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Photoinduced Electron Transfer from a
Porphyrin to an Electron Acceptor in an
Antibody-Combining Site

Hiroyasu Yamaguchi, Mikiharu Kamachi, and
Akira Harada*

Much effort has been directed toward mimicking the
electron transfer of natural photosynthetic systems.['l Elec-
tron transfer in covalently linked donor — acceptor systems has
been extensively studied.’) Recently, attention has been
focused on the design of noncovalently assembled donor-—
acceptor arrays? 4 because the chromophores of the in vivo
photosynthetic reaction center are not linked covalently
through spacer groups but simply held in space by the protein
environment. In order to incorporate both artificial porphyr-
ins (electron donors) and electron acceptors into the protein
domain, it seemed most appropriate to make monoclonal
antibodies for porphyrin —acceptor systems.

Previously, we reported preparation of monoclonal anti-
bodies against meso-tetrakis(4-carboxyphenyl)porphyrin
(TCPP)F! and found that one
of these antibodies binds not
only TCPP but also a TCPP -
metal complex (metal=Cu,
Zn, Fe).I9l We also found that
the monoclonal antibody
showed catalytic activities!”!
and could control photoin-
duced electron transfer from
a zinc porphyrin to electron
acceptor molecules by the formation of the complexes
between the antibodies and the zinc porphyrin.[®!

It is more important to design an antibody combining site
that can accommodate not only metalloporphyrins but also
organic substrates”) or electron acceptors. Herein, we report
the first example of the design and preparation of such an
antibody-combining site for both a porphyrin and an electron
acceptor. Monoclonal antibodies are raised against an por-
phyrin which is linked to an electron acceptor by a spacer. A
monoclonal antibody was then used to bind the porphyrin and
the acceptor without a formal covalent linkage. The comple-
mentary combining sites for the porphyrin and acceptor, when
linked, were found to have sufficient binding strength to bind
the separate moieties with high selectivity. We also found that
the antibody binds both porphyrin and an acceptor simulta-
neously and thereby the antibody facilitates the electron
transfer from the porphyrin to an acceptor.

Phosphorus(v) porphyrin was used as a hapten because
these complexes are able to form stable axial bonds from the
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central phosphorus atom.!'” Water-stable, axial dialkoxy
hypervalent phosphorus(v) porphyrins were synthesized by
efficient substitution of the axial chloride ligands in dichloro-
phosphorus(v) tetraphenylporphyrin 1) (Scheme 1).
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Scheme 1. Synthesis of the antigen. a) Ethylene glycol, b) terephthaloyl
chloride/pyridine, ¢) methanol/pyridine, d) 1) EDC/DMEF, 2) protein/phos-
phate buffer (pH 7). EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide; Protein =keyhole limpet hemocyanin (KLH) or bovine serum
albumin (BSA).

Five monoclonal antibodies have been obtained by immu-
nization of KLH-conjugated porphyrin 3 (KLH-3)['?! to Balb/
¢ mice. One of these antibodies, 74D7A, binds the antigen
strongly (dissociation constant Ky;=2.2 x 10-7m). The anti-
body also shows a high selectivity. Antibody 74D7A binds
BSA-3 but not TCPP, as shown by an enzyme-linked
immunosorbent assay (ELISA) as well as by the absorption
and emission spectra. Although antibody 74D7A does not
bind TCPP, it binds 2, 3, and 5 with K, values of 7.5 x 1077,
2.2 x 1077, and 2.1 x 10-%m, respectively. The differences of
dissociation constants for the complexes between antibo-
dy 74D7A and these porphyrins indicate that the antibody
recognizes not only the porphyrin moiety but also the axial
ligands.

The antibody was found to bind terephthalic acid. Figure 1
shows Klotz plots for benzoic acid and phthalic acid deriva-
tives. Table 1 shows the dissociation constants of the com-
plexes between antibody 74D7A and various substrates.
Although the dissociation constant of the antibody with
benzoic acid is 1.1 x 1072M, that of the antibody with
terephthalic acid is 1.2 x 10~>wm; the affinity of the antibody
for terephthalic acid is about 1000 fold greater than that for
benzoic acid. The antibody shows an excellent specificity to
the part of the axial ligands.

Terephthalic acid and its derivatives act as an electron
acceptor!! for porphyrins. Fixation of terephthalic acid to the
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Figure 1. Binding of benzoic acid and phthalic acid derivatives as shown by
a Klotz plot. Klotz equation: Ay/(A,—A)=1+ Kja,, where A, or A are
the ELISA absorbances at 405 nm in the absence or presence of substrates,
a, is the total substrate concentration, and K, is the dissociation constant.

Table 1. Dissociation constants of the complexes between antibody 74-
D7A and benzoic acid or phthalic acid derivatives.

Substrate Dissociation constant K [M]
HoOC~() 1.1x 107

ortho <10
HOOCR ok {meta 3.0x 107

para 1.2x10°°
HOOC-COOCH, 45x10°

axis of porphyrin induces the changes of photochemical
properties of phosphorus(v) porphyrin. For example, the
lifetime of the singlet excited state of KLH-3 is shorter than
that of porphyrin 2 (KLH-3: 0.4 ns; 2: 4.4 ns; in phosphate
borate buffer/CH;CN). The fluorescence quenching and the
shortened excited state lifetime of KLH-3 are considered to
be due to an intramolecular electron transfer between the
porphyrin and the terephthaloyl moiety. When the complex
between porphyrin 2 and antibody 74D7A is formed, it is
expected that the antibody may provide a space where
acceptor molecules may enter. Table 2 shows the degree of
fluorescence quenching of porphyrins on addition of tere-
phthalic acid or isophthalic acid in the presence of the

Table 2. Fluorescent quenching of porphyrins on addition of terephthalic
acid or isophthalic acid in the presence of antibody 74D7A.

Porphyrin Substrate Quenchingl® [%]
2 Hooc~«0)-COooH 20
2 Hooc-O 5
<:ECOOH
TCCP HOOC- 5
QCOOH

[a] Fluorescent quenching = (1-7/1,) x 100. I,=fluorescent intensity of the
porphyrin in the presence of antibody 74D7A; I = as I, but with substrate
present.
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antibody. A 20 % fluorescence quenching of 2 in the presence
of antibody 74D7A was observed on addition of terephthalic
acid. This degree of quenching on addition of terephthalic
acid is ten-fold greater than that of added isophthalic acid.
Under the same conditions (2 (8.0 x 10-"M) and terephthalic
acid (1.6 x 10-°m)), the quenching behavior was not observed
in the absence of the antibody. The titration experiments of
fluorescence quenching of 2 with terephthalic acid showed
that terephthalic acid —antibody binding is at a 1:1 molecular
ratio.

The fluorescence decay of porphyrin 2 in the presence of
the antibody was expressed by a monoexponential curve with
a lifetime of 4.5 ns. Addition of terephthalic acid shortened
the lifetime to 0.3 ns.') On the other hand, the lifetime of 2
with terephthalic acid was 4.5 ns in the absence of anti-
body 74D7A. These results show that the electron transfer
from porphyrin to an elec-
tron-accepting  molecule
occurred in the antibody
combining site. The rate
constant for the electron
transfer from the porphyrin
to terephthalic acid in the
combining site was estimat-
ed to be 3.1 x10°s7.. Fig-
ure 2 shows a schematic
representation of donor—
acceptor system in the anti-
body combining site.

In conclusion, one of the
antibodies elicited by an
antigen containing both
phosphorus(v)  porphyrin
and terephthalic acid posi-
tioned axially shows high selectivity for both porphyrins and
axial parts. Moreover, the antibody was found to bind both the
porphyrin and terephthalic acid simultaneously and that the
specific insertion of terephthalic acid as an electron acceptor
into the antibody combining site makes it possible to facilitate
the electron transfer from the porphyrin to the acceptor
molecule. Detailed investigation of the mechanism is under-
way.

Figure 2. Representation of the
donor—acceptor system in the
antibody combining site.
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Hexagonal Layered Materials Composed of
[M,(0,CCF;),] (M =Ru and Rh) Donors and
TCNQ Acceptors**

Hitoshi Miyasaka, Cristian S. Campos-Fernandez,
Rodolphe Clérac, and Kim R. Dunbar*

Multidimensional assemblies consisting of paramagnetic
metal ions and polycyano organic acceptor molecules are
being prepared in an effort to access molecule-based mag-
netic/conducting materials based on dx—pm electronic inter-
actions.'*! Achieving high conductivity through the backbone
of a metalloorganic polymer is one of the most challenging
goals, and one that has been realized in only one case, namely
in the [Cu(DCNQI),],, family of compounds (DCNQI = N,N'-
dicyanoquinonediimine).’! These materials consist of a three-
dimensional skeleton containing tetrahedral mixed-valence
CuY/Cu ions connected by partially reduced DCNQI radicals
arranged in m-stacked columns throughout the three-dimen-
sional network. Although the latter structural feature is a
main contributor to the conducting pathway, it has been
demonstrated that delocalization through the Cu-DCNQI
skeleton is crucial for stabilizing the metallic state of these
materials.

The use of electron-rich dimetal complexes to prepare dm—
prt delocalized systems began in our laboratories with the
isolation of the “dimer-of-dimers” [{Re,Cl,(dppm),},(u-
TCNQ)] (dppm = 1,2-bis(diphenylphosphanyl)methane,
TCNQ =7,7,8,8-tetracyanoquinodimethane). This compound
is the first example of a charge transfer complex of TCNQ
with a metal —-metal-bonded donor. The presence of the
oxidized Re—Re species (0*1*0?0*!') and reduced TCNQ*~
was confirmed by spectroscopic and magnetic studies.[") In this
2:1 donor-acceptor system, electronic delocalization is
favored through good metal dm/organic pr overlap; this can
be represented by the resonance structures: [Rel'M-
(TCNQ")-Re™] (1) =Rel™-(TCNQ)-Rel] (2) = [Rel-
(TCNQ)-Re™] (3), with forms 1 and 3 being the main
contributors.

A logical extension of the aforementioned chemistry is the
construction of networks based on electron-rich Ru'/Rul
complexes. This idea is predicated on the notion that the dx
orbitals on Ru''/Ru' and the pst orbitals of the TCNQ ligands
will be energetically compatible; indeed there is ample
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