (*) in
20mm Tris HCl buffer, pH 7.4 at 25 8C. [triethanolamine]� 330 mm, [Zn-
MP]� 5.0mm, [n-(X-HLY)PAMAM]� 7.0 mm (2a-helix conc.), [MV2�]�
50mm.
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than that with the negative one (Figure 9b). The difference
was attributed to the influence of the electrostatic interaction
in the ground state; that is, the positively charged multi-Zn-
MP-64-(R-HLL)PAMAM does not bind MV2� strongly in the
ground state, while the negatively charged multi-Zn-MP-64-
(E-HLL)PAMAM binds MV2� by an electrostatic interaction.
This interaction maintained the negative peptide dendrimer-
multiÿZn-MP and MV2� in close proximity, so that the back
electron transfer from the reduced MV� radical to the peptide
dendrimer-multi-Zn-MP occurred more easily. These results
indicate that electron transfer based on the relatively dynamic
interaction between the cationic dendrimer and the cationic
MV2� is preferable for the effective accumulation of the
reduced MV� radical.

Conclusion

To construct an artificial photosynthetic system, peptide
dendrimers, in which amphiphilic a-helix peptides were
introduced at the end groups of polyamidoamine dendrimers,
were successfully designed and synthesized. These peptide
dendrimers are novel synthetic biopolymers with an enor-
mous molecular weight, about 160 kDa, and with a regulated
amino acid sequence and three-dimensional conformation
like large-sized proteins. The peptide dendrimers bound
metalloporphyrins per two a-helices; this formed the multi-
metalloporphyrin array. Their electron transfer functions
were accomplished more effectively with the growth of the
dendrimer generation. This magnification of the electron
transfer property was assigned to the fact that metallopor-
phyrins were packed more densely due to the dendrimer
architecture, so that the light energy was delocalized across
the neighboring metalloporphyrins, and then effective elec-
tron transfer occurred in a similar way to in the natural light-
harvesting antennae in photosynthetic bacteria.[2] Addition-
ally, by using MV2� as an electron acceptor, the fluorescence
quenching and the photoreduction with the positively charged
peptide dendrimer were superior to those with the negatively
charged one, in spite of the fact that the cationic peptide
dendrimer did not strongly interact with the cationic MV2� in
the ground state. These results demonstrated that the three-
dimensional assembly of Zn-MP with the peptide dendrimer
was effective for a light-harvesting antennae in an artificial
photosynthetic system, and that electron transfer, according
to the dynamic interaction between the peptide dendrimer-
multi-Zn-MP and viologen, was favorable for the function.
This characteristic is also beneficial to a catalytic cycle. This
approach is important in the development of an artificial
photosynthesis and a novel photo devise. Moreover, photo-
induced hydrogen evolution by using the peptide dendrimer-
multi-Zn-MP-photosynthetic system and the enzyme, hy-
drogenase, was successfully demonstrated by the growth of
the dendrimer generation.[23] Detailed studies are ongoing.

Experimental Section

Materials and methods : All chemicals and solvents were of reagent or
HPLC grade. Mesoporphyrin IX was purchased from Aldrich and was
converted to the Zinc and Ferric complexes by heating under reflux with

excess Fe(OAc)2 or Zn(OAc)2 in acetic acid.[24] Amino acid derivatives and
reagents for peptide synthesis were purchased from Watanabe Chemical
Co. (Hiroshima, Japan). Polyamidoamine dendrimers [Starburst (PA-
MAM) Dendrimers: the number of outer terminal groups (generation);
n� 4 (G0), n� 8 (G1), n� 16 (G2), n� 32 (G3) and n� 64 (G4)] were
purchased from Aldrich. MALDI-TOFMS was measured on a Shimadzu
MALDI-III mass spectrometer by using 3,5-dimethoxy-4-hydroxycinnamic
acid (Aldrich) as a matrix. Ultracentrifugation was performed with a
Beckman OptimaXL machine. Amino acid analyses were carried out by
using phenylthiocarbamyl amino acids on RP-HPLC after hydrolysis of the
peptides at 110 8C, for 24 h in a sealed tube.

Peptide synthesis : a-Helical peptides, X-HLY (R-HLL, E-HLL and
R-HLF); Ac-Cys(Trt)-Ala-Leu-Glu(tBu)-Glu(tBu)-Y-Ala-Lys (Boc)-Lys-
(Boc)-His(Trt)-Glu(tBu)-Glu(tBu)-Ala-Y-Lys(Boc)-Lys(Boc)-Leu-Ala-
Gly-X-NH-Rink Resin [X�Arg(Mtr), Glu(tBu); Y�Leu, Phe; Boc� tert-
butoxy-carbonyl; Trt� trityl ; Mtr� 4-methoxy-2,3,6-trimethyl-benzenesul-
fonyl] were synthesized by the Fmoc solid-phase method[14] by using Fmoc-
protected amino acid derivatives (3.0 equiv), benzotriazole-1-yl-oxy-tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP, 3.0equiv) and
1-hydroxybenzotriazole (HOBt, 3.0equiv) on Rink amide resin (Advanced
Chemtech.). The protecting groups and the resin were removed by stirring
the dried resin with trifluoroacetic acid (TFA), m-cresol, ethanedithiol,
thioanisole, and TMSBr for 1 h at 25 8C. Crude peptides were purified by
RP-HPLC on YMC C4 Pack column (10� 250 mm) by using a linear
gradient of acetonitrile (ACN)/0.1 % TFA (1.0% minÿ1). The peptides were
identified by MALDI-TOFMS and amino acid analysis. MALDI-TOFMS:
R-HLL, 2281.6 [MH]� (calcd 2279.7); E-HLL, 2254.1 [MH]� (calcd
2252.6); R-HLF, 2349.0 [MH]� (calcd 2347.7); amino acid analysis, found
(calcd): R-HLL Ala4.00 (4), Arg1.01 (1), Glu3.69 (4), Gly1.13 (1), His1.17 (1),
Leu4.22 (4), Lys3.76 (4); E-HLL Ala4.00 (4), Glu5.35 (5), Gly1.04 (1), His1.05 (1),
Leu4.11 (4), Lys3.96 (4); R-HLF Ala4.00 (4), Arg1.05 (1), Glu4.15 (4), Gly1.24 (1),
His1.14 (1), Leu2.14(2), Lys4.05 (4), Phe2.02 (2).

Synthesis of perchloroacetylated PAMAMs (n-ClAc-PAMAMs): A so-
lution of PAMAM (number of outer terminal groups n� 4, 8, 16, 32, and
64), N-ethyloxycarbonyl-2-ethyloxy-1,2-dihydroquinoline[15] (EEDQ,
5equiv per amino group in PAMAMs), and chloroacetic acid (5equiv) in
methanol (1.0 mL) was stirred at room temperature under a nitrogen
atmosphere for 1 ± 7 days. To remove excess EEDQ and chloroacetic acid,
the reaction mixture was treated by size-exclusion chromatography (SEC,
Sephadex LH-60/MeOH, Pharmacia Biochemtech.). Then the products
were purified by RP-HPLC (YMC, C4 Pack 10� 250 mm) by using a linear
gradient of ACN/0.1 % TFA (1.0 %minÿ1) and identified by MALDI-
TOFMS. n-ClAc-PAMAM: n� 4, 823.6 [MH]� (calcd 823.6); n� 8, 2065.7
[MNa]� (calcd 2064.7); n� 16, 4483.0 [MH]� (calcd 4480.9); n� 32, 9355.3
[MH]� (calcd 9357.4); n� 64, 19 130.6 [MNa]� (calcd 19133.7).

Synthesis of peptide dendrimers : A solution of the peptides (X-HLY:
R-HLL, E-HLL and R-HLF) and corresponding n-ClAc-PAMAMs (n� 4,
8, 16, 32, and 64; peptide: n-ClAcÿPAMAM� 1.5n :1) in a 0.1m Tris HCl
buffer (pH 8.5) was stirred at room temperature for 48 h under a nitrogen
atmosphere. To remove excess peptide, the reaction mixture was chroma-
tographed by SEC (Sephadex G-50/30 % acetic acid), and then the
products were purified by RP-HPLC (YMC, C4 Pack 10� 250 mm) by
using a linear gradient of ACN/0.1 % TFA (1.0 %minÿ1) and identified by
MALDI-TOFMS or ultracentrifugation (Table 1). Amino acid analysis,
found (calcd): 4-(R-HLL)PAMAM Ala16.0 (16), Arg4.08 (4), Glu16.1 (16),
Gly4.96 (4), His4.32 (4), Leu17.3 (16), Lys15.6 (16); 8-(R-HLL)PAMAM Ala32.0

(32), Arg7.60 (8), Glu32.2 (32), Gly9.28 (8), His8.08 (8), Leu35.0 (32), Lys29.2 (32);
16-(R-HLL)PAMAM Ala64.0 (64), Arg15.5 (16), Glu62.7 (64), Gly19.4 (16),
His16.8 (16), Leu68.9 (64), Lys63.8 (64); 32-(R-HLL)PAMAM Ala128.0 (128),
Arg35.2 (32), Glu118.7 (128), Gly38.0 (32), His35.2 (32), Leu130.2 (128), Lys121.3

(128); 64-(R-HLL)PAMAM Ala256.0 (256), Arg62.1 (64), Glu247.0 (256), Gly71.4

(64), His69.8 (64), Leu288.0 (256), Lys248.3 (256); 4-(E-HLL)PAMAM Ala16.0

(16), Glu21.8 (20), Gly5.60 (4), His4.48 (4), Leu16.7 (16), Lys15.6 (16); 8-(E-
HLL)PAMAM Ala32.0 (32), Glu45.5 (40), Gly8.56 (8), His8.80 (8), Leu33.8 (32),
Lys31.7 (32); 16-(E-HLL)PAMAM Ala72.0 (64), Glu81.6 (80), Gly17.7 (16),
His16.0 (16), Leu70.4 (64), Lys62.6 (64); 32-(E-HLL)PAMAM Ala128.0 (128),
Glu176.0 (160), Gly37.1 (32), His34.6 (32), Leu131.5 (128), Lys128.3 (128); 64-(E-
HLL)PAMAM Ala256.0 (256), Glu374.4 (320), Gly64.3 (64), His71.0 (64), Leu282.9

(256), Lys277.8 (256); 4-(R-HLF)PAMAM Ala16.0 (16), Arg5.08 (4), Glu16.7

(16), Gly5.72 (4), His4.80 (4), Leu10.0 (8), Lys16.4 (16), Phe10.2 (8); 8-(R-
HLF)PAMAM Ala32.0 (32), Arg7.84 (8), Glu35.6 (32), Gly10.9 (8), His8.16 (8),
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Leu16.0 (16), Lys30.4 (32), Phe19.4 (16); 16-(R-HLF)PAMAM Ala64.0 (64),
Arg17.9 (16), Glu69.1 (64), Gly21.6 (16), His17.9 (16), Leu34.7 (32), Lys65.4 (64),
Phe39.8 (32); 32-(R-HLF)PAMAM Ala112.0 (128), Arg35.8 (32), Glu128.6 (128),
Gly49.9 (32), His45.1 (32), Leu58.9 (64), Lys127.8 (128), Phe64.0 (64); 64-(R-
HLF)PAMAM Ala256.0 (256), Arg65.9 (64), Glu279.7 (256), Gly92.8 (64), His76.8

(64), Leu127.4 (128), Lys243.2 (256), Phe147.2 (128).

CD measurements : CD spectra were recorded on a Jasco J-720 spectropo-
larimeter by using a quartz cell with a 1.0 mm pathlength in the amide
region (190 ± 250 nm) and 10 mm in the Soret region (300 ± 500 nm). The
preparations of the samples were related as follows. Amide region : The
peptide dendrimers were dissolved in 20 mm Tris HCl buffer, pH 7.4 at
25 8C. [n-(R-HLY)PAMAM]� 10mm per 2a-helix. For the measurements
in the presence of Fe-MP, Fe-MP (10 mm) and the peptide dendrimers
(10 mm per 2a-helix) were dissolved in 20 mm Tris HCl buffer, pH 7.4, and
the samples were equilibrated for 20 min at 25 8C. The Soret region : A
mixture of Zn-MP or Fe-MP (5.0 mm) and the peptide dendrimers (7.0 mm
per 2a-helix) was dissolved in 20mm Tris HCl buffer, pH 7.4, and the
samples were equilibrated for 20 min at 25 8C.

UV/Vis measurements : UV/Vis spectra were recorded on a Shimadzu UV-
3100 spectrophotometer by using a quartz cell with a 10 mm pathlength. Fe-
MP and Zn-MP bindings were measured by titration of the peptide
dendrimer in 20mm Tris HCl buffer, pH 7.4, [Fe-MP]� [Zn-MP]� 5.0 mm.
After the addition of the peptide dendrimers, the samples were equili-
brated for 20 min at 25 8C. The increase of the Soret absorption maxima at
404 nm (Fe-MP) or 415 nm (Zn-MP) with increased 2a-helix concentration
of the peptide dendrimer was fitted to a single-site binding equation.[18]

2-Methoxyphenol oxidation measurements : The 2-methoxyphenol oxida-
tion activity of Fe-MP in the presence or absence of the peptide dendrimers
was assayed by measuring the absorbance of the produced tetramer at
470 nm (e� 2.66� 104mÿ1 cmÿ1).[4a,b] The reaction was initiated by the
addition of hydrogen peroxide (0.5 mm) to a mixture of 2-methoxyphenol
(10 mm), Fe-MP (5.0 mm), and the peptide dendrimer (7.0 mm per 2a-helix)
in 0.1m Tris HCl buffer, pH 7.4 at 25 8C.

Fluorescence measurements : Fluorescence spectra were recorded on a
Hitachi F-2500 fluorescence spectrophotometer with a quartz cell (5�
5 mm). Methylviologen (MV2�, 0 ± 100 mm) was added to a mixture of Zn-
MP (5.0 mm) and the peptide dendrimer (7.0 mm per 2a-helix) in 20mm Tris
HCl buffer, pH 7.4. After each addition of MV2�, the sample was
equilibrated for 20 min at 25 8C. Then fluorescence spectra were measured
upon excitation at the Q-band (lex� 545 nm, lem� 560 ± 700 nm). The
decreases of fluorescence at the peak (584 nm) with increasing MV2�

concentration were fitted to the Stern ± Volmer equation.[19] Fluorescence
lifetime was measured by a time-correlated single-photon counting method
on a Horiba NAES-550 system. A self-oscillating flash lamp filled with
hydrogen was used as a light source. The excitation beam was passed
through the Toshiba KL-54 band path filter (545 nm), and the emission
beam through the Toshiba R-57 cut-off filter (<570 nm removed). The
lifetimes were obtained by deconvolution with a nonlinear least-squares
fitting procedure with a double exponential equation.[10b]

Photoreduction of methylviologen : A mixture of triethanolamine
(330 mm), Zn-MP (5.0 mm), the peptide dendrimer (7.0mm per 2a-helix)
and MV2�(50 mm) in 20mm Tris HCl buffer (pH 7.4) was deaerated by
repeated freeze-pump-thaw cycles and then irradiated by a 500 W Xe lamp
(Ushio Electric Inc, UI-501C) at 25 8C.[22] Light of a wavelength less than
380 nm was removed by a Toshiba L-38 cut-off filter. The reaction was
followed by monitoring the absorbance change of the reduced MV� radical
at 602 nm (e� 1.37� 104mÿ1cmÿ1).[22]
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