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Elucidation of the primary events in photosynthesis.
Novel insights based on enolisation and iminium involvement
with pheophytin in photosystem 2
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Abstract

Pheophytin (Pheo) is structurally constituted as to make possible certain reactions, previously given very little attention,

which appear to play crucial roles in the initial electron transfer (ET) processes. The transformations involve enolisation
with subsequent formation of mono- and di-iminium cations at the Pheo core. The important impact of these ions on ET
from chlorophyll (Chl) to Pheo and then to quinone are evaluated. These insights rationalise the long-standing enigmas of
fast transfer, across gap ET, activation-less aspect, and essential lack of reversibility. Comparisons are made to other

important areas of iminium involvement, e.g. chemistry of vision, polyaniline doping, and DNA alkylation.
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Introduction

If the question were posed to life scientists: “Which single
chemical reaction is most fundaméntal to life on Earth?”
what might the choice be? Photosynthesis would likely
come in first. There have been large advances in the
subject dealing with various facets, including the primary
steps and determinatidn of the structure of a bacterial
photosynthetic reaction centre (Deisenhofer and Michel
1989). However, a number of crucial aspects of the early
stages of electron transfer (ET) remain puzzling and

Discussion

" The main classes of ET agents employed in Nature are
quinones, metal complexes, and conjugated imines or
iminium species (Kovacic and Jacintho 2001). The last

category has received scant conmderatxon as an organised -

group, which may explain lack of more attention and
progress in a number of pertinent areas. Examples are
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unresolved, e.g. the very fast rate, irreversibility, across
gap ET, activation-less character, and spectroscopic
observations (Friesner and Won-1989). Possible reasons
for the state may be invalid assumptions as to initial
receptor structure and charge separation, the dearth of
plausible mechanistic hypotheses, and insufficient appli-
cation of interdisciplinary approaches. The research, both
theoretical and experlmenta] is becoming more and more-
esoteric.

iminium ions (Fig. 1B,C) of pheophytin (Pheo) (Fig. 14),
rhodopsin, and alkylated DNA. Flavin enzymes, which

"are conjugated imines, are exceptions in that the chemis-

try has been rather well delineated. Examination of the
porphyrin structures from this vantage point reveals con-
jugated imines in chlorophyll (Chl) as well as in Pheo
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which can act as precursor of conjugated mono- and di-
iminium ions on protonation of the latter (Kovacic et al.
1991).

Various electrochemical studies have been performed
with compounds in this general class (Seely 1966, Wilson
and Neri 1973, Felton 1978, Kazakova et al. 1989). Pheo
gave E, values of 0.5 to —0.7 V for the first one-
electron reduction. Significantly from this mechanistic
viewpoint, in acid solution the reduction potential
increases markedly by about 0.4 V to a value of 0.2 V
(Seely 1966, Kazakova et al. 1989) which is favourable
for in vivo ET reactions. The increase is not surprising
since the positive charge provides beneficial energetics
for attraction of the negative electron.
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Fig. 1. Reaction sequence: (4) Pheo, (B) monoprotonation to
form mono-iminium, (C) diprotonation to form di-iminium, (D)
one electron uptake to form radical cation, (£) proton shift to
form radical, (F) one-electron loss to form semiquinone with
regeneration of Pheo by proton loss. R = phytyl.

About ten years ago, we proposed involvement of
enolisation as a key contributing factor (Kovacic et al.
1991). Starting with the early literature, there are
numerous reports on Pheo type compounds serving as
substrates for facile enolisation (Rabinowitch 1945,
1951). However, with few exceptions, little attention is
paid to this property. Usually Nature is efficient and the
various structural constituents serve a purpose as
determined by evolution. Pheo exists in the keto form in
the crystallised reaction centre (Deisenhofer and Michel
1989). The B-ketoester arrangement is particularly well
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suited to undergo tautomerisation to the enol form (Fig.
1B) by acid catalysis. The nearby glu side chain of
protein, apparently in un-ionized form (Lubitz et al.
1989), reasonably provides the requisite enol hydrogen
(Deisenhofer and Michel 1989, Nabedryk er al. 1990).
The glu residue is conserved in all reported L-subunits in
purple bacteria (Deisenhofer and Michel 1989).

The proton released from the tert-carbon site is near
electron-rich locales as reported for chlorins (Scheer and
Inhoffen 1978), and can readily migrate throughout the
highly conjugated system, in accord with related systems
(Cram 1965). Two imine nitrogens at the central core
provide basic sites for protonation. Since they are
conjugated imines of the vinylogous amidine class, there
should be enhanced basicity due to cation de-localisation
as illustrated for the amidine skeleton (Eq. 1).
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An appreciable amount of work has been done on
protonation of Pheo and analogous compounds, with
mono- and di-cations being the usual products. The
results for Pheo including conditions and degree of
protonation are the following: CF;CO,H-CCl,, di;
CF;CO.H, di and tri (Chl precursor, apparent carbonyl
involvement in tri) (Oettmeir et al. 1977); acetone -
mono (Delaporte and Laval-Martin 1972);
acetone-H,O-HCI, mono and di (Zanker ef al. 1977).
Doubt has been expressed concerning validity of the
monocation claims (Oettmeir et al. 1977). The energy
barrier for addition of the first proton may be greater than
for the second. The proposal was advanced that formation
of the unstable monocation results in greater exposure of
the non-bonding electrons on the second nitrogen, thereby
facilitating diprotonation. Higher energy for the non-
planar monocation due to loss of aromaticity appears to
be a factor in comparison with the aromatic system in the
planar dication. /n vivo, glu appears to furnish the initial
proton for B in Fig. 1, and the source of the second is
likely the proximate enol hydrogen, resulting in a
zwitterion (Fig. 1C). Structurally, 1C is a vinylogous ana-
logue of the ionic contributor to an amide resonance
hybrid. In connection with subsequent mechanistic
discussion, ease of diprotonation in the Pheo core should
be kept in mind as a vital element. The dication appears
to be better suited as the initial electron acceptor, rather

~ than the monocation that was previously assigned to that

role (Kovacic et al. 1991).

The differing basicities and stabilities, plus degree of
protonation, may play significant roles in ET to and from
Pheo. Thus, cogent reasons can be discerned for the
absence of magnesium. Elementary organic chemistry
provides the fundamentals for understanding. In the first
step (Fig. 1) photo-activated Chl conveys an electron to
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dication 1C. The high degree of positive charge in the
receptor relates to the observed very rapid velocity of the
transfer. Due to de-localisation of the charges on the four
nitrogens, the positive electrostatic field extending toward
Chi could be cylinder-like, attracting the excited electron
and conveying it across the gap, thus illuminating the
aspect .of through space ET. The resultant radical cation
1D serves to deter back donation of the electron due to
the presence of positive charge, in addition to repulsion
between the two generated de-localised radical cations.
The Chl radical cation may possess unusual stability,
perhaps by association in the special pair (Deisenhofer
and Michel 1989), also discouraging back transfer. These
aspects clarify the enigma of essential lack of
reversibility. The scheme is in accord with direct
reduction of Pheo by activated Chl without intermediate
steps, as had been entertained earlier (Deisenhofer and
Michel 1989). Part of the process involves neutralisation
that is considered exothermic. In essence, the initial event
entails electron unpairing, but not separation of -unlike
charges, hence negating the widespread belief in charge
separation. This reasoning can also be applied to the
aspect of activation-less ET (Krishtalik 1989). The
common error rests on the assumption that 14 is the entity
directly involved in ET, often with resultant flaws in
design and interpretation, both in calculations and
experiments. Since monocations of type 1D appear to be
quite unstable, loss of proton would readily ensue
generating the radical 1E£. This event aids in preventing
back donation in the subsequent transfer to quinone. The
final transformation involves transfer of an electron from
1E to the quinone receptor. In the process, a cation might

conceivably remain as a hindrance. However, since the.

cation is presumably unstable, concomitant proton loss
yielding neutral Pheo would obviate this potential
deterrent. In addition, the electrostatic repulsive effect of
the adjacent Chl radical cation should assist in expulsion
of the two protons from the positive core of the Pheo
radical iminium species. For the second step, favourable
energetics pertain to aromatisation in the semi-quinone
and to absence of unlike charges. A number of these steps
may transpire in a synchronous fashion. The reactions

References

Blomberg, M.R.A., Siegbahn, P.E.M., Babcock, G.T.: Model-
ing electron transfer in biochemistry: A quantum chemical
study of charge separation in Rhodobacter sphaeroides and
photosystem II. — J. amer. chem. Soc. 120: 8812-8824, 1998.

Cram, D.J.: Stereochemistry of substitution of carbon acids and
organometallic compounds. — In: Fundamentals of Carbanion
Chemistry. Pp. 101-105. Academic Press, New York 1965.

Deisenhofer, J., Michel, H.: The photosynthetic reaction center
from the purple bacterium Rhodopseudomonas viridis. —
Angew. Chem. int. Ed. Engl. 28: 829-847, 1989.

Delaporte, N., Laval-Martin, D.: Formes acides des chloro-

occur at very fast rates, each step acting to drive the next
in a co-ordinated manner. Electric fields and protein
counter ions may be playing important roles in
stabilisation. A deficiency in prior theoretical studies may
be the assumption that Pheo rings remain coplanar during
reaction (Lubitz er al. 1989).

There are more recent reports that lend a degree of
support to the proposed theoretical framework:
(I) “Stabilisation of the charge separated state by
subsequent charge shift reactions as occurs in vivo and in
larger size particles does not occur in the isolated PS2
RC. The isolation procedure removes the quinones that
are the secondary electron acceptors” (Greenfield and
Wasielewski 1996).
(2) A prior mechanism involved two weakly coupled
electrons and a strongly hyperfine coupled nucleus to
explain the polarised nucleus in the RC (Polenova and
McDermott 1999).
(3) In PS2, initial separation is much less strongly driven
than in the bacterial system, resulting in increased energy
conversion efficiency (Blomberg et al. 1998).
(4) The primary ET state is further stabilised by sub-
sequent ET. Recent data point to a viable mechanism of
regulation that has not been addressed (Merry et al.
1998).
(5) New elements of ET theory, disregarded in the usual
theoretical approaches, are needed (Kharkats et al. 1995).

Various important factors play crucial roles as
evidenced by prior work entailing geometry and the
nature of constituents adjacent to the electronic pathway.
Electrostatic effects (Kharkats et al. 1995), magnetic
fields (Sevdimaliev er al. 1993), dielectrics (Blomberg
et al. 1998), hydrogen bonding and protein interaction
(Blomberg et al. 1998), as well as solvation, represent
additional considerations, some of which have been ad-
dressed. Also, PS2 may differ significantly from purple
bacteria with regard to the nature of electron acceptors
(van Mieghem et al. 1989). There is a striking
resemblance to ET reactions involving iminium in the

-chemistry of vision (Salem 1979), polyaniline doping

(MacDiarmid er al. 1985), and DNA alkylation (Kovacic
and Jacintho 2001).

phylles et des phéophytines a et b: Etude potentiométrigue et
spectrophotométrique. — Analusis 1: 289-293, 1972.

Felton, R.H.: Primary redox reactions of metalloporphyrins. —
In: Dolphin, D. (ed.): The Porphyrins. Vol. 5C. Pp. 53-125.
Academic Press, New York 1978. )

Friesner, R.A., Won, Y.: Spectroscopy and eleciron transfer
dynamics of the bacterial photosynthetic reaction center. —
Biochim. biophys. Acta 977: 99-122, 1989.

Greenfield, S.R., Wasielewski, M.R.: Excitation energy transfer
and charge separation in the isolated Photosystem II reaction
center. — Photosynth. Res. 48: §3-97, 1996.

33



P. KOVACIC

Kazakova, A.A., Kisselev, B.A., Kozlov, Y.N.: Electrochemical
reduction of pheophytin and its participation in the function-

ing of photosystem II. — Bioelectrochem. Bioenerg. 21: 367- -

372, 1989.

Kharkats, Y.J., Kuznetsov, A.M., Ulstrup, J.: Coherence, fric-
tion and electric field effects in primary charge separation of
bacterial photosynthesis. — J. phys. Chem. 99: 13545-13554,
1995.

Kovacic, P., Jacintho, J.D.: Mechanisms of carcinogenesis:
Focus on oxidative stress and electron transfer. — Curr. med.
Chem. 8: 773-796, 2001.

Kovacic, P., Kiser, P.F., Smith, K.M., Feinberg, B.A.:
Spectroelectrochemical titrations and cyclic voltammetry of
methyl pheophorbide in acid: possible role of pheophytin and
enol iminium in the primary process of PS II. — Bioelectro-
chem. Bioenerg. 25: 415-424, 1991.

Krishtalik, L.1.: Activationless electron transfer in the reaction
centre of photosynthesis. — Biochim. biophys. Acta 977: 200-
206, 1989.

Lubitz, W., Isaacson, R.A., Okamura, M.Y., Abresch, E.C.,
Plato, M., Feher, G.: ENDOR studies. of the intermediate
electron acceptor radical anion I” in photosystem II reaction
centers. — Biochim. biophys. Acta 977: 227-232, 1989.

MacDiarmid, A.S., Chiang, J.-C., Huang, W. Humprey, B.D.,
Brian, D., Somasiri, N.L.D.: Polyaniline: Protonic acid
doping to the metallic regime. — Mol. Cryst. lig. Cryst. 125:
309-318, 1985.

Merry, S.A.P., Nixon, P.J., Barter, L.M.C., Schilstra, M.,
Porter. S., Barber, G., Durrant, J.R., Klug, D.R.: Modulation
of quantum yield of primary radical pair formation in
Photosystem II by site-directed mutagenesis affecting radical
cations and anions. — Biochemistry 37: 17439-17447, 1998.

Nabedryk, E., Andrianambinintsoa, S., Berger, G., Leonhard,
M., Mintele, W., Breton, J.: Characterization of bonding
interactions of the intermediary electron acceptor in the
reaction centre of Photosystem 1I by FTIR spectroscopy. —

34

Biochim. biophys. Acta 1016: 49-54, 1990.

Oettmeir, W., Janson, T.R., Thurnauer, M.C., Shipman, L.L.,
Katz, J.J.: Spectroscopic characterisation of the pheophytin a
dication. - J. phys. Chem. 81: 339-342, 1977.

Polenova, T., McDermott, A.E.: A coherent mixing mechanism
explains the photoinduced nuclear polarisation in photosyn-
thetic reaction centres. — J. phys. Chem. B 103: 535-548,
1999.

Rabinowitch, E.I.: Photosynthesis and Related Processes. Vol.
1. — Pp. 484-499. Interscience Publ., New York 1945.

Rabinowitch, E.I.: Photosynthesis and Related Processes. Vol.
IL, Part 1. — Pp. 770, 771, 792, 793. Interscience Publ., New
York — London 1951.

Salem, L.: The sudden polarisation effect and its possible role in
vision. — Accounts.chem. Res. 12: 87-92, 1979.

Scheer, H., Inhoffen, H.H.: Hydroporphyrins: Reactivity,
spectroscopy and hydroporphyrins analogues. — In: Dolphin,
D. (ed.): The Porphyrins. Vol. 2, Part B. Pp. 46-48. Academic
Press, New York 1978.

Seely, D.R.: Photochemistry of chlorophylls in vitro. — In:
Vernon, L.P., Seely, G.R. (ed.): The Chlorophylls. Pp. 523-
568. Academic Press, New York — London 1966.

Sevdimaliev, R.M., Voznyak, V.M., Ladygin, V.S.: [Magnetic
field-sensitive stage of electron transfer in Photosystem II
primary reactions of Chlamydomonas reinhardtii mutants.] —
Biofizika 38: 791-797, 1993. [In Russ.}

van Mieghem, F.J.E., Nitschke, W., Mathis, P., Rutherford,
A.W.: The influence of the quinone-iron electron acceptor
complex on the reaction centre photochemistry of Photosys-
tem II, — Biochim. biophys. Acta 977: 207-214, 1989.

Wilson, R.S., Neri, B.P.: Cyclic voltammetry of porphyrins and
metalloporphyrins. — Ann. N. Y. Acad. Sci. 206: 568-578,
1973.

Zanker, V., Rudolph, E., Hindelang, F.: Phototrophy of pheo-
tin. — Z. Naturforsch. 28B: 650-655, 1973.



