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ABSTRACT:. The PsbU subunit of photosystem Il (PSII) is one of three extrinsic polypeptides associated
with stabilizing the oxygen evolving machinery of photosynthesis in cyanobacteria. We investigated the
influence of PsbU on excitation energy transfer and primary photochemistry by spectroscopic analysis of
a PsbU-less (oAPsbU) mutant. The absence of PsbU was found to have multiple effects on the excited
state dynamics of the phycobilisome and PAIPsbU cells exhibited decreased variable fluorescence
when excited with light absorbed primarily by allophycocyanin but not when excited with light absorbed
primarily by chlorophylla. Fluorescence emission spectra at 77 K showed evidence for impaired energy
transfer from the allophycocyanin terminal phycobilisome emitters to PSII. Picosecond fluorescence decay
kinetics revealed changes in both allophycocyanin and PSII associated decay components. These changes
were consistent with a decrease in the coupling of phycobilisomes to PSIl and an increase in the number
of closed PSII reaction centers in the dark-adapi@®$sbU mutant. Our results are consistent with the
assumption that PsbU stabilizes both energy transfer and electron transport in the PBS/PSII assembly.

Photosystem Il (PSH)is the site of water splitting and  that exists in five oxidation or S-states which undergo a cyclic
oxygen evolution during oxygenic photosynthedis {[This pathway of univalent oxidation steps from statest® S,
pigment-protein complex consists of at least 19 proteins, returning to S after G, release §). The OEC is located on
with ~16 being integral membrane subunits, and the complex the lumenal side of the thylakoid membrane, and in cyano-
contains~36 chlorophyll (Chl) molecules2j. Two Chl bacteria the surrounding environment additionally contains
a-binding core antenna subunits known as CP43 and CP47the extrinsic PsbO, PsbU, and PsbhV (or cytochran®s0)

(3, 4) serve to absorb incident light and funnel the energy protein subunits?).
into the reaction center of the complex. The reaction center 14 efficiency of primary photochemistry is largely

Is compose?llo;_the ?(1 and D2 proteinh subunits, whicrr: dependent on the ability of the organism to absorb photons
cqntam; c . m;er nhown as P6806t.dat.serv]?;63g the and direct the energy into the PSII reaction center so that
primary donor for electron tra_nsp_oﬂt, @ Oxi lation of charge separation and plastoquinone reduction can take place
results in the successive oxidation of the_lnprganlc core of (1). This is achieved by transferring energy through periph-
the oxygen—e\I/oI\t/mg cotm_pllexzéOE(é)é:msf |nforporeétes 4 eral antenna complexes to the core antenna pigment proteins.
manganese cluster containing=.an cofactors ¢, 5) In cyanobacteria, the peripheral complex is the phycobilisome
T This work was supported by grants from the Natural Sciences and (PBS), which serves as antenna to both PSIl and photosystem

Engineering Research Council of Canada to D.B., by a New Zealand | (PSI). Changes in the distribution of absorbed energy

Marsden grant (UOO309) to J.J.E.-R., and by grants from the between PSIlI and PSI are regulated via the light state
Biotechnology and Biological Sciences Research Council (U.K.) t0 trgnsition 8—10)
C.W.M. ’
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55§gr%)étk33r21i(\3/elr::il;(: (905) 688-1855. E-mail: dbruce@ brocku.ca.  the thylakoid membrane and/or photosystems are unclear as
s University of oé’go_ are the details of PBS energy coupling to PSIl and PSI. An

'University of London. exogenous hydrophobic linker polypeptide consisting of 54
' Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;  amino acid residues, and referred to as the PB loop, has been

DAS, decay-associated spectf, dark-adapted fluorescence yield . : : S :
when photosystem |l traps are opé,, dark-adapted fluorescence implicated in PBS/thylakoid interaction$, (10). However,

yield when photosystem Il traps are closd®), Fm — Fo, FRAP, there is also evidence that indicates that PSIl has a native
fluorescence recovery after photobleaching; HEPES, 4-(2-hydroxy- binding affinity for the PBS, even in the absence of the PB

ethyl)-1-piperazineethanesulfonic acid; OEC, oxygen-evolving complex; it ; ;
PBS, phycobilisome(s); PCC, Pasteur Culture Collection; PCR, poly- loop (L1, 12), and it is possible that the PBS may associate

merase chain reaction; PSI, photosystem I; PSlI, photosystem II; TEs, With the membrane through interactions with I.ipid he?‘d'
2-[[tris(hydroxymethyl)methylJamino]-1-ethanesulfonic acid. groups (3). It has been suggested that the terminal emitter
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or the PBS ApcE anchor polypeptide is required for PBS a continuous illumination of 3uE m2 s, and the
assembly and PBS/PSII energy couplidd)( Fluorescence  temperature in the growth chamber was “q0 The Syn-
recovery after photobleaching (FRAP) measurements supportechocystissp. PCC 6803 strain used in this study was the
a transient binding of PBS to PSII, as they show diffusion glucose-tolerant strain from Williamg24), and this is referred
rates for the PBS to be much higher than for P30, (13). to throughout as wild type.
Despite the lack of agreement on the precise mechanism of Construction of a Synechocystis sp. PCC 6803 Strain
binding and energy coupling, it is clear that changes in Lacking PsbU The open reading frame sll1194, encoding
orientation or distance of the PBS from PSIl would greatly the PsbU protein, was obtained by PCR using the forward
affect energy transfer efficiencyy primer 3-CCCAAAATCGGATCCGTCGGCATAATTTTC-
The 12 kDa PsbU protein, encoded pgby, is thought 3 and the reverse primer'-BAAGGGTACGCAATG-
to impart structural stability to the OEC and to shield the GAATTCGGTTAGCAG-3. The underlined bases corre-
manganese complex from cellular reductants. Inactivation SPond to introduce@®anHl| and EcoRl sites, respectively,
of the psbU gene inSynechococcusp. PCC 7002 demon-  that were incorporated into the primer design and used to
strated that PsbU stabilized oxygen evolution at elevated clone the PCR product into pUC19 (New England BioLabs).
temperatures and was also required for the acquisition of The clonedpsbUgene was interrupted at a unique intragenic
cellular thermotolerancelp, 16). Similar results were  Swad site by a chloramphenicol resistance cassette derived
obtained with Synechocystisp. PCC 6803 although the from pBR325 @5, 26) and then used to transfori@yn-
requirement of PsbU was less stringent in this straif).(  €chocystisp. PCC 6803 according to established protocols
In addition, in vivo, the removal of PsbU also resulted in (23, 24). Complete segregation for the introduced antibiotic
reducing oxygen evolution t6-80% of the W||d_type rate, resistance cassette was verified by PCR using the forward
and photoautotrophic growth was slowed in the absence ofand reverse primers described above.
either C&" or CI- and abolished under Ca@imiting Photoinactvation and Oxygen Eolution AssaysFor these
conditions (7—19). Moreover, thermoluminescence mea- Measurements cells were grown in BG-11 containing 5 mM
surements have demonstrated that thst&e of the OECis  9lucose before being harvested for the experiments. Follow-
modified in APsbU cells where the recombination reactions ing the removal of glucose, cells, maintained at°80and

are shifted to higher temperatures for both the Q- and at a Chla concentration of 1ig/mL, were inactivated by
B-bands (8). 2.0 mE m2 s72 of white light provided by a Kodak Ektalite

1000 slide projector. Oxygen evolution was measured with
a Clark-type electrode (Hansatech) at 30 in BG-11
containing 25 mM HEPESNaOH, pH 7.5. Saturating
actinic light (2 mE m? s %) was provided by an FLS1 light

removal of PsbU im\PsbO cells prevented photoautotrophic source (Hansatech) pgssed through a Melis Griot OG 590
growth in aAPsbOAPsbU strain osynechocystisp. PCC sharp cutoff red glass filter. The glectron acceptors were 3.0
6803 @O0, 21). Despite the importance of PsbU for PSII MM KaFe(CN); _and 0.6 mM 2,5-dimethyp-benzoquinone.
activity the number of PSII centers assembledRsbU cells ~ When added, lincomycin was at 2@/mL.

was found to be similar to wild type when assayed using R00m Temperature Fluorescenc€ell cultures were
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) replace- Placed n a1 cmpath glass cuvette at a volume o8 mL

able [“Clatrazine binding to detect assembled photosystemsand dark adapted to state 27), and measurements were

(22). Unexpectedly, assays of PSIl abundance using variable™2de with a PAM fluorometer (model Pam 101; H. Walz,
Chi a fluorescence yield measurements indicated that Effeltrich, Germany). The minimal Cal fluorescence yield,

fluorescence was quenched in th®sbU strain 22). The Fo, was determined by exposing dark-adapted cells to a low
present study was undertaken to determine the origin of thelNt€nsity modulated measuring light of either 655 or 440 nm
quenched variable fluorescence and ascertain the effect oft29)- TO obtain the variable Cha fluorescence yieldF.,
PsbU removal on energy transfer and primary photochemistrysat“rat'ng white light pulses of 600 ms duration were used
in PSII. To this end thesbUgene inSynechocystisp. PCC to close the PSII reaction centers and determine the
6803 was interrupted to produceMPsbuU strain which was ~ maximum fluorescence yieldFm, from which F, was
then characterized by room temperature, low temperature,calculated asm — Fo.

and picosecond time-resolved fluorescence spectroscopy. Our. // K Fluorescence Emission Speci@ells were harvested
results indicate that both energy transfer from the PBS to during exponential growth phase, and tiésbU mutant and

PSII and primary photochemical processes within PSII were Wild-type samples were adjusted to equal absorbance at 435

The importance of PsbU for optimal rates of oxygen
evolution was also observed in vitro where full reconstitution
of PSII activity required the rebinding of PsbU to isolated
PSII complexes fromThermosynechococcusilcanusand

altered in theAPsbU mutant. nm as determined with an Aminco DW-2 absorbance
spectrometer equipped with a light scattering correcting
MATERIALS AND METHODS frosted glass between the sample and photomultiplier tube.

Samples were dark adapted to state 2 and then transferred
Growth of Synechocystis sp. PCC 6803 Stra@sltures to glass tubes that were5 mm in radius and 10 cm in length

were maintained on BG-11 plates containing 5 mM glucose with one end sealed. Tubes were placed in a dewar filled
and 20uM atrazine, and when required, chloramphenicol with liquid N, and positioned so that the glass tube could
was present at a concentration of A§/mL in both solid be manually turned about its lengthwise axis while retaining
and liquid BG-11 media. The solid media were supplemented its position and orientation. Fluorescence emission spectra
with 10 mM TES-NaOH (pH 8.2) and 0.3% sodium were collected using an EG&G 1461 diode array detector
thiosulfate 23), and liquid cultures were grown photoau- (E.G. & G., Salem, MA) as described previousB9). To
totrophically unless otherwise noted. Cells were grown under account for position-sensitive variation in fluorescence yield
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from the frozen samples, each sample tube was rotatedthe protein synthesis inhibitor, PSII activity of tePsbU
incrementally and measured a total of 16 times to generatemutant remained at ca. 30% of the initial level before
one averaged emission spectra. Three independent repeaxposure to high light, whereas PSII activity was completely
of this procedure were used to generate the final emissionabolished in the presence of lincomycin. We also found that
spectrum for each sample. photoinactivatedAPsbU cells recovered oxygen-evolving
Fluorescence Decay KineticBluorescence decay kinetics ~ activity to the level observed before exposure to 2 mg m
were measured with dark-adapted whole cell cultures at aS * illumination following a further incubation at 0.07 mE
Chl a concentration of 1Qg/mL using the single photon M™% st over 2 h and that this recovery was completely
timing apparatus previously describ&@®¢32). Both the 407  prevented by the presence of lincomycin (data not shown).
and 650 nm picosecond pulsed diode lasers (Picoquant, The results obtained in Figure 1 therefore confirm that
Berlin, Germany) used for excitation were operated at 10 the APsbU cells created for this study represented a ho-
MHz. For each measurement a 200 mL sample was circulatedmoplasmic line and that oxygen-evolving activity was
at a flow rate of~4 mL s'L. The detector was a Hamamatsu impaired in agreement with earlier studie/,(22). These
R3809 microchannel plate (Hamamatsu). Decay data werecells were therefore used to evaluate the anomalously low
collected in 4096 channels over 50 ns with a Becker & Hickl €stimates of PSII abundance measuredfRsbU cells using
SPC-630 single photon timing card (Berlin, Germany) in a Chlavariable fluorescence yield measurements as previously

Pentium PC. Decay data were collectedFatfrom dark- reported 22).
adapted samples affigh from preilluminated samples in the Room Temperature FluorescenGteady-state room tem-
presence of DCMU as described in 2% perature variable fluorescencE,J was measured using a

Global Lifetime AnalysisGlobal lifetime analyses of PAM fluorometer. Figure 2 clearly indicates that variable
fluorescence decays at multiple emission wavelengths werefluorescenceki/Fm) of the APsbU mutant was decreased
done as described previousB2j. The detection wavelength When compared to the wild type when using a 655 nm
ranges were 646730 nm for 650 nm excitation and 660 measuring light (preferentially exciting allophycogyanln). The
730 nm for 407 nm excitation, taken at 10 nm increments. data in Figure 2 were not normalized, and wild-type and

All programs used for data manipulation and global analysis 2APSbU mutant samples were at equal Chl concentrations.
were written by Sergei Vassiliev. This revealed that much of the decrease observdd/I,

arose from a large increase , in the APsbU mutant
relative to wild-type cells. Interestingly, thie,/Fr, of the
APsbU mutant was not smaller than that of the wild type
when variable fluorescence was determined with 440 nm
measuring light (preferentially exciting Ch) although both
the F, and Fr, levels of the wild type were slightly lower
RESULTS than those of th\PsbU strain. Observation of the decreased
F./Fmin the APsbU mutant was thus dependent on excitation
Construction and Physiology of thePsbU Mutant.The of the phycobilisome. These data suggest that the decreased
strategy to construct thAPsbU mutant used in this report F./Fy, in the mutant arises from an increase in phycobilin
is shown in Figure 1A. Also shown is the result of a PCR fluorescence contributing to th&, yield and not necessarily
using primers specific for thesbUgene and confirming full ~ to an intrinsic change in PSIlI photochemistry. This was
segregation of the inactivatedsbU carrying a 2.0 kb confirmed with room temperature emission spectrig,and
chloramphenicol resistance cassette inAlRsbU strain. The  Fr,, shown in Figure 3. For excitation of the PBS at 600 nm
rates of oxygen evolution for th&tPsbU mutant were found  the emission spectra of boHy andF, in the APsbU mutant
to be ca. 52% of the wild-type rate (Figure 1B). In addition, and wild type are dominated by phycobilin fluorescence. The
the effect of 45 min illumination at 2 mE st is shown. data from mutant and wild type are similar; however, the
In wild-type cells the initial rate of oxygen evolution was relative contribution of phycobilin to Chl emission is higher
reduced by 20% while thAPsbU strain exhibited only 32% in the APsbU mutant. In both wild type and mutant the
of its initial rate and underwent rapid photoinactivation contribution of Chl to theF, emission spectra is minimal.
during the period that the actinic light was on. The TheF, spectra are also characterized by a long-wavelength
susceptibility of the APsbU mutant to high light was tail, a characteristic of phycobilin emission, that extends
investigated in the time course shown in Figure 1C. Rates beyond 740 nm.
of oxygen evolution inAPsbU cells exposed to 2 mE From the shape of the room temperature emission spectra
s tillumination fell by ca. 50% within 30 min. In contrast, it is clear that the amplitude df./F, determined with a
oxygen evolution rates in the wild type initially decline by PAM type fluorometer, will depend heavily on the detection
ca. 25% but then were able to acclimate to the high light wavelength and the excitation wavelength of the instrument.
conditions. These data suggest that the rate of repair ofThe emission filter used in the standard PAM fluorometer
photodamaged PSIl was able to keep up with the rate of is a long passX710 nm) red filter which will unfortunately
inactivation in the wild type but not in thAPsbU mutant block the bulk of the Ché variable fluorescence and allow
under these conditions. This interpretation was supported bydetection of much of the long-wavelength phycobilin emis-
the addition of lincomycin before the onset of the high light sion. This will have the effect of decreasing the apparent
treatment. Under these conditions oxygen evolution in the F,/F,, when determined with phycobilisome excitation
wild type was reduced by 50% in ca. 80 min, although in wavelengths. As the contribution of phycobilin fluorescence
the APsbU cells PSII activity declined at a similar rate in relative to Chl fluorescence is higher in tAd>sbU mutant
the presence or absence of lincomycin. However, without than in the wild type (Figure 3), the/F, as measured with

Chlorophyll and Phycocyanin DeterminatioBhlorophyll
concentrations were determined from methanol extracts by
the method of MacKinney33). Phycocyanin concentrations
were determined from whole cell absorption by the method
of Myers et al. 84).
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Ficure 1: Construction of thé\PsbU mutant. (A) Diagram of thesbUregion in theSynechocystisp. PCC 6803 genome with or without

the insertion of a 2.0 kb chloramphenicol-resistance marker (CamR) insertésatlaite 160 bp from the initial base of the start codon.

A PCR was run that confirmed complete replacemenpsiiU with the interrupted gene in th&PsbU strain. The primers used in the
reaction are indicated with arrows. The lanes on the gel are as follows: M, 1 kb Plus DNA ladder, supplied by Invitrogen; 1, PCR product
from wild type; 2, PCR product from thAPsbU strain. (B) Oxygen evolution traces before and after illumination at 2 rissm with

white light. Traces: (i) wild type at 0 min, 5¢@mol of O, (mg of Chl)~ h=1; (ii) wild type after 45 min illumination, 402Zmol of O, (mg

of Chl)"* h~%; (iii) APsbU at 0 min, 262mol of O, (mg of Chly* h~1%; (iv) APsbU after 45 min illumination, 84mol of O, (mg of Chl)*

h=1. The data in panel B were repeated in three independent experiments with similar results. (C) Time course of photoinactivation of
oxygen evolution in wild type (circles) anPsbU (squares). Open symbols contain lincomycin. The results from two independent experiments
are shown. The Chl concentration was/APmL~1 during exposure to 2 mE i s~ of white light and during the oxygen evolution assays

in panels B and C.

the PAM appears lower in the mutant cells for excitation at of phycobilin pigments is, however, consistently higher in
650 nm. Chlorophyll fluorescence makes a much larger the APsbU mutant than in the wild type when samples are
relative contribution to the room temperature emission for measured at either equal Chl (data not shown) or equal
Chl a excitation (data not shown), af@/F, determinations  phycocyanin concentrations (Figure 3). This increased phy-
with the PAM for excitation at 440 nm are not as confounded cobilin fluorescence may be characteristic of a partially
by phycobilin emission and are thus more similar in mutant decoupled PBS.
and wild-type cells. However, at either excitation wavelength ~ To investigate energy transfer from the PBS to @lih
the multiple components contributing to the steady-state the thylakoid membrane, 77 K fluorescence emission spectra
PAM fluorescence measurements complicate the interpreta-were determined (Figure 4). The 77 K fluorescence spectra
tion of variable fluorescence and limit the conclusions made of the APsbU mutant and wild type were similar when 435
possible by simple comparisons Bf/F. nm light was used to preferentially excite Gh(Figure 4,
Absorbance spectra of thePsbU mutant and wild-type  upper panel). In contrast, excitation of the PBS with 600
cells show similar relative contributions from Chland nm light revealed large differences between thBsbU
phycobilin pigments (data not shown). The fluorescence yield mutant and wild type (Figure 4, lower panel). TA®sbU
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FiGure 2: Pulse amplitude modulated (PAM) room temperature FIGURE 3: Room temperature fluorescence emission spectra. The
fluorescence kinetic traces. Upper panel, excitation wavelength 665 €Xcitation wavelength was 600 nm. The upper panel is wild type
nm; lower panel, excitation wavelength 440 nm. Solid traces are and lower panel is thaPsbU strain. All samples were measured
for wild type and dashed traces for thdPsbU strain. Wild-type &t equal phycocyanin concentrations. Solid lines are cell,at
andAPsbU cells were at equal Chl concentrations. Multiple turnover and dashed lines are cellsf, (see text for details).
saturating white light flashes (600 ms duration) were used to
determineF, (spikes on traces). Traces are not normalized. This to 725 nm (PSI Ché) that are characteristic of the transition
experiment was repeated five times; a representative trace is shownyg light state 1 in cyanobacteria. To investigate possible
ﬁgfg?&ﬁﬁﬁf&%’_res Bt andFr between individual experiments o nections, we compared state transitions in the wild type
and APsbU mutant. As shown in Figure 5 tid”sbU cells
are state transition competent and undergo transitions of
similar magnitude (changes if) to the wild type as assayed
by room temperature fluorescence kinetics. Changes in 77
K fluorescence emission spectra typical of light state
transitions and of similar magnitude to those observed in

mutant is characterized by increased emission from allophy-
cocyanin at 665 nm relative to phycocyanin at 650 nm and
by a large increase in the 685 nm peak, which has
contributions from both PSII Chla and the terminal
phycobilin emitters, relative to all other emission peaks. The . .
695 nm emission peak (red-shifted core antenna Chl in CP47)the wild type are also obse_rved In t_hePst mutant (data
does not increase with the 685 nm peak, which suggests tha{10t shown). Th_e Increase in emission at 685 nm obgerved
the increase observed at 685 nm resu’Its mostly from the," the 77 K emission spectra qf tr_mPs_bU mutant rel_atlve
terminal phycobilin emitters rather than PSII core antenna -to _th.e wild type |s.t.hus not indicative -Of cells with an
o ; . inhibited state transition that are “stuck” in state 1.
Chl. The 77 K emission data are thus consistent with a

: - Fluorescence Decay Kinetic®icosecond fluorescence
decrease in efficiency of energy transfer from PBS to &hl decay kinetics were collected to help to interpret the
in the APsbU cells.

differences in emission we observed between the wild type
Changes in the relative efficiency of energy transfer from and APsbU mutant with steady-state fluorescence spectros-
the PBS to PSII and to PSI are regulated by the light state copy. The fluorescence decay kineticsFatfor the APsbU
transition in cyanobacteria. The increase in emission at 685strain and wild type are shown in Figure 6 for excitation at
nm in the APsbU mutant is somewhat reminiscent of the 407 nm (absorbed by phycocyanin, allophycocyanin, and Chl
increases in emission at 685 and 695 nm (PSlia¥htlative a) and for excitation at 650 nm (absorbed predominantly by
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FIGURE 4: 77 K fluorescence emission spectra of wild type and components as it had a negative yield (rise component) at
the APsbU strain using dark-adapted cells excited at either 435 short wavelengths and a positive yield (decay component)
nm (upper panel) or 600 nm (lower panel). Solid lines are for wild- 5t longer wavelengths. The short wavelength negative peak

type cells, and the dashed lines are for AfesbU strain. Samples . . . .
were all at equal Chl concentrations. Spectra were collected from at 660 nm likely reflects a rise component in allophycocyanin

three independent experiments; one representative trial is presentedeMission resulting from energy transfer from phycocyanin
Spectra were not normalized. Repeat measures of peak amplitude$o allophycocyanin. The longer wavelength peak at 690 nm

between independent experiments were within 10%. with a shoulder at 710 nm is typical of PSI decay. The yield
of this component did not change when PSII reaction centers
allophycocyanin). Both excitation wavelengths generated were closed by illumination in the presence of DCMU
decay kinetics that were slower in tAgPsbU cells than in  (Figure 8), which is also consistent with these assignments.
the wild type. This suggests that differences between the wild A component with a lifetime of approximately 150 ps
type and mutant may not be restricted to phycobilin emission. peaking at 660 nm was observed for 650 nm excitation and
Global Lifetime AnalysisA global fluorescence decay 407 nm excitation in both mutant and wild-type cells. This
analysis was done to characterize the individual decay component was by far the major contributor to decay for
components contributing to the altered fluorescence decay650 nm excitation but had a much smaller relative yield for
kinetics resulting from loss of PsbU. As described previously excitation at 407 nm. The yield of this component was
(31), fluorescence decays were collected at a number ofindependent of PSII trap closure (Figure 8). This and the
emission wavelengths and fit simultaneously to a sum of emission peak at 660 nm clearly localize this component to
exponential decay components. Component lifetimes werethe PBS. Both phycocyanin and allophycocyanin may
assumed invariant across emission wavelength, and decayeontribute to this component at 407 nm excitation, but due
associated spectra (DAS) were constructed by plotting theto its strong absorption at 650 nm allophycocyanin will
yield of each decay component as a function of emission dominate the decay at 650 nm excitation. The lifetime of
wavelength. This approach facilitates the separation of thethis component may thus reflect excitation energy transfer
many components contributing to steady-state fluorescenceprocesses from phycocyanin to allophycocyanin to the
emission and offers more insight into the origins of changes terminal long-wavelength phycobilin emitters and also pos-
in variable fluorescence. To further facilitate the identification sibly from allophycocyanin to Chl. This component makes
of the origin of the decay components, two different very similar contributions to wild-type andPsbU cells
excitation wavelengths were used. Excitation pulses at 407 under all conditions, suggesting that these kinetic processes
nm were used to excite Cla, phycocyanin, and allophy-  are relatively unaffected by the lack of PsbU.
cocyanin to similar extents whereas the 650 nm excitation A decay component with a shoulder at 660 nm and a peak
was used to more selectively excite allophycocyanin. at 680 nm having a lifetime in the 300 ps region was seen
The DAS from both wild-type andPsbU cells aF, are for excitation at both 407 and 650 nm. Interestingly, the
shown in Figure 7 for excitation at 650 nm and at 407 nm. spectral shape of this component was independent of
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Ficure 6: Fluorescence decay kinetics of wild type (solid trace) Wavelength (nm)
andAPsbU strain (dotted trace) for excitation at 407 nm (panel A) 9
and at 650 nm (panel B). The emission wavelength was 680 nm. FIGURE 7: Decay-associated spectra (DAS) of globally fitted
The traces are for dark-adapted cell§=gtdata were collected to  fluorescence decay kinetics from dark-adapted wild type (filled
30000 counts in the peak channel. symbols) andAPsbU cells (open symbols) Bt for excitation at
407 nm (upper panel) and for excitation at 650 nm (lower panel).

excitation wavelength. This component was the largest The fluorescence vyields (lifetime« amplitude) of each decay

. o component are plotted versus emission wavelength. Five decay
contributor to the decay for excitation at 407 nm and the ¢omnonents were required for the global fit of the decay data for
second largest for excitation at 650 nm. The yield of this 407 nm excitation; thg? value was 1.08 for the mutant and 1.09
component increased by approximately-30% when PSI| for the wild type. Three decay components were required for the
reaction centers were closed by illumination in the presence global fit of the decay data for 650 nm excitation; fffevalue was

; s P 1.14 for the mutant and 1.13 for the wild type. Cells were measured
of DCMU (Figure 8). At 407 nm excitation the lifetime of at equal Chl concentrations, and overall fluorescence yields (sum

this component was almost invariant across samples. In thept aj| decay components) were normalized to the steady-state
wild type the lifetime was 280 ps &, and 310 ps aFn fluorescence emission yields.

and in the mutant 325 ps Bt and 320 ps & Interestingly,
for 650 nm excitation the lifetime of this component appeared PBS core components (allophycocyanin and the terminal
to increase upon trap closure and was also somewhat longephycobilin emitters) and PSII Clal. It is interesting that the

in the mutant than the wild-type cells at bofy and F,. shape of the 300 ps decay component spectra is the same
Lifetimes in the control were 265 ps Bt and 320 ps afn, for excitation at 407 nm (bilin and CHd) and at 650 nm

and in the mutant they were 350 pskatand 400 ps aF,. (predominantly allophycocyanin). This could be consistent
The most striking feature of this component was the much with an equilibrium population of PBS core components and
larger contribution it made to the overall decayatin the PSIl Chla. Upon trap closure, the spectral shape remains

mutant than in the control at both excitation wavelengths the same, and changes in the amplitude of this component
(Figure 7). This was especially apparent at 407 nm, where were more dominant than changes in its lifetime. Photosys-
the yield of this component in thdPsbU mutant was twice  tem Il associated decay components in intact cyanobacteria
that of the wild type. For all conditions the relative were previously reported to change yield rather than lifetime
contribution of the 660 nm emission to the 680 nm emission upon trap closure35). Our 300 ps decay component may
of this component was larger in the mutant than the wild have such an origin and arise from Chland PBS core
type. The spectra of this component suggest emission fromcomponents that are tightly coupled energetically and whose
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] centers as described previousB5(36). The yield of the
0.16 4 —a—327ns 3.3 ns component was much smaller and not as sensitive to
1 —e—0.99ns trap closure. In contrast, at 650 nm excitation a 1.3 ns decay
0144 —A—0.32ns component with a peak at 660 nm and broad shoulder at
012 R —v—0.16ns 680 nm was observed. In both mutant and wild-type cells
. / —*—0.04ns the 680 nm shoulder increased upon trap closure, but not
& 010 A \ —0—3.10ns the 660 nm peak (Figure 8 shows the wild type). As direct
S 08 a—" A :Z: g'gg:: excitation of allophycocyanin at 650 nm did not generate
3 ] 2\ \ —9—0.12ns the 3.3 ns component, we assign this longest lived decay to
Z ooe4 4 2 —#—0.04ns uncoupled phycocyanin. The 1.3 ns component observed for
] 1 ¥ o A excitation of allophycocyanin is clearly a mixture of a
> 0'04'_ OXV g¥ \A\ A R component associated with closed PSII reaction centers and
0024 o ng‘\\%%ﬁ a long-lived aII_ophycocyanin decay component. The 1.3 ns
0.00.] g E == ——f=—Fk—— allophycocyanin decay component made a much more
T a— % significant contribution to the overall decay at 650 nm than
-0.02 ?”./, -— did the 3.3 ns phycocyanin component at 407 nm. Although
660 670 680 690 700 710 720 730 both of these components were higher in the mutant than in
Wavelength (nm) the wild type, the 1.3 ns component will have contributed
014.] more sigr]ificantly to the increasgd phycobilin emission
013 ] A observed in the steady—sta'te emission spectra of the mutant.
otz —m—1.34ns However, the most dramatic difference between mutant and
0‘11 ] —e—0.26ns wild type was for the 1 ns PSII component obs_erved at 407
0‘10_. —A—0.16ns nm excitation whose yield was three times higher in the
] —o—1.34ns mutant than the wild type. This suggests that a significant
%‘ 33:' o 8‘:132”3 number of PSII reaction centers were closed in the mutant
50 o -1ons cells atF,.
© "] a \
5 006 o o DISCUSSION
2 0.05-
” 0.04 Oj' Q Previous work with &ynechocystisp. PCC 6803%sbU
0.03 4 /’ O\A§A§ deletion mutant indicated that the PsbU protein affected PSII
0.02 g%ﬂ:g§ﬂ\ .§2\0~A eIecFr.o.n transport by moderating the S-state transitions and
oo1] ¢ \H\D§D:;~ stabilizing the $ state (8, 37). The psbU deletion mutant '
o0l 9o —m o+ e was also shown to have a reduced rate of oxygen evolution
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(17, 18). These results are consistent with the lumenal side
location of the PsbU protein and its role in stabilizing the

FIGURE 8: Decay-associated spectra (DAS) of globally fited OEC. Our picosecond fluorescence decay data confirm an
fluorescence decay kinetics from dark-adapted cells. The fluores-inhibition of electron transport capacity of PSlIl in th®sbU
cence yields (lifetime< amplitude) of each decay component are 1y tant and show increases in the contribution of fluorescence

plotted versus emission wavelength. The upper panel shows the . . .
APsbU strain af, (filled symbols) andF, (open symbols) for decay components associated with closed PSII centers in

excitation at 407 nm. Five decay components were required for dark-adapted\PsbU cells. Specifically, the presence of the
the global fit of the decay data for 407 nm excitation; fRevalue 1 ns PSll-associated componentRatclearly indicates that

was 1.08 for the, data and 1.14 for thE, data. The lower panel g significant number of PSII centers remain closed in the

shows wild-type cells #, (filled symbols) and=r (open symbols)  mtant in the dark and are thus unavailable for photochem-
for excitation at 650 nm. Three decay components were required .

for the global fit of the decay data for 650 nm excitation; e 1Stry and will not contribute to oxygen evolution. The lack
value was 1.13 for thE, data and 1.14 for thE,, data. Cells were ~ Of PsbU thus affects the efficiency of PSII photochemistry.
melgswed atf eﬁléal Chl Conce”trtat'onsx and Oﬂerﬂ'tﬂ%ﬁrestcegce In addition, our results also indicate an increase in the
g'titesfﬁg:ggcgnC:g?%’é;?ﬁ?,?;g;) were hormalized to the steady-nmbers of partially excitonically decoupled PBS in the
APsbU strain. This result was unexpected as the PBS and

lifetimes predominantly reflect the processes within PSII. PsbU are located on opposite sides of the thylakoid mem-
An alternative possibility, especially for the 650 nm excita- brane. Room temperature PAM and fluorescence emission
tion of allophycocyanin, is that the component reflects Spectroscopy indicate a significant increase in phycobilin
emission from the core of the PBS and the lifetime is related fluorescence in cells without PsbU. The 77 K fluorescence
to the relative efficiency of energy transfer to Ghand/or ~ €mission spectra localize this to allophycocyanin and the
some other quencher. terminal phycobilin emitters. This result was confirmed by
Two slow decay components with nanosecond lifetimes time-resolved fluorescence decay spectroscopy which showed
were distinguished with excitation at 407 nm, the faster one @ large increase in the yield of a 1.3 ns, allophycocyanin-
with an approximately 1 ns decay and a clear peak at s8oassociated, decay component in the mutant cells. This
nm and the slower, a 3.3 ns component peaking at 660 nm.component likely reflects allophycocyanin that is uncoupled
Upon trap closure the yield of the 1 ns component increasedfrom the terminal phycobilin emitters in the PBS.
greatly in both mutant and wild type (Figure 8 shows the  The mutant cells were also characterized by an increase
mutant data), identifying its origin in closed PSII reaction in a 300 ps fluorescence decay componefi,athose origin
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is complex. This component increased in amplitude upon and relative orientations of, the terminal PBS emitters and
PSII trap closure but also showed significant contributions Chl molecules in the PSII core. We propose that the absence
by phycobilin core components. The 300 ps component we of PsbU on the lumenal side of the PSII core may affect a
observed was likely a mixture of two previously observed small overall change in PSIlI core structure which is cor-
fluorescence decay components, one associated with closedelated with a subtle change in the stromal exposed surface
PSII centers (500 ps) and the other believed to arise from of PSII. Modification of the donor side of PSII has previously
the terminal phycobilin emitter (200 ps3€). The increase  been shown to influence the acceptor sidd)(A small

in the 300 ps component upon trap closure and iMtRsbU change in the shape of the stromal exposed surface of PSlI
mutant atF, is consistent with the previously observed could significantly affect the interaction of the PSII core with
increase in contribution of the 500 ps PSII component upon the PBS and thus disrupt energy transfer from one or more
trap closure in intact cyanobacteria. This interpretation is of these pigments to the core Chl of PSIl. We have
supported by the increased yield of the 1 ns decay compo-demonstrated that the PsbU protein influences diverse
nent, indicative of closed PSII reaction centers, observed in processes in PSII. Electron transport activity is limited in
the mutant cells at~,. Another possible interpretation, the absence of PsbU as a proportion of PSII centers remain
especially for 650 nm excitation, is that this component could closed in dark-adapted cells. In addition, the absence of PsbU
reflect decay from phycobilin core components including the impairs energy transfer from the PBS to PSIl. PsbU thus
terminal phycobilin emitters. A 200 ps component associated serves roles in stabilizing both electron transport and energy
with the terminal phycobilin emitters had previously been transfer in the PBS/PSII assemblySiynechocystisp. PCC
observed in intact cyanobacterig@6]. In that study the 6803.

lifetime was attributed to relatively inefficient energy transfer

from the terminal emitter to PSII Clal. In a separate study REFERENCES
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