This is a repository copy of An intact light harvesting complex | antenna system is required
for complete state transitions in Arabidopsis.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/96250/

Version: Accepted Version

Article:

Benson, S.L., Maheswaran, P., Ware, M.A. et al. (5 more authors) (2015) An intact light
harvesting complex | antenna system is required for complete state transitions in
Arabidopsis. Nature Plants, 1. 15176. ISSN 2055-026X

https://doi.org/10.1038/NPLANTS.2015.176

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s:/leprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Title:

An Intact Light Harvesting Complex | Antenna System isrequired for complete State
Transitionsin Arabidopsis.

Samuel L. Bensd¥, Pratheesh MaheswaFih Maxwell A. War&, C. Neil Huntet, Peter
Hortorf, Stefan Janss6mlexander V. Rubahand Matthew P. Johns®n

Affiliations;

*Department of Molecular Biology and Biotechnology, University of Sheffield, Firth Court,
Western Bank, Sheffield, S10 2TN, United Kingdom.

School of Biological and Chemical Sciences, Queen Mary University of London, Mile End
Road, London, E1 4NS, United Kingdom

‘Umea Plant Science Centre, Department of Plant Physiology, Umea University, SE-901 87
Umea, Sweden.

+Present Address: Rothamsted Research, West Common, Harpenden, Hertfordshire, AL5 2JQ

United Kingdom.

++Present Address: Allied Health Sciences Unit, Faculty of Medicine, University of Jaffna,
Aadiyapatham Road, Kokuvil East, Kokuvil, Sri Lanka.

* Corresponding Author: Matthew P. Johngamaft.johnson@sheffield.ac.uk

Running Title:

The LHCI antenna and state transitions in Arabidopsis

Keywords:

State transitions / photosystem | / photosystem Il / thylakoid membrane/ phosphorylation


mailto:matt.johnson@sheffield.ac.uk

Abstract:

Efficient photosynthesis depends on balancing the rate of light-driven electron transport
occurring in the photosystem | (PSI) and photosystem 1l (PSIl) reaction centers of plant
chloroplast thylakoid membranes. Balance is achieved through a process called state transitions
which, via redox control of the phosphorylation state of light harvesting antenna complex Il
(LHCII), increases its energy transfer towards PSI (State 1) when PSII is overexcitedice

versa (State ). In addition to LHCII, PSl is also served by four light harvesting antennaxcomple

| (LHCI) subunits, Lhcal, 2, 3 and 4. Here we demonstrate that despite unchanged levels of
LHCII phosphorylation, absence of specific Lhca subunits inAlhlecal, 2, 3 and 4 mutants
reduces state transitions in Arabidopsis. The severest phenotype is obsexibédad, with a

69% reduction compared to the wild-type. Surprisingly, the amounts of the PSI-LHCI-LHCII
supercomplex isolated by native-PAGE from digitonin-solubilized thylakoids were similar in the
wild-type andALhca mutants. Fluorescencgceation spectroscopy revealed that in the wild-
type this PSI-LHCI-LHCII supercomplex is supplemented by energy transfer from additional
LHCII trimers in State Il, whose binding is sensitive to digitonin, and which are absent in
AlLhca4. The grana margins of the thylakoid membrane were found to be the primary site of
interaction between this ‘extra’ LHCII and the PSI-LHCI-LHCII supercomplex in State Il. The
results suggest that the LHCI complexes mediate energetic interactions béiwéeextra’

LHCII and PSI in the intact membrane.



INTRODUCTION

Plants regulate the light harvesting antenna size of photosy$®h) and photosystem II (PSII)

to balance the rate of photochemistry of each reaction center and so optimize photosynthetic
electron transport in response to light quantity and spectral ddalégown as state transitions,

this mechanism is controlled by the redox state of the intersystem electron carrier plastoquinone
(PQY. When the PQ pool is reduced the membrane-associdts@ Serine-threonine kinase
begins to phosphorylate the Lhcbl and Lhcb2 subunits of the major trimeric light-harvesting
complex Il (LHCI)*. Phosphorylation of LHCII leads to its dissociation from PSIl and
association with PSI (State Il), rebalancing the input of excitation energy between the
photosystems over several minutes. When the PQ pool becomes oxidizelN\the&kiSase is
deactivated and the constitutively active TAP38/PPH1 phosphatase dephosphorylates LHCII
leading to its re-association with PSIl (Statg’l)The absence of state transitionsASTN7
Arabidopsis significantly reduces their gt rate under fluctuating light conditions,

highlighting the importance of this regulatory mechanism for plant fitfess

PSIl and PSI are segregated in thylakoid membranes with the former residing mainly in
the stacked grana regions and the latter in the unstacked stromal lamellae and grana margin
regions. LHCII binds to PSII at three sites named S (strong), M (medium) and L (8d28)l
assembles in vivo as a dimer binding two copies each of the M and S trimers, forming the
C,S;M, supercompleX. The S trimer is formed from Lhcbl and 2 subunits, while the M trimer
comprises Lhcbl and Lhch3Since the structure of the PSII-LHCII supercomplex is unchanged
following phosphorylatiotf and given PSI binds no Lhcb3 in Staté,Ithe S and M trimers are
unlikely to be involved in state transitions. Therefahe, peripherally bound ‘L’ trimers were
suggested to interact with PSI in Staté.llElectron microscopy has shown that LHCII
phosphorylation leads to a partial reduction in the number of layers and lateral dimensions of the
grana stack§'®. The changes in membrane structure result in enrichment of LHCII in the
stromal lamellae, and PSI in the grana margins, facilitating increased contact betwien the
complexes in State'fi*%’. A PSI-LHCII supercomplex is formed in State II, which depends on
the presence of the Psal and PsaH subunits of PSI that form the docking site far- €I

On the opposite side of the PSI complex from the PsaH/L binding site of LHCII and not
believed to be involved in state transitions are the four light harvesting antenna complex |



(LHCI) subunits, Lhcal, 2, 3 and’#®. Each Lhca subunit shows a 1:1 stoichiometry with PSI,
forming a PSI-LHCI supercompl&%®. Lhcal and 4 form a dimeric LHCI complex closest to

the PsaG subunit, while Lhca2 and 3 fasecond dimer binding closest to P$aKAbsence of

Lhca2 or 4 also resulted in a strong reduction of the amount of their dimeric partners, in both the
PSI-LHCI supercompleéX and thylakoid§*?”*°. In contrast, loss of Lhcal or Lhca3 did not
destabilize Lhca2 and 4 binding to the same e%telnt the following study we investigated how

loss of the Lhca 1, 2, 3 and 4 subunits affects state transitions in Arabidopsis. The results
demonstrate an unexpected role for LHCI in energetically connecting LHCII to PSI in State |I.

RESULTS

Loss of Lhca subunits impairs state transitions. State transitions can be measured by pulse
amplitude modulated (PAM) chlorophyll fluorescence, using red (635 nm) and far-red (720 nm)
light to preferentially excite PSIl and PSI respectiélfFigure 1 compares fluorescence traces

for the wild-type and mutantalhcal,ALhca2,ALhca3 andALhca4). The first part of the trace

in which plants were illuminated with both red and far-red light, shows the transients associated
with the activation of electron transport and the Calvin cycle. After 5 minutes the far-red light is
switched off causing a rapid rise in the fluorescence level (Fs). The Fs rise results from less
efficient quenching of the PSII antenna by photochemistry due to over reduction of thelPQ po
Over the subsequent 20 minutes in the wild-type, Fs gradually returns to a value similar but not
identical to that seen before the far-red light was switched-off (Fig. 1a). The fall in Fstesl re

to the state transition, which increases the photochemical rate of PSiethwidizing the PQ

pool. A saturating light pulse is then appliedl determine Fm’Il (the maximum level of
fluorescence in State II). Following this cycle the far-red light is reapplied-snses gradually

over 20 minutes as LHCII is dephosphorylated and reconnected to PSIl. A second saturating
pulse is then applied to determine Fm’l. The mutants displayed a larger rise in Fs upon removal

of far-red light and a slower and less complete state transition (Fig. 1b-f). Thestestate
transition phenotype (measured by the qT method) is sekbhica4, which has just 31% of the
wild-type level, compared to around 52-63%Abhcal, 2 and 3 (Table 1). Consistent with the
disruption to state transitions, an increased reduction of the PQ pool is also observed in the
mutants (Table 1).



Absence of Lhca subunits does not affect LHCII phosphorylation. We tested the
phosphorylation state of the thylakoid proteins in State | or State Il light conditions using the
Diamond Pro-Q Phospho Stain. Both the wild-type and mutants showed increased
phosphorylation of LHCII and the PSII core subunits D1, D2 and CP43 in State Il (Fig. 19).
However, there was no significant difference in the level of LHCII phosphorylation between the
wild-type and mutants in either State | or Il (Fig. 1g and Supplementary Fig. 1a). Similag result
were obtained by anti-phospho threonine antibody immunoblotting (Supplementary Fig. 1b).
These results imply that the deficiency in state transitions is not due to altereq attiie

STN7 kinase or PPH1/TAP38 phosphatase.

Loss of Lhca subunitsimpairs energy transfer from LHCII to PSI. The antenna size of PSI

in the wild-type and mutants was determined by measuring the photo-oxidation kinetics of the
PSI reaction center (P700), using absorption spectroscopy (Fig. 2a &ittir).the curves with
monoexponential functions showed the PSI antenna s@t&ate | was 84, 72, 82 and 55% of the
wild-type in ALhcal, 2, 3 and 4 respectively (Fig. 2a and Table 2). In State Il we calcaiated
increase of 28% in PSI antenna size in the wild-type, consistent with the 25-33% increase
previously reported'® (Fig. 2b and Table 2). If state transitions were unperturbed in the mutants,
a larger percentage increase in antenna size in State Il would be predicted, givemakter
antenna size in State I. In contrast the PSI antenna sMéhgal, 2, 3 and 4 was increased only

by 19, 17, 16 and 17% relative to the State | situation in each sample. THeaB30fption data
therefore shows that the absolute amount of LHCII energetically coupled to PSI in State Il is
reduced.

We also quantified PSI antenna size by low temperature (77 K) fluorescence emission
and excitation spectroscopy. In the wild-type thylakoids the fluorescence emission sbhowed
large increase in the ratio of the 730 nm PSI band compared to the 685 nm PSRipadd)

The PSI emission ilLhcal, 2, 3 and 4 thylakoids was blue-shifted from 730 nm in the wi

type to 728, 724, 725 and 722 nm respectivelitcal, 2, 3 and 4 (Fig. Z&°. The increase in

the intensity of the PSI band relative to the 685 nm PSII band in State Il was also much smaller
in the mutants (Fig. 3¢The increase in PSI antenna size due to state transitions can be calculated
by comparing the excitation spectra for 735 nm emission, where PSI contribution is dominant.

The spectra are normalizetl 705 nm, the PSI-LHCI terminal emitter region, where there is no



absorption by PSII or LHCIf (Fig. 2d). A 32% increase in PSI antenna size, expressed as the
ratio between the difference spectrum and State | spectrum, was calculated for the wild-type. The
PSI excitation spectra of the mutants showed differences with the wild-type, consistent with the
selective loss of specific Lhca subunits in each@g$ég. 29. PSI antenna size increased in
State Il by 18, 16, 21 and 23% ix_hcal, 2, 3 and 4 respectively, confirming the P700
measurements that show the change is smaller than in the wild-type. Nonetheless, the spectral
shape of the State Il-minus-State | difference spectrum in each case still closely resembled that of
the purified LHCII trimer, confirming that some association between PSI and LHCII still exists

in State Il in these mutants (Supplementary Fig. 2a). The changes in PSIl anterthaisge

state transitions were also checked by monitoring the excitation spectra for 705 nm emission,
where PSII dominates (Supplementary Fig. 2b). In the wild-type the PSII antenna size decreased
by 13% in State I, whereas smaller decreases of 9, 8, 8 and 4% were recaxtdbdah, 2, 3

and 4 respectively. Therefore, in the mutants a larger proportion of the LHCII antenna remains

energetically coupled to PSIl under State Il conditions.

To assess the relative difference in B&d PSII antenna size, the area under the 705 nm
and 735 nm excitation spectra recorded for State Il were normalized to the 685 to 735 nm
emission ratio and then subtracted to give PSII-minusdPf8lence spectra (Fig. 2e)lLhca4
shows the greatest difference between PSI and PSII in the absorption of light at 620-670 nm,
consistent with the smaller PSI antenna size in this mutant (@igT2e relative absorption by
PSI of far-red light was also weakestAhhca4, consistent with the loss of some of the far-red
absorbing chlorophylls in this mutdht(Fig. 2e). When the absorption difference at 635 nm
(State Il light) is plotted against the 1-gP value of each mutant in State Il (Table 1), a negative
linear correlation is observed (Fig. 2f). Therefore the larger differandd® absorption of red
light by PSIl and PSI results in an increased imbalance in eéfectron transfer rates and thus

increased reduction of the PQ pool in the migan

Effect of Lhca on PSI-LHCI-LHCII supercomplex formation. Previous studies dhylakoid
membranes solubilized with the detergent digitonin demonstrated formation of a supercomplex
comprised of PSI-LHCI and one LHCII trimer in StatE"f’ We analyzed thylakoids prepared

in State | or State Il from the wild-type and musa(fig. 3a), using a similar protocol of

digitonin solubilization and fractionation using blue native polyacrylamide gel electrophoresis



(BN-PAGEY". Several bands are resolved in Bi¢-PAGE gel (Fig. 3a), whose identities were
confirmed by denaturing PAGE in the second dimension (Supplementary Fig. 3a) as (from top of
the gel to bottom) 1, PSI-LHCI-LHCII supercomplex, PSHLHCI, 3, ATP synthase, 4, PSI

Core, 5, PSII core, 6, cytochromef b(cythsf) and 7, trimeric LHCII. The enrichment in PSI-
associated bands relative to PSII in the digitonin solubilized material reflects the composition of
the stromal lamellae and grana margins that are accessible to this detergent, while the PSII
enriched grana membranes remain largely unsolubifis€bnsistent with expectations, in the
wild-type State Il sample a prominent band belonging to the PSI-LHCI-LHCII supemompl
appears above the PSI-LHCI band that is absent in State | (Fig. 4a

In State IALhcal and 3 band 2 migrates slightly further (Fig. 3a), as expected for a PSI-
LHCI complex lacking these specific Lhca subuffité small amount of PSI cores lacking any
Lhca subunits (band 4) (Fig. 3a and Supplementary Fig. 3b and c) are also obsaiechih
and 3, despite being virtually absent in the wild-type. Upon transition to State Il a new band
(band 1} appeas ALhcal and 3 above the PSI-LHCI band that is a PSI-LHCI-LHCII
supercomplex lacking the respective Lhca subunit in each case (Fig. 3a and Supplerbentary 3
and c). The situation inLhca2 differs slightly. Firstly, an additional band 2 is observed in State
| (labeled band 2b in Fig. 3a) that is the smaller PSI-LHCI complex lacking both Lhca2 and 3
previously describé (Fig. 3a and Supplementary Fig. 3d). State Il band 1 appears but
migrates faster than in the wild-type and correspamda PSHLHCI-LHCII supercomplex
lacking Lhc& (Fig. 3a and Supplementary Fig. 3d).Abhhca4 band 2 is virtually absent but
band 2b, representing a PSI-LHCI complex lacking Lhcal and 4 is present alongside a much
larger amount of ‘free’ PSI core complex lacking all Lhca subunits™?® (Fig. 3a and
Supplementary Fig.€3. Upon transition to State Il band 1 appearalitmca4, though migrating
faster than in the wild-type, representing a PSI-LHCI-LHCII supercomplex lacking Lhcal and 4
(Fig. 3a and Supplementary 3e). Band 2b also increases at the expense of band 4and this
now contains LHCII, suggesting formation of a PSI core-LHCII supercomplex lacking any Lhca
proteins (Fig. 3a and Supplementary Fig. 3e). Densitometric analysis of the PsaA/B PSI core
subunit spot in Sypro-stained gels 2D gels indicates that 43, 39, 42, 41 and 50% of PSI is present
in bands also containing LHCII in the wild-typgl.hcal, 2, 3 and 4 respectively (Fig. 3b). The

biochemical analysis therefore shows that despite the strong reduction in state transitions in the



mutants, the amount of PSI complexes binding LHCII, as determined by the Digitonin BN-

PAGE method, is similar to the wild-type.

We next analyzed whether the increase in PSI antenna size in State Il, deterynined b
excitation fluorescence and absorption spectroscopy, could be explained by the amount of PSI
binding LHCII observed by the Digitonin BN-PAGE method. Assuming that the in wild-type
State | corresponds to the antenna size in the PSI-LHCI complex (155 chlorépfi/itslen
55% of this is ~85 chlorophylls fakLhca4. If 50% of this binds 42 extra chlorophylls (one
LHCII trimer)® then the increase would be 25%, consistent with the 23% rise observed (Fig. 2d).
In contrast, the 32% rise observed in wild-type PSI antenna size in State Il would imply an extra
~1.2 trimers are bound per PSI. Clearly this is not observed by the Digitonin BN-PAGE method
where only ~45% of PSI can be isolated with LHCIlI bound (Fig. 3b). Therefore a clear
discrepancy emerges between the two sets of data.

L hca proteins mediate energy transfer between the ‘extra’ LHCII and PSl. Recent evidence
implies that energy transfer from LHCII to PSI is disrupted by the addition of digitonin to
thylakoid membranéd These data suggested that the stable PSI-LHCI-LHCII supercomplex
isolated by the Digitonin BN-PAGE method from State |l thylakoids may be supplemented by
energy transfer from extra LHCII trimers, whose binding is more sensitive to the presence of
digitonin. Indeed, large proportions dree LHCII trimers are recovered upon even gentle
solubilization of thylakoids with digitonin (see Fig. 3a, bandTb investigate this further we
followed the approach of Grieco et #.adding 1% digitonin to the State Il wild-type and
AlLhca4 thylakoids and assessing the changes in the 77K thylakoid fluorescence emission
spectrum (Fig. 3c). The total fluorescence emitted by the PSII bands was incedased to

PSI in the presence of digitonin, with a strong shoulder appearing at ~680 nm that is
characteristic for emission from uncoupled LHCII trimers (Fig. 3c). The relative decrease in the
PSI emission band in theLhca4 mutant was clearly smaller than that seen for the wild-type.
The result could imply that more LHCII is energetically disconnected from PSI in the wild-type
than inALhca4 by the digitonin treatment. To check this we compared the PSI 77K fluorescence
excitation spectra for the digitonin-treated wild-type ahticad thylakoids to those obtained on
intact thylakoids (Fig. 3d). The results show that the PSI antenna size is decreased by the

digitonin treatment by ~50-60% in the wild-type, but no clear decrease could be addrcad



(Fig. 3d). Therefore in the wild-type there is a population of LHCII transferring energyl ia PS

State I, whose connectivity is sensitive to digitonin and is abse¥ithna4.

‘Extra’ LHCII interactswith PSI in the grana margins. To investigate the membrane location

of the ‘extra’ digitonin-sensitive fraction of LHCIl bound to PSI, we fractionated the wild-type
digitonin-solubilized thylakoids by differential centrifugation to obtain grana and stromal
lamellae (Supplementary Table 1). These membrane fractions were then analyzed by 77K
fluorescence emission and excitation spectroscopy (Fig. 4a and b). The PSII bég8saat

693 nm dominate the emission spectrum of the grana with a smaller peak at 730 nm, belonging
to PSI located in the grana margins (Fig. 4a). The intensity of the 730 nm PSI bandran¢he g
fraction increases upon transition to State Il (Fig. ¥éhen the excitation spectra for 735 nm

PSI emission in the State | and State Il grana fractions are compa3@®éy increase in PSI
antenna size is observed in State Il, slightly larger than the 32% change averaged across the
whole thylakoid (Fig. 2J The emission spectrum of the stromal lamellae is dominated by the
PSI band at 732 nm, which increases in intensity slightly in State Il relative to the 685 nm PSI|
band (Fig. 4a The 735 nm PSI excitation spectra of the stromal lamellae shows a smétler 14
increase in PSI antenna size in State Il (Fig. 4b). The shape of the State Il-minuis-State
excitation difference spectra for grana and stromal lamellae is consistent with trimeric LHCII
(Fig. 4c). We compared the excitation spectra of purified wild-type PSI-LHCI and HRSI

LHCII complexes to those obtained for the grana and stromal lamellae (Fig. 4b). The PSI
antenna size was similar in the isolated PSI-LHCI-LHCII supercomplex and State Il stromal
lamellae, but was larger in the grana (Fig. 4b). The State Il grana-minus-PSI-LHCI-LHCII
supercomplex difference spectrum demonstratedthistvas due to binding of ‘extra’ LHCII

(Fig. 49. Surprisingly, in State | the PSI antenna sizes in stromal lamellae and grana were both
larger than that of the isolated PSI-LHCI complex (Fig. 4b). In the case of the State | grana, the
spectrum more closely resembled that of the PSI-LHCI-LHCII supercomplex (Fig. 4b). Again,
the excitation difference spectra showed features consistent with LHCII, though they were
slightly red-shifted, which may be due to the slight blue-shift of the Qy maximum in the purified
PSI-LHCI complex (Fig. 4c). The excitation data therefore suggest that PSI iratteergargins
receives more than 1 LHCII trimer per PSI as described by the current model of state
transitiond. Moreover, it seems that some LHCII still transfers energy to PSI in the virtual

absence of LHCII phosphorylation. Finalle checked the PSI antenna size in the grana and



stromal lamellae compared to purified PSI-LHCI by P78Bsorption spectroscopy (Fig. 4d).

The PSlantenna size was found to be 116% and 157% in State | and Il in the grana and 107%
and 116% in the stromal lamellae compared to the purified PSI-LHCI complex (Supplementary
Table 1), confirming the conclusions drawn from the excitation spectroscopy.

DISCUSSION

In this work we uncovered an unexpected role for the LHCI antenna system in energetically
connecting LHCII to PSI. The mutants showed a clear reduction in the amount of state
transitions compared to the wild-type, with the largest decrease sekbhga4. The state
transitions phenotype may explain the strongly reduced Darwinian fitheSkhafh mutants,
particularlyALhca4, observed in field experimeAtsWe note the absence of the PsaG and PsaK
PSI core subunits, which bind on the LHCI side of the BSCI, have previously been found to
decrease state transitions by around ~38% The levels of PsaG and PsaK are the same as
wild-type in the mutant§, while the levels of Lhca subunits are somewhat reduced in the
absence of PsaG and P33R As such, we can conclude the reduced state transition phenotype
in these mutants is caused by the absence of Lhca subunits. It is noteworthy that the absence of
PsaH or PsaL reduces state transitions by ~60%@Hggesting that some LHCI! is still able to
transfer energy to PSI via another route in these mutants. In light of our results it appears that

this alternate pathway involves the Lhca subunits.

We found the PSI antenna size in the mutants was reduced in both State | and State |l
compared to the wild-type. Impairment of state transitions meant larger differences in the
efficiency of red light (620-670 nm) absorption by PSI and PSII exist in the mutants, particularly
in State Il. The result is an increase in the reduction of the PQ pool in the mutants under red light
illumination, indicative of a greater imbalance in photochemical rate between the photosystems.
Despite the state transition phenotype we found that the levels of LHCII and PSII
phosphorylation were unperturbed in these mutants. In addition, 8ld.HZI-LHCII
supercomplex, could still be isolated in similar yields from the mutants and the wild-type, ~40-
50% of the total solubilized PSI. This result led us to investigate the extent to which the PSI
antenna size in vivo detected by absorption and excitation fluorescence spectroscopy matched the
amount of PSI-LHCI-LHCII supercomplex isolated by the Digitonin BN-PAGE method.
Intriguingly, the amount of PSI binding LHCII iALhca4 matched the in vivo changes in

10



antenna size, while in the wild-type it did not. We thus investigated whether solubilization with
1% digitonin would affect the PSI antenna size measured by fluorescence excitation
spectroscopy. In the wild-type the PSI antenna size was reduced by ~50-60% due the digitonin
treatment, but imM\Lhca4 the PSI antenna size was almost unchanged. These data suggest that in
addition to the digitonin-insensitive PSI-LHCI-LHCII supercomplye is an ‘extra’ pool of

LHCII trimers transferring energy to PSI in State Il. Energy transfer from this eki@l lto

PSI is sensitive to the presence of digitonin mnldrgely absent il\Lhca4. These results help
explain earlier observations that LHCI could affect the energy transfer from LHCII to PSI in

membrane preparatiofiom spinacf?.

The increase in PSI antenna size occurring during state transitions is seen primarily in the
grana margins (+3%), with a smaller increase observed for the stromal lamellae (+14%),
consistent with the reports of Tikkanen et*aland Kim et af’. The results showed the PSI
antenna size in the grana margins was even larger than that seen in the isolated PSI-LHCI-LHC
supercomplex, supporting the notion that extra LHCII trimers are bound to PSI in vivo.
Remarkably, our results demonstrate that even in the virtual absence of LHCII phosphorylation
in State |, the PSI antenna size in vivo is still elevated compared to purified PSI-LHCI, due to
interaction with trimeric LHCII. The P70Qlata allows us to estimate the absolute antenna size
by assuming the purified PSI-LHCI complex corresponds to 155 chloroftfli$hus the PSI
antenna size in the grana+4.80 chlorophylls (0.6 LHCII trimers/ PSI) in State | and ~243 (2.09
trimers) in State Il and in the stromal lamellae is ~166 (0.26 trimers) in State | and ~180 (0.6
trimers) in State Il. Consistent with this suggestion, a detergent-free membrane preparation of
PSI-LHCI binding up to 5 LHCII trimers was recently isolated from spinach using styrene-
maleic acid copolymé&?. Indeed, there are many previous reports in spinach and pea showing
that PSI can be isolated with significant quantities of LERZH* and that PSI in the grana
margins has a larger antenna size due to binding of extra Pf4¢1I

It has been suggested that the large amount of LHCII trimers, which are recovered upon
detergent solubilization of the Arabidopsis thylakoid membrane, unbound to either PSI or PSII,
form an antenna ‘lake’ in vivo that can transfer energy to PSII and ®SThese extra LHCII
trimers are found in both the grana and stromal lamellae regions of the membrane irrespective of

the phosphorylation state of the thylakoid membrane and constitute as much as 45-66% of the

11



LHCII trimer poof®. In our samples we measured an LHCII/ PSI! ratio of 3.94, consistent with
reported numbef& Therefore 2 extra trimers per PSII exist in the membrane outside that found
in the GS;M, PSII-LHCII supercomplex. Our results support the proposal that these extra
LHCII trimers can transfer energy to PSIl and PSI in vivo with the balance dictated by tbe deg

of phosphorylatioff. They also indicate that in the absence of Lhca subunits that energy transfer
from the LHCII ‘lake’ to PSI is perturbed, such that only the tightly bound LHCII within the

PSI-LHCI-LHCII supercomplex is now efficiently transferring energy to PSI.

METHODS

Plant Growth. Wild-type Arabidopsis thaliana (L.) ecotype Columbia (Col-0) plants and the T-
DNA knock-out light-harvesting complex | antenna mutants used in this stHical
(AT3G54890) ALhca2 (AT3G61470) ALhca3 (AT1G61520) ALhcad4 (AT3G47470) were
grown in a Conviron plant grath room with an 12 hour photoperiod at a light intensity of 100
pmol photons rifse¢! and a day/night temperature 22/18°C, respectively.

PAM fluorescence. Chlorophyll fluorescence was measured with a Dual PAM 100 chlorophyli
fluorescence photosynthesis analyzer (Walz). The fluorescence level with PSII reactiers

open (Fo) was measured in the presence ofpan@ photons m? s' measuring beam. The
maximum fluorescence in the dark-adapted state (Fm) and during the course of actinic
illumination (Fm”) was determined using a 0.8-s saturating light pulse (4000 pmol photons m?s

1. Red light (® umols photons i s*) was provided by arrays of 635 nm LEDs illuminating

both the adaxial and abaxial surfaces of the leaf. Far-red light was provided by 720 nm LEDs.
State transitions fluorescence parameters (S and qT) were calculated according to Ruban and
Johnsoh

P700" absor ption measurements P700 absorption was measured in the dual-wavelength mode
(830 nm-875 nmof the Dual PAM 100. P700formation kinetics were measured on isolated
thylakoid membranes in the presence 3if M 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), 100 uM methyl viologen and 500 uM sodium ascorbate (for measurement of purified

PSI complexes DCMU was omitted and 0.01% n-dodeayimaltoside added) to create a

donordimited situation. Under these conditions the rate of photo-oxidation of P700 is directly
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proportional to thé®Slantenna siZ& Traces were fitted with a single exponential functions and

the tabulated data is the average of 4 traces per sample. The light intensitypwad paotons

m? s*. PSI Antenna size calculated as: (Wild-type State | t¥ + sample t%2) x 100% expressed as
a percentage of Wd-type State | antenna size with the assumption that all chlorophylls

functionally connected to a reaction center contribute equally to P700 oxfdation

I solation of thylakoid membranesin State | and State | 1. 8 week old plants were given 1 hour
exposure to either PSII light provided by 660 nm LEDs (BML Horticulture, USAPSI light
provided by 730 nm LEDs (BML Horticulture, USA). The light intensity of each treatment was
30 pmols photons thse¢'. Following light treatment thylakoids were prepared from the plants
according to the method of Jarvi et #lwith the addition that 10 mM NaF was included in all
buffers. Grana and stromal lamellae were isolated from State | and State Il thylakoids as
described by Fristedt et &f.,

Protein purification. PSI-LHCI and LHCII-PSI-LHCI were purified as described by Galka et

al.**. LHCII was purified according to Ruban etl.,

SDS-PAGE. State I and II thylakoids (Spug of chlorophyll) were separated by SDS-PAGE
acording to Ruban et af> Anti-phospho threonine antibody (New England Biolabs)
immunoblotting, Diamond Pro-Q Phospho staining (Life technologies) and SYPRO Ruby total
protein (Life technologies) staining were performed as previously described by Tikkanen et

al.l’.

Blue-Native PAGE. The supernatant from State | and Il thylakoids solubilized by the digitonin
method of Fristedt et al?, was subjected t8N-PAGE and subsequently separated by 2D-
denaturing PAGE as described by Jarvi etal.,

Low temperature fluorescence spectroscopy. 1 uM of chlorophyll from State | and State I
thylakoids, grana, stromal lamellae or isolated complexes was suspended in the fluorescence
buffer (60% glycerol, 300 mM sucrose, 5 mM Mg@0 mM HEPES pH 7.8) and measured in 1

cm polymethyl methacrylate cuvettes in a Opistat liquid nitrogen cooled bath cryostat (Oxford
Instruments). Fluorescence emission and excitation measurements were performed as previously
described® using a FluoroLog FL3-22 spectrofluorimeter (Jobin Yvon). 735 nm excitation
spectra were corrected for the PSII vibronic satellite contribution and normalized at 705 nm
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according to Ruban and John&of05 nm excitation spectra were normalized according to the
change in the 685/735 nm emission ratio as described by Kis$®tshen assessing the effect

of digitonin on thylakoid fluorescence (Fig. 4a), 0.5 mg/ ml (chlorophyll) of thylakoids was
solubilized with 1% digitonin for 20 minutes at room temperature and then dilutediit 1
chlorophyll using fluorescence buffer supplemented with 0.06% digitonin and immediately

frozen for measurement.
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TABLES

Table 1 | Fluorescence parameters of wild-type and ALhca mutant plants. Fv/Fm, is the
maximum quantum yield of PSIl in the dark prior to illumination, gT and qS are measures of
state transitions, qT is the fluorescence decline associated with movement of LHCII from PSII to
PSI and gS measures how effectively state transitions are at rebalancing electron fraiSport
(tv2) is the half-time taken to reach 50% of the total S, 1-qP is a measure of the redox state of the

intersystem electron carrier plastoquinone in State II.

Sample Fv/Fm qT gsS gS (t¥z, S) 1-gP
Wild-type 0.79 £0.02 0.121+0.01 | 0.81 +0.06 144 +11 0.074 +£0.01
ALhcal 0.82 £0.02 0.076 £0.02 | 0.69 + 0.05 229+ 22 0.0970 £ 0.05
ALhca2 0.83+£0.01 0.064 £0.01 | 0.62 £ 0.05 275 + 33 0.17 £0.07
ALhca3 0.83+0.01 0.074 £0.02 | 0.66 + 0.07 245 + 27 0.12 +0.04
ALhca4 0.82 £0.01 0.038 £0.01 | 0.33£0.05 230+ 25 0.243 £ 0.07

Table 2| PSI functional antenna sizein wild-type and ALhca mutant thylakoids determined
by absor ption spectroscopy. P700 formation kinetics (830-875 nm) were measured on isolated

thylakoid membranes presence36fuM DCMU, 100 uM methyl viologen and 500 uM sodium
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ascorbate to create a dorionited situation. Traces were fitted with a single exponential
functions and the tabulated data is the average of 4 traces per sample. The light intensity was 29
umol photons m? s*. PSI Antenna size calculated as: (Wild-type State | t¥2 + sample t¥%) x 100%

expressed as a percentage of Wild-type State I.

Sample State | State I Calculated PSI antenn % increase in PS

. ) size antenna size i

P700 (t*2, ms) P700  (t2 | o4 of wild-type in Statd State Il
mS) I
State | State Il

Wild-type 1795 140+ 8 100% 1283 % | 28+3 %
ALhcal 210+ 6 174+ 6 84+3% |96£3% |19+4%
ALhca2 241+5 212+10 74+3% |84+5% |16+x4%
ALhca3 217+9 185+8 82+5 9%6+£3% |17+4%
ALhca4 324+ 9 278 £ 11 55+5% |64£6% |17£3%

FIGURE LEGENDS

Figure 1 | State transitions and thylakoid protein phosphorylation in wild-type and ALhca
plants. PAM fluorescence traces showing state transitioras wild-type,b, ALhcal, ¢, ALhca2,

d, ALhca3 ande, ALhca4 plants.f, Comparison of state transition kinetics, colours as in (a)-(e).
All traces are normalized to unity at Fg,. Pro-Q Phospho stained SDS-PAGE gel of total
thylakoid proteins from wild-type amtlLhca mutants.

Figure 2 | Determination of PSI antenna size in wild-type and ALhca plants. P700
formation kinetics (830-875 nm) measured by absorption spectroscopy on wild-type (black
trace),ALhcal (purple),ALhca2 (green),ALhca3 (red) andALhca4 (blue) thylakoids ire, State

I, b, State Il.c, Low temperature (77K) fluorescence emission spectra (435 nm excitation,
spectra were normalized at 685 yard, PSI low temperature (77K) fluorescence excitation
spectra (735 nm emission, spectra were normalized at 7p5State | shown in blue, State Il
shown in rede, PSI-minus-PSII excitation difference spectra as labeled, the area underneath the

spectra were scaled according to the 685/735 nm emissionfy&ielationship between the PSI
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and PSII excitation spectra difference at 635 nm in State Il and the 1-gP value chefisur20

minutes acclimation to red light (Table 1).

Figure 3 | Effect of digitonin on PSI:LHCII interaction in wild-type and ALhca thylakoids.

a, BN-PAGE of supernatant from 1% digitonin solubilization of thylakoid membranes from
wild-type andALhca mutants.b, Relative amounts of PSI binding LHCII as derived from
scanning of the PsaA/B PSI core subunits spot in Sypro-stained 2D gels in SuppiefFigota

3. ¢, Low temperature (77K) fluorescence emission spectra (435 nm excitation, spectra were
normalized at 685 nm) ardtl PSI low temperature (77K) fluorescence excitation spectra (735
nm emission spectra were normalized at 705 nm) following 1% digitonin treatment of State II
thylakoids (dashed lg) compared to untreated State | (solid blue line) and State Il (solid red
line) wild-type andALhca4 thylakoids.

Figure 4 | PSI antenna size in wild-type grana and stromal lamellae membranes. a, Low
temperature (77K) fluorescence emission spectra (435 nm excitation, spectra were normalized at
685 nm) andb, PSI low temperature (77K) fluorescence excitation spectra (735 nm emission
spectra were normalized at 705 nm) of isolated wild-type State | (blue) and State IIréresl) g

and stromal lamellae compared to isolated PSI-LHCI (black) and PSI-LHCI-LHCII (grey)
supercomplexesc, State I-minus-State Il excitation difference spectrum for grana (G) and
stromal lamellae (SL) and relative differences compared to purified PSI-L8{CP700
formation kinetics (830-875 nm) measured by absorption spectroscopy on isolated grana and

stromal lamellae.

21



