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Acclimation of leaves to low light produces
large grana: the origin of the predominant
attractive force at work
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Photosynthetic membrane sacs (thylakoids) of plants form granal stacks interconnected by non-
stacked thylakoids, thereby being able to fine-tune (i) photosynthesis, (ii) photoprotection and
(iii) acclimation to the environment. Growth in low light leads to the formation of large grana,
which sometimes contain as many as 160 thylakoids. The net surface charge of thylakoid membranes
is negative, even in low-light-grown plants; so an attractive force is required to overcome the electro-
static repulsion. The theoretical van der Waals attraction is, however, at least 20-fold too small to play
the role. We determined the enthalpy change, in the spontaneous stacking of previously unstacked
thylakoids in the dark on addition of Mg®", to be zero or marginally positive (endothermic). The
Gibbs free-energy change for the spontaneous process is necessarily negative, a requirement that
can be met only by an increase in entropy for an endothermic process. We conclude that the dominant
attractive force in thylakoid stacking is entropy-driven. Several mechanisms for increasing entropy
upon stacking of thylakoid membranes in the dark, particularly in low-light plants, are discussed.
In the light, which drives the chloroplast far away from equilibrium, granal stacking accelerates
non-cyclic photophosphorylation, possibly enhancing the rate at which entropy is produced.

Keywords: depletion attraction; electrostatic repulsion; entropy; grana; LHCII;
van der Waals attraction

1. INTRODUCTION
Understanding the molecular organization of thylakoid
membranes of higher-plant chloroplasts and its
relationship to the composition of the membrane com-
ponents and photosynthetic function has been Jan
Anderson’s career-long passion [1]. Appropriately, a
conference with the short title “‘Why grana?’ was held
in Schloss Arnsberg, Germany, in 1998, to acknowl-
edge her contributions to photosynthesis research for
over half a century, which were further recognized by
a Lifetime Achievement Award of the International
Society for Photosynthesis Research in 2007.
Thylakoid membranes in higher-plant chloroplasts
differentiate into appressed (stacked) and non-appressed
(unstacked) regions. The granal stacks are a prominent
feature of chloroplast ultrastructure, visible even under
a light microscope [2]. The extent of granal stacking
varies considerably with environmental growth con-
ditions. Thus, the ratio of appressed-to-non-appressed
membranes is generally higher in plants acclimated to
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low light than in the same plant species grown in high
light, and also higher in obligate shade species than
in sun species [3—5]. For example, leaves of Alocasia
macrorrhiza plants grown in high light possess few thyla-
koids per granum, but in low incandescent growth light
one granum may contain as many as 160 thylakoids [6].

Although not essential for photosynthesis, granal
stacking helps to fine-tune (i) photosynthesis, (ii) photo-
protection and (iii)) acclimation to ever-changing
environments [1,7—13]. Some advantages associated
with thylakoid stacking include: (i) an extremely
large membrane surface-to-volume ratio to accommo-
date an optimally high density of light-harvesting
pigments [14]; (ii) an extreme spatial separation of
the two photosystems [15] that limits excessive spil-
lover of excitation energy from photosystem II
(PSII) to PSI [7,8], specifically to keep the rapidly
functioning PSI and the relatively slow PSII apart
[11]; (iii)) enhancement of non-cyclic photophosphor-
ylation [16]; (iv) regulation of non-photochemical
dissipation of energy [10]; (v) delay of premature
degradation of D1 protein in PSII [17]; (vi) regula-
tion of non-cyclic versus cyclic electron transport
and the associated photophosphorylation [18]; and
(vii) a potential increase in photosynthetic capacity
for a given chloroplast composition in full sunlight
[12]. Together, these traits derived from granal stack-
ing may have driven the evolutionary selection for
grana in higher plants [12].

This journal is © 2012 The Royal Society
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In this paper, we examine the attractive force that is
required to overcome the repulsion between thylakoid
membranes carrying net negative charge, and to bring
thylakoids together in granal stacks. We conclude
that the predominant attractive force appears to be
entropy-driven, and propose several mechanisms
whereby entropy is increased to drive the formation of
granal stacks in the dark. That is, the order in granal
stacks arises out of disorder. In the light, the photosyn-
thetic apparatus is driven far from equilibrium, such
that maximization of the rate of entropy increase
may be important for structural organization, an area
of research that is only beginning to be explored.

2. ACCLIMATION TO LOW LIGHT RESULTS IN
LESS ABUNDANCE OF ATP SYNTHASE AND
LESS STERIC HINDRANCE TO GRANAL
STACKING

It is physically and energetically unfavourable for
the adenosine triphosphate (ATP) synthase, which has
a bulky coupling factor 1 knob protruding into the aqu-
eous stromal phase, to be located within the gap between
the appressed membranes of granal stacks. Therefore, it
is no surprise that, to avoid steric hindrance, the ATP
synthase is found only in non-appressed membranes
[19], where its catalytic subunits are also free to rotate.
Further, the area of non-appressed membranes required
to accommodate the ATP synthase [19] and other
protein complexes such as PSI [15] and ferredoxin
NADP™ reductase [20] depends on the abundance of
these complexes. The abundance of the ATP synthase,
in particular, decreases with decrease in growth irradi-
ance [21]. This is confirmed by Chow & Anderson
[22], as shown in figure 1, in which the ATP synthase
content in pea thylakoids is inferred from its maximum
hydrolytic capacity (i), or the capacity for cyclic photo-
phosphorylation driven by saturating irradiance and
mediated by phenazine methosulfate (ii). It is seen that
ATP synthase-dependent activity is low at low growth
irradiance, but increases twofold within 3 days after
transfer to higher growth irradiance. Although the activi-
ties are expressed on a Chl basis, the chlorophyll (Chl)
content per unit pea leaf area was scarcely changed
after the transfer [23]. By inference, therefore, the ATP
synthase content is low in low growth-light.

A lower abundance of the ATP synthase at low
growth irradiance partly explains the smaller non-
appressed membrane area relative to the appressed
membrane area. However, it does not explain why
net negatively charged thylakoid membranes stack to
form grana at all. To elucidate the stacking process,
we need to consider the repulsive and attractive
forces that operate between thylakoid membranes.

3. ELECTROSTATIC REPULSION BETWEEN
THYLAKOIDS MODULATES GRANAL STACKING
Thylakoid membranes carry net negative charge, as
demonstrated by their electrophoretic mobility under
an electric field [24], the ability to sequester
9-aminoacridine’ at its diffuse layer adjacent to the
membrane surface, and in doing so to bring about con-
centration quenching of 9-aminoacridine fluorescence
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Figure 1. (a) The mean octyl-glucoside-stimulated ATPase
activity in three light-transfer experiments + s.e. (b) Mean
phenazine methosulfate-mediated cyclic photophosphoryla-
tion rates in two light-transfer experiments. Pea thylakoids
were isolated from plants grown in low light (filled circles,
60 pmol photonsm ™~ 2s™ ') or transferred to high light (open
circles, 390 wmol photons m~2s~ ') at the time indicated by
the arrow. Re-plotted from fig. 6 of Chow & Anderson [22].

[25], and an ability to sequester divalent cations such
as '*C-labelled diquat*" [26] or the non-labelled
paraquat®” (methyl viologen®>", MV) [6]. The value of
the surface charge density (o) obtained in experiments
depends on the method used, but a reasonable value
is —25mCm ? [26,27]. Thus, estimation of ¢ in
relation to growth irradiance, using the release of
quenching of 9-aminoacridine fluorescence on separ-
ately adding monovalent and divalent cations, and
solving two simultaneous equations, yields average
values for o in lettuce thylakoids that increased from
—19to —39 mC m ™ 2 as the growth irradiance increased
(table 1, taken from Davies er al. [28]). Analysis of the
sequestering of '*C-labelled diquat®™ in the diffuse
layer yielded —30 mC m ™2 for thylakoids from spinach
grown at low irradiance [26]. The use of paraquat®"
gave o values of approximately — 1 mC m~ 2 for Alocasia
grown in low incandescent light and —15mC m™? in
high fluorescent light [6] (table 1). Because the light-
harvesting complex II (LHCII) carries net negative
charge on its stromal surface, and is more abundant in
plants grown at low irradiance, the lower magnitude of
o in low-light-grown plants is probably due to the
lower abundance of the ATP synthase and other
membrane components, despite the increase of LHCII.
Using 9-aminoacridine™, Kim ez al. [29] estimated
that o was —32mCm ? in wild-type Arabidopsis
thylakoids, and about —22 mC m 2 in two Chl b-less
mutants (table 1). Analysis of the sequestering of
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Table 1. Surface charge densities (o) of unstacked thylakoid membranes; values of o are in mC m™ ~.

2

thylakoids low growth irradiance high growth irradiance method references

lettuce —19 -39 9-aminoacridine™ [28]

spinach -30 4C-diquat®* [26]

Alocasia -1 —-15 paraquat® " [6]
wild-type Chl b-less mutant —21%

Avrabidopsis —32 —22 9-aminoacridine™ [29]

barley -18 —-10 14C-diquat®* [26]

14C-labelled diquat®" yielded —18 mC m ™ ? for wild-
type barley and —10 mCm 2 for Chl b-less barley
mutant [26]. The lower magnitude of o in the Chl
b-less mutants of Arabidopsis and barley is almost cer-
tainly due to the absence of LHCII, which carries net
negative stroma-exposed charge.

In any case, the net surface charge density of thylakoid
membranes is negative, implying that the membranes
should repel one another; the more negative o is, the
greater is the repulsion. The electrostatic repulsion orig-
inates from the formation of a diffuse layer of counterions
adjacent to the membrane surface: even though each
membrane surface together with its adjacent diffuse
layer is electrically neutral, as two membranes approach
each other the diffuse layers will be squeezed, resulting
in repulsion between two membranes.

However, the electrostatic repulsion can be modu-
lated by adding different charge-screening cations.
To compare the calculated electrostatic repulsion
with experiments, we needed a way of conveniently
and routinely assaying the extent of granal formation
in a large number of envelope-free chloroplasts. For
this purpose, we adopted a digitonin treatment of
such chloroplasts, with the rationale that digitonin
breaks up the stromal lamellae, which form small
vesicles that remain in the supernatant upon centrifu-
gation, while the granal stacks are sedimented at
10 000g to form a ‘10 K pellet’ [30]. The Chl content
in the pellet (aided by the Chl a/Chl b ratio) gives a
good indication of the extent of granal formation.
Figure 2a depicts the variation of the extent of stacking
with MgCl, added to a buffer medium with two
background KCIl concentrations, as reported by
Rubin ez al. [31]. In the absence of MgCl,, the mem-
branes were unstacked at each background KCI
concentration, as indicated by a low Chl content in
the 10 K pellet. At 5 mM MgCl,, stacking was maxi-
mal. Interestingly, the two curves for the two KCI
concentrations crossed each other at a [MgCl,] slightly
below 1 mM. The calculated electrostatic repulsion
per area of membrane surface (P) decreased with
increase in [MgCl,] (figure 2b6); the two curves corre-
sponding to two background KCI concentrations also
crossed each other at a [MgCl,] similarly slightly
below 1 mM. Thus, the extent of granal stacking
could be modified according to the modulation of
the electrostatic repulsion by screening cations.

In a low-salt buffer medium with a monovalent
cation concentration less than or equal to 1 mM
and a low divalent cation concentration in the
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micromolar range, previously stacked thylakoid mem-
branes remain stacked [32]. When the monovalent
cation concentration is increased to several millimolar,
the membranes unstack; on increasing the monovalent
concentration further to about 100 mM, the mem-
branes stack again (figure 2¢). This interesting ‘dip’
was first reported by Gross & Prasher [32]. Duniec
et al. [33] and later Rubin ez al. [31] calculated the
electrostatic repulsion (figure 2d) as a function of
monovalent cation concentration at low background
concentrations of a divalent cation, obtaining repulsive
forces that were qualitatively the mirror image of the
extent of stacking, i.e. the peak repulsion (figure 2d)
corresponds to the minimum in granal stacking
(figure 2¢). Further, the peak position shifted to
a higher [KCIl] when the background [MgCl,] was
higher, in approximate correspondence to the shift in
the trough in granal stacking. Overall, the results
demonstrate that electrostatic repulsion is the main
force opposing the formation of grana.

4. THE ATTRACTIVE VAN DER WAALS FORCE IS
VASTLY EXCEEDED BY ELECTROSTATIC
REPULSION

Given the electrostatic repulsion between thylakoid
membranes that carry net negative charge, an attrac-
tive force is required to overcome the repulsion and
bring about granal stacking. The attractive force
could potentially be van der Waals attraction, which
is dominated by the London dispersion force among
instantaneously induced dipoles [34]. Figure 3 (in
which the van der Waals attraction is taken from
fig. 3 of Sculley ez al. [35]) has been replotted on a
linear scale for a better visual comparison between
the magnitudes of the electrostatic repulsion and the
van der Waals attraction as functions of membrane
separation. The van der Waals attraction was calcu-
lated for two volume fractions of protein in the
membrane, 0.6 (curve b) and 0.4 (curve c¢). The elec-
trostatic repulsion curve a (at constant surface
potential and o= —25mC m ) was calculated by
Rubin ez al. [30] for a stacking ionic medium contain-
ing 5 mM Mg®" and 10 mM K*. A recent estimate of
the inter-membrane distance yielded 3.2 nm [36].
At 3.2 nm membrane separation (vertical line), the
calculated van der Waals attraction is at least an
order of magnitude too small to match the electrostatic
repulsion. It seems unlikely that even if a higher
protein volume fraction were assumed, the van der
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Figure 2. (a,c) Experimental determination of the extent of stacking of pea thylakoids as a function of ionic composition of the
suspension medium, and (b,d) the corresponding electrostatic repulsion calculated for each particular ionic medium. Either
the monovalent or divalent cation concentration was varied while the other was kept constant. Re-drawn from figs. 2, 3
and 5 of Rubin ez al. [31] in which the assumed membrane separation was 1 nm in () and 4 nm in (d).
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Figure 3. Theoretical calculations of the contributions to
the force per unit area, P, between two membranes as a func-
tion of separation, re-plotted on a linear scale from Rubin
et al. [31]. The curve a represents the electrostatic repulsion
in a stacking ionic medium (5 mM Mg?" together with
10 mM K*), calculated at constant surface potential and
o= —-25mCm 2 Curves b and ¢ (taken from fig. 3 of
Sculley ez al. [35]) denote the van der Waals attraction, cor-
responding to dielectric constants of 3 and 2.5, and volume
fractions of protein in the membrane of 0.6 and 0.4, respect-
ively. The vertical line indicates the membrane separation
recently determined by Daum ez al. [36].

Waals attraction will ever be large enough to match the
electrostatic repulsion. Thus, we need to search else-
where for the predominant component of the
attractive force that brings about granal stacking.
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5. IN THE DARK, THE PREDOMINANT
ATTRACTIVE FORCE THAT COUNTERACTS
ELECTROSTATIC REPULSION IS
ENTROPY-DRIVEN

Granal stacking of thylakoid membranes in the dark is
an equilibrium process. On adding cations such as
MgCl, to a suspension of previously unstacked thyla-
koids, the membranes spontaneously stack, reaching
a new equilibrium in which the Gibbs free energy
(AG) is lower than before. That is, the change in AG
is negative for a spontaneous process. We used the sen-
sitive technique of isothermal titration calorimetry to
obtain the enthalpy change (AH, heat gained or lost
at constant pressure) of granal stacking on adding
MgCl,. After accounting for a large heat component
unrelated to stacking, we obtained a AH value for stack-
ing of 0.04 + 0.35 kJ (mol Chl) ' (J. Jia, J. R. Liggins
and W. S. Chow 2012, unpublished data). That is,
the AH for stacking was close to zero; if anything, it
was slightly positive (endothermic). Therefore, for
AG = AH—TAS to be negative, where T is the absolute
temperature and AS is the entropy change, AS has to
be positive. That is, the overall entropy of the system
is increased upon stacking of thylakoid membranes.
This may seem counterintuitive, as granal stacks are
ordered membrane structures, associated with which is
a laterally heterogeneous (non-random) distribution of
membrane protein complexes. However, there are at
least five mechanisms by which entropy can be increased
upon stacking of thylakoid membranes; these
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mechanisms operate in chloroplasts iz vivo in general,
but the first four described below could be particularly
facilitated during acclimation to low light owing to the
increased abundance of LHCII.

@

(i)

(iii)

LHCII trimers exist in thylakoid membranes,
with discrete domains of negative and positive
charge [37], but with an overall negative surface
charge. Stacking two surfaces, each with net
negative charge, requires a force exerted over
a certain distance to reach the final separation
between the membranes. That is, work has to
be done to bring two membrane surfaces
closer, and an input of energy is required in
the process. Given that the van der Waals
attraction is so small, the net enthalpy change
AH will be positive (endothermic), and will
not help to make AG negative, but quite the
opposite. However, it has been proposed that
during stacking, domains of opposite charge
approach each other in a non-specific ‘Velcro’
manner [37]. When two domains of opposite
charge come together, the counterions in their
adjacent diffuse layers could be released in
pairs of oppositely charged ions, each ion even-
tually able to diffuse freely in the bulk solution,
thereby increasing entropy [38] and helping to
make AG negative. This effect should be accen-
tuated in low-light-acclimated plants because of
the abundance of LHCII.

Similarly, as two surfaces with net negative
charge approach each other, such that two
domains of opposite charge approach each
other in a non-specific Velcro manner, water
molecules loosely bound to one domain could
be released because the ends of water dipoles
pointing away from the domain are somewhat
attracted by an approaching domain of opposite
charge. Released water molecules will obviously
contribute to an increase in entropy. This effect
also depends on the abundance of the LHCII
that provides the Velcro effect, and is parti-
cularly prominent in plants acclimated to a
low-light environment.

Adjacent to each domain of one type of charge,
the magnitude of the surface charge density
may be much greater than that of the nez surface
charge density o on the membrane surface
overall; in that case, the electric field strength
E near the surface may be strong enough to
align water dipoles. Our unpublished calcu-
lation of E according to the Gouy—Chapman
theory [39] for an unstacking buffer medium
gave an E value at the surface such that a
water dipole placed in the electric field has an
energy of about —2k7, where k is Boltzmann’s
constant. On the other hand, in a stacking
buffer medium such as one containing MgCl,
(which is abundant in the chloroplast stroma),
E is fourfold smaller, so that a loss of alignment
of water dipoles is expected. The loss of align-
ment of water dipoles increases orientational
freedom and, therefore, the entropy of the
system. The increase in entropy is dependent
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(iv)

on the number of domains, and therefore the
abundance of LHCII. Thus, more abundant
LHCII in low-light-acclimated plants enhan-
ces the increase in entropy upon stacking of
thylakoid membranes.

In addition to the above mechanisms arising
from small molecules alone, there is an
entropy-driven attraction (depletion attraction)
arising from a mixture of small and large par-
ticles/macromolecules in chloroplasts [40]. In
depletion attraction, large particles are pushed
together so as to free up volume for diffusion
of the smaller particles when both types of par-
ticles are present at a high concentration.
Depletion attraction in physics, whereby order
is generated from an overall increase in disorder
(entropy), is also called macromolecular crowd-
ing in biology.

Depletion attraction in thylakoid membranes
could drive the initial approach of two PSII
monomers in the formation of a PSII dimer
[41,42], prior to any interaction of specific sub-
units. Within the thylakoid membrane,
dimerization of membrane protein complexes
(‘large particles’) would allow more volume for
free diffusion of smaller molecules (‘small par-
ticles’) such as plastoquinone and lipids in the
plane of the thylakoid membrane. If one views
a membrane protein complex along the perpen-
dicular to the membrane, it is approximately a
large circle. Similarly, a small molecule is
viewed approximately as a small circle. The
centre of a small circle cannot be any closer to
the large circle than the radius of the small
circle. Therefore, surrounding each large circle
is an exclusion zone that the centre of a small
circle cannot reach. However, when two large
circles touch, the exclusion zone is less than the
sum of the two separate exclusion zones [40].
Therefore, the formation of a dimer of protein
complexes (large circles) provides more space
for free diffusion of the small molecules. For-
mation of trimers of LHCII would similarly
increase the volume for diffusion of small mol-
ecules, as would the attachment of LHCII
trimers to the PSII core. This mechanism may
be particularly important in low-light-acclimated
plants in which there is an abundance of LHCII.

Not only is the diffusion of small molecules in
the plane of the thylakoid membrane increased
by aggregation of larger complexes within the
thylakoid membrane, but the flexing of the
highly unsaturated acyl chains (with bending
due to cis-double bonds) of the lipids is also
enhanced, thereby increasing entropy. Thus, in
this mechanism, the tendency to maximize
entropy by maximizing the flexing of acyl
chains also drives the aggregation of membrane
protein complexes LHCII and PSII to form
protein-rich domains; in turn, the aggregated
complexes on opposite membrane surfaces pos-
ition themselves for the Velcro effect mentioned
earlier. Conversely, saturated acyl chains are
more straight and their flexing more limited,
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with less entropy to be gained from aggregation
of membrane complexes; thus, stacking should
be less pronounced. In this regard, it is interest-
ing to note that in a mutant of Arabidopsis
deficient in lipid desaturation the amount of
appressed membranes was decreased by 48 per
cent [43]. Further, during n vitro ageing of iso-
lated thylakoids, the fluidity of the thylakoid
membrane was decreased, as demonstrated by
an increase in the polarization of 1,6-diphenyl-
1,3,5-hexatriene fluorescence; stacking was also
impaired, as was the salt-induced increase in
the maximum Chl fluorescence yield, although
the time courses did not coincide exactly [44].

(v) A second example of depletion attraction in
chloroplasts concerns a mixture of thylakoid
membranes (‘large particles’) and stromal
macromolecular complexes (small particles)
such as Rubisco (ribulose 1,5-bisphosphate
carboxylase/oxygenase) [40]. The centre of the
Rubisco complex cannot be closer to the thyla-
koid membrane than the radius of the complex
(approx. 6 nm). Therefore, surrounding the
thylakoid surface is an exclusion zone that
the centre of the Rubisco complex cannot
reach. However, upon stacking of two or more
thylakoids, the total exclusion zone becomes
smaller, allowing more volume for free diffusion
of Rubisco and other macromolecular com-
plexes in the stroma [40]. Because Rubisco is
present at a very high concentration, an
entropy-driven mechanism that allows freer
diffusion of the complex will be favoured.

This mechanism is applicable in general to

the chloroplast i wviwo, though it may be
enhanced in plants acclimated to high light,
rather than to low light, because Rubisco and
other stromal enzyme complexes are much
more abundant in high growth light. Neverthe-
less, it should contribute to the attractive force
even in low-light plants. Experimental support
for this mechanism comes from adding macro-
molecules such as the negatively charged bovine
serum albumin or the neutral dextran polymer
to a suspension of unstacked thylakoids; stack-
ing was increased in the presence of the added
macromolecules [45].

The mechanisms mentioned above point to the max-
imization of entropy in an equilibrium system as being a
predominant factor that underpins the attractive force
between thylakoid membranes in the dark. Addition-
ally, the increase in entropy associated with the above
mechanisms would offset the decrease in entropy as a
result of the steric segregation of PSI and the ATP
synthase (both with bulky protrusions facing the
stroma) to non-stacked membranes.

For the Velcro effect to operate, however, the mem-
branes need to be brought to a sufficiently close
distance between them. Because the required long-
range attraction seems unlikely to be sufficiently pro-
vided by van der Waals interaction, other possibilities
need to be considered. One possibility is that the
depletion attraction between thylakoid membranes,
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owing to the need to maximize the diffusion of macro-
molecules such as Rubisco in the chloroplast stroma,
can be long range in the sense that Rubisco is
distributed throughout the stroma at a very high
concentration. Another way to bring unstacked mem-
branes into sufficiently close proximity for the Velcro
effect to occur is through their ‘wobbling’ motion. Just
by chance, some protein-rich domain will occasionally
come into the vicinity of another protein-rich domain
on an opposite membrane; once the Velcro effect
occurs locally, the increase in entropy may lower the
Gibbs energy for the local stacking to propagate.

6. IN THE LIGHT, GRANAL STACKING
ACCELERATES NON-CYCLIC ATP SYNTHESIS
AND MAY INCREASE ENTROPY PRODUCTION
The discussion presented so far concerns thylakoids in
equilibrium in darkness in which maximization of
entropy drives the main attractive force between
stacked membranes. In the light, by contrast, chloro-
plasts are driven far from equilibrium by an input of
energy. A system far from equilibrium maximizes its
entropy production (i.e. maximizes the rate of entropy
increase, rather than maximizing entropy), subject to
the prevailing constraints, because its state of maxi-
mum entropy production (MaxEP) is the most
probable sum of its microscopic parts [46]. It has
been concluded from theoretical calculations coupled
with experimental measurements that the ATP
synthase may have been optimized during evolution
for MaxEP [47], subject to constraints. At present, it
is not clear whether granal stacking has evolved to
increase entropy production. To begin to address this
possibility, we revisit some experimental findings con-
cerning the rate of ATP synthesis in stacked versus
unstacked thylakoids in envelope-free chloroplasts [16].
To compare the rate of ATP synthesis in stacked
versus unstacked thylakoids, it is necessary to devise a
common reaction buffer, so that differences in rates
cannot be attributed to different ionic media. ATP
synthesis requires Mg®", which normally induces
stacking. To maintain the unstacked state in a
medium containing Mg®" for investigating ATP syn-
thesis, Chow [16] modified an earlier reaction buffer
[48] used to study only electron transport in stacked
versus unstacked thylakoids. The search for an appro-
priate assay medium is based on the idea that, owing to
the activation energy that has to be overcome in going
from one structural state to the other, stacked thyla-
koids in an appropriate medium will remain stacked,
and unstacked thylakoids will remain unstacked in
the same medium [48]. Figure 4a shows the response
of the maximum relative Chl fluorescence yield as a
function of [Mg®'] in a basic medium containing
100 mM sorbitol, 3 mM adenosine diphosphate
(ADP), 2mM K,HPO, and 0.1-0.5 mM tricine
buffer (pH 8.0), supplemented by 0.1 mM MYV,
0.5mM NaN; and 10 pM 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU). The maximum Chl
fluorescence yield (F,,) is a convenient indicator of
stacking, being correlated with the extent of granal
stacking obtained using the digitonin method [31].
Thylakoids that had been previously unstacked
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Figure 4. (a) Room-temperature Chl fluorescence (686 nm,
excited by blue-green light at about 22 wmol photonsm™2s™ 1)
from pre-stacked or pre-unstacked lettuce thylakoids suspended
in a basic medium containing 100 mM sorbitol, 3 mM ADP,
2mM K,HPO, and 0.1-0.5mM tricine buffer (pH 8.0),
supplemented with 0.1 mM MV, 0.5 mM NaNj; and 10 pM
DCMU with varying [MgCl,]. The vertical line indicates the
selected [MgCl,], which allowed pre-stacked or pre-unstacked
thylakoids to remain largely in their prior structural state.
(b) Steady-state rates of non-cyclic ATP synthesis of pre-stacked
or pre-unstacked thylakoids suspended in the same basic
medium supplemented with 3.5 mM MgCl,, 0.1 mM MV and
0.5 mM NaNj;. The maximum irradiance was 2800 pmol
photons m ™2 s~ !, Re-drawn from figs 1 and 3 of Chow [16].

maintained a low F,, (largely unstacked) at 3.5 mM
Mg®" (vertical line), while pre-stacked thylakoids
maintained a high F,, (largely stacked) in the same
buffer medium (figure 4a). Evidently, most of the
Mg?" had been complexed by ADP, so that the
chosen ionic medium was intermediate between a
stacking medium and an unstacking medium, allowing
thylakoids to retain their prior structural state. There-
fore, this particular ionic composition was chosen for
assaying non-cyclic ATP synthesis [16].

The non-cyclic rate of ATP synthesis of stacked
thylakoids at the highest irradiance was approxima-
tely 2.5-fold as high as that of unstacked thylakoids
(figure 4b, replotted from fig. 3 of Chow [16]).
This experiment was conducted with thylakoids iso-
lated from lettuce plants grown in moderate light
(80 Wm 2~ 350 pmol photons m 25 "). In a separ-
ate experiment, the growth irradiance was varied from
20 to 80 to 150 W m ™ 2; the ratio of light-saturated
non-cyclic ATP synthesis of stacked membranes to
that of unstacked membranes was 1.7, 2.6 and 3.2,
respectively, when the assays were done in a single
medium [28]. Thus, at all growth irradiances, granal

Phil. Trans. R. Soc. B (2012)

stacking enhanced non-cyclic ATP synthesis, particu-
larly at high growth irradiance but still substantially at
low growth irradiance. Differential uncoupling between
stacked and unstacked membranes was not large
enough to account for the difference in non-cyclic ATP
synthesis rate, because the ratio of the photophosphory-
lation rate to linear electron transport rate (‘P/2e’) was
only slightly lower in unstacked membranes [28].
Chow [40] speculated that granal stacking hastens the
proton circuit that drives non-cyclic ATP synthesis.

Regardless of the exact mechanism of enhancement
of ATP synthesis due to granal stacking, because the
ATP synthase is optimized for MaxEP for a given set
of constraints [47], granal stacking appears to alter
one or more of the constraints, thereby allowing the
ATP synthase to produce entropy at a greater rate
than it would in the absence of granal stacking.

7. CONCLUDING REMARKS

While energy conversion and storage are obviously
important in photosynthesis, entropy seems to provide
a unifying concept for understanding the diverse
phenomena of the generation of order in the chloro-
plast wultrastructure, the aggregation of thylakoid
membrane protein complexes, the high degree of unsa-
turation of thylakoid lipids, the accommodation of a
high [Rubisco] in the highly crowded chloroplast
stroma and the common occurrence of large grana in
low-light-acclimated plants. For plants in the light,
driven far from equilibrium, the role of entropy pro-
duction in photosynthesis has only just begun to
be explored.
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