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Using the mass-measuring capability of scanning transmis-
sion electron microscopy, we demonstrate that membrane
crystals of the main light-harvesting complex of plants
possess the ability to undergo light-induced dark-reversible
disassociations, independently of the photochemical appar-
atus. This is the first direct visualization of light-driven
reversible reorganizations in an isolated photosynthetic an-
tenna. These reorganizations, identified earlier by circular
dichroism (CD), can be accounted for by a biological
thermo-optic transition: structural changes are induced by
fast heat transients and thermal instabilities near the dissi-
pation, and self-association of the complexes in the lipid
matrix. A comparable process in native membranes is indi-
cated by earlier findings of essentially identical kinetics, and
intensity and temperature dependences of the ACD in
granal thylakoids.

Keywords: Granal thylakoid membranes o LHCIl e Light-
induced reorganizations e Lipid—protein interactions e
Membrane crystal e Thermo-optic effect.

Abbreviations: CD, circular dichroism; ACD, light-induced
reversible changes in the CD; LHCII, light-harvesting complex
I, M/A, mass per unit area; NPQ, non-photochemical
quenching of the singlet excited state of Chl A; psi, polymer-
ization- or salt-induced; STEM, scanning transmission elec-
tron microscopy.

Introduction =

Energy capture and conversion in the photosynthetic appar-
atus of plants is regulated by mechanisms that respond to rapid
variations in light intensity (Anderson and Andersson 1988).
The need to maximize photosynthetic productivity while mini-
mizing the damaging effects of excess photoexcitation is met by
structural and functional flexibilities of light-harvesting com-
plex Il (LHCII), the principal Chl a/b antenna complex asso-
ciated with PSIl (Horton et al. 1996). LHCII is subject to
distinct photochemical feedback mechanisms: it is functionally
regulated by protein phosphorylation (Allen 1992), governed by

redox signals, and quenching of the singlet excited Chl a, con-
trolled by the build-up of the transthylakoid proton gradient
(Horton et al. 2005). When photochemical turnover rates are
light saturated, additional regulatory mechanisms must be
engaged. Indeed, light-induced reversible reorganizations of
LHCII that are largely independent of the photochemical activ-
ity of the membranes have been reported with rates approxi-
mately proportional to the amount of photoexcitation above
that useful for photosynthesis (Barzda et al. 1996, Cseh et al.
2005).

LHCII exists predominantly as trimers both in vivo and
in vitro (Kthlbrandt 1994). In thylakoid membranes, trimers
occur in supercomplexes with PSIl and in semi-crystalline
LHClI-only chiral macrodomains, often facing the domains of
PSII-LHCII supercomplexes in the opposing, stacked mem-
brane (Boekema et al. 2000, Garab and Mustardy 2000, Ford
et al. 2002). When isolated, LHCII trimers readily form mem-
brane crystals, with hexagonal order, that form tightly stacked
lamellar aggregates (Kthlbrandt 1994). This type of microcrys-
tal exhibits a very strong psi- (polymerization- or salt-induced)
type circular dichroism (CD), originating from a long-range
chiral order of the chromophores (Garab et al. 1988a,
Simidjiev et al. 1997, Miloslavina et al. 2012). In the presence
of lipids, the complexes also assemble into chirally organized
lamellae, but with loose stacking and considerably weaker psi-
type CD (Simidjiev et al. 1997). These lipid—LHCII lamellae have
been shown to be capable of undergoing light-induced revers-
ible structural changes, on the time scale of minutres, affecting
their chiral macro-organization (Simidjiev et al. 1997, Simidjiev
et al. 1998), similar to those in granal thylakoid membranes
(Barzda et al. 1996, Garab et al. 1988b). These reorganizations,
as well as the monomerization of the LHCII trimers with pro-
longed illumination in vivo and in vitro, have been ascribed to a
novel, biological thermo-optic mechanism (Cseh et al. 2000,
Garab et al. 2002). Spectroscopic data and thermal analyses
have indicated three consecutive phases of the light-induced
reorganizations in granal thylakoid membranes: (i) unstacking
of membranes; followed by (ii) a lateral disorganization of the
chiral macrodomains; and, with prolonged illumination, (iii)
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monomerization of the LHCII trimers (Dobrikova et al. 2003, for
a review, see Garab 2014). Here we present scanning transmis-
sion electron microscopy (STEM) analyses on loosely stacked
lamellae of LHCII. STEM offers unique capabilities for determin-
ation of local mass per unit area (M/A) in unfixed, unstained
specimens in the frozen state (Woodcock et al. 1980). We show
that light disrupts the lipid—LHCIl membrane crystals into dis-
ordered aggregates of trimers, from which ordered, stacked
arrays regenerate in the dark. With the direct visualization of
a light-driven structural change in an isolated photosynthetic
antenna, we provide evidence for the inherent structural
flexibility of lipid—LHCII macroassemblies that may contribute
significantly to the structural flexibility of the thylakoid
membranes.

Results

Loosely stacked lamellar aggregates of LHCII were examined in
unstained preparations, using STEM. Single sheets possessed
regions discontinuously perforated with holes, in hexagonal
arrays (Fig. 1). Rarely, seven adjacent holes defined a complete
hexagon. Holey regions usually included or adjoined featureless
sheets containing occasional perforations. Analysis of 33 spec-
tra from three LHCII preparations on structures similar to Fig. 1
indicated a periodicity of 123.0 2.8 (SD) A. This agrees with
the model of Kiihlbrandt et al. (1983), where the cavity is sur-
rounded by six LHCII trimers with alternating up/down orien-
tation relative to the plane of the lamella; the unit cell has the
same repeat distance of approximately 125 A. Using PCMass28
to select areas adjusted to frame six trimers surrounding the
central void, the mass of a single trimer was calculated to be
121+ 8kDa, which is attributable to the apoprotein and the
pigments, with possible minor mass contributions from bound
lipids or detergent. Mass measurements for corresponding
areas of unperforated sheets of single membranes that would
encompass six trimers yielded values of 976+ 45kDa.
Subtraction of 6 x 121 kDa, for the expected LHCII trimer con-
tent, leaves approximately 250kDa (26%) of mass, which is
attributed to bulk lipid (Simidjiev et al. 1997). The patches of
holey membranes depict a novel and presumably delicate struc-
ture whose visualization is owed to the fact that STEM samples
undergo minimal treatment before analysis and, at 10 e /A?
per pixel, experience <3% of beam damage.

Before illumination, LHCII was largely present as overlapping
membrane sheets with M/A in multiples of approximately
31Da/A’ (Fig. 2a, left panel, L1-L5, indicating the number of
layers), and membrane sheets with holey regions (Fig. 2a, right
panel). There were no observations of single lamellae with dif-
fering mass density. lllumination of LHCII for 3 min caused a
dramatic change in appearance. The few remaining lamellae
were no longer in overlapping stacks; they appeared to be
sheared, and scarcely holding together (Fig. 2b, left panel).
The majority of such images, however, showed only large poly-
morphic fragments, which frequently were elongated as though
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Period = 125 A

Fig. 1 Power spectrum analysis of a holey hexagonal LHCII array by
PCMass28 from large angle (LA) and small angle (SA) detectors, show-
ing a repeat distance of approximately 125 A.

comprised of chains of LHCIl. Mass analysis was applied to a
population of smaller, approximately spherical fragments,
released in the light. Over the mass range of 0-600 kDa, a dis-
tribution profile was obtained (Fig. 2b, right panel) with a peak
around 127 kDa, in good agreement with the LHCII trimer mass
determination of approximately 121kDa discussed above.
There was no significant population of LHCII monomers
(<50kDa), suggesting that monomerization occurs only after
further disintegration of macroaggregates and trimers at longer
or more intense light exposures (Garab et al. 2002).

The structural effects of a 3 min light treatment were sub-
stantially reversed in the dark. Within 10 min, lamellae with one
level of stacking were already found, and small aggregates of
LHCII appeared to be fusing with them (Fig. 2¢, right panel);
also, large membrane sheets with holey regions appeared
(Fig. 2c, left panel). Thirty minutes after illumination, the
sheets were multiply stacked and the background was
almost clear of small particles and aggregates (not shown).
Measurements of M/A showed that the sheets were stacked
with densities in multiples of approximately 34 Da/A?, similar to
the state before illumination.

These structural changes detected by STEM can evidently be
held responsible for the variations in the chiral macro-organ-
ization of the complexes, observed earlier as ACD of LHCII
lamellae (see the Introduction). The magnitude of the psi-
type CD signal has been shown to depend on the size and
long-range order of the chirally organized macrodomains
both in thylakoid membranes and in LHCII lamellar aggregates
(Barzda et al. 1994, Garab and van Amerongen 2009).

As pointed out above (see the Introduction), in thylakoid
membranes the light-induced reorganizations have been shown
to encompass membrane unstacking, followed by a lateral des-
organization of the protein complexes (Dobrikova et al. 2003).
It has been shown that these processes are associated with a
light-induced reversible release of Mg ions, which occurs both
in thylakoid membranes and in lamellar aggregates of LHCII
(Garab et al. 1998, Garab et al. 2002). Based on these observa-
tions, we propose that the release of Mg ions might be respon-
sible for both the disruption of the multilamellar membrane
system of LHCII and the unstacking of granal thylakoid mem-
branes. While it may not be easy to provide direct evidence for
this assumption for the case of LHCIl lamellae, it is more
straightforward to support this statement for thylakoid
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Fig. 2 STEM images of lamellar aggregates of LHCII in the dark (a), after 3 min illumination of the sample with heat-filtered red light of

2,200 wmol photons m™

2

s~' (b) and after 3 min light and 10 min dark (c). Scale bar =500 A. Tobacco mosaic virus, seen in (b), is added to

calibrate density. In (a) and (c), labels indicate the number of superimposed sheets in the circled area and corresponding density (M/A) in kDa/
A% Shown in (b; right panel) is the mass distribution profile of 1,530 particles from 23 images of the same preparation after 3 min illumination.
(“Noise” in these images is due to low-dose imaging conditions needed to preserve structure.)

membranes since stacking of adjacent granum membranes is
largely governed by electrostatic forces (Barber and Chow 1979,
Barber 1982, Garab et al. 1991, Garab 2014). To substantiate
further the proposed role of Mg ions in the light-induced

reorganizations of thylakoid membranes, we have investigated
the dependence of the magnitude of the light-induced change
in psi-type CD (ACD) on the concentration of Mg ions. As
shown in Fig. 3a, in the absence of cations (in hypotonic
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Fig. 3 Dependence of the relative amplitudes of the main psi-type
circular dichroism bands in the red spectral region (CD) of isolated
pea thylakoid membranes, and the relative amplitudes of the light-
induced CD changes at (+)690 nm (ACD elicited by broad-band blue
excitation of 500 W m™2) on the concentration of different cations,
Mg”* (a), K™ (b) and spermidine (c). The maximum amplitudes in (a)
were taken as 100%; the same CD and ACD amplitudes were used in
(b) and (c) as reference values. For further details, see the Materials
and Methods.
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medium), no psi-type CD (and thus no ACD) could be de-
tected; between 0 and 5mM, the magnitude of the psi-type
CD and ACD increased with the concentration of Mg ions, and
reached its maximum at approximately 5mM—in perfect
agreement with our earlier data (Garab et al. 1991). Higher
concentrations of Mg ions, however, led to a slight decrease
in the CD amplitude and significantly inhibited the
light-induced CD changes. This latter effect can evidently be
attributed to a stronger stacking, and thus the hindrance of
unstacking. Similar effects are seen for the monovalent cation
K* (Fig. 3b) and the polycation spermidine (Fig. 3c), which fully
arrested ACD, while only moderately decreasing the CD amp-
litude. These data are fully consistent with the role of cations in
the stacking interactions and, as reflected by the different
ranges of efficient concentrations for mono-, di- and polyvalent
cations, with the role of the electrical double layer (cf. Barber
and Chow 1979, Barber 1982).

Discussion

By using STEM, we revealed, albeit with low resolution, the
structure of lipid—LHCIl membrane crystals, and provided
direct evidence that this multilamellar macroassembly with a
hexagonal array of the trimeric complexes undergoes light-
dependent reversible reorganizations. Upon illumination, the
membrane crystals are disrupted, the lamellae are sheared
and large aggregates of trimers are formed. These reorganiza-
tions most probably can be accounted for by an unstacking of
the loosely stacked lamellae, induced by the release of Mg ions,
and the consequent destabilization of the long-range order of
the complexes in the membrane (lipid matrix), leading to an
overall disorganization. The high self-assembly capacity of LHCII
readily explains the substantial degree of recovery in the dark,
the re-assembly of the multilamellar system containing ordered
arrays of trimeric complexes.

In this context, it is also important to point out that
thylakoid membranes and LHCII lamellae exhibit very similar
self-assembly capacities, which can be monitored by their char-
acteristic psi-type CD signals and similar ACD (Garab et al.
1988b, Garab et al. 1991, Barzda et al. 1996), with virtually iden-
tical temperature and light intensity dependences (Cseh et al.
2005). Further, both in thylakoid membranes and in LHCII
lamellae, the release of Mg ions occurs with rates approximately
proportional to the excess light intensity (Garab et al. 1998,
Garab 2014). Also, ACD in thylakoids has been shown to be
largely independent of the photochemical activity of the mem-
branes (Istokovics et al. 1997) and to be approximately linearly
proportional to the light intensity above the saturation of
photosynthesis (Barzda et al. 1996, Cseh et al. 2005, see also
Garab 2014). Thylakoids and lamellar aggregates of LHCII also
exhibit very similar transient spectra (Holm et al. 2005). Hence,
these data are in line with the notion (Garab and Mustardy
2000) that a substantial part of the structural flexibility of the
thylakoid membranes is ‘borrowed’ from the inherent flexibility

Plant Cell Physiol. 55(7): 1296-1303 (2014) doi:10.1093/pcp/pcu064 (© The Author 2014.

1299



PLANT & CELL PHYSIOLOGY

of LHCII, and point to the possible role of LHCIl-only crystalline-
like domains in the grana (Boekema et al. 2000, Holm et al.
2005).

LHCII is known to be inserted unidirectionally with respect
to the thylakoid lamellar plane, in contrast to its bifacial ar-
rangement in membrane crystals (Kihlbrandt et al. 1983). The
reasonable assumption can be made, however, that regardless
of the manner of LHCII packing, illumination can weaken inter-
actions involving the surfaces (stacking and packing) of adja-
cent trimers in both situations. In the thylakoid membrane, a
light-driven, partial disassociation of LHClI-only macrodomains
(Boekema et al. 2000, Garab and Mustardy 2000, Ford et al.
2002) and LHCII-PSII supercomplexes would alleviate excita-
tion pressure on PSII reaction centers and, in conjunction with
non-photochemical quenching (NPQ), might protect against
photoinhibition and pigment photodestruction (Lambrev
et al. 2012). Indeed, fluorescence lifetime experiments have
revealed the existence of detached, quenched LHCII in thyla-
koid membranes in leaves exposed to excess illumination
(Holzwarth et al. 2009). The capability of isolated LHCII of ex-
hibiting light-induced reversible quenching with rates propor-
tional to the intensity of the excitation was first shown by
Jennings et al. (1991). Thermodynamic analyses of these tran-
sients have shown that they are associated with conformational
changes in the protein complexes (Barzda et al. 1999). Although
the mechanism of NPQ is outside the scope of the present
study, we would like to note that, in broad terms, these data
are in harmony with the notion that LHCII has an inbuilt cap-
ability to undergo transformation into a dissipative state by
conformational change (Ruban et al. 2007, Kriiger et al. 2011,
Kriiger et al. 2012). Also, we have shown that the quenched
state can be trapped at low temperature despite the rapid
decay of the energized state of the membrane (Lambrev et al.
2007). Light-induced structural changes in LHCIl are also
involved in the regulation of the phosphorylation by light at
the substrate level both in isolated LHCII and in the native,
thylakoid membrane (Zer et al. 1999, Zer et al. 2003), an
additional regulatory mechanism that complements the well-
known redox regulation of LHCII phosphorylation (Allen 1992).
It is also interesting to note that lipid—protein membranes
composed of LHCII isolated from spinach and the thylakoid
lipids, monogalcatosyldiacylglycerol and digalactosyldiacylgly-
cerol, assumed strikingly different structures when the proteins
were isolated from dark-adapted or high-light- (HL) treated
plants. Lipid—-LHCIl membranes, when isolated from dark-
adapted leaves, assembled into planar multibilayers, in contrast
to the lipid—LHCII HL-treated membranes, which formed less
ordered structures (Janik et al. 2013).

The light-induced disassociation of LHCIl from the mem-
brane crystal, reported here, is consistent with the thermo-
optic mechanism, according to which fast thermal transients
due to dissipated excitation energy can lead to elementary
structural transitions in the close vicinity of the site of dissipa-
tion (Cseh et al. 2005, Gulbinas et al. 2006, Garab 2014). The
elementary structural changes are made possible by the

presence of inherent structure instabilities near the site of dis-
sipation, while the reversibility stems from an intrinsic, molecu-
lar self-association of the complexes into oligomers and ordered
aggregates. Lipid or carotenoid components may play a role in
these structural changes. The addition of isolated thylakoid
lipids enhances the formation of lamellae (Simidjiev et al.
2000) while lending a structural flexibility for the light-induced
reorganizations (Simidjiev et al. 1998). In contrast, when LHCII
is delipidated by extraction at higher detergent/Chl ratios, the
psi-type CD in the tightly stacked lamellar aggregates increases
but LHCIl becomes unresponsive to illumination (Simidjiev
et al. 1997). Such preparations also exhibit an increased thermal
stability, in contrast to lipid—LHCII lamellae, which appear to
possess ‘built-in’ thermal instabilities well below the denatur-
ation temperature (Simidjiev et al. 2004). These several effects
of lipid content on the stability of LHCIl membrane crystals
support the notion that the holes in the LHCII arrays, seen in
Figs. 1 and 2a and c, arise by loss of interstitial lipid; however,
the similar densities of lipid and protein in unstained STEM
images does not allow us to exclude the possibility that the
holes were formerly occupied by LHCII itself. The photoisome-
rization or interconversion of carotenoids can also influence the
organization of LHCII (Grudzinski et al. 2002). Further work is
required to discover the specific site(s) of dissipation and the
heat-sensitive structural element(s), to determine the magni-
tude and ‘radius’ of the heat package and, in general, the
exact mechanism of the structural transitions in LHCII
(macro)assemblies.

When interpreting the presently available data in terms of
the thermo-optic mechanism proposed by Cseh et al. (2000,
2005) (reviewed by Garab 2014), we recall that dissipation of
excitation energy causes a thermal transient with a sizeable
temperature jump in the near vicinity (~1nm) of the dissipa-
tion site and with a decay time of about 20-200 ps (Gulbinas
et al. 2006). This heat package, with some (low) probability,
might induce an elementary structural change in the protein,
especially if the temperature jump induces a release of protein-
bound cation, as, in fact, has been observed both for LHCII and
for isolated thylakoid membranes (Garab et al. 1998, Garab et al.
2002, Garab 2014). It is proposed that the outer loop segment
near the N-terminus might readily release a cation upon heat
dissipation at the nearby ‘terminal emitter’ Chl a cluster (Chl
a610, a611, a612). This region, the outer loop segment near the
N-terminus, has been shown, by electron paramagnetic reson-
ance (EPR) labeling, to be highly structurally flexible (Dockter
et al. 2012). Cations that are released via a thermo-optic mech-
anism will not be rebound immediately after the heat jump, but
may instead re-bind on a much slower time scale; in fact, the
cations (Mg”*) reversibly released from lamellar aggregates of
LHCII upon illumination with continuous light can be detected
on the time scale of seconds to minutes (Garab et al. 1998). The
dissipation-assisted release of Mg ions is probably responsible
for the fast (<200 ns, instrument limited) electric signal, most
probably from charge displacement, detected upon excitation
of oriented LHCII lamellae with a 20 ns laser pulse (Garab et al.
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2002). Cations play an essential role in stacking of LHCII-con-
taining membranes (Garab et al. 1991) by screening the nega-
tive charges exposed on the LHCII surface (Fig. 4A). Thus,
cation release may affect the array of LHCIl complexes held
together via electrostatic forces in thylakoid membranes.
During an illumination period of a few minutes, such or similar
events (schematically illustrated in Fig. 4B) might lead to
macroscopically observable structural changes detected as
changes in the psi-type CD signal of LHCIlI macroassemblies
in vitro or in vivo.

In conclusion, the comparable time courses and reversibility
of the structural changes observed using STEM and CD meas-
urements—seen in both isolated LHCII and the native thylakoid
membrane—support the concept that the LHCII aggregation
state in situ is flexibly responsive to illumination, largely inde-
pendent of ApH, photochemical processes and the reaction
centers. This ability of LHCII evidently plays an important role
in light adaptation and photoprotection of plants.

The procedure of Simidjiev et al. (1997), based on the isolation
method introduced by Krupa et al. (1987), was used to prepare
LHCII. Briefly, thylakoid membranes were obtained from
10-day-old leaves of pea by homogenization in ice-cold
sorbitol/Tricine medium lacking Mg ions. Buffered Triton X-
100 was added at a controlled detergent/Chl ratio (optimized
for the leaf material in preliminary trials) and incubated at 25°C
for 45 min. Solubilized LHCII was recovered by centrifugation at
4°C and purified by aggregation with 20mM MgCl, plus
100mM KCI. The aggregate was re-extracted with Triton
X-100 and precipitated again with MgCl,/KCl. The pellets
were washed in 20mM Tricine/KOH, pH 7.8 and stored on
ice in the same buffer containing 0.1 M sorbitol and 1 mM
azide, in which they were stable for at least 15d. Dilutions in
Tricine/KOH buffer, to 20 or 50 pig Chlml™", were illuminated
at 20°C for the indicated times in 2mmolm™>s™' of heat-
filtered red light defined by a Kodak Wratten 25 filter and
2 cm of water. Equivalent samples were maintained in the dark.

Samples for STEM analysis were withdrawn and applied dir-
ectly to carbon-coated grids, which were briefly washed in
20mM ammonium acetate then manually frozen within 5s
in liquid nitrogen and dehydrated in vacuo at —100°C.
Images were analyzed using PCMass28 (available at ftp.stem.
bnl.gov). Mean M/A of lamellae was obtained within a circular
field of at least 800 A diameter. Mass values for particles were
obtained using the automated mass determination feature of
PCMass28. Preliminary manual counting into 10 kDa bins was
used to establish density, background and shape parameters,
and only particles completely fitting within a circular mask of
radius 80 A were accepted. PCMass28 was customized accord-
ingly to perform automated screening. Mass values were refer-
enced to the M/A for Tobacco mosaic virus deposited on the
same grid.

Materials and Methods
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Fig. 4 A model illustration of the role of cations in thylakoid mem-
brane stacking. Partial charges on the stromal-exposed surface of the
LHCIlb trimer (PDB ID 2BHW) rendered using Accelrys Discovery
Studio (a). Negative charges are in red, positive in blue, and cofactors
(Chls and xanthophylls) in green. Apart from the positively charged
N-terminus (not present in the image), the surface contains solely
negatively charged residues; membrane stacking thus requires screen-
ing cations (Mg”*) between the layers. Schematic illustration of the
cation-mediated stacking in dark conditions and unstacking in light
conditions induced by thermal deactivation of Chl excited states, with
the heat package causing the release of cations.

Thylakoid membranes were isolated from 2-week-old pea
leaves, and light-induced CD changes were recorded as
described earlier (Istokovics et al. 1997). CD spectroscopy and
ACD measurements were performed at room temperature,
using a Jobin-Yvon CD6 spectropolarimeter, on thylakoid mem-
brane suspended in 30 mM Tricine supplemented with differ-
ent amounts of cations, as indicated in Fig. 3 [Chl (a+b)
content, 20 ugml™; optical pathlength, 1 cm; slit width, 4
nm]. The amplitude of the psi-type CD signal was determined
as the difference between the major positive and negative psi-
type bands at around 690 and 670 nm. The amplitude of the
light-induced CD changes (ACD) was measured at 690 nm,
using a broad-band excitation in the blue of about
500 W m ™~ intensity.
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