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~ ~ Fig. 8. Two onhogonal views of Ba 103 Tyr f ' ~  
(open bonds) and T1 100 Phe (closed 
bonds) after overlapping the molecules on ~ J J  
the a-carbon atoms in the same way as 
before (see Table II). The orthogonal views J 

~,~ show clearly that these two residues are ( ~  / / ~ . 1  
o .  

way as for the opt imum Ba/T1 a-carbon 
superposition, we find that residues Ba 103 
Tyr and T1 100 Phe are structurally equi- 
valent (see Fig. 8). 

Our structural comparisons therefore 
generally support the previous conclusion 
on ribonuclease homology.  There is an 
homologous  family of  ribonucleases, sep- 
arate from the pancreatic ribonucleases that 
spans the prokaryotes and eukaryotes. This 
family can be divided into two major clas- 
ses that reflect the long separation of  pro- 
karyotes and eukaryotes. There exists 
within these main groupings,  subsets of  
more closely related enzymes ,  Ba and Bi 
from the Barnase group, T1,  Ms  and C2 
from the T1 group. St is very different to 
both Ba and T 1, but we think that it is closer 
to Ba, because the St r - shee t  is generally 
more like that of  Ba than T1. 

Work is underway at present in our 
laboratories to refine the native ribonuc- 
leases and substrate analogue complexes.  
This will enable us to understand the 
ribonuclease mechanisms  in more detail 
and to compare the mechanisms of  the 
microbial and pancreatic ribonucleases as 
well as differences that may occur within 
the microbial group. Perhaps these studies 
may resolve the questions o f  how the bind- 
ing sites and the catalytic sites have evolved 
in these enzymes.  
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Protein phosphorylation- 
carburettor of photosynthesis ? 

John F. Allen 

Even under changing light regimes, plants are able to partition absorbed excitation 
energy equitably between the two photochemical reactions o f  photosynthesis. How 
this 'carburettor' works was a mystery until phosphorylation o f  a light-harvesting, 
chlorophyll-protein was found to be controlled by the redox state o f  plastoquinone. 
This redox control can explain the operation o f  the 'carburettor', and the hypothesis is 

in agreement with some pertinent experimental results. 

The operation, in series, of  two photochem- 
ical reactions is now generally accepted as 
the means  by which light energy drives 
non-cyclic electron transfer in photosyn- 
thesis in plants. This 'Z-scheme '  model of  
photosynthetic electron transport (Fig. 1 ) 
accounts for the behaviour of  electron car- 
tiers situated between the photochemical 
reactions, or 'photosystems ' ;  these carriers 

John F. Allen is at the Department of Plant Sci- 
ences, Bainer Wing, University of Leeds, Leeds 
LS2 9JT, UK. 

are oxidized by photosystem 1 and reduced 
by photosystem 2. 

The Z-scheme also accounts for the curi- 
ous response of  photosynthesis to lights of  
differing wavelength: light in the far-red 
region of  the spectrum (,k > 6 8 0  nm)  is 
photosynthetically rather ineffective on its 
own, though its effectiveness is greatly 
increased if a second beam of  shorter-wave 
light is also employed. This enhancement  
of  the photosynthetic yield of  one beam by 
another (termed 'Emerson enhancement '  
after its discoverer) depends upon far-red 
light being absorbed more by photosystem 
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1 than by photosystem 2. Thus photosystem 
1 is limited in far-red light by electron flow 
from photosystem 2, while photosystem 2 
is limited in turn by its poor light-harvesting 
ability. A supplementary beam of shorter- 
wave light provides the excitation energy 
necessary for photosystem 2, and photosys- 
tem 2 can then provide electrons for turn- 
over of photosystem 1. The effectiveness 
of the original far-red light is thereby 
enhanced, and the rate of photosynthesis in 
both beams of light is greater than the sum 
of the rates in each beam alone. 

Balancing the photosystems 
The phenomenon of enhancement served 

as a major piece of evidence for Z-scheme 
electron transport and is still unexplained 
by any alternative hypothesis. The 
Z-scheme explanation of enhancement 
leads, however, to a further problem, 
described by Myers as the 'carburettor' 
problem'. Since the two photosystems have 
distinct absorption and action spectra, 
almost any randomly-chosen wavelength 
should favour one photosystem or the 
other, and photosynthetic quantum yield 
should be greatly dependent on wavelength 
over its entire spectral range. In practice 
this is not the case: quantum yield is high 
and relatively independent of wavelength. 
Thus. in order to retain our Z-scheme 
explanation of enhancement we must sup- 
pose that a carburettor-like mechanism 
exists for equitable partitioning of excitation 
energy between the photosystems. 
Enhancement itself is an indication of 
imbalance of excitation distribution and is 
|ound only at wavelengths (above 680 nm) 

× 
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where the carburettor is no longer effective. 
Readjustment of the relative excitation of 

the two photosystems was first described by 
Bonaventura and Myers '~ and by Murata 3. 
One ingenious experiment of Bonaventura 
and Myers serves here to illustrate the car- 
burettor's operation. The results of this 
experiment 2 are depicted in Fig. 2. Cells of 
the green alga Chlorella pyrenoidosa were 
illuminated by 645 nm light that was mod- 
ulated ('chopped') at a frequency of 13 Hz. 
During the first few minutes of illumina- 
tion, the photosynthetic rate increased 
while chlorophyll fluorescence decreased. 
This was taken as an indication of slow 
adaptation to 645 nm light: photosystem 2 
was initially light-saturated and therefore 
highly fluorescent, while slow redistribu- 
tion of excitation energy to photosystem 1 
decreased photosystem 2 fluorescence and 
increased photosynthetic yield of oxygen. 
This adaptation to photosystem 2-light (or 
'light 2') was termed a transition to a 'light 
2-state' or, more simply, to 'state 2'. 

In the same experiment (Fig. 2), 
superimposition of an unmodulated, back- 
ground beam of 710 nm light (absorbed 
primarily by photosystem 1, hence termed 
'light 1') produced a transient increase in 
oxygen yield and a decrease in fluores- 
cence: these effects are easily explained as 
an increase in turnover and hence of 
electron-accepting capacity of photosystem 
1. Additional, slower effects of light 1 were 
also seen: both oxygen yield and photosys- 
tern 2 fluorescence increased. This was 
taken as an indication of an adaptation to 
light I, that is, as a transition to a 'light 
I-state', or 'state 1': excitation energy was 
apparently being redistributed from the 
light-saturated photosystem 1 to the light- 
limited photosystem 2. With the cells in 
state 1, removal of the background light 1 
caused a rapid decrease in oxygen yield and 
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Fig. 1. The 'Z-scheme" model o f  photosynthetic electron transport (first proposed by Hill and Bendall -see 
Ref  l ) showing the sequence o f  electron carriers plotted on a scale o f  redox potential. Transfer o f  electrons 
from water to NA DP" requires two photochemical reactions which operate in series. Each photochemical 
reaction has its own light-absorbing pigment system, and the two pigment systems ha ve different absorption 
spectra. 
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an increase in fluorescence, but oxygen 
yield then increased slowly as fluorescence 
decreased. Excitation energy was being 
redirected once more to photosystem 1: a 
second transition to state 2 was taking 
place. 

The phenomenon of state l-state 2 trans- 
itions has been encountered in red algae 3 
and cyanobacteria ~, as well as in green 
algae '2 and higher plants ~. Clearly a 'car- 
burettor' for controlled excitation distribu- 
tion is a requirement of all photosynthetic 
organisms that possess two photosystems. 
No plausible mechanism for this phenom- 
enon was available until recently, although 
Duysens suggested more than ten years 
ago" that such a mechanism might involve 
changes of redox state of an electron carrier 
situated between the two photosystems. In 
the last three years it has become clear that 
Duysens's suggestion is likely to be correct, 
but the identity of the electron carrier and 
the means of control have come from what 
would previously have seemed a wholly 
unexpected direction. 

Phosphorylation of LHCP 
In 1977, Bennett reported the phosphory- 

lation of certain chloroplast membrane pro- 
teins and identified the most prominent 
phosphoprotein of pea chloroplasts as a 
25 000-molecular weight component of 
light-harvesting, chlorophyll a/b-binding 
protein, or 'LHCP '7. The phosphorylation 
site is a threonyl residue in a segment of 
LHCP exposed to the surface, and the 
phosphor) lation reaction is catalysed by a 
membrane-bound protein kinase". The 
dephosphorylation (phosphatase) reaction 
is also catalysed by a membrane-bound 
enzyme". The kinase, unlike the phosphat- 
ase, was lound to have a light-dependent 
activity that was inhibited by the electron 
transport inhibitor, DCMU TM. If ATP is 
added as substrate l-or the reaction, protein 
phosphorylation is unaffected by uncoup- 
lers of photophosphorylation TM. 

The function of this protein phosphoryla- 
tion remained an enigma tor several years 
after its discovery, and the first indications 
that the function might be regulation of 
excitation energy transfer were published 
by Bennett et al ."  and by Horton and 
Black'L Both groups showed that 
chlorophyll fluorescence yield at room 
temperature decreases in pea chloroplast 
preparations when ATP is added. The con- 
ditions were those required for protein 
phosphorylation: light, magnesium ions, 
and a functional photosystem 2. Moreover, 
the effect of ATP was insensitive to un- 
couplers. Similar effects of ATP could be 
seen on chloroplast flourescence emission 
spectra, obtained after cooling samples to 
77 K 1 ~. 12. The spectra suggested that LHCP 
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phosphorylation brought about a redistribu- 
tion of absorbed excitation energy in favour 
of photosystem 1 and at the expense of 
photosystem 2. 

In retrospect, phosphorylation- 
dependent redistribution of excitation 
energy can be seen to resemble closely the 
adaptive transition to state 2. However, a 
connection between LHCP phosphoryla- 
tion and state l-state 2 transitions was not 
established until it had become clear that the 
phosphorylation reaction was under redox 
control: the identity of the controlling elec- 
tron carrier then made the connection virtu- 
ally inescapable. 

Regulation by redox state of 
plastoquinone 

The light-dependence and DCMU- 
sensitivity of LHCP phosphorylation TM 

suggested that the protein kinase was acti- 
vated in some way by non-cyclic electron 
transport. The possibility that activation 
depended on a component of the proton 
motive force could immediately be dis- 
counted on the grounds of insensitivity to 
an uncoupler. An alternative possibility, 
that phosphorylation proceeded only when 
some electron carrier had been reduced, 
prompted Allen e t  al.  r~ to investigate the 
effects of oxidizing and reducing conditions 
on LHCP phosphorylation and on the 
fluorescence changes with which it had 
become associated. It was found that the 
reductant dithionite activates the protein 
kinase in darkness and so causes excitation 
redistribution to photosystem I':L Simi- 
larly, the oxidant ferricyanide inhibits 
light-driven protein phosphorylation and 
the attendant changes in low-temperature 
fluorescence':'. 

The failure of DCPIPI-h to overcome 
inhibition by DCMU suggested that the 
regulatory electron carrier lay between the 
photosystems~.,3:DCPIPH2 donates elec- 
trons to photosystem 1 and would be 
expected to activate phosphorylation if a 
component of photosystem 1 were 
involved. While DCMU inhibits protein 
phosphorylation, the electron transport 
inhibitor DBMIB at low concentrations 
(sufficient to inhibit oxidation of plasto- 
quinone) does nod a. This suggested that 
plastoquinone itself is the key component 
of the chain, a conclusion reinforced by 
activation of the kinase by a number of brief 
flashes of light just sufficient to cause 
reduction of the plastoquinone pool TM. 

Duroquinol, a specific donor to plasto- 
quinone, activated LHCP phosphorylation 
and permitted the ATP-dependent fluores- 
cence decrease that indicates excitation 
transfer to photosystem 1 '~, 

Perhaps the most compelling evidence 
tor control of LHCP phosphorylation by 
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Fig. 2 State 1-state 2 transitions in Chlorella pyrenoidosa, as described by Bonaventura and MyersL Oxygen 
evolution and fluorescence (at 686 nm) were recorded at the frequency (13Hz) o f  modulated 'light 2" t 045 
nrn). Addition o f  continuou.s 'light 1' (710 nm) causes slow, reversible changes in oxygen evolution and 
fluorescence: these indicate redistribution o f  excitation energy between the two photosystems, as described 
in the text. 
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plastoquinone redox state has been 
obtained by potentiometric redox titration 
of both LHCP phosphorylation and the 
fluorescence decrease in pea chloroplast 
membranes 15. The midpoint potential for 
both dependent variables was found to be 
about 0 mV, while the best titration curve 
for both sets of data corresponds to that of a 
two-equivalent carrier. The controlling car- 
der is indistinguishable from plastoquinone 
by these means. 

LHCP phosphorylation and state 1- 
state 2 transitions 

If protein phosphorylation couples exci- 
tation energy distribution to the redox state 
of plastoquinone, then a possible mechan- 
ism for state 1-state 2 transitions becomes 
apparent. Plastoquinone will be reduced if 
excitation distribution happens to favour 
photosystem 2. If plastoquinone reduction 
activates LHCP phosphorylation, and if 
LHCP phosphorylation in turn causes 
increased excitation transfer to photosys- 
tem 1, then the initial imbalance in excita- 
tion distribution will tend to be self- 
correcting. Conversely, if photosystem 1 is 
favoured (by the introduction of light 1, for 
example) then plastoquinone will become 
oxidized, LHCP phosphorylation will 
cease, and net dephosphorylation of LHCP 
will cause excitation energy to be transfer- 
red back to the otherwise rate-limiting 
photosystem 2. 

This hypothesis was offered indepen- 
dently by Allen et  al. la and by Horton and 
Black TM, and is depicted here in Fig. 3. The 
upper, left-hand diagram of Fig. 3 shows an 
equal input of excitation energy to P680 and 
P700, the reaction centre chlorophylls of 

I Light 2 

photosystems 2 and 1 respectively, LHCP 
is predominantly in its dephosphorylated 
state. This corresponds to state 1, and to the 
dark state in the experiment of Bonaventura 
and Myers (Fig. 2). Illumination with light 
2 then causes faster turnover of P680 than 
of P700. This imbalance is shown in the 
upper, right-hand diagram of Fig. 3, which 
also depicts reduction of plastoquinone and 
activation of LHCP phosphorylation. The 
ensuing phosphorylation of LHCP is held to 
be the molecular basis of the adaptive trans- 
ition to state 2. In the new steady-state 
(lower, right-hand diagram of Fig. 3) 
LHCP exists predominantly in its phos- 
phorylated form, and its excitation energy 
is transferred primarily to photosystem 1. 
The transition itself will be accompanied by 
an increased yield of oxygen (as quantum 
efficiency increases) and by a decreased 
photosystem 2 fluorescence yield, exactly 
as observed (Fig. 2). Introduction of light 1 
will then upset the balance by increasing 
turnover of P700. Plastoquinone will be 
oxidized, and LHCP phosphorylation 
switched off (Fig. 3: lower, left-hand dia- 
gram). Net dephosphorylation will cause a 
return of excitation distribution to photosys- 
tem 2, thereby resulting in the observed 
increase in yield of both oxygen and 
fluorescence. Thus net dephosphorylation 
of LHCP is the molecular basis of the transi- 
tion to state 1, and state 1 (in light 1, at 
least) is an equilibrium state characterized 
by a predominance of dephosphorylated 
LHCP (Fig. 3: upper, left-hand diagram). 

Results obtained by Telfer et  al. ~7 are in 
remarkably good agreement with this 
hypothesis. Using pea chloroplasts and a 
modulated fluorescence signal as a guide to 
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Fig. 4 Phosphorylation and dephosphorylation o f  LHCP during transitions to state 2 and state 1, respec- 
lively. Results obtained by Teller et  a l . "  with osmotically-shocked pea chloroplasts. 'Light 2" is modulated ( 90 
Hz) blue light: 'light 1' is continuous far-red light (710 nm). The initial light regime was maintained for 
twenO/ minutes before light I was switched on or off.. [3,-32P]A TP was present throughout this initial period 

o f  equilibration. 

changes in excitation distribution, they 
found that radiolabeUing of LHCP with 32p 
(from [T32p]ATP) did indeed accompany 
the fluorescence decrease that indicated 
transition to state 2. Subsequent addition of 
light 1 brought about a decrease in the level 
of phosphorylation of LHCP: this accom- 
panied the fluorescence rise that indicated 
transition to state 1. Fig. 4 shows the time- 
courses of LHCP phosphorylation (transi- 
tion to state 2) and LHCP dephosphoryla- 
tion (transition to state l) obtained by 
Teller et al. ~7. In the pea chloroplast system 
used, and after a 20-min equilibration 
period, changes of the light regime were 
sufficient to bring about changes in LHCP 
phosphorylation. The half-time of LHCP 
phosphorylation in light 2 was 4 min, and 
the half-time of dephosphorylation in light 
1 was 6 min ~7. Further corroboration of the 
hypothesis is provided by the observation 17 
of inhibition of the transition to state 1 by 
sodium fluoride, an inhibitor of the 
dephosphorylation reaction 9. 

The transition to state 2 in pea chloro- 
plasts has been shown to be dependent on 
ATPS.,8, and ATP-dependent fluorescence 
changes in Chlore l l a  thylakoids have been 
shown to resemble the state 2 transition in 
intact Chlore l la  cells TM. 

How does phosphorylation cause 
changes in excitation distribution? 

There is now good evidence that the 
components of photosynthetic electron 
transport are far from randomly dispersed 
throughout the thylakoid membrane 2°. 
Components of photosystem 2 appear to be 
concentrated in regions of the membrane 
that are closely appressed to similar regions 
of an adjacent membrane, that is, photosys- 
tern 2 is found where thylakoids are stacked 
to form the 'grana' of conventional chloro- 
plast morphology. The unappressed regions 
of thylakoid membrane (' stroma lamellae' ) 
contain components of photosystem 1. 

Experimentally-induced transfer of exci- 
tation energy from photosystem 2 to photo- 
system 1 ('spillover') has been associated 
for some time with unstacking of 
thylakoids, and is presumed to result from 
the close physical proximity of the two 
complexes in completely unstacked mem- 
branes with their less ordered distribution of 
photosystems. In the more physiological, 
stacked condition, the photosystems are 
separated and their direct interaction is 
likely to be small. Barber and co-workers 21 
have shown that stacking is likely to result 
from a balance between short-range forces 
of attraction and electrostatic forces of 
repulsion between membrane surfaces. The 
effect of cations in maintaining membrane 
stacking can then be explained by their 
screening of negative charges fixed on the 
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membrane surface. 
It is clearly quite reasonable to suppose 

that membrane proteins become more nega- 
tively charged upon phosphorylation and 
hence more likely to partition themselves 
into unstacked regions of the membrane. In 
this way, migration of phosphorylated 
LHCP from appressed regions (rich in 
photosystem 2) to unappressed regions 
(rich in photosystem 1) might be able to 
bring about redistribution of excitation 
energy in favour of photosystem 1. Such 
models of phosphorylation-controlled ex- 
citation distribution in relation to spatial 
organization of chlorophyU-pmtein com- 
plexes have now been published by a 
number of authors 21--24. 

In support of the view that the charge of 
LHCP is important in determining excita- 
tion distribution, Horton and Black 2s have 
shown that the effect of phosphorylation on 
fluorescence is strongly dependent on mag- 
nesium ion concentration. Evidence that 
partial unstacking of thylakoid membranes 
is a result of LHCP phosphorylation 
has also been obtained 24,26. Migration of 
phosphorylated LHCP from appressed to 
unappressed regions of membrane is sup- 
ported by the results of Andersson et aL 27, 
who found the ratio of phosphorylated to 
non-phosphorylated LHCP to be ten 
times higher in unappressed than in appres- 
sed thylakoids. Phosphorylation-induced 
migration of a particle 8 nm in diameter has 
been inferred from freeze-fracture electron 
micrographs by Kyle et al. 24. Migration of 
the particle from appressed to unappressed 
regions of the thylakoid was correlated with 
fluorescence changes indicative of a state 2 
transition. In addition, particle migration 
was accompanied by the appearance in an 
unappressed membrane fraction of 
chlorophyll b and LHCP-like polypeptides 
of 25 000 molecular weight. 

In summary, it seems that phosphoryla- 
tion of LHCP causes it to migrate from 
grana (stacked) to stroma (unstacked) 
lamellae, and hence to transfer excitation 
energy more to photosystem 1 than to 
photosystem 2. It may even be that the 
'function' of thylakoid stacking is primarily 
to allow a reversible redistribution of 
light-harvesting complexes between the 
photosystems 2°, and hence to permit bal- 
anced excitation distribution under varying 
conditions of illumination. 

How widespread is protein 
phosphorylation in photosynthesis? 

Up to twenty thylakoid polypeptides are 
phosphorylated under appropriate condi- 
tions. Of these, none but LHCP has been 
unambiguously identified. A 9000 molecu- 
lar weight polypeptide is reversibly phos- 
phorylated under the same conditions as 

LHCP 15'17, but its dephosphorylation is 
slower than that of LHCP, and too slow for 
it to be implicated in the transition to state 1 ~. 
No other thylakoid phosphoprotein has 
yet been found to be under redox controP 5 
or to be influenced by the conditions cans- 
ing state 1-state 2 transitions 17. LHCP is 
known to be phosphorylated in the green 
algae Euglena gracilis 29 and Chlorella 
vulgaris 19 as well in chloroplasts of higher 
plants. 

It is possible that reversible phosphoryla- 
tion of LHCP has physiological functions 
other than in adaptations to changing light 
quality. Since cyclic photophosphorylation 
directly involves only photosystem 1, redis- 
tribution of excitation energy may be 
necessary in order to maximize the quan- 
tum efficiency of ATP synthesis during 
physiological changes in the relative rate 
of cyclic and non-cyclic photophos- 
phorylation 3°. The required changes in 
LHCP phosphorylation under light of con- 
stant wavelength can, in principle, be 
caused by changes of plastoquinone redox 
state, since this will depend on the availabil- 
ity of an electron acceptor (NADP ~ ) and 
hence, indirectly, on the demand for ATP 
by coupled assimilatory reactions such as 
CO~-fixation. 

Two promising anomalies remain: these 
lie in the area of prokaryote photosynthesis. 
Cyanobacteria are devoid of LHCP, and 
carry out light-harvesting by phycobilins 
instead of with chlorophyll b. Neverthe- 
less, they exhibit state 1-state 2 trans- 
itions 4. The same is true of red algae 3. The 
mechanism of adaptation in these organ- 
isms must therefore differ substantially 
from that described here for green plants, 
though it is clearly still possible that a 
redox-sensitive phosphorylation reaction is 
involved. Preliminary studies (Allen, J. F. 
and Cogdell, R. J. unpublished observa- 
tions) indicate that a number of photo- 
synthetic purple bacteria reversibly phos- 
phorylate polypeptides of light-harvesting 
bacteriochlorophyil-protein complexes. 
Photosynthetic bacteria have a single 
photosystem and obviously cannot carry 
out state l-state 2 transitions: at present the 
role of this phosphorylation reaction in bac- 
terial photosynthesis is purely a matter for 
conjecture. 

Phosphorylation of light-harvesting 
pigment-proteins in plants and bacteria is 
too great a coincidence for one to rule out a 
common evolutionary origin and homology 

of function. Perhaps regulation of excita- 
tion transfer has further, unsuspected 
similarities that undedy such apparently 
diverse photosynthetic machinery ? 
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