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(1)  Chlorophyll Photochemistry I

During the past year we have obtained a large amount

of data on chlorophyll-quinone photoreactions in alcohol

solvents using flash photolysis, steady-state  absorbance

changes and ESR. This is now being written up in four

manuscripts.  Unfortunately, these are not in final enough
form to append to this report.  In lieu of this, I will

include here a summary of the conclusions we have drawn

concerning reaction mechanisms, without trying to present
the supporting data.

The simplest reaction of chlorophyll triplet with an

alcoholic solvent would be hydrogen abstraction (inasmuch

as a similar photoproduct is obtained in tert.-butanol, the

hydroxyl hydrogen would seem to be involved):

k

Chl + hv + Chls + ChlT  +1  Chl  ............. (1)

k2
Chl + ROH + ChlH·  +  RO· ............. (2)T

(kl represents all modes of decay of the triplet state)
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Depending on the basicity of the solvent, the reduced
4

chlorophyll radical could dissociate:

+ChlH':  i Chl' + H  .................... (3)1

It is not possible to unequivocally decide which form of

chlorophyll radical is important in the present studies.

However, the effect of adding acetic acid to CBE (cyclo-

hexanol-butanol-ethanol) solutions suggests that the neutral

radical may be the most significant in quinone reactions.

Because of the reversibility of the photoreaction, we propose

that the recombination reaction is fast:

ChlH· +  RO.   +3   Chl + ROH  ........... (4)

However, an alkoxyl radical should also be capable of dimeri-

zation, which would compete with recombination:

k4
2RO·    +      ROOR  ........... ..... . (5)

Inasmuch as the peroxide so generated is an oxidizing agent,

it could also function to oxidize ChlH':

k5
ChlH· +  ROOR + Chl  +  ROH + RO' . (6)

Equations 5 and 6 account for the lack of simple 2nd

order kinetics at 460 nm, and also explain the very slow

decay process observed in CBE.

Reactions 1-6 are consistent with all of the flash
--

photolysis results obtained in the absence of quinones.  When

quinones are present in ethanol or tert.-butanol, one observes

increases in decay rates (and decreases in amounts of
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photoproducts). This is the result of the following
*

reaction:

·k6
ChlH'  +  Q + Chl + QT + H .  (7)

This reaction, if rapid, can easily explain all of our

steady-state epr and optical results at room temperature

(no chlorophyll bleaching or radical signals, semiquinone

anion radical formation).                                              i

The quinone radical may then disproportionate (this was

demonstrated by our earlier epr experiments):

+  k 7
2QT  +  2H + Q  + H2Q ....... (8)

Regeneration of Q will proceed via the following reac-

tions, both of which would be expected to be rapid:

+
H Q  +  RO·  +  ROH  +  Q'  +  H   .......... (9)2

H2Q  +  ROOR
+ 2 ROH  +  Q  ............. (10)

This accounts for the complete reversibility of the

quinone-chlorophyll photosystems.

We must now attempt to explain the large differences

in behavior observed when chlorophyll and quinones are illu-

minated in viscous alcoholic solvents or in ethanol at low

temperature.. The slowing down of the decay processes, the

appearance of a bleached chlorophyll species in the steady-

*
It is also likely that quinone quenches Chls and ChlT.

However, since the chlorophyll bleaching decreases in the

presence of quinone. these cannot be photochemical processes.
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state, the presence of an epr signal and the first order

decay kinetics suggest that a paramagnetic complex of chloro-

phyll radical and quinone is being formed, which is stabilized
*

in the viscous media  or at low temperature. The flash re-
**

sults show that this is a fast reaction. The effects of

adding acid or base indicate that the state of protonation

of this species markedly affects its stability.  Thus, removal         -
***

of the. proton destabilizes the complex. Also, the absence

of a metal in the porphyrin, as in pheophytin or hemato-

porphyrin, causes the complex to be unstable.  This suggests

that the quinone binds to the chlorophyll (or other metal

porphyrin) through the central metal ion in the porphyrin

structure.  This is consistent with the profound effect

of the nature of the metal on the decay kinetics.

Such a complex also accounts for the epr signal shape,

inasmuch as the unpaired electron would probably delocalize

throughout the porphyrin and quinone pi systems giving rise

*

It is not immediately obvious why viscosity alone would act

to stabilize such a species. Perhaps there are specific sol-

vent effects occuring here as well.
**

This probably explains the lack of sensitivity of the epr

rise kinetics to quinone species.
***

The availability of protons is not a sufficient condi-

tion for complex stabilization however, inasmuch as adding

acetic acid to ethanol at room temperature does not cause

its formation (see above).
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to a large number of overlapping hyperfine interactions (also
the size of the radical species is large enough to prevent

rapid tumbling in a viscous medium, thus causing line

broadening effects).  The stability of the complex must be

related to the extent of such delocalization, inasmuch as we

observe that the higher the quinone potential (which is un-

doubtedly related to a higher electron affinity) the

slower is the decay.

In attempting to formulate the reactions which are oc-

curing in these systems, we must keep in mind the following

additional facts:

1) 'two decay processes are observed in the flash experi-

,  likeTits,  0110  fast  unJ  quinonc conce-.traticn 7  r  A-n- - A- r  +        r.  A        + h  a

other slow (but still faster than the epr and optical decays)

but increasing in rate with increasing quinone concentration

(although the dependence is different at 460 nm and 660 nm).

2)  the rise kinetics for the optical signals are com-

plex and are faster in the initial portion at 460 nm and 430

nm than at 660 nm.  Only the rapidly-produced species is

paramagnetic.  The decay kinetics of the optical signals are

the same at all wavelengths and are the slowest of all.

The initial, rapid complex formation reaction is un-

doubtedly the following:

ChlH·  + Q + (ChlH' ---Q)  ....... ... (11)

The decay of this species could occur by dissociation

(with the electron leaving with the quinone):
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(ChlH·-- ---Q) + Chl  +  QH· ...... .. (12)

Reaction 12 would correspond to the intermediate decay

process observed in the flash experiments (the quinone radical

decaying by disproportionation, as before).

At the high levels of quinone used in these experiments,

it is possible that the 1:1 complex reacts with another quinone

molecule to form a 1:2 complex:

(ChlH·----Q) + Q+ (Q----ChlH·----Q)  ....... (13)

This would again decay by a similar dissociation:

(Q----ChlH·----Q) + Chl +Q+ QH·  .......... (14)

However, the additional qi.i i.none moleci,1 e woii].d further

delocalize the unpaired electron and thus would probably

make reaction 14 intrinsically slower than reaction 12.  We

propose that the 1:2 complex is what is being observed in the

epr experiments. The additional quinone molecule might also

tend to make the absorption spectrum of this species more

similar to that of ordinary chlorophyll than would be the

case for the 1:1 complex.  Thus, the quinone concentration

dependent decay process observed in the flash experiment

could be reaction 13.  This can also account for the differing

behavior seen at 460 nm and 660 nm in the flash results.

Thus if the 1:2 complex has lost much of the 460 nm

absorbance while still retaining some bleaching in the red,

the slower rate of reaction 14 would tend to compensate for

the increase in decay rate caused by reaction 13 at 660 nm

but not at 460 nm.
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The biphasic rise kinetics observed in the optical

experiments can be explained in terms of a photoproduct

interacting with the 1:2 complex. This is most likely ChlH·

(although it could also be another molecule of the 1:1

complex):

ChlH· + (Q----ChlH·----Q) (ChlH·----Q----ChlH·----Q) (15)

$
(ChlH2----Q----Chl----Q)

t
(Chl----QH2----Chl----Q)

*
If appreciable electron pairing occurs, this species

would be diamagnetic.  This is in agreement with our results.

Also, if the ChlH2 species predominates, one would expect the

absorbance in the red region to be smaller than in the 1:2

complex.  This explains the slow bleaching at 660 nm observed

in the steady-state optical experiments.  The rate of forma-

tion of this species would be expected to depend on the nature

of the quinone used, in agreement with our results.

Such a 2:2 complex can again decay by dissociation:

(2:2 complex) -* 2Chl  +  Q+ QH2 .. (16)

The extensive electron delocalization in such a species would

result in appreciable stabilization, thus accounting for

the very slow decay and the build-up of this product upon

prolonged illumination.

*
It is also possible to formulate this as follows:

(ChlH·-----QH·) 4-=* (ChlH2-----Q)
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Inasmuch as all of the species which we are observing

(the 1:1 complex which is the predominant form seen in the

flash experiments, the 1:2 complex which is the predominant

epr active product and the 2:2 complex which produces the

largest steady-state optical signals) contain both porphyrin

and quinone moieties, we would expect their decay rates and

activation energies to respond to changes in porphyrin and

quinone structure in similar ways.  This is in agreement with

our observations.

The above scheme, while perhaps not unique, is certainly

the simplest which can successfully account for all of our

results. The most interesting feature of these experiments

is the apparent ability of relatively small changes in solvent

environment (e.g. ethanol vs. CBE) to cause interactions which

stabilize otherwise very highly reactive species (ChlH·, QH·,

ChlH2).  Such effects could have important implications for

the photosynthetic system, in which such reactive entities

must have long enough lifetimes to effectively participate

in energy-conserving redox reactions. Furthermore, the

formation of alkoxyl radicals from alcohols (and peroxides

by dimerization) provides a simple chemical model for photo-

synthetic oxygen production.

(2) Flavin Redox Chemistry

During the past year, we have continued our investi-

gations of the redox properties of the flavin free radical

utilizing flash photolysis techniques to generate this

species in the presence of oxidizing agents. Inasmuch as

L
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the flash method depends upon a reaction of the flavin

triplet state with a reducing agent, we felt that it was

necessary to obtain further information on the properties of

the flavin triplet so that we would be in a better position

to choose the optimum conditions for examining radical

reactivity.  Additionally, because of the probable involve-

ment of flavins in various photobiological phenomena (photo-

tropism, chloroplast phototaxis, Euglena phototaxis), this

information would be of value in its own right. The results

of these studies have been accepted for publication in the

Journal of Bioenergetics, a new journal for which the Princi-

pal Investigator is on the Editorial Advisory Board (COO-908-30).

A copy of the manuscript is appended to this report.

Subsequent to the completion of this work, we have

begun a careful and thorough study of the reactions of flavin

radicals with oxygen and ferricyanide (we plan to extend this

to quinones and cytochromes). The oxygen reaction is of par-

ticular interest because of the fact that some flavoenzymes

have particularly unreactive (towards oxygen) radical forms

(dehydrogenases), while others react quite rapidly with

oxygen (oxidases).  This seems to correlate, at least partly,

with the formation of the neutral flavin radical in the

dehydrogenases and the anion radical in the oxidases.  On

the other hand, oxidants such as ferricyanide and cytochromes

react rapidly with the radical forms of both types of enzymes.

Using our flash methodology, we have observed that the lumi-

flavin anion radical reacts at least 105 times as rapidly

with oxygen as does the neutral radical.  On the other hand,
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both radical forms react equally rapidly with ferricyanide.

Thus, at least a portion of the reactivity patterns of

flavoenzymes is reflected in the properties of the unbound

radical species. The somewhat unusual lack of reactivity of

the neutral flavin radical towards oxygen seems to involve

the presence of a proton at N(5).  This causes this position

to carry a positive charge, which, if the reaction with

oxygen involves electron abstraction from N(5), could account

for the reactivity pattern.  Oxidants such as ferricyanide

probably react by a mechanism involving orbital overlap

with the flavin radical pi system, and thus are not affected

by the state of protonation at N(5). It is interesting

that the pK of this hydrogen is shifted well out of the physio-

logical range in the dehydrogenase-type flavoenzymes.

As a bridge between this work and a broader program

of examining flavoprotein redox chemistry (supported by

Air Force Cambridge Research Laboratories), we have been

attempting to utilize fluorescence as a probe of flavin

environment in flavoproteins, inasmuch as it is quite clear

that flavin redox properties are modified by interaction

with the protein binding site. Our work thus far has

centered on the Shethna flavoprotein from Azotobacter.

This enzyme forms a particularly oxygen-stable free radical.

We have measured excitation and emission spectra for tryp-

tophan fluorescence in the apoprotein, the oxidized holo-

protein and the free radical species. Our results are

indicative of flavin-tyrosine interactions in the protein.
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Direct flavin-tryptophan interactions do not seem to occur.

This is consistent with independent chemical and circular

dichroism studies done in our laboratory. We feel that this

will be a useful approach and we plan to continue with this

work and extend it to other flavoenzyme systems.

Inasmuch as we are using the Shethna flavoprotein as

a "model" dehydrogenase, it seemed important  to  us  to  find

06t what its natural substrates are.  Thus, we have expended

some effort in this area. Our results to date indicate that

it forms part of an electron transport system involving a

c-type cytochrome and a particulate fraction isolated from

the organism.  We are working to clarify this still further

and also to check the possibility that this is a part of the

nitrogen fixation system.

(3) Phototaxis in Euglena

We have now completed our work on the relationships

between photophosphorylation and phototaxis.  A manuscript

describing this has been accepted for publication in the

Journal of Bioenergetics and is appended to this report

(COO-908-31).

One of the major unsolved problems in Euglena photo-

taxis is the nature of the photoreceptor pigment. It seems

to be reasonably well established (COO-908-26) that the stigma

or eyespot functions as a shading device for a photoreceptor

system localized in the base of the flagellum (paraflagellar

swelling).  Thus, we have been attempting to develop a
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procedure for isolating the flagellum with the photoreceptor

still attached, with a view towards isolating and identifying

the receptor pigment. We have found that treatment of a

cell suspension with pronase causes the release of the entire

flagellar structure with the swelling still attached. This

is in contrast to mechanical methods which give rise mostly

to fragments with the region containing the paraflagellar

swelling remaining attached to the cell. Centrifugation in

glycerol-water very cleanly separates the flagellae from

the deflagellated cells. We have done this on a reasonably

large scale now and have obtained spectral evidence for

the presence of a material absorbing in the visible region

in preparations from pronase-treated cells.  The mechanically-

released flagellar preparations do not have the absorbing

material. Thus, we are hopeful that we have indeed been

able to separate the photoreceptor pigment-containing

structure from the remainder of the cell.  We are currently

working to obtain a sufficient quantity of this material

to permit isolation and identification. The absorption spec-

trum that we have gotten is reminiscent of a non-heme iron

flavoprotein, but it is obviously too soon to be definitive.

'-1                                             1
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