Proc. Natl. Acad. Sci. USA

Vol. 74, No. 8, pp. 3382-3385, August 1977
- Biophysics

Tripartite model for the photochemical apparatus

of green plant photosynthesis

(energy coupling/energy transfer/energy distribution)

WARREN L. BUTLER AND RETO ]. STRASSER

Department of Biology, University of California, San Diego, La Jolla, California 92093

Contributed by Warren L. Butler, June 9, 1977

ABSTRACT Equations for fluorescence and the rates of

hotochemistr‘y; of photosystem I and photosystem II are derived

rom a photochemical model for the photosynthetic apparatus
that includes the various interactions of the light-harvesting
chlorophyll a/b complex with photosystem I ans photosystem
II as specific photochemical rate constants. The degree of
coupling between photosystem II and the chlorophyll a/b
complex which is expressed as a product of two probability
terms plays a central role in this three-pigment system. The cy-
cling of excitation energy back and forth between photosystem
II and the chlorophyll a/b complex increases the exciton density
in both arrays o czlorophyll according to a simple analytical
expression in the equations. These equations of the tripartite
model provide new and credible insights into the photochemical
apparatus of photosynthesis.

The tripartite model of the photochemical apparatus of pho-
tosynthesis presented previously by Butler and Kitajima (1, 2)
was based on earlier chloroplast fractionation studies (3, 4) that
identified three major types of chlorophyll assemblages. Two
of these were the photochemically active pigment systems,
photosystem I (PSI) and photosystem II (PSII), which were
represented as units containing antenna chlorophyll a, Chlaj,
or Chlay;, and a reaction center, Py;-Aj or PyAyy, whereas the
third was the photochemically inactive light-harvesting chlo-
rophyll a/b complex, denoted Chl LH, which contained all of
the chlorophyll b and approximately half of the total chloro-
phyll. It was assumed that excitation energy flowed freely back
and forth between Chl LH and PSII but that energy transfer
from PSII to PSI or from Chl LH to PSI occurred only in a
unidirectional manner.

The model was expressed in terms of photochemical rate
constants representing the various pathways by which excitons
in the photochemical apparatus were utilized or dissipated and
equations for the yields of fluorescence and photochemistry
were expressed in terms of those rate constants and the state of
the reaction centers. It was assumed that the fluorescence
measured at 692 nm at —196° was representative of the fluo-
rescence from PSII whereas that measured at 730 nm at —196°
was representative of the fluorescence from PSI. The low-
temperature emission band at 685 nm was attributed to Chl LH
but it was assumed that the energy coupling between Chl LH
and PSII was sufficiently tight that, to a first approximation,
Chl LH could be considered to be antenna chlorophyll for PSIL
Thus, in essence, the tripartite model was reduced to a bipartite
model which simplified the derivation of the analytical ex-
pressions.

The bipartite formulation has been very useful for the ex-
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amination of energy distribution in the photochemical appa-
ratus including energy transfer from PSII to PSI but a certain
lack of rigor was introduced into the model by the simplifying
assumptions which precluded precise definitions of the inter-
actions of Chl LH. The purpose of the present study is to derive
the equations for fluorescence and photochemistry for a truly
tripartite model in which the interactions of Chl LH with the
rest of the photochemical apparatus have been included as
specific photochemical rate constants. It will be seen that the
tripartite formulation of the model, while more complex, does
provide insights into the distribution and flux of energy within
the photochemical apparatus that were not apparent in the
bipartite model.

THE TRIPARTITE MODEL

The photochemical rate-constant diagram that was used pre-
viously for the bipartite model (2) is expanded here (Fig. 1) to
include rate-constant terms for fluorescence from Chl LH
(kFm), energy transfer from Chl LH to Chlay; and to Chla;
(k1(32) and k1), respectively), and energy transfer from Chlay
to Chl LH and to Chla; (k1(2s) and kt(21), respectively). The
fractions of the quantum flux absorbed by Chla;, Chlay;, and
Chl LH are represented by «, 8, and v, respectively, such that
a+ B+ v = 1. As noted previously (1, 2), all variable fluores-
cence originates at closed PSII reaction centers (Py-A~) which
return trapped excitation energy back to Chlajy via the ky;
process.

In the derivations that follow, we will distinguish y terms that
are constants from ¢ terms that are variables and depend on the
state of the PSII reaction centers. The probability that an exciton
in Chl LH or Chla; will be dissipated via a particular pathway
is a constant—e.g., Ya2) = kr@z)krm + kr@z) + kr@y] ™! The
energy flux in Chlay;, however, depends on the state of the PSII
reaction centers. An exciton in Chlay; has a choice of de-exci-
tation via kgy, kpu, kT(23), kT(gl), or ky (i.e., trapping by the
PSII reaction center chlorophyll). If the exciton is trapped in
a reaction center that is open (Py-Ay), photochemical charge
separation is accomplished. However, if the exciton is trapped
in a reaction center that is closed (Py-Ay1~), the energy cannot
be used (kpi = 0) but may be transferred back to the antenna
chlorophyfl of PSII (via kyj) where the various de-excitation
pathways again compete. The transfer of energy from the
closed PSII reaction centers back to Chlay; increases the exciton
density to Chlay; and thereby increases the flux through the PSII
dissipative pathways.

It was shown previously (1, 5) that if we assume that there
is no energy transfer between PSII units—i.e., a “separate

Abbreviations: PSI, photosystem I; PSII, photosystem II; Chla, chlo-
rophyll a; Chl LH, chlorophyll a/b complex.
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FiG. 1. Photochemical rate-constant diagram from tripartite model. See text for definitions. *, Excited ¢hlorophyll molecules.

package” model for PSII—we can express the ¢ terms as:
_ 1— Ay )
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- in which Y41 = kgi(kar + kan)~L The ¢ terms in front of the
parentheses in Egs. 1 are the probabilities that an exciton will
take that particular pathway and the terms inside the paren-
theses indicate the factor by which the exciton density in Chlay
increases as the PSII reaction centers close. [We also could have
assumed a “matrix” model for PSII in which all of the PSII re-
action centers were available to all of the Chlay (1). In that case,

the term inside each pair of the parentheses in Eqgs. 1 would be g

[1 = Yrm¥ur(1 — An)]™L.] The ¢ terms vary from a minimum
value—e.g., ¢r(23)0) = ¥1(23) when A = 1—to a maximum
value, or@sym) = ¥res)(l — Y1) ™! when A = 0. Bear in
mind that the Y and ¢ terms refer to processes occurring in the
different parts of the photochemical apparatus. The overall
yield terms, ®, are measyrable quantities defined as output
versus input. For example, the overall yield of PSII fluorescence,
&y, is defined as the intensity of PSII fluorescence, Fyj, divided
by the quantum flux absorbed by the entire photochemical
apparatus, I,.

Let us first consider the fluorescence from Chl LH. The en-
ergy absorbed by Chl LH will be L,y and a part of that energy,
Ly¥rm, will be emitted immediately as fluorescence. However,
- another part of that energy, Iy y¥1sz), will be transferred to
Chlay and a part of that, I, y1(32)¢r(23), will be returned to Chl
LH where fluorescence can again occur. In fact, there will be
" a continual cycling of energy from Chl LH to Chlayy and back
to Chl LH until the energy is used, fluoresced, or dissipated.
Thus, the fluorescence from Chl LH due to light absorbed by
Chl LH can be expressed as an infinite series:

Fr(y) = L[l + ¥reoeres) + Yrezeres)? + . . Wrm.
In addition, light energy absorbed by Chlay; can be transferred

to Chl LH, I,B¢r23), and that energy will go through the same
cycling process. Thus, the fluorescence from Chl LH due to

light absorbed by Chlaj; will be:
Frs) = LBeres)l + Yrsz)eres) + (Yree)eres)? . . Ve

The infinite series in these two equations converges to a simple
expression [1 — Y1(g)er(23)] ™! so that the equation for the total
fluorescence from Chl LH can be written as:
=_Y*Beres)
Fi=—1 Beres Lyrm. [2]
1 = ¥r@2)er(es)

A similar expression can be derived for the fluorescence from
Chlay;. In that case, the energy absorbed by Chlay may be
transferred to Chl LH and back to Chlay; in a cycling process

. in which the fraction ¢r(23)¥1(s2) is returned to Chlay; on each

cycle. The fluorescence from Chlay; due to light absorbed by
Chlan will be:

Fiyg) = LB[1 + eres¥ri2) + (eresyree)? . - Jern
whereas that due to light absorbed in Chl' LH will be:

Fu(y) = Ly¥rea)ll + eresWres) + (ereswre)? + . . . ern

for a total fluorescence from Chlay; of:

B+ v1ee
Fy = ———Y¥T@2) 4 . (3]
T = Yreaeres

The fluorescence from Chla; will have three possible sources
of excitation: one due to the direct absorption by Chlay, I, one
due to the excitation energy in Chlay that is transferred to Chlay,
and the third due to the excitation energy in Chl LH that is
transferred to Chla;.

_ (8 + v¥1E9)eren) + (v + Beres)¥ren
F ITj|a +
1 — Yr@2)er(es)

X Lyr. [4]

Equations can also be written for the rates of photochemistry
by PSI and PSII. We assume that energy trapped by a PSII re-
action center is used for photochemistry if the reaction center
is open (i.e., kpyr > ke or kann). The rate of photochemistry will
be determined by the excitation energy in Chlay;, the proba-
bility of trapping excitons by the reaction centers, Yy, and the
fraction of the reaction centers that are open:

+ v¥re)
Py = M—I A 5
LA P — a¥TiAn 18]
and for PSI:
P = [ o + Bt vrea)eren + (v + Bwr(zs))‘ﬁ'r(sl)]
1 = Y1@2)e1ie3)
X LyTiAL (6]

Eqs. 2-6 represent a complete description of the tripartite
model of the photochemical apparatus of photosynthesis in
green plants. The term [1 — Y1@2)er(23)] !, which appears in
each of these equations, represents the increase in exciton
density in Chl LH and Chlay; due to the cycling of excitation
energy back and forth between these two arrays of chlorophyll
just as the cycling of excitation energy between Chlay; and the
closed PSII reaction centers causes the exciton density in Chlay
to increase by a factor of (1 — Yryerr) L ,
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Significant differences are apparent between these equations
derived for the tripartite model and the previous equations that
represented a bipartite model. In the previous equations, de-
rived on the assumption that there was no energy transfer be-
tween PSII units, fluorescence increased from a minimum, Fy,
level to a maximum, Fy, level as a linear function of Aj;. The
expressions derived for the tripartite model also on the as-
sumption of no energy transfer between PSII units are no longer
linear functions of Ay Even thouglrthe ¢ terms shown in Egs.
1 are linear functions of Ay, the appearance of ¢rgs) in the
denominator of the equations introduces a nonlinearity which
will be examined in more detail in the Discussion.

An important experimental observation in our previous work
was that X-Y plots of the fluorescence at 730 nm versus that at
692 nm (or, in fact, between any pair of emission wavelengths)
measured between the Fo and Fy levels as the fluorescence
excitation light closed the PSII reaction centers of —196° gave
perfectly straight lines that could be extrapolated back to the
F1730 axis (6). Such results were predicted from the previous
bipartite set of equations because both Fj and Fy; were linear
functions of Aj. However, the present nonlinear equations
should be examined to determine if they predict the linear X-Y
plots as well.

The nonlinearity of Fj, Fy;, and Fyyj can be expressed by
differentiating Eqgs. 2, 3, and 4 with respect to Ay

dFt _ __ (B+ Y1) (oren
dAg (1 — Yreyeres)? TN

+ Yrenereym)ladr  [7]

dFu _ __ (B+ v¥re)

FT i — 8]
dFm _ __(B+ véren) _
dAn (1= ¥reoeres)? eresmlayr

(9]

It is apparent from Egs. 7, 8, and 9 that the nonlinearities in the
expressions for Fy, Fj, and Fyyj are identical and will cancel out
if one emission is plotted as a function of either of the other two.
X-Y plots between any pair, as Aj goes from 1 to 0, will be a
straight line that can be extrapolated back to the Y axis to give
an intercept value. Table 1 gives the expressions for the slope
and intercept values for various pairs of emissions. Much in-
formation was obtained in the bipartite model from measure-
ments of the slope and intercept values of X-Y plots of F; versus
Fi. It is anticipated that similar information will be obtained
from X-Y plots involving Fy, Fyj, and Fyy; within the context of
the tripartite model.

Eqgs. 7, 8, and 9 were obtained by using Egs. 1 to define the
@ terms as functions of Aj;. The equations could also have been
derived by using the “matrix” model equations for the ¢ terms.
In that case, the nonlinearities would have been greater but they
would also have cancelled out in the X-Y plots of fluorescence
and the expressions shown in Table 1 would be unchanged.

DISCUSSION

Joliot and coworkers (7, 8) first proposed that energy transfer
between PSII units is responsible for the initial lag in the fluo-
rescence induction curve measured in the presence of DCMU.
The phenomenon is also manifested as a nonlinear dependence
of fluorescence yield on the fraction of the PSII reaction centers
that are closed. It was shown in our photochemical model for
PSII (5) that, if we assumed a “separate package” model in
which there is no energy transfer between PSII units, the nor-
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Table 1. Expressions for slopes and intercept values for various
pairs of emissions

Emission pairs Slope Intercept

kren + kreswTen

Fyvs Fig e YFI Lla + v¥r@anlvm

Fyvs Fun krey + krespren ¥ [a _kren ]
k(s YR kr(e3)
k123

Fuivs Fir —/—9; VFIII Lay¥rm

malized fluorescence increase is a linear function of the fraction
of PSII reaction centers that are closed at any time t.

Ft - F()

—=1—-A 10

Fy—Fo 11 (10]
in which F, is the intensity of fluorescence at time t. On the
other hand, if we assumed a “matrix” model in which all PSII
reaction centers are available to all of the PSII antenna chlo-
rophyll, that relationship is nonlinear (5):

Fe—Fo__1-Ag (1]
Fu=Fo ) Fuw,
Fiy0)

and the degree of nonlinearity depends on the relative extent
of Fy for PSII (Fiyv) = Fiym) — Fix(0)). It was pointed out in the
bipartite formulation (1, 2, 6) that the fluorescence of variable
yield of PSI and PSII should have the same kinetic behavior and,
indeed, it can be shown from the equations of the bipartite
model that Egs. 10 and 11 apply for PSI fluorescence as well
as for PSII fluorescence. Egs. 10 and 11 represent the extreme
cases for energy transfer between PSII units. It is generally as-
sumed that the photosynthetic apparatus functions somewhere
between these two extremes and that the fluorescence, as a
function of Ay, follows a relationship that is intermediate be-
tween Egs. 10 and 11.

The nonlinearity that appears in the tripartite equations for
fluorescence merits examination because we assumed in Egs.
1 that there was no energy transfer between PSII units. If the
¢ terms shown in Egs. 1 are substituted into Eq. 2, 3, or 4, we
can show in each case that:

Fe—Fo _
Fm— Fo

1—-Aq

1 + Fuw)

Fiyo)
As expected, the kinetic behavior is identical for Fyyj, Fy;, and
Fi but these fluorescences are nonlinear functions of Ay even
though we assumed that there was no energy transfer between
PSII units. The degree of nonlinearity depends on the coupling
term Y1(32)¥T(23) which is always less than unity so that Eq. 12
is intermediate between Eqs. 10 and 11. The question remains,
however, why the nonlinearity if there is no energy transfer
between PSII units? '

The tripartite equations would be equally valid if we had
chosen a matrix model for the PSII units. In that case, the ¢
terms in Egs. 1 would have been written in the form ¢rn = Yrn
X [1 — Yrman(l — Ap)] ™1 (1). Substitution of those ¢ terms into
Eq. 2, 3, or 4 will give Eq. 11. We could also have formulated
the tripartite system as a strictly separate package model in
which each package consisted of one PSI unit, one PSII unit

(12]
YrE2¥TEes)An
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with either an open or a closed reaction center, and the associ-
ated Chl LH. The ¢ terms for each of the individual packages
would be assigned either the minimum or the maximum values
depending on whether the PSII reaction center of that partic-
ular package was open or closed. The intensity of fluorescence
from the sample at any given photochemical state would be the
sum of the emissions from all of the individual packages, the
fraction Ay having open PSII reaction centers and minimum
¢ values and the fraction 1 — Ay having closed PSII reaction
centers and maximum ¢ values. For such a model, Eq. 10 de-
scribes the relationship between fluorescence and the state of
the PSII reaction centers. In the formulation that was used, the
¢ terms were written in the form that assumes no direct energy
transfer between PSII units but energy coupling between Chl
LH and Chlay was described with intermediate values of ¢r(gs)
even though any particular PSII unit should be either open or
closed. In essence, energy coupling between Chl LH and Chlay
was averaged over the entire sample. This averaging, in effect,
simulates energy transfer between PSII units via Chl LH. This
latter tripartite model of the photochemical apparatus can be
represented schematically (Fig. 2) as individual PSII units
embedded in a matrix of the light-harvesting chlorophyll a/b

complex (Chl LH) with each PSII unit connected to a PSI-

unit.
Excitation energy can be transferred between PSII units by

passing through Chl LH and the extent of such energy transfer
depends on the coupling between Chl LH and Chla;—i.e., on
the coupling term Y 1@e¥r2s) The tighter the coupling, the
greater the energy transfer between PSII units and the greater
the nonlinearity of fluorescence as a function of Ay.

Energy coupling between Chl LH and Chlay; takes on a
central role in the tripartite model. The cycling of excitation
energy back and forth between Chl LH and Chlay; increases
the exciton density in both arrays of chlorophyll by the factor
[1 = ¥rs2)eres)| ™. In Eq. 3, for instance, Fyj increases as the
PSII reaction centers close because ¢y increases and because
#1(23) in the denominator term increases and the increase of
[1 = ¥r1(s2)¢r2s)] ! may contribute more to the fluorescence
increase than the increase of ¢ry. The influence of energy
coupling between Chl LH and Chlaj; on the fluorescence of
variable yield can also be inferred from developmental studies
with dark-grown bean leaves that have been partially greened
by a series of brief flashes. These leaves, which have active PSI
and PSII units but none of the light-harvesting chlorophyll a/b
complex, show a ratio of Fy/Fg of PSII fluorescence at —196°
of about 1.2 (9). If the flashed leaves are greened further in
continuous light, they accumulate the chlorophyll a/b complex
and the ratio of Fy/F¢ at 694 nm increases to values as high as
4.0-5.0. It can be shown from Eq. 3 that:

Fu) _ Y (13]
Fio) 1 — ¥ — ¥reeWres)

Even though Y111 should decrease as Chl LH accumulates, due
to the increasing competition from ¥(e3), the increase in the
coupling term Yrr(s2j¥r(zs) will cause a marked increase in the
Fy/Fg ratio. We would also expect from Eq. 12 that the fluo-
rescence from a flashed leaf should be a linear function of Ay
because the coupling term should be zero in the absence of Chl
LH. However, the fluorescence should become an increasingly
nonlinear function of Ay as Chl LH accumulates because both

Fiyv)/Fi0) and Yra2¥r(es) would be increasing.
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F1G. 2. Tripartite model represented as individual PSII units
embedded in a matrix of light-harvesting chlorophyll a/b complex
(Chl LH). Each PSII unit is connected to a PSI unit.

The effect of divalent cations on the distribution of excitation
energy can also be examined in the context of the tripartite
model. Homann (10) first reported that the addition of divalent
cations to chloroplasts caused a marked increase of fluorescence,
especially the fluorescence of variable yield, and Murata (11),
who observed the same phenomenon, suggested that divalent
cations caused a redistribution of excitation energy in favor of
PSII. Butler and Kitajima (2) examined the effect of Mg2* on
energy distribution in the context of their bipartite formulation
and confirmed that the yield of energy transfer from PSII to
PSI was greater in the absence of divalent cations. The tripartite
model now focuses the mechanism of energy distribution on
the energy coupling between Chl LH and Chlaj;. We propose
from Eq. 13 that the Mg2*-induced increase in the fluorescence
of variable yield from PSII is due to an increase in the coupling
between Chl LH and Chlay;. The increased coupling between
Chl LH and Chlay; may also compete with energy transfer to
PSI. Arntzen and Ditto (12) recently reported from chloroplast
fractionation experiments that Mg2+ induced a tighter associ-
ation between the chlorophyll a/b complex and PSII. We expect
to be able to estimate the value of Y(s2j¥/1(23) from measure-
ments of fluorescence at —196° and to determine the extent to
which that coupling term is affected by the presence of
Mg?t,
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