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Abstract.—The photoreduction and interaction with the photosynthetic
“reaction center’”’ of 2-amino,4-hydroxy-6-substituted pteridine indicates that
these low-potential (~ —0.7 v), naturally occurring compounds play a primary
role in photosynthetic electron transport. These unconjugated pteridines,
which occur in association with the photosynthetic apparatus of green plants and
photosynthetic bacteria, can be reduced by light in the presence of a bacterial
chromatophore fraction from the dihydro form to the tetrahydro form. 6,7-Di-
methyl-tetrahydropteridine readily reduces spinach ferredoxin. This compound
also specifically interacts with reaction-center chlorophyll and bacteriochlorophyll
and produces spectral shifts similar to those produced by light. It is proposed
that the electron produced by excited-state chlorophyll is captured and separated
by a pteridine at —0.67 v at the photosynthetic reaction center.

It has been 38 years since van Niel, in his classic studies of the comparative
biochemistry of photosynthesis, first proposed that the primary photochemical
act involved the initial separation of an oxidant and a reductant, mediated by
light.! Since that time it has become clear that in bacterial photosynthesis a
single photochemical act, producing a strong reductant, is the initial photo-
chemical step. In higher plants the primary photochemistry involves two sepa-
rate photochemical events: system I, using reaction-center chlorophyll P 700,
which produces a strong reductant similar to the bacterial system; and system
II, which produces a strong oxidant and is coupled with the evolution of molecu-
lar oxygen.? Comparative studies indicate that system I of green plant photo-
synthesis and the primary photochemical act of the bacteria may be similar in
nature.

The actual compounds involved in stabilizing the primary electron on the
reduction side of photosynthesis have not been identified. It has been clear for
many years that the nonheme iron compound, ferredoxin, plays a role in the
electron transport on the reducing side of photosynthesis.®: ¢ However, in
photosynthetic bacteria, the role of this compound on the reduction side of
photosynthesis has not been clear. It is known to play a role in nitrogen fixation
and hydrogenase activity, but its involvement in the primary photochemistry of
bacterial photosynthesis has been open to serious question.®: ¢

For primarily theoretical reasons, Calvin has proposed that the primary photo-
chemical act of photosynthesis should yield a stabilized reductant with a poten-
tial E,! of about —1.0 v.” More recent work of Zweig and Avron,® Black,® and
Kok et al.’® has indicated that isolated photochemical systems involving photo
system I in higher plants and algae can reduce viologen dyes with known chemical
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potentials of less than —0.7 v, a full 0.3 v below the potential of ferredoxin, a
proposed primary acceptor in system I of higher plants and bacteria.!

For physical-chemical considerations it thus seemed clear, in view of the
occurrence of a low-potential reductant, that a primary electron acceptor and
stabilizer of system I of higher plants and in bacterial photosynthesis should be
closer to the potentials reached by these photochemical systems in the light.
Such a class of compounds with lower potentials has been known to exist in many
plant and animal forms.

The unconjugated, 6-substituted pteridines similar to biopterin occur in a
wide variety of forms in nature. The substitution of a side chain at the 6 posi-
tion on the ring is apparently essential to biological activity, and this substitu-
tion is manifested by a variety of short carbon chains. Rembold!? has measured
the potentials of several of these unconjugated pteridines by polarographic
methods. The compounds listed below, taken from the experiments of Rem-
bold, are examples of the low potentials of these naturally occurring compounds,
all of which contain the pteridine ring, with the substitution in the 2 position of
an amino group; in the 4 position, of a hydroxy group; and in the 6 position, of a
side chain of varying lengths (see Fig. 5).

Substitution on pleridine ring'? Ey (v)
2—NH,—4—0H—6—(CHOH).-CH; (biopterin) —0.696
2—NH,—4—0H—6—(CHOH).-CH,OH (neopterin) —0.690

2—NH,—4—0H—6,7—CH; (dimethyl-tetrahydropteridine) —0.732

The presence of unconjugated pteridines in anaerobic systems was first shown
in the obligately anaerobic photosynthetic bacteria, which was shown to contain
large quantities of unconjugated pteridines.!> McLean et al.'* have shown that
compounds related to biopterin could stimulate electron transport in photo-
synthesis, and work has also been presented to show that these unconjugated
pteridines are associated with the photochemical apparatus in anaerobic photo-
synthetic bacteria, blue-green algae, and in chloroplasts of higher plants.!s

We have previously shown that photosynthetic phosphorylation by isolated
chromatophore fractions from Chromatium strain D, as well as CO, fixation by
whole cells of Chromatium, can be inhibited by specific pteridine inhibitors such
as 4-phenoxy-2,6-diamino pyridine which indeed inhibits the development of the
photosynthetic apparatus in dark, aerobically grown, pigmentless Rhodospirillum
rubrum. This inhibition can be reversed by biopterin.’® That photochemical
electron transport is involved in these inhibition reactions has been demonstrated:
4-phenoxy-2,6-diamino pyridine specifically inhibits light-induced reduction of
flavin mononucleotide in a chromatophore system from Rhodospirillum rubrum.

The work described below will suggest that these low-potential unconjugated
pteridines are involved in the primary photochemical reduction in photosynthesis
and may indeed be the primary site at which the reducing power of photosyn-
thesis is stabilized in both system I of higher plants and in the single primary
photochemical act of bacterial photosynthesis.

Materials and Methods.—Ferredoxin reduction: Spinach ferredoxin (Sigma Chemical
Co., St. Louis) was placed in a cuvette with 2-amino-6,7-dimethyl-4-hydroxy-5,6,7,8
tetrahydropteridine hydrochloride (Aldrich Chemical Co., Milwaukee), and reduction
was monitored with a Cary 14R spectrophotometer.
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Pteridine photoreduction: Biopterin (obtained through the courtesy of Dr. H. Rembold)
was placed in a cuvette under argon with chromatophores from either R. rubrum or
Chromatium prepared as previously described.’® Prior to illumination, the biopterin was
reduced to a dihydro level with NasS:0s. Reduction was monitored with a Farrand re-
cording spectrofluorometer as a decrease in fluorescence yield at 435 mm. Internal
quenching was minimized by using suspensions containing microgram amounts of chloro-

phyll.

: ;”reparation of chromatophore subfraction: Chromatophores in a 40,000 X g super-
natant of an R. rubrum cell extract were treated with 0.49, (v/v) Triton X-100in0.01 A/
Tris-HCl1 (pH 7.8). This supernatant was then passed through Sephadex G-150 or
Sepharose 2B. The pigment-protein fraction was collected and the interaction with tetra-
hydropteridine was examined by difference spectroscopy.

Preparation of Euglena chloroplast subfraction: Euglena gractlis strain Z, cultured
autotrophically as described earlier,® was prepared by breaking the cells at 5,000 psi in
the French press. The broken cell suspension was centrifuged at low speed to remove
unbroken cells, and the green supernatant was then treated with detergent as for R. rubrum
chromatophores. The detergent-treated chloroplasts were then put through the French
pressure cell at 10,000 psi and the resulting homogenate was centrifuged at 40,000 X g.
The green supernatant was then put through Sephadex or Sepharose columns as had
been done with the chromatophores.

Results.—Although polarographic measurements have indicated that the
pteridines have an extremely low potential, ranging from —0.5 to —1.0 v, the
true chemical or biological potential was difficult to measure in either chemical or
enzymatic reactions. It was also difficult to work with compounds in the com-
pletely reduced form in any chemical or biological system, since autoxidation was
almost instantaneous. The substitution of a methyl group in the 7 position of
the pteridine ring allows for the preservation of this pteridine in the tetrahydro-
reduced form over a short period of time. This compound, 6,7-dimethyl-
tetrahydropteridine, the formula for which is indicated in Figure 5 (III), is
known to substitute for the cofactor in the enzymatic and chemical reactions for
the hydroxylation of phenylalanine to form tyrosine.?: 2! However, no chemical
or biological potential of pteridines have been measured directly in biological or
chemical systems.

Reduction of spinach ferredoxin by tetrahydropteridine (THP): Spinach ferre-
doxin, with a known measured potential of —0.42 v, was placed in a cuvette in
the spectrophotometer and mixed with 6,7-dimethyl-tetrahydropteridine. An
immediate and stoichiometric reduction of ferredoxin was observed, as shown in
Figure 1. This experiment clearly indicates that the active chemical potential of
the tetrahydropteridines is much below that of ferredoxin. The reaction involves
the reduction of ferredoxin (Fd) at the expense of tetrahydropteridine (THP),
with the concomitant formation of reduced ferredoxin and dihydropteridine
(DHP), as indicated in the following reaction mechanism:

THP + Fd-ox — 1 Fd-red + DHP

Photoreduction of pteridine by light in a photosynthetic system: The ability of
light energy, in association with an isolated photochemical system from either
green plants or photosynthetic bacteria, to reduce oxidized pteridine is shown in
Figure 2. In this case the dihydropteridine, reduced chemically by dithionite,
is placed with a chromatophore preparation from either R. rubrum or Chromatium
strain D, and the rapid photoreduction of pteridine, as measured by the quench-
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ing of fluorescence, is observed. This reaction is carried out under an argon
atmosphere. When the light is shut off, a rapid reoxidation and concomitant
regaining of fluorescence from the oxidized pteridine material is observed.
Therefore, it is quite clear that the photochemical systems isolated from bacteria
have the ability to photoreduce pteridines and produce a photoreductant at a
much lower biological potential than ferredoxin.

Interaction of pleridines with the “reaction center” of photosynthetic tissues:
Removal of pteridines and other soluble small molecules from a chromatophore
fraction of R. rubrum was accomplished by repeated washings (using both cen-
trifugation and passage through either Sephadex or Sepharose columns) with basic
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Tris or carbonate buffers. This treatment removes the majority of pteridines
from these pigmented protein complexes. These chromatophore fractions are
apparently unaltered chemically, as far as the protein-pigment complex is con-
cerned, since the absorption spectrum of bacteriochlorophyll is essentially un-
altered from the spectrum ¢n vivo. Clayton has shown that unwashed chromato-
phore preparations or whole cells when illuminated show a difference spectrum,
light versus dark, concomitant with changes proposed at the “‘reaction center.”
There is a bleaching in R. spheroides at 870 nm, assumed to be the reaction-center
chlorophyll.?? In R. rubrum this shift is at 890 nm. Other changes in the
spectrum, indicating a change in the oxidation-reduction state of the chlorophyll
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protein complex of the reaction center, also occur.?* If chromatophore prepara-
tions that have had the pteridine removed are exposed to the strong reductant
dithionite, no differences in the absorption spectrum at the reaction center are
noted. However, if 6,7-dimethyl-tetrahydropteridine is added in the dark to
such a preparation, a difference spectrum is observed which is strikingly similar
to the light-induced difference spectrum reflecting a change at the reaction center
in whole chromatophore preparations. As shown in Figure 3, this reaction is
specific for reduced pteridines, in that neither dithionite alone nor oxidized
pteridines cause any change in the absorption spectrum. However, if the oxi-
dized pteridine is added to the preparation and dithionite is subsequently added,
virtually identical shifts of the absorption spectra are obtained as when adding
the reduced pteridine directly. This clearly indicates that the ¢n situ presence of
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a reduced pteridine in the reaction center causes a similar shift in the spectrum to
that induced by the light in whole chromatophores.

If similar experiments are performed with subchloroplast fractions from
Euglena, it can be shown that the absorption spectrum of the chlorophyll protein
complex, a combination of systems I and II, is clearly unaltered by the washing
procedures (Fig. 4). However, in these preparations an oxidation-reduction
difference spectrum can be demonstrated when dithionite is added. If tetra-
hydropteridine is added to this preparation already reduced by dithionite, a
further change occurs. As shown in Figure 4, the pteridine-induced change is
primarily at P 700, considered to be the reaction center of system I in green plants
and algal chloroplasts. The initial dithionite response may well reflect a change
in light system II.

Again, this strongly indicates a specific interaction of tetrahydropteridine with
reaction-center molecules in photosynthetic bacteria and system I from chloro-
plasts of the green alga, Euglena. The total change in chlorophyll in the differ-
ence spectra reflects a change of about 1 per cent of the total chlorophyll.

Discussion.—It thus seems clear that the 2-amino,4-hydroxy,6-substituted
pteridines fulfill the biological, chemical, and physicochemical requirements of a
primary photochemical electron acceptor in photosynthesis, at a potential of ap-
proximately —0.7 v. It is clear that this compound occurs in association with
the pigment-protein complex characteristic of the reaction center of chromato-
phore fractions and chloroplasts. That these compounds show a specific complex
with the reaction center, yielding an oxidized versus reduced-difference spectrum
similar in many ways to the light versus dark difference spectrum, has been
clearly demonstrated. The occurrence of low-potential pteridines has been ob-
served in many forms but has not been related with any potential electron trans-
port system prior to these observations.
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PROPOSED INITIAL PHOTOCHEMICAL ELECTRON TRANSFER
STEPS IN PHOTOSYNTHESIS
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F1a. 5.—Oxidation-reduction scheme of pteridines, indicating a single-electron step induced by
light energy from the reaction center.

The mechanism of the acceptance and consequent stabilization of the primary
electron produced in the photochemical act is still not completely clear. Theo-
retical and observed considerations require that a single electron transfer is in-
volved in the production of a primary photochemical reductant. The conversion
of oxidized pteridine to tetrahydropteridine is known to occur by a series of reac-
tions, and the pathway for these reactions involves a series of single electron
steps and the occurrence of quinone intermediates. The evidence has been
demonstrated for the presence of a quinoid intermediate form and the single
electron stepwise oxidation or concomitant reduction of pteridine.?*: % A
scheme for the photoreduction steps in photosynthesis via known reactions of
pteridines is shown in Figure 5. It therefore seems possible that the primary
photochemical act in photosynthesis may involve the capture of a single electron
by a pteridine semiquinone for the direct reduction to the tetrahydro form (III)
at a potential level of about —0.67 v.
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