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Using the equations derived from the bipartite and tripartite models for photosynthetic organization in green
plants, we have been able to characterize the effect of membrane phosphorylation on energy transduction.
Phosphorylation reversibly increases a (the proportion of absorbed quanta going directly to Photosystem
(PS) I). This increase in a we believe to be due to a decrease in the coupling between the PS II core and its
associated light-harvesting complex [V T(3,2)- ¥ T(2,3)]. Phosphorylation also reversibly increases the trans-
fer of energy from PS 11 to PS I [y T, _;)]. We propose that membrane phosphorylation provides the in vivo
control of a, ¥T(3,2)- ¥T(2,3) and YT;..1)- From the data we present it is clear that the changes caused in
energy distribution as a result of phosphorylation are large enough to induce real changes in electron-transfer
reactions. The effects of phosphorylation on these parameters are distinct from those of Mg2* depletion. We
have discussed changes in WT(3,2)- ¥T(2,3) (the coupling term) with respect to the ‘connected package’
model of photosynthetic units (Butler, W.L. (1980) Proc. Natl. Acad. Sci. U.S.A. 77, 4697-4701) and the
proposed a- and B-centers of PS II (Melis, A. and Homann, P.H. (1976) Photochem. Photobiol. 23,
345-350). The demonstration of changes in reversible coupling [¥T(3,2)- ¥ T(2,3)] strongly supports a
connected package model in which the degree of ‘connectivity’ is under physiological control.

Introduction Cation-regulated energy distribution between PS1
and PS II has been monitored via chlorophyll
The adaptive changes in light-harvesting prop- fluorescence changes, alterations in the quantum
erties of photosynthetic membranes referred to as yield of partial reactions, and directly measured
State 1-State 2 transitions exist to maintain a changes in P-700 photooxidation and electron
balance in noncyclic electron flow through the two transfer [6-9]. The nature of these cation effects
photosystems [1-5]. The biochemical /biophysical have been rigorously defined and quantified by
events involved in the State 1-State 2 transition Butler and co-workers in the tripartite [10-12] and
have been equated extensively with cation-induced bipartite models [13] of pigment organization.
effects on energy distribution in thylakoids [6-8). The data of Steinback et al. [14,15] have clearly

shown that the cation-induced changes in energy-

—_— distribution process are dependent on a surface-
Abbreviations: PS, photosystem; LHC , light-harvesting com- P P

plex of PS II; Chl, chlorophyll; Tricine, N-tris(hy- exposed portion of the light-harvesting complex
droxymethyl)methylglycine. [16] serving PS IT (LHC ;). The observation that in
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vitro phosphorylation [17-19] of this exposed seg-
ment causes a redistribution of absorbed quanta,
similar to State 1-State 2 transitions, has provided
a new avenue to investigate the physiological
mechanism of the transitions [20]. Data have been
presented [5] to formulate a model in which the
phosphorylation of LHC,; is linked to the
oxidoreduction state of the electron-transport
chain. The existence of this control proces leads us
to believe that phosphorylation of LHC; is the in
vivo control for State 1-State 2 transitions.

In this work we will demonstrate, using low-
temperature (77 K) fluorescence induction tran-
sients, and the models and equations of Butler and
co-workers [10-13] that phosphorylation simulta-
neously reduces LHC-PS II coupling and in-
creases exciton transfer from PS II to PS 1.

Materials and Methods

Chloroplast membrane preparations were as de-
scribed by Kyle et al. [21]. Three types of mem-
brane samples were used in these studies. Samples
were placed in a glass water bath for Smin to
reach room temperature, and ATP was added to a
concentration of 200 puM. Phosphorylated mem-
branes are defined as those incubated for 15 min

Fig. 1. Apparatus for determination of low-temperature fluores-
cence induction transients: (1) d.c. power supply, (2) light
source, (3) blue filter (Corning No. 4-96), (4) automatic shutter,
(5) shutter control and oscilloscope trigger, (6) trifurcated light
pipe, (7) sample holder (see inset), (8) photodiode with narrow
band pass filter, (9) recording oscilloscope. (10) x-y chart
recorder. (Inset) Sample holder: (1) trifurcated light pipe. (2)
rubber stopper for insulation and mounting, (3) cell holders, (4)
disposable plastic cuvette.

light followed by 15 min dark in the presence of
NaF, dephosphorylated samples by 15 min light
followed by 15 min dark before addition of NaF.
Nonphosphorylated samples spent the full 30 min
in the dark before adding NaF. Fluorescence in-
duction curves were measured using the apparatus
shown in Fig. 1. Fluorescence from PS1 was mea-
sured using a 735 nm narrow band pass filter
(band pass =2.5 nm at 50% T_,. T, at 735
nm = 45%). PS II fluorescence was measured using
a 695 nm band pass filter (band pass =4 nm at
50% T,us Toax at 695 nm = 17%). The emission
from LHC,, was measured at 684 nm (band pass
*45 nm at 50% T, . T,. at 684 nm=>52%).
Induction curves were measured in | cm® disposa-
ble 3-ml plastic cuvettes using 200 pl of sample
([Chl}=25 pg/ml). Sample buffer contained 10
mM Tricine-NaOH (pH 7.8), 10 mM NaF and
30% glycerol = 5 mM MgCl,. Samples were frozen
uniformly by partial immersion of the cuvettes in
liquid nitrogen and the sample was kept frozen
during measurement of the induction transient by
flooding the frozen sample with liquid nitrogen.
Excitation of fluorescence was achieved using blue
light (Corning filter No. 4-96) with an intensity of
100 W/m?,

Results

Low-temperature (77 K) fluorescence induction
curves at 695 nm are presented in Fig. 2. The data
show a clear difference of MgCl, effects on the
extent of F(F, = F, — Fy) in nonphosphorylated
and phosphorylated membranes. A low value of
F% reflects a high energy transfer from PS II to
PS1, while a high value reflects a low energy
transfer [13]. The full fluorescence induction data
at 695 and 735 nm for nonphosphorylated, phos-
phorylated and dephosphorylated thylakoid mem-
branes are summarized in Tablel. We have ap-
plied the equations for the bipartite model derived
by Butler and Kitajima [13] to the data presented
in Tablel to calculate values of a (the proportion
of absorbed quanta going directly to PSI) and
¥ Ty1 ~ 1xm) (the total maximum energy transfer from
PS II to PSI). These data are summarized in Table
II; examples of the calculations are presented
elsewhere [13,22]. The values of a and YT, .1ym)
calculated for nonphosphorylated membranes
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TABLE 11

CALCULATED VALUES OF a AND ¢ Tj;; _1ym) IN THE PRESENCE AND ABSENCE OF MgCl, USING THE BIPARTITE

EQUATIONS OF BUTLER AND KITAJIMA [13] AND THE DATA OF TABLE 1

Nonphosphorylated Phosphorylated Dephosphorylated
a +MgCl, 0.23 0.34 0.23
a —MgCl, 0.29 0.33 0.26
VT - 1xm 0.16 0.27 0.16
YT~ 1xm) 0.25 0.34 0.25

show the response to Mg?* described by Butler
and co-workers [13,22]. Phosphorylation of the
membranes [21] caused « and YTy . jym to in-
crease in relation to the nonphosphorylated mem-
branes. The value of 4T}, .ym, for phosphorylated
membranes still shows an Mg2+ effect, YTy . iym)
is slightly higher than YTj _iym, but a values
appear unaffected by change in Mg?' level. De-
phosphorylation of the membranes caused values
of a and YT, im to return to those of the
nonphosphorylated membranes and also regener-
ated the full Mg?* effect.

Apart from energy transfer between the two
photosystems a second factor in energy distribu-
tion is the coupling between LHC,; and PS II. It is
possible to calculate a value for this coupling
(YT(3,2) - ¥T(2,3)) using the tripartite model of
the pigment bed [10-12]. For these calculations it
is necessary to determine fluorescence induction
curves at 695 and 684 nm. These data are sum-
marized in Table II1. The calculation of ¥T(3.2):
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Fig. 2. Low-temperature (77 K) fluorescence induction tran-
sients at 695 nm for (a) nonphosphorylated membranes = MgCl,
and (b) phosphorylated membranes=MgCl,. a.u.. arbitrary

units.

¥T(2,3) involves three steps as described in Ref.
11. We have assumed values of some parameters
from this reference.

Fy _y(1-¥T(3.2) yTQ23)wm)

n
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Fig. 3. Plots of F$* vs. F£% at 77K for (a) nonphosphorylated
membranes and (b) phosphorylated membanes. a.u.. arbitrary
units.
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The value for y (the fraction of absorbed quanta
going directly to LHC,, is taken as 0.5, 8 as 0.2
and yT(2,3),, as 0.90; a description of these
values can be found elsewhere [11]. The value of
F®4%y can be calculated from the plot of F¢
against F$% (at 77 K), as shown in Fig. 3. In this
figure we present the plots for both nonphos-
phorylated membranes (Fig. 3a) and phosphory-
lated membranes (Fig. 3b). Although the slope of
these lines is different in each case, identical values
of F®4y =100 were determined. Using F%*y =
100, a value of ¥T(3,2) -y T(2,3), can be calcu-
lated from Eqn. 1 and substituted into Eqn. 2:

F5% W TII- Wil
FS  1—¥T(3,2)-yT(2,3)(m)(1~ ¥ TII- ¥ II)

2)

YTII- ¥tII is a measure of the efficiency of cou-
pling between the PS II core antenna (Chl a},) and
the PS II reaction center. The value of ¥TII - ¥ tI1
calculated from this equation is used in Eqn. 3 to
calculate ¥T(3,2) - ¥T(2,3):

FS% YTII- ¥l
FS 1-¥T(32)-¥T(2.3)

(3)

Our results from these determinations are pre-
sented in Table IV. In nonphosphorylated mem-
branes we observed a decrease in the coupling
between LHC;; and PS II (components 3 and 2,
respectively [10]) when the membranes are de-
pleted of Mg?*. Phosphorylation of the mem-
branes produces a much larger decrease in this
coupling: in addition, no Mg?*-induced decrease
was observed. Dephosphorylation of the mem-
branes reversed this trend.

TABLE IV

Discussion

The tripartite and bipartite models were devel-
oped to describe the in vivo pigment organization
in green plants [10-13,26]. The tripartite model
assumes three major pigment-protein assemblies
which are in close physical association with each
other. These are: the antenna chlorophyll com-
plexes associated with PS I and PS II units (known
as Chl a; and Chl a,,, respectively) and the light-
harvesting Chl a /b-protein complex (LHC, in our
terminology) which transfers some energy to PS1
but serves largely as antenna to PS II. The interac-
tion of these pigment assemblies can be de-
termined form low-temperature (77 K) fluo-
rescence at 685, 695 and 735 nm. These emission
bands arise from LHC;, Chl a; and Chl q,,
respectively [26]. The bipartite model is a simplifi-
cation of the tripartite model in which the LHC ,
and Chl a,; are regarded as one functional unit.
This assumption allows us to rationalize the pig-
ment bed as a two-component system, The models
enable us to determine the initial distribution of
absorbed quanta within the pigment assemblies as
well as the transfer of excitons between these
components.

The results presented in Table 11 clearly demon-
strate a reversible effect of phosphorylation on
energy transfer from PS II to PS1. The transfer
factor YTy .i1ym) Was increased more by phos-
phorylation than it was by depletion of Mg?~.
The phosphorylation of LHC,; [20] does not ap-
parently override the Mg?* effect, since YT 1xm)
is greater than YT; _im for phosphorylated
membranes. The response is clearly reduced, how-
ever, since the effect of Mg?* depletion on

CALCULATED VALUES OF ¥T(3,2)-¥T(2,3) FOR NONPHOSPHORYLATED, PHOSPHORYLATED AND DEPHOS-

PHORYLATED MEMBRANES WITH AND WITHOUT Mg(Cl,

Calculations were made with assumed values of y =0.5, 8 =0.2 and ¥ T(2,3),,,,, =0.90 [11].

Nonphosphorylated Phosphorylated Dephosphorylated
+Mg —Mg +Mg —Mg +Mg —Mg
YT(3,2)- ¥T(2,3) 0.38 0.30 0.20 0.23 0.34 0.33
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VALUES OF F, /F, CALCULATED FROM TABLE I FOR NONPHOSPHORYLATED, PHOSPHORYLATED AND DEPHOS-

PHORYLATED CHLOROPLAST MEMBRANES

Nonphosphorylated

Phosphorylated

Dephosphorylated

+MgCl, —MgCl,

+MgCl,

MgCl, +MgCl, — MgCl,

F595 7 695 1.6 0.94 0.96

0.69 1.26 0.90

YT, ~1xm) is half that (in percentage terms) of the
nonphosphorylated membranes. It is worthy of
note that the value of YT _ixm) for phosphory-
lated membranes is almost identical to the value of
YT ~1xmy for nonphosphorylated and dephos-
phorylated membranes. In contrast, the value of
a™ for phosphorylated membranes is significantly
greater than a~ of nonphosphorylated and de-
phosphorylated membranes. In phosphorylated
membranes « is not further increased by removal
of Mg?™ . These observations suggest that Mg?™*
and membrane phosphorylation have subtly differ-
ent effects on membrane-energy distribution. The
effects on ¢ T, .1ym) appear to be complementary
and additive; the action of Mg2* depletion on a is
superceded and displaced by the response to mem-
brane phosphorylation. At this point in the discus-
sion it is necessary to distinguish, briefly, the two
phenomena YT .;ym and a. The former is a
measure of the total energy transfer between PS II
and PS1I, including energy transfer directly from
the PS II reaction center and Chl a II {13]. This
term, sometimes described as spillover, appears to
respond to changes in membrane surface charge
[7] caused either by cation changes {7] or mem-
brane phosphorylation [23]. The parameter a is the
proportion of absorbed quanta going directly to
PS I, this value includes quanta absorbed by Chl
a, and those quanta absorbed by LHC; which are
transferred to PS1 directly [13]. The first of these
contributions to a is presumably a constant, so
that increases in a must reflect a change in transfer
from LHC,,. Therefore, the increase in a is in-
versly related to the coupling of LHC,; to PS II.
Results presented in Table IV confirm that
LHC,-PS II coupling [¥T(3,2): ¥T(2,3)] is re-
versibly decreased by phosphorylation of LHC .
Although depletion of Mg?* also reduces this

coupling, the effect is much smaller than that of
phosphorylation. The coupling term ¥T(3,2)-
¥T(2,3) of phosphorylated membranes is not fur-
ther reduced by cation depletion; values of
¥T(3,2) - ¥T(2,3) presented in Table IV show ex-
actly the same trends as the a values in Table II.
From the data calculated in this paper it is clear
that membrane phosphorylation reversibly in-
creases a by reducing the coupling of LHC; to PS
I1. Previously observed effects of cation depletion
on a [13] and on ¥T(3,2)- ¥T(2,3) {11] do not
appear significant in comparison. Phosphorylation
also reversibly stimulates PS II - PSI energy
transfer; in this case, the Mg?* effect appears to
be additive to that of phosphorylation. We in-
terpret these observations as showing that the State
1-State 2 transition phenomenon involves two dis-
tinct, but related, mechanisms. It appears that in
vivo control of a rests with the state of membrane
protein phosphorylation, which is in turn con-
trolled by the oxidoreduction state of carriers be-
tween PS Il and PS1 [5].The value of y T, .,), on
the other hand, is controlled jointly by ion con-
centration and membrane phosphorylation, possi-
bly through the membrane surface charge [7,23].
The demonstration of reversible changes in
parameters such as a and ¢T;; .1ym is in itself not
proof of real changes in membrane function. Yet,
if a and YT, . 1ym, for nonphosphorylated mem-
branes are summed, the total proportion of quanta
reaching PS1 is only 35%. Upon phosphorylation,
a’ and YT _iym account for 52% of the total
quanta. From discussion of the bipartite and tri-
partite model systems [22], it is apparent that the
determined values of a must be regarded as
minimum values. Even so, the change in energy
distribution is large enough to induce real changes
in membrane function, i.e., a State 1-State 2 transi-
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tion. This statement is supported by observations
of increases in PS I relative quantum yields upon
membrane phosphorylation {28].

From Fig. 3 we are able to determine values of
F®4y for nonphosphorylated and phosphorylated
membranes. The extrapolated value is equal in
each case, although the slope of the plot does vary
considerably. F®4y represents the intensity of flu-
orescence due to direct excitation of LHCy; [13].
This indicates no degradation in the pigment asso-
ciated with the LHC|, protein. This term would
not be expected to be altered by LHC,-PS 1I
coupling. The slope of the £ vs. F% plot is an
indication of the ¥T(3,2) - ¥T(2,3) term.

The value of W¥(3,2)- ¥T(2,3) has been sug-
gested to be an estimate of connectivity between
PS II units [24]. Kyle et al. [21] have demonstrated
that PS II-PS II energy transfer is reversibly in-
hibited by phosphorylation of LHC,;. They have
discussed these results in terms of the ‘separate
package’ and ‘matrix’ models for the photochemi-
cal apparatus and have interpreted their data as
support for the ‘connected package’ theory pro-
posed by Butler [24]. The results determined here
from low-temperature fluorescence are totally con-
sistent with the interpretation presented by Kyle et
al. [21].

The reversible effect on PS II connectivity, in-
duced by LCH,, phosphorylation, demonstrated
here and by Kyle et al. [21] contradicts the concept
of a rigid structurally heterogeneous population of
PS II reaction centers as proposed by Melis and
co-workers [25-27]. Kyle et al. [21] have suggested
that PS Ila and PS IIB [25-27] exist only as
different states of connectivity between LHC -PS
II units rather than different structures in the
membrane. A high degree of connectivity between
LHC,,-PS II units corresponds to PS Il« [21],
reducing this connectivity increases the PS IIB
population [21,24].

In a recent publication, Butler [24] has equated
the theories proposed by Melis and co-workers
[25-27} with his own photosynthetic models. Bu-
tler suggests that F*% /F® is a measure of the
proportion of PS Ila/PS 118 (the degree of con-
nective packaging), and that F5% /F8% would be
higher for the PS Ila component. For a matrix
model system (analogous to PS Ila) he predicts a
F5% /F$% ratio of 1.5. Table V shows values of

F® /FS% calculated from the data of Tablel
(similar results were obtained using the data of
Table III). In nonphosphorylated membranes in
the presence of MgCl, (where connectivity is
highest) the F*% /F%% ratio is 1.6, for phosphory-
lated membranes (where connectivity is lowest) the
value falls to 0.69. We interpret these data as
further support for the concept that the photosyn-
thetic apparatus exists as a connected package
model. The connection between these packages is
clearly reversibly affected by phosphorylation of
LHC,,.

Conclusion

Using data from low-temperature (77 K) fluo-
rescence induction transients, we have demon-
strated the physiological role of protein phos-
phorylation in photosynthesis. Phosphorylation of
LHC,, increases a by reducing the coupling of
LHC,, to PS II [¥T(3.2)- ¥T(2,3)]. At the same
time, the value of YT ., (spillover) is increased
by phosphorylation. Both of these effects are re-
versible upon dephosphorylation of the mem-
branes. Comparison of the phosphorylation effects
with those induced by Mg2™ depletion allow us to
make two important statements. The in vivo con-
trol of a [and ¥T(3,2)- ¥T(2,3)] lies with mem-
brane phosphorylation, which is in turn controlled
by the oxidoreduction state of electron carriers.
Control of ¢ Ty, .y, is also under protein phos-
phorylation control and is further influenced by
cation concentrations.

The demonstration of reversible changes in
LHC,,-PS II energy /coupling (and by implication
PS II-PS II transfer) gives support to the con-
nected package model. This observation is in con-
tradiction to proposed structurally heterogeneous
populations of PS II centers.
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