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ABSTRACT: A mild sonication and phase fractionation method has been used to isolate five regions of the
thylakoid membrane in order to characterize the functional lateral heterogeneity of photosynthetic reaction
centers and light harvesting complexes. Low-temperature fluorescence and absorbance spectra, absorbance
cross-section measurements, and picosecond time-resolved fluorescence decay kinetics were used to
determine the relative amounts of photosystem Il (PSIl) and photosystem | (PSI), to determine the relative
PSIl antenna size, and to characterize the excited-state dynamics of PSI and PSII in each fraction. Marked
progressive increases in the proportion of PSI complexes were observed in the following sequence: grana
core (BS), whole grana (B3), margins (MA), stroma lamellae (T3), and purified stromal fraction (Y100).
PSII antenna size was drastically reduced in the margins of the grana stack and stroma lamellae fractions
as compared to the grana. Picosecond time-resolved fluorescence decay kinetics of PSII were characterized
by three exponential decay components in the grana fractions, and were found to have only two decay
components with slower lifetimes in the stroma. Results are discussed in the framework of existing models
of chloroplast thylakoid membrane lateral heterogeneity and the PSII repair cycle. Kinetic modeling of
the PSII fluorescence decay kinetics revealed that PSII populations in the stroma and grana margin fractions
possess much slower primary charge separation rates and decreased photosynthetic efficiency when
compared to PSII populations in the grana stack.

In the process of oxygenic photosynthesis plants utilize of the auxiliary antennae with the PSI core complex has
light energy to split water into molecular oxygen, protons, generated a model of PSLHCI with a total of 167 Chl
and electrons and produce both ATP and NADPH for use molecules %, 6) and a Chla/bratio of about 9. The PSH
in carbon fixation. This process requires photosystem I§PSI LHCII complex is characterized as possessing about 150 Chl
and photosystem Il (PSll) operating in tandem. molecules, with a Chd/bratio of about 2.57, 8). In addition

PSI and PSII core complexes are large supramolecularto these basic structural units, higher plants produce variable
pigment-protein complexes containing 96 and 35 chloro- amounts of additional LHCII serving to supplement the light
phyll a (Chl a) molecules {, 2) and @3, 4), respectively. In harvesting capacity of each photosystem. These additional
higher plants both photosystems are associated with periphLHCII complexes can be dynamically reallocated between
eral Chla and Chlb-containing antenna complexes, known the two photosystems to optimize cooperation between them
as light harvesting complex | (LHCI) and light harvesting in a process denoted as state transitions, se&fogfreview.
complex Il (LHCII). The PSIl associated LHC family Photosynthetic membranes of chloroplasts consist of the
includes the Chl binding proteins, CP24, CP26, and CP29. appressed regions (grana stacks) and the unappressed regions
The PSI core complex associates with four LHCI monomers, (stroma lamellae). Grana stacks contain a preponderance of
while two LHCII trimers and three monomers (CP24, CP26 PSII and the stroma lamellae P3D~12). PSII populations
and CP29) are coupled to each PSII core. The associationocalized in these two membrane areas are fundamentally
different with respect to antenna size and photochemical
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1 Abbreviations: PS, photosystem; RC, reaction center; Chl, chlo- . - . .
rophyll; P680, primary electron donor in photosystem Ik, @rimary 14, 16); these membrane fractions are illustrated with respect

quinone electron acceptor in photosystem II; DAS, decay-associated {0 their location in chloroplast thylakoid membranes in Figure
spectrum;Fo, the minimal fluorescence level associated with photo- 1, Studies of these fractions have indicated that inactivation

chemically active or “open” reaction centers with an oxidized primary ot pg| with respect to oxygen evolution and forward electron
quinone electron acceptor QFu, the maximal level of fluorescence

associated with photochemically inactive or “closed” reaction centers transfer from Q progressively increases with increasing
with reduced primary quinone electron acceptox, Q distance from the grana corgé3-15). Lateral heterogeneity
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stroma lamellae, and mixing of PSI fluorescence with faster
PSIlI decay processes) contribute to the complexity of the
fluorescence decay kinetics, and determination of the intrinsic
charge separation and charge stabilization rates becomes even
more complex. Correct assignment of the observed fluores-
cence decay components is the first and the most critical
step in the interpretation of fluorescence decay components
in higher plant thylakoids.

Previously, fluorescence decay components of whole
thylakoids have been assigned assuming that homogeneous
PSI kinetics are monoexponential and PSII kinetics are
biexponential 23, 24). Two populations of PSII were
required to fit data, and both populations were inferred to
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Wavelength (nm) were distinguished by finding a minimal physically reason-

Ficure 1: 77 K fluorescence spectra of chloroplast thylakoid able kinetic model capable of describing a set of fluorescence
fractions. Spectra were normalized to peak emission. BS, granagecay kinetics measured at different wavelengths using

core fraction; B3, entire grana stack; margin, grana margins; T3, | ith both cl e d i t
stroma thylakoid membranes; Y100, purified stroma thylakoid Samples wi oth closed;) and open reaction centers.

membranes. See Materials and Methods for details. Diagram At Fy all four lifetimes could be distinguished and, as the
illustrating the origin of the specific membrane fractions in relation relative amount of the two PSII populations was independent

to th_e structure of the chloroplast thylakoid membrane is shown in of the state of the reaction centers, it was possible to extract
the inset. kinetic parameters of both PSII populationggby imposing
this constraint on the fit of th& kinetics.
of PSll was explained by damagg of highly active PSI_' Since then many studies have followed this assignment,
complexes in the grana core and their Sl_Jbsequent reallc.)cat'orbarticularly in interpretation of kinetic changes due to non-
E?béggr;gg r?gr rrne%rgi?rire]zz ;gglr%r\]/?év\\:v r|lel;‘:.hA?‘Itreer ?e(::;aeisrsilr?le tophotochemical que_nchin@!ﬁ, 26). Recent studies of isolated
' ’ PSI and PSII particles have shown, however, that fluores-

the stroma, @ binding affinity and the oxygen evolving S L
; cence decay kinetics of both photosystems are intrinsically
complex were proposed to be restored during transport backmOre complex 21, 22. 27, 28). Thylakoid membrane

to the grana. By the time PSII complexes reach the margins : . ; . .
of the grana stack most are activated and the activationfractions isolated using the phase fractionation method

process was proposed to reach completion in the core of thef®Present simpler systems than whole thylakoids and are
grana stack 3, 14). The isolation of thylakoid membrane ideally suited for |dent|f|c§1t|0n of fluorescence decay com-
fractions has allowed for the assessment of lateral hetero-Ponents. At the same time study of fluorescence decay
geneity with respect to Chd and Chlb content, PSII/PSI kinetics in these fractions is critically important for under-
ratio, and overall PSII activity as measured by secondary standing how the photochemical properties of PSII viary
electron transport rates. In addition, the distribution of situin different thylakoid membrane regions and thus with
different forms of PSiII, including PSHLHCII supercom- different stages of the PSII repair cycle.

plexes, PSII dimers, PSII monomers, PSIl monomers lacking  |n this paper we present time-resolved fluorescence data,
CP43, and D1/D2 reaction centers, has been shown to varyand measurements of the functional PSII antenna size of the
greatly across fractionsL§). The grana core contains most aforementioned fractions of thylakoid membranes. We make
of the supercomplexes, and the PSII population in the Y100 se of independent measurements of relative PSI and PSII
fraction mostly consists of monomers lacking CP43 and D1/ ;o ntent, functional PSII antenna size, and global analysis of

DZCrheacthJn _ce?ters. £ ori . s fluorescence decay kinetics collected with open and closed
aracterization of primary €nergy Conversion events in pqy; o4ction centers to identify decay components. Our data

PSlI, llncludlng excitation energy ”""”Sf?F' primary photo- shows that the functional antenna size of PSIl was drastically
chemical charge separation, charge stabilization, and recom-

bination in the different thylakoid membrane fractions, has reduped in the margins of the grana stack and stroma
not yet been done. The rates of charge separation anOa‘ractlons as compared to the grana. We found that fluores-

stabilization can be obtained from picosecond time-resolved C€NCce decay kinetics were relatively fast and three exponen-
fluorescence decay kinetics. However, sophisticated kinetic i@l in the grana fractions, while PSII in the stroma was
modeling is required to estimate rates of photochemical chara}cterlzed.by slower and biexponential d.ecay kinetics.
processes in such complex pigment aggregates as PS| anfinetic modeling of our data revealed essential o_llffere_:nces
PSII. Kinetic modeling, utilizing available structural informa- in primary charge separation between PSII localized in the
tion and assignment of site energy levels, has been applieddrana and stroma membrane regions. PSII primary charge
to estimate rates of photochemical processes from fluores-Separation rates and photosynthetic efficiency were depressed
cence decay kinetics of isolated PSI and PSII partickes ( in the stroma derived fractions and the grana margins as
19—-22). In the case of whole thylakoids many other factors compared to the grana stack. We discuss our results in the
(PSII heterogeneity, heterogeneity of the peripheral antennaframework of the existing models of chloroplast thylakoid
presence of unconnected light-harvesting complexes in themembrane structure and the PSII repair cycle.
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MATERIALS AND METHODS reaction center. The antenna size of PS&IHCII was derived
. . . via use of CP24 (10 Chls), CP26 (9 Chls), and CP29 (8 Chls)
Preparation of Thylakoid Membrane Fractionsll thyl- monomeric subunits3(); and the LHCII trimers (42 Chls)
akoid membrane fractions were isolated from home grown (35 a5 the building blocks of the PSII auxiliary antennae. It
spinach as described in reid, 15. should also be noted that the stroma derived fractions

Steady-State Spectroscopypsorption spectra were mea-  (margins, T3, and Y100) were assumed to possess—PSl|
sured at 10 K using an intensified diode array detector (model| HCII complexes that were relatively disassembled when
1461 EG&G Princeton Applied Research) and a helium compared to the grana derived fractions (BS and B3); while
cryostat (Advanced Research Systems, Inc., model DE-202).ps|| monomers and dimers in the grana derived fractions
Samples were resuspended in 50 mM HEPES buffer, pH were assumed to possess some measure of auxiliary antennae.
7.6, containing 0.1 M sorbitol, 5 MM Mggl5 mM NaCl,  This disparity was mandated in order to determine if the PSII
and 60% glycerol. Emission spectra were measured at 77 Ksybpopulations were relatively more disassembled in the
with the same detector. Chlorophyll concentration of less stroma as compared to the grana. The precise details
than 5ug/mL was used in fluorescence measurements.  regarding the implementation of this bias in our calculations

PSIl Absorbance Cross Sectior3SIl absorption cross  can be found in the Results section.
sections were determined by flash saturation curves of Picosecond Fluorescence Decay Kinetigsingle photon
variable Chla fluorescence. An optical parametric oscillator timing apparatus utilizing a picosecond pulsed diode laser
(VisIR2, GWU-Lasertechnik) pumped by the third harmonics was used to measure the kinetics of chlorophyll fluorescence
of a Q-switched Nd:YAG laser (Spectron Laser Systems) decays 83). Excitation pulses were delivered at 407 nm by
was used to provide 6 ns long actinic flashes at a wavelengtha picosecond diode laser (PicoQuant, PDL 800-B), 54 ps
of 435 nm. The actinic light was delivered via the optical fwhm. Chlorophyll fluorescence was measured by a Hamamat-
fiber to a 250uL flow through cuvette where the sample su R-3809 micro channel plate photomultiplier screened by
was circulated at the rate of about 1 mL/s. Chlorophyll a double monochromator. A single photon counting PC card
concentration of about Bg/mL was used in cross-section (Becker & Hickl, SPC-730) was used for data collection.
measurements. Non-actinic 66 long measuring light pulses  The instrument response function of the system was 68 ps.
were supplied by blue light emitting diode (450 nm) 189 To maintain PSII reaction centers in the opédh)(state
after the pump flash to determine the amplitude of fluores- samples were circulated with a flow rate of 4 mL/s and low
cence. Chlorophyll fluorescence was detected by a photo-measuring light intensities were used. Thg state was
multiplier tube (Hamamatsu RG967), screened by a 1/4 m achieved by addition of DCMU, slowing down the circulation
monochromator. A small fraction of the actinic flash was rate and increasing the measuring light intensity. Fluores-
directed toward a photodiode so that the energy of each laseicence decay data were collected for four detection wave-
pulse could be measured. Twenty fluorescence yield and flashiengths between 680 and 730 nm until 20 000 counts in the
energy signals were averaged simultaneously at a flashpeak channel were attained. Fluorescence decay curves taken
frequency of 2.5 Hz. Data were fit with the cumulative at all wavelengths were fit with the sum of exponential decay
Poisson single-hit probability distributio9): ®(1) = Pmax functions globally with the model of parallel decaying
(1 — e'%) wherel is the pulse energyd(l) is the yield of compartments as described previousiy, (35).

the fluorescencePnmax is the maximal yield determined at PSII Kinetic Modeling.Modeling of PSII fluorescence
saturating flash intensity, and is the effective absorption  decay kinetics was based on a recently published “coarse
Cross section. grained” model which takes into account supramolecular

Absorbance cross sections were also calculated based owrganization of PSIl and LHCII in thylakoid membranes to
the distribution of different types of PSIl complexes found model the energy migration and charge separation processes
in the different fractions of the thylakoid membrane as in the PSIFLHCII supercomplex Z2). In this model each
reported by refl8. This was performed by representing each pigment-protein subunit in the PSHLHCII supercomplex
subpopulation of PSII with a cumulative Poisson single-hit is represented by one compartment. The excitation transfer
probability distribution, taking into account the relative rate between all compartments was assumed to be (17, ps)
proportion and the presumed antenna size of the PSlland charge separation in PSIl was modeled by one reversible
subpopulation. For each fraction the cumulative Poisson radical pair. The antenna size of the PSII population in each
single-hit probability distribution for each constituent sub- fraction was determined from the measured absorbance cross
population of PSII was added to produce a simulated curve. sections and analysis of protein gels, and the connectivity
The simulation was then fit in the same manner as the between antenna compartments was based on the structural
experimentally obtained data. The relative antenna sizes oforganization of PSHLHCII complexes. The fitting param-
the various subpopulations of PSII identified in 1&(PSII— eters in the model were the rate constant of charge separation
LHCII supercomplexes, PSII dimers, PSIl monomers, CP43- (Kcs), its reversal Kcs™), and charge stabilization by
less PSIl monomers, and D1/D2 reaction centers) weresecondary electron transfer toa @Ksr). This model is
calculated based on the following assumptions concerningapproximate, however, it was demonstrated previously that
the number of antenna Chl associated with each “type” of it allows one to draw conclusions about the relative contribu-
PSII. The D1/D2 reaction centers were assumed to containtions of excitation energy transfer and charge separation to
the equivalent of 6 Chls, CP43-less centers had 22 Chls, andexcited-state dynamic2%).

PSIlI monomers and PSII dimers possessed 35 Chls per

reaction center30). The PSI+LHCII supercomplexes were RESULTS
assumed to possess a variable number of Chls ranging from Low-Temperature Fluorescence Spectraw-temperature

a minimum of 125 Chls to a maximum of 253 Chls per fluorescence emission spectra were measured to assay for
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Table 1: PSIl Absorbance Cross Sections Obtained from Flash Chibto th_e abs_orption of these frac_tions (especially i_n the
Saturation Curves Y100 fraction) is much lower than in the grana fractions.

The spectra from the grana margins are intermediate between
the grana and stroma membrane fractions for all of the above-

cross section

fraction measured calculated _calculated described characteristics. The absorption data follows the
BS 1 1 1 same trend as the emission data indicating that the amount
Eﬂi 8:21 8:3% g'gg of PSIl and Chb containing LHC complexes decreases from
T3 027 0.38 0.25 grana fractions to stroma fractions, while relative PSI content
Y100 0.2 0.37 0.24 increases.

aThe fit error is less than 5%. The calculated cross sections are based PSII Absorbance Cross SectiornEhe absorbance cross
on biochemical data for the relative number of PSII supercomplexes, sections of the PSIlI complexes present in the thylakoid
PSII cores, and CP43-less PSII cores found in each fraction ib8ef fractions were determined using pump probe fluorescence
See text for details. All cross sections are expressed relative to theflash saturation curves as described in Materials and Meth-

grana core fractior Cross sections based on the numbers of LHCII ds. Analvsis of th turati h d the absorb
associated with PSII supercomplexes, dimers, and monomers in eacHP0S. Analysis of the saturation curves snowe € apbsorbance

of the fractions as determined by proteomic analysis irL8f Cross cross section of PSIl to be the largest in the whole grana
sections based on the same assumptions as above with the additionahnd grana core fractions and sharply decrease in the grana
assumption that that all of the “free” LHCII trimers that were associated mgargins and stroma fractions (Table 1). There was a 3-fold
;vl:tgetﬂ:%gwr;gi:g re fraction were energetically coupled to-PEHCII reduction of the functional antenna size of the PSII com-

: plexes from the grana core fraction (BS) to the grana margins,
and a 5-fold decrease from the BS fraction to the Y100

Table 2: Photochemical Rate Constants andReduction fraction. Since the amplitude of the Chl peak in the
Efficiency in Each Fraction as Determined via Kinetic Modeling absorbance spectra does not decrease proportionally to the
_ Kcsi AGj KSTi efficiency of Cbhé‘:lfge decrease of the functional PSIl antenna size, a dissociation
fracton  ns cm ns stabilizatiort, % of LHCII complexes from PSII in the grana margins and
BS 403 1036 2.82 92.8 stroma fractions is likely responsible for much of the decrease
EA‘: 135:’8 ggg g'}lé 2%“2" in functional antenna size and is consistent with existing
T3 13.1 807 3.06 65.6 models of PSII repair and measurements of PSII heterogene-
Y100 7.7 597 1.7 49.6 ity in chloroplast thylakoid membranes®).

2 Free energy difference between the excited state of the RC and  1h€ Obser\/ed_ relative diﬁerer_‘ce in PSIl antenna _Size found
the radical pair was calculated from the forward and backward rates of between the different thylakoid membrane fractions was
electron transfer To characterize changes in efficiency of the reaction compared to calculated relative differences in antenna size
centers independently of the antenna size the number of pigments inthat were based on a recent proteomic analysis of the
the BS fraction was used for calculation in all fractions. thylakoid fractions 18). The proteomic analysis showed each

isolated thylakoid fraction to have a unique heterogeneous
relative amounts of PSIl and PSI in the thylakoid membrane population of PSIl centers consisting of PSUHCII su-
fractions. The fluorescence peak-av30 nm Er3g) arises percomplexes, PSII dimers, PSIl monomers, CP43-less PSlI

from PSI, the fluorescence peak @695 nm Fegs) from monomers, and D1/D2 reaction centers. Our calculation
PSII; while the fluorescence peak occurring~a685 nm assumed different antenna sizes for each of the different types
(Fess) originates in both PSIl and LHCII. Thiéses/F730 ratio of PSIl centers, and two different analyses were done

is a reasonable indicator of the relative PSII/PSI ratio. The assuming variable sizes for the PSLHCII supercomplexes,
FeogF730 ratio was high in the grana BS and B3 fractions. It see Materials and Methods for details. Both calculations
sharply dropped in the margins, and decreased further inassumed that PSII dimers and PSII monomers found in the
stroma fractions (Figure 1). The trend observed shows the margins, stroma, and Y100 fractions were not associated with
amount of PSII decreasing from grana fractions to stroma any LHC'’s and that any PSIl supercomplexes found in the
fractions, while relative PSI content increases (Figure 1). This margin fraction were associated with the equivalent of 3
is consistent with existing models of PSII/PSI lateral LHCII trimers per PSH-LHCII supercomplex (125 Chls per
heterogeneity in chloroplast thylakoid membranes and with reaction center). Both calculations also assumed that PSI|
EPR measurements performed on similar fractions (see Tabledimers and PSIl monomers in the grana core were associated
3) (15). with 2 LHCII trimers and 1 LHCII trimer respectively (106
Low-Temperature Absorbance Spectraw-temperature  Chls per reaction center). The only difference between the
absorbance spectra from the B3 and grana core BS regiongwo calculations was the assumed size of the PBHCII
are very similar to each other and are characterized by asupercomplex in the grana core. The first calculation assumed
peak in the Chha Qy region at 676 nm for B3 and BS (Figure that the PSH-LHCII supercomplexes found in the grana core
2). Both fractions also exhibit a distinct short wavelength were associated with the equivalent of 5 LHCII trimers per
shoulder on the Qy band at 671 nm. These two spectra showPSII—-LHCII supercomplex (169 Chls per reaction center),
a relatively large contribution from Chb observed as a  which is the upper limit for size of an isolated PSUHCII
distinct peak at 650 nm. Absorption spectra from the T3 and supercomplex36). The second calculation assumed that the
Y100 stroma membrane fractions are characterized byPSI—LHCII supercomplexes in the core were associated
significantly increased contributions of long wavelength Chl with 9 LHCII trimers (253 Chls per reaction center). This
a forms of PSI to the Qy band. Increase of the abundance assumption was based on previous studies that indicated a
of these forms results in a red shift and broadening of the possible PSIl antenna size of 250 Chs¥{39); provided
absorption peak in the CllQy region. The contribution of  that all the LHCII present in the grana were utilized by PSII.
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Table 3: Characterization of the Different Fractions of the Thylakoid Membrane

O, evolutiort

Chla/b [umol of Of Chl/fraction® PSll/fraction? Chl/P700 ¢

fraction (mol/mol) (mg of Chlyth™] %,+5 %,+5 PSI/PSIt Chl/Yp:d mol/mol
grana core 2.27 271 51 71 0.250.06 355 1300
grana 2.60 240 64 81 0.480.05 408 980
margins 3.62 94 13 10 1.280.14 667 508
stroma 4.40 87 36 19 3.160.11 971 316
Y100 7.51 0 5 1 124 1.65 2780 222
thylakoids 3.11 127 100 100 1.130.05 617 552

aMeasured with 2 mM ferricyanide and 0.5 mM PpBQ as electron accep&alculated from the counter current distribution that provided the
Chl yield in each fraction and from the EPR measurements for the PSII content in the different thylakoid fractions, data¥8mJafthe basis
of EPR measurements, data from iéf ¢ On the basis of EPR measurements, data froniBeShows total number of Chif-b) molecules per
PSII or PSI center. Note that not all these chlorophylls are connected to PSII or PSI (see discussids forrekplanation of the calculation of

antenna size).
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Ficure 2: 10 K absorbance spectra of chloroplast thylakoid . . o .
fractions. Spectra were normalized to peak absorbance. BS granaf IGURE 3: Decay-associated fluorescence emission spectra obtained
: rom global analysis of picosecond fluorescent decay kinetics from

g?rgemf;a(t:ﬁ;g;kgiﬁ’ rennélr:]ebgggg s\t(alcoké rr;)atjrrgi]flinédg;zipoamn;atrﬁ;/?;io'li'g ' the grana core fraction BS. See Materials and Methods for details.

membranes. Inset shows magnified picture of changes in the ] ] )
maximum absorption peak around 680 nm in the different fractions. ~ Since the best fits were obtained when the putative PSI

See Materials and Methods for details. components were linked in this manner, the assignment of
components to PSII and PSI can be regarded as robust. It
In the first calculation, the assumptions used served to should also be noted that not only were the PSI components
maximize the antenna size disparity between the granadetermined to be static fronf, to Fy but these same
fractions as compared to the margins, stroma, and Y100 bycomponents have been observed in isolated PSI-200 prepara-
using the largest isolated PSILHCII antenna size as an  tions @40, 41) and the fast component has been also been
upper limit 37—39) and the logical boundaries imposed by observed in isolated PSI corea7|. In addition, as will be
the PSII population distribution as reported previously in the detailed in the following section, these assigned PSI com-
proteomic dataX®8). Interestingly, in our first calculation,  ponents gradually emerge as the measurements move from
the relative PSII absorbance cross sections for the marginsgrana to stroma; which is in accordance with our low-
stroma, and Y100 fractions were consistently higher than temperature fluorescence and absorbance measurements as
the experimentally determined cross sections (Table 1). Thewell as a previous study of these fractiori$)(and other
much larger antenna size for PSLHCII supercomplexes,  grana and stroma preparatiod§412). We were particularly
that represented the only difference between the two calcula-interested in characterization of fluorescence decay compo-
tions, generated relative absorbance cross sections whichents originating from open PSII reaction centers as they
were much closer to the experimental results (Table 1).  reflect charge separation and charge stabilization processes.

Time-Resaled Fluorescence Decay kineticA. global The decay associated spectra for the grana core fraction
analysis of time-resolved fluorescence decay kinetics col- BS are shown in Figure 3. Four components were required
lected at bothH~, andFy was undertaken to identify decay for the best possible fit of the data. Lifetimes of the three
components originating from PSII and PSI. To facilitate the fastest decay components & 130 ps,r, = 280 ps, ands
identification of the decay components we took advantage = 530 ps) increased upon closure of PSII reaction centers
of the fact that PSI decay kinetics exhibit negligible changes (data not shown), and all of them had similar spectra. We
betweenF, and Fy states. This allowed us to share the assigned these components to open PSII reaction centers.
amplitudes and lifetimes of PSI components in simultaneous The fourth minor component with the lifetimg = 2.4 ns
fits of data collected at botR, andFy of the PSIl reaction ~ was assumed to originate from a small fraction of closed
centers. PSII centers and/or uncoupled LHCII complexes. A similar
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Ficure 4: Decay-associated fluorescence emission spectra obtained g re 5: Decay-associated fluorescence emission spectra obtained

from global analysis of picosecond fluorescent decay kinetics from from global analysis of picosecond fluorescent decay kinetics from
the grana fraction B3. See Materials and Methods for details. the grana margin fraction.

component was observable in all of the fractions. Global “a—0.12ns
analysis of the BS fraction generated decay associated spectra 0.59 & ‘ ---e---0.26 ns
that lacked any identifiable PSI component, exemplifying ] A 0.57ns
the dearth of PSI complexes in the core of the grana stack. 0.4+ N Ceaemele)

Decay associated spectra of the whole grana (Figure 4)
were quite similar to the grana core, with triphasie €
120 ps,7, = 270 ps, andz = 510 ps) PSII kinetics and a
minor 7, = 2.0 ns component. However, the shape of the
spectra of the fastest decay component was altered when
compared with the BS fraction. In the B3 fraction the 120

©
w
1

Amplitude, a.u

ps component showed an elevated amplitude at both 700 nm o1d .« T .
and particularly 720 nm. This indicated a contribution from .

PSI convolved with the fast component of PSII, attesting to 00l " a
a relative increase in the amount of PSI present when 680 | 690 700 710 720
compared to the BS fraction. The contribution of PSI

fluorescence to the fast decay phase was fairly small and Wavelength, nm

virtually absent at wavelengths shorter than 700 nm. Decay Ficure 6: Decay-associated fluorescence emission spectra obtained
kinetics of both grana fractions were found to be similar to from global analysis of picosecond fluorescent decay kinetics from

the decay kinetics of BBY particles reported recenfig)( the stroma thylakoid membrane fraction T3. See Materials and
L . Methods for details.
Fluorescence decay kinetics of the margins of grana stacks

were more complex than the kinetics of grana fractions

(Figure 5). Along with four components with lifetimes similar fast component, the relative proportion of PSI complexes
to corresponding components found in the grana fractions, clearly increases in margins compared to the whole grana.
an extra component with a lifetimg = 60 ps was required  The two slow components of PSII were also apparent

to describe the data. The amplitude and lifetime of this 260 ps andrs = 580 ps), witht; = 580 ps exhibiting a
component were unaffected by the closure of PSII reaction relatively increased amplitude as compared to the BS and
centers, suggesting an origin in PSI. The red-shifted fluo- B3 fractions. This indicates that the mean lifetime of PSII
rescence emission peak of the 60 ps component was alsalecay kinetics in the grana margins was slower than in the
indicative of PSI emission. A similar component was also other grana fractions. The slow 2.3 ns component also
observed in the decay kinetics of isolated PSI-200 particles showed a significantly larger amplitude in the margins than
(40). Thus, the 60 ps decay component of margins was in either the BS or B3 fractions. This could be indicative of
assigned to PSI. This component was therefore shared andn increase in the amount of uncoupled antenna.

held constant in the global analysis Ie§ and Fy data. As Five components were also required to fit fluorescence
was observed for grana fractions, the lifetimes of three of decay kinetics of the stroma T3 fraction, similar to the case
the decay components;(= 120 ps,t, = 260 ps, ands; = of margins (Figure 6). Based on results from steady-state

580 ps) increased upon closure of PSII reaction centers (datespectroscopy (Figure 1) we expected this fraction to contain
not shown), indicating their origins in PSII. However, the more PSI reaction centers. As anticipated, the contribution
spectral shape of theg = 120 ps component exhibited an of PSI to the fluorescence decay was larger, thus allowing
even greater bias toward emission at 720 nm as comparedis to identify two distinct PSI decay components with
to the B3 fraction, indicating that this PSIl component is lifetimests = 60 ps and; = 120 ps. The 120 ps component
mixed with PSI emission. Considering the emergence of the had a similar lifetime to the PSII fast component from the
60 ps PSI component and the change in shape of the PSligrana fractions, but its spectral shape was clearly indicative
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ized by significantly slower PSII decay kinetics as compared
0.6- ’ - 8;3 2: to the T3 fraction. The Y100 fraction also showed an
' k- 0.87 s increased contribution from PSI components, attesting to the
- —v--2.1 s (*5) increase in proportion of PSI complexes in the Y100 fraction.
S * —¢—0.07ns The analysis of this fraction completed the survey of PSI
© 5.4 and PSiIl in the fractions, confirmed the increase in the PSI
[0} M population, and revealed a slowing down of PSII kinetics
5 4 T when the sample origin moved from grana to stroma. In
%_ \\\\ t addition, the slower biphasic kinetics of PSII complexes in
0.2 . / the stroma sharply contrasted with the triphasic kinetics in
<% — T the grana supporting the idea of fundamentally different PSII
populations in the grana as compared to the stroma with
00 : respect to charge separation and stabilization.
580 590 200 710 790 PSII Kinetic Modeling.The global analysis of the fluo-

rescence decay kinetics revealed considerable differences in
Wavelength, nm the decay components associated with PSII. Differences in
FiGURe 7: Decay-associated fluorescence emission spectra obtained”S!! fluorescence decay kinetics can originate from different
from global analysis of picosecond fluorescent decay kinetics from auxiliary PSIlI antennae and/or differences in the rates of
the purified stroma fraction Y100. See Materials and Methods for charge separation in PSIl. Early kinetic models for PSII
details. assumed the kinetics to be dominated by trap limitation rather
than transfer time from antenna to reaction cen2& 42).
of PSI emission. Similar to what was observed for the 60 ps Subsequent studies have shown that the migration time of
component, the 120 ps component showed no changes upogxcitation through the antenna complexes associated with
closure of PSII reaction centers. In our global analysis we, PSII likely contribute to the overall fluorescent decay
therefore, linked these two PSI components betweerfrhe measured 32, 43, 44). Since the measured differences in
andFy data sets through both amplitude and lifetime. Both PSII antenna size were considerable between the grana and
the spectral shapes and relative amplitudes of the 60 ps andstroma derived fractions, a recently introduced kinetic model
120 ps components that emerged from fit of our data were (22), which could account for the antenna size differences,
very similar to the PSI decay components observed in was used to model PSII decay kinetics.
isolated PSHLHCI particles @7, 40, 41). The contribution The mean number of chlorophylls in the kinetic models
of the PSI components confirmed an increased preponderancdor each PSII population was assigned as described above
of PSl in the stroma lamellae as compared to the margins ofin the “PSIl Absorbance Cross Sections” section. The
the grana stack as seen in the fluorescence emission andesulting models are shown in Figure 8. In modeling of these
absorption spectra (Figures 1, 2). The triphasic PSII decay“coarse-grained” representations of the PSII antenna system
kinetics observed in the grana fractions and grana marginswe assumed a uniform migration time of (17 pshetween
were not present in the T3 stroma fraction. Only two decay all compartments. This value of intercompartment transfer
components were found to be sensitive to trap closure, andtime has been shown to describe BBY fluorescence decay
they had lifetimes of 260 and 570 ps. Although a small kinetics within the context of this mode2?) and is similar
amount of a fast 120 ps PSIl component may have beento the experimental value observed for excitation equilibra-
mixed with the trap closure insensitive 120 ps PSI decay tion time in isolated LHCII trimers43).
component, its relative amplitude, as compared to the two The kinetic model used in our study is approximate, and
slow PSII decay kinetics, would be much smaller than that we do not expect to determine absolute values for charge
observed in the grana fractions. PSIlI decay kinetics are separation rates with high accuracy. Nevertheless it is useful
clearly different and much slower in the T3 stroma membrane to compare results of our analysis of the kinetics with
fraction than in the grana or grana margin fractions. The previous studies of isolated RC, PSIlI cores, and BBY
contribution of the very slow 2.6 ns component to the particles. The rate of Qreduction in our fractions varies
fluorescence decay of T3 particles was larger than in granafrom (243 ps)? in margins to (590 ps} in Y100. Holzwarth
fractions but similar to grana margins which may be et al. @5). reported (350 ps} for PSIl core complexes. We
indicative of more energetically uncoupled Chls in these found the same value in the grana core fraction, Table 2.
regions. The free energy difference between the RC excited state and
The Y100 fraction, representing the purified stroma the radical pair is 1036 cm for grana core fraction. Broess
lamellae, showed the same two PSI components as observedt al. 22) reported 2380 crt for BBY preparations while
in the T3 stroma lamellae (Figure 7). The spectral shapes,in another study free energy difference between RC excited
relative amplitudes, and lifetimes of these two components state and second radical pair was 930 tifior PSII cores
are very similar in both fractions and also to those previously (45). Our estimation of the rate of charge separation in the
determined in isolated PSLHCI particles @7, 40, 41). As grana core (2.5 ps) is between the rate determined in ref
found for the T3 fraction, the PSII decay kinetics in the Y100 22 for BBY preparations (1.25 ps) and the rate of charge
fraction showed no evidence of a fast decay component. Theseparation determined by Holzwarth et a45) (5.5 ps)*
two PSII associated decay components did, however, havefor PSIl cores and isolated reactions centers. We have
even slower lifetimes, 340 ps and 870 ps. The very slow observed that when the size of antenna is close to the size
component was of similar amplitude to that observed in the of PSIl antenna in the grana stack, the model becomes
T3 stroma lamellae. The Y100 fraction was thus character- transfer to the trap limited, kinetics become insensitive to
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Ficure 8: Schematic of PSII antenna size and connectivity between antenna compartments in the BS (A), B3 (B), margins (C), and
T3/Y100(D) thylakoid fractions used in the kinetic model of PSII. Excitation transfer pathways are represented by the bars connecting
compartments.

increase ofKcs, and alternative fits with higheKcs are to BS. This increase iiKst may be attributable to alternate
possible. Thus, our analysis of the grana core fraction forms of electron transfer and will be dealt with in the
representing active PSII revealed reasonable charge separadiscussion section in more detail.
tion rates comparable with previous studies. The modeling results indicate that vast differences in PSII
The rate constants for charge separation obtained by fittingcharge separation and by extension photosynthetic efficiency
fluorescence decay kinetics with the model are shown in exist between the grana and stroma derived fractions. These
Table 2. The results show a stark decrease in the rate ofresults suggest that the grana core represents the only
primary charge separatiorK{s) and photosynthetic yield compartment in the thylakoid membrane with a highly
characterizing the differences observed when moving from functional PSII population, with the grana margins containing
grana to stroma. The free energy difference between therelatively inactive PSII while the stroma and Y100 fractions
excited state of RC and the radical pair also shows a similar contain PSII populations that are severely limited with respect
trend while charge stabilizatioi§r) shows a modest relative  to charge separation. If the relative antenna size of each PSII
increase in the margins, T3, and B3 fractions as comparedpopulation is considered, the margins of the grana stack and
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stroma lamellae represent areas where the PSII populatiorteomic studies are functionally energetically connected to
would provide a negligible contribution to overall photo- PSII in the grana cores, but not in the margins or stroma
chemistry in the chloroplast. membrane regions.
The measured absorbance cross section of PSIl in the

DISCUSSION Y100 fraction of the stroma lamellae was significantly

Our low-temperature steady-state absorbance and fluoressmaller than for PSIl in the margins or overall stroma
cence emission spectra are consistent with previous workmembrane regions. This result was not predicted from the
describing the heterogeneous distribution of PSII and PSI calculated absorbance cross sections based on the heteroge-
within the thylakoid membranel(, 14, 46). We found, as neity of PSII observed in the stroma and Y100 fractiat).(
expected, a substantial increase in PSI associated longJntil recently, the most highly disassembled type of PSII
wavelength absorbance and emission peaks and decrease ithat could be observed using proteomics methods in the
PSII associated short wavelength absorbance and emissiostroma lamellae had been identified as CP43-less PSI|
peaks in the T3 and Y100 stroma membrane regions asmonomers 48, 49). Recent work has shown that D1/D2
compared to the B3 and BS grana fractions. Absorbance andreaction centers are also found in stroma lamellae and Y100
fluorescence spectra of the grana margins appeared to bdractions (8). The preponderance of disassembled PSII's
intermediate in character between the spectra of grana andCP43-less PSII cores and PSII reaction centers) found in
stroma membrane regions. These results are consistent withthe Y100 fraction {8) is consistent with the idea that
previous characterizations of the isolated fractions by room- disassembly of the PSII core for purpose of repair may occur
temperature fluorescence induction, EPR spectroscopy, andn the Y100 fraction. It has been previously shown that PSII
pigment analysis1(3, 14) repair specifically requires the removal of CP43 to allow

We addressed the question of activity differences betweenaccess to the D1 protein subunit for removal and replacement
PSII centers originating in different thylakoid regions by (48); the physical reasons for this can be readily observed
measuring the functional absorbance cross sections andyy considering the crystal structure of the PSII compl&gx (
picosecond fluorescence decay kinetics of the fractions. Our4). Although additional patterns of PSII disassembly may
single turnover flash saturation measurements determine theoccur during the repair cycle in order to facilitate the
functional absorbance cross section of PSIl centers that arereplacement of D2, psbH, CP47, CP43, and even the entire
competent to undergo charge separation, redugea@d PSIl complex via degradation arde nao synthesis, the
generate variable fluorescence. Our results show the PSlimajority of PSII repair involves D1 replacemert8( 50).
population in the whole grana and grana core fractions to The smaller than expected cross section of PSII found in
have the largest absorbance cross sections. This is arthe Y100 fraction may arise from some form of additional
expected result due to the clear association of PSIl with excitation energy quenching in this fraction.
LHCII in the grana [, 9, 47, 48). In contrast, PSII cross The PSII population in the core of the grana stack was
sections in the grana margins and stroma thylakoid mem- characterized by triphasic fluorescence decay kinetics with
branes (T3 fraction) were considerably smaller. The decreasdifetimes, relative amplitudes, and spectral shapes very similar
in functional antenna size in both margins and stroma regionsto those of isolated BBY particle2?). There were no
was more than 3-fold compared to the grana core consistentdetectable PSI decay kinetics in this fraction. The grana
with a large-scale dissociation of LHCII from PSII in the margins exhibited noticeably slower PSII kinetics (larger
grana margins and in the stroma membrane regions. Theseontribution of slower decay components) as compared to
results are consistent with recent models for PSII repair the grana core and whole grana fractions. Slower PSII decay
processes which propose the stripping off of LHCIlI as kinetics can result from increases in the antenna size as
photodamaged PSIlI complexes leave the grana stacks forexemplified by recent model studies of PSLUHCII (22).
repair in the stroma membrane regiod8)( However, when However, the PSII population in the margins had a much
we attempted to model the decrease in antenna size of PSIikmaller antenna size than the PSII from the grana core so
between the grana core and margins and stroma membrangéhe slower decay kinetics must reflect changes in charge
fractions based on recent proteomics data for the membraneseparation and/or stabilization in the PSII reaction center.
fractions (L8), it could not match the experimental result Our data thus indicate a decline in the primary electron
unless we assumed that the PSIHCII supercomplexes had  transport capability of PSII in the grana margins, a finding
a much larger antenna size (253 Chls per reaction center)corroborated by a previous study showing that both donor
than the largest isolated PSILHCII supercomplexes would  and acceptor side electron transport in PSII are impaired in
be predicted to have (169 Chls per reaction center). A the margins of the grana stack4j. In the stroma derived
significant amount of “free” LHCII, existing as both trimers  fractions, the PSll-associated fast decay component is
and monomers, is ubiquitous in nondenaturing gels of granamissing entirely and the remaining slow biphasic decay
thylakoids @8, 49), and a recent proteomic study of the kinetics of PSIl signify a drastic change in function,
different thylakoid membrane fractions also showed a indicating a significant alteration of primary photochemistry.
significant amount of “free” LHCII in the grana core fraction The slow biphasic decay we observe may be a characteristic
as well as in the margin and stroma fractiods)( Early of an over-riding mechanism responsible for inactivation of
studies calculated an effective antenna size for PSII in the PSII in the stroma lamellae as part of the PSII repair process.
grana of approximately 253 Chls per reaction center basedSuch an inactivation has been proposed to be due to
on the assumption that all of the LHCIl present was disassembly of the manganese clust& 14), with eventual
energetically coupled to all of the PSII cente3339). Our near total loss of the cluster in the Y100 fraction. Supporting
absorbance cross section data is thus strong evidence thahis idea was the fact that the Y100 fraction exhibited even
the “free” LHCIl monomers and trimers observed in pro- slower PSIl decay kinetics than the stroma lamellae.
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The differences observed in the kinetic modeling were REFERENCES

pronounced; the difference between grana and stroma derived
PSII populationKcs was approximately 30 times, while a
previous study on whole thylakoids determined the difference
to be about 2.5 time®28). This disparity illustrates the utility

of isolating fractions from each compartment, as the domina-
tion of the whole thylakoid PSII population by PSII origi-

nating in the grana core (Table 3) and the heterogeneity of 3.

PSIlI in whole thylakoids complicate the assignment of PSII
components. In the case of the Y100 fraction, which only 4,
represents 1% of the total PSIl population, observation of
this compartment would be nearly impossible in whole
thylakoids. In our measurements, the grana margins were
the most complicated, due to the emergence of PSI compo-
nents and the heterogeneity of the PSIl populati®).(As 6.
such, it should be noted that the modeling of the grana
margins and to some extent the whole grana, which includes -
a considerable margin fraction, should be examined with
some reservation. However, the rate constants and efficiency
of the grana margins remain reasonable as previous studies
show the compartment as containing a PSII population with
intermediate electron-transfer facilittd, 14). In the case 9.
of the stroma derived fractions, PSIl assignment of decay
components appears critical since the proportion of PSII
decreases and the emergence of a possible PSII/PSI com-
posite component in the 100 ps range. However, we did
model this possibility in the Y100 fraction; a reasonable
assignment of 20% of identified PSI components to PSII in
our modeling yielded &cs of 23 and efficiency of 62%;
while assigning all fast decay to PSII in the Y100 fraction 12.
yielded a Kcs of only 41 and an efficiency of 74%.
Considering this, our assignment of a low amplitude fast
component to PSI in the margins, although reasonable, had 13.
a nominal effect on the modeling results. As stated in the
Results section, th&sr was elevated in the B3, margins, 14
and T3 as compared to the BS fraction. This increase in
stabilization rate may represent the loss of excitation through
unconventional channels, as the margins represent the 15,
beginning of PSIlI assembly and inactivation in the repair
cycle (13, 14).

In summary, our data shows that PSII centers capable of ;4
generating variable fluorescence are only functionally con-
nected to peripheral antennae within the core of the grana
stacks and primary electron transport is highly modified in
PSII centers found in the stroma membrane regions. Specif-
ically, decreased primary charge separation, decreased freels.
energy difference between the excited state of the RC and
the radical pair, and decreased overall photosynthetic ef-
ficiency characterize the PSII population in the grana margins
and stroma lamellae. The heterogeneity in PSIl absorbance 19.
cross sections and primary PSII activity of the thylakoid
membrane fractions we observed supports existing models
of compartmentalized PSII repair in chloroplast thylakoid 20.
membranes, 48, 49).
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