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ABSTRACT. We studied the effect of UV-B radiation (28320 nm) on the donor- and acceptor-side
components of photosystem Il in the cyanobacteri@iymechocystisp. PCC 6803 by measuring the
relaxation of flash-induced variable chlorophyll fluorescence. UV-B irradiation increaseg,tbé the

decay components assigned to reoxidation gf Qy Qs from 220 to 33Qus in centers which have the

Qe site occupied, and from 3 to 6 ms in centers with thesige empty. In contrast, thig,, of the slow
component arising from recombination of the@~ state with the Sstate of the water-oxidizing complex
decreases from 13 toR s. In the presence of DCMU, fluorescence relaxation in nonirradiated cells is
dominated by a 0.50.6 s component, which reflectsaQ recombination with the Sstate. After UV-B
irradiation, this is partially replaced by much faster componénts{ 800—900us and 8-10 ms) arising

from recombination of @ with stabilized intermediate photosystem Il donors, P6&dd Tyr-Z'.
Measurement of fluorescence relaxation in the presence of different concentrations of DCMU revealed a
4—6-fold increase in the half-inhibitory concentration for electron transfer franto@s. UV-B irradiation

in the presence of DCMU reduces @ the majority (60%) of centers, but does not enhance the extent
of UV-B damage beyond the level seen in the absence of DCMU, whés iQostly oxidized. lllumination

with white light during UV-B treatment retards the inactivation of PSIl. However, this ameliorating effect

is not observed if de novo protein synthesis is blocked by lincomycin. We conclude that in intact
cyanobacterium cells UV-B light impairs electron transfer from the Mn cluster of water oxidation to
Tyr-Z* and P680 in the same way that has been observed in isolated systems. The donor-side damage
of PSII is accompanied by a modification of thg &ite, which affects the binding of plastoquinone and
electron transport inhibitors, but is not related to the presence of @hite light, at the intensity applied

for culturing the cells, provides protection against UV-B-induced damage by enhancing protein synthesis-
dependent repair of PSII.

UV-B (280—320 nm) radiation is an important damaging during this process are transferred to the reaction center
factor of the photosyntetic apparatus, with its most sensitive chlorophyll, P680, via a redox active tyrosine residue, Tyr-
target being the light energy-converting photosystem 1l Z, of the D1 protein. On the acceptor side of PSII, the
(PSII}* complex @, 2). PSIl is a water/plastoquinone electron produced by the light-induced charge separation
oxidoreductase embedded in the thylakoid membrane, whichevent reduces a pheophytin molecule and then the first, Q
transfers the electrons liberated from light-induced oxidation and second, & plastoquinone electron acceptors, @ a
of water to membrane soluble plastoquinone molecules (for firmly bound component of the reaction center complex,
a review, see reB). The redox cofactors of PSIl electron which undergoes one-electron reduction. In contragtisQ
transport are bound to or contained by the D1 and D2 proteina mobile electron carrier, which takes up two electrons
subunits which form the reaction center of PSl).(Water sequentially from @ before leaving its binding site formed
oxidation is catalyzed by a Mn cluster, and electrons liberated by the D1 protein. The side product of PSII function is
molecular oxygen, which has been the source of atmospheric
IN(T:(T)hg work was SlépRpéJfltg(i El?ycgglgtglf;%m EU (ENV4-_CT0L-0?93),I oxygen during the course of evolution, and hence is the origin
Committggi[)nrlgléscénological Development)legB (82%8879%), gr:gr:ﬁe of the UV-B scr_eenlng ozone V.e” that protects “fe. on Earth.
Hungarian Scientific Research Fund, OTKA (T 030592). The mechanism of damage induced by UV-B light to the
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observed. Besides the electron transport components, UV-Bm=2 s71) at the surface of the cell suspension as measured
light also damages the D1 and D2 reaction center subunitswith a Cole-Parmer radiometer (model 97503-00) equipped
of PSII, leading eventually to their degradatich 10, 13— with a 312 nm sensor. Due to the high optical density of the
16). A further consequence of UV-B exposure of isolated cell suspension, the average UV-B irradiation intensity was
systems is an apparent resistance against electron transpodnly approximately 0.09 W n? (~0.244E m~2 s1) within
inhibitors, which act by replacing the mobile plastoquinone the cell suspension, calculated by taking into account the
electron acceptor at its binding site formed by the D1 protein. absorption by the optically dense sample according to ref
This effect, which is most likely related to the UV-B-induced 26. In some experiments, the cell suspension was illuminated
modification of the @/herbicide binding site, has been with 120u4E m~2 s~ white light during the course of UV-B
observed in isolated thylakoids and BBY membrarie$), irradiation. For monitoring the recovery process, the UV-
as well as in isolated reaction centers of the purple bacteriumB-irradiated cells were transferred back to the growth
Rhodobacter sphaeroid€47), which have reaction center chamber where they were exposed to normal culture condi-
subunits and quinone acceptors analogous to those of PSlitions.

Although there are experimental observations which  Fluorescence Relaxation Kinetid3ash-induced increases
indicate that UV-B radiation induces donor-side damage in and the subsequent decay of chlorophyll fluorescence yield
PSIl in vivo (1, 18), no unambiguous proof for this was measured by a double-modulation fluorometer (PSI
hypothesis has been provided yet. There is also a gap in ourlnstruments, Brno)43). The instrument contained red LEDs
knowledge concerning the existence and importance of UV- for both actinic (2Qus) and measuring (2 4s) flashes, and
B-induced acceptor-side modifications in viva further was used in the 10@s to 100 s time range with cells diluted
point of interest is clarifying the putative role ofaQ in to a concentration of Zg of Chl/mL. With this type of
mediating UV-B damage in PSII in vivd.g, 20). A useful, measurement, it is crucial to avoid distortion of the relaxation
noninvasive method of following both donor- and acceptor- kinetics due to the actinic effect of measuring flashes. This
side events of PSII in intact photosynthetic organisms is was carefully checked, and the intensity of the measuring
monitoring the relaxation of the flash-induced increase in flashes was set at a value that was low enough to avoid
variable chlorophyll fluorescence yield. This process reflects reduction of Q in the presence of DCMU.
the reoxidation of @~ via forward electron transport togQ Analysis of the fluorescence relaxation kinetics was based
(and @7) and back reactions with donor-side components on the widely used model of the two-electron ge&é, 7).

(21, 22). By utilizing recent technical developments, it is According to this model, the fast (few hundred microseconds)
possible to measure the relaxation of the variable fluores- decay component reflects AQ reoxidation via forward
cence yield in the wide time range of 128 to 100 s after  electron transport in centers which contain bound PQ (in the
single-flash excitation23) and obtain simultaneous informa-  oxidized or semireduced form) at the §ite before the flash.
tion for donor- and acceptor-side modifications. The middle (few milliseconds) phase arises from Q

In this work, the UV-B effect was studied in the cyano- reoxidation in centers which had an empty Qte at the
bacteriumSynechocystisp. PCC 6803. We provide data time of the flash and have to bind a PQ molecule from the
supporting the idea that UV-B light damages the PSIl donor PQ pool. Finally, the slow (few seconds) phase reflegts Q
side not only in vitro but also in vivoln addition to the reoxidation via back reaction with the State of the water-
donor-side effect, UV-B light induces a modification of PQ oxidizing complex. The fast and middle phases are generally
and inhibitor binding to the @ pocket. However, the described by exponential components. In contrast, the slow
presence of @ during UV-B exposure does not affect the decay of Q™ via charge recombination has been shown to

extent of UV-induced damage. obey hyperbolic decay kinetics corresponding to an apparent
second-order proces&8). Consequently, multicomponent
MATERIALS AND METHODS deconvolution of the measured curves was performed by

using a fitting function with two exponential components

Culture Conditions. Synechocysijs. PCC 6803 cells were .4 one hyperbolic component:

routinely grown in the mineral medium as described previ-

ously 24) in a rotary shaker at 30C under a 5% C@ F(t) — F, =

enriched atmosphere. The intensity of white light during °

growth was 9Q:E m2s2. Cells in the exponential growth A exp(-t/Ty) + A, exp(-tiTy) + AJ(1 + t/Ty)

phase fsgo 0f 0.6—-0.8) were harvested by centrifugation for

10 min at 4009 at room temperature and resuspended at a whereF(t) is the variable fluorescence yiel, is the basic

concentration of 1@g of Chla/mL in fresh culture medium  fluorescence level before the flagh;—As are the amplitudes,

containing 50 mM HEPES (pH 6.8). T,—Ts are the time constants from which the half-lifetimes
UV-B TreatmentUV-B irradiation was performed in open, ~¢an be calculated viay, = In 2 T for the exponential

cylindrical glass containers in which the cell suspension components, antl; is theT for the hyperbolic component.

formed a 45 mm high layer, with continuous stirring at room  Variable Chlorophyll Fluorescence Measuremeiteady-

temperature. A Vilbert-Lourmat VL-215M lamp was used sate variable fluorescence was measured by a PAM machine

as the UV-B light source, with maximal emission at 312 nm, (WALZ, Effeltrich, Germany), using a home-built computer-

in combination with eight layers of 0.1 mm cellulose acetate controlled data acquisition system.

filters (Clarfoil, Courtaluds Chemicals) to screen out any  Oxygen Eolution MeasurementsSteady-state rates of

UV-C contribution. The spectral distribution of the UV lamp oxygen evolution were measured using a Hansatech DW2

is shown in our previous publicatior?g). Under these O, electrode at a light intensity of 10Q€E m 2 s in the

conditions, the UV-B intensity was 2.4 W Th (6.3 uE presence of 0.5 mM 2,5-dimethgHbenzoquinone as an



12788 Biochemistry, Vol. 38, No. 39, 1999

T il ¥ T T "
o4of § Lo2s
e
2 o030} 1020
[0]
[$]
&
g {o.15
[%2]
S o020}
S
2 {0.10
o]
=
£ otof
° {0.05
000 & {0.00

Time (s)

Ficure 1: Effect of UV-B irradiation on the fluorescence relaxation
of Synechocystisp. PCC 6803. Cells were exposed to UV-B
irradiation for O (white symbols) and 45 min (black symbols) in
the presence of 10@g/mL lincomycin. Relaxation of the flash-
induced chlorophyll fluorescence yield was measured without

addition. The curves are normalized to the same amplitude, and

the actual size of the signals is shown by the left (nonirradiated
cells) and right scales (UV-B-irradiated cells).

electron acceptor. Typically, 2 mL of cells at a concentration
of 10 ug of Chla/mL was used in each measurement.

RESULTS

UV-B Effects on the @Binding PocketIn the nonirra-
diated control cells, the fluorescence yield relaxation is
dominated by the fast (22@&s) phase, whose relative
amplitude is about 70% (Figure 1). The contribution of the
middle (3—4 ms) phase is 20%, and that of the slow phase
(13 s) is about 10%. UV-B irradiation for 45 min in the

Vass et al.

metribuzin, calculated from the inhibitor titration curves of
the slowly decaying (0.6 s) component, which reflects the
amount of centers in which the@.~ recombination occurs.
UV-B irradiation induced about 4- and 6-fold increases in
the half-inhibitory concentrations of DCMU and metribuzin,
respectively. The fluorescence results presented here were
confirmed by inhibitor titration of oxygen evolution, which
showed a 3-fold increase in of thdspvalue of DCMU.
When UV-B irradiation was performed in the absence of
lincomycin, allowing continuous protein repair, the increase
in plsp values was smaller, and this effect was reversible
when the UV-B-irradiated cells were transferred to normal
growth conditions under white light for-23 h (not shown).
UV-B Effects on the PSII Donor Sidé/hen fluorescence
relaxation is measured in the presence of DCMU, the decay
has a sigmoidal shape when plotted on a logarithmic abscissa
scale (Figure 2A). These curves are clearly not monoexpo-
nential; however, they can be satisfactorily fitted by using a
single hyperbolic component yielding a half-lifetime of 0.6
s. A similar approach has been used by Bennoun for analysis
of Qa~ decay quantified from the complementary area above
fluorescence induction curves in the presence of DCIZ). (
After UV-B irradiation, the relaxation is considerably ac-
celerated and a substantial fast decay is observed besides
the slow component seen in the nonirradiated control cells
(Figure 2A). Inhibitor titration of oxygen evolution in the
same cells demonstrates that electron transport through PSII
is completely inhibited at 3@gM DCMU (not shown), and
thus, the Q to Qs electron transfer step is fully blocked in
the oxygen-evolving centers. In principle, the fast phase could
arise from forward leak of electrons through the DCMU
block in centers, which do not evolve oxygen. This possibility
was explored by adding hydroxylamine and DCMU to the
UV-irradiated cells. Hydroxylamine releases the Mn cluster
from PSII 29), and it can reduce Tyr-Z after its light-
induced oxidation%0). Under these conditions, the electrons

presence of the protein synthesis inhibitor lincomycin, which' that are stabilized on £ by DCMU have no recombination
prevents the repair of UV-induced protein damage to the D1 partner. Accordingly, the flash-induced increase in fluores-

and D2 reaction center subunits, resulted in a-35%

decrease in the total fluorescence amplitude (Figure 1),

reflecting the loss of @reduction that can be detected 100
us after the flash. The UV-B treatment also affected the
fluorescence yield relaxation kinetics by slowing the middle

cence yield in the nonirradiated cells stays almost constant
during the course of the measurement (Figure 2B). The same
result was obtained in the UV-B-irradiated cells. Both the
fast and slow decay phases seen in the presence of DCMU
were eliminated by hydroxylamine (Figure 2B); i.e., the

phase and accelerating the slow phase. This point was furthetapidly decaying phase should also arise from recombination
investigated by measuring fluorescence decay in cells thatreactions of Q~ with PSII donor-side component(s).

were exposed to UV-B radiation for different periods of time.

To check the validity of the above ideBynechocystisells

Analysis of these decay curves confirmed the gradual yere exposed to different periods of UV-B illumination and

acceleration of the slow phase, from 13 teZls. In addition,
the ty, of the middle phase increased from 3 to 6 ms, and
that of the fast phase from 220 to 328 (Table 1). The

their fluorescence relaxation curves were measured in the
presence of 30M DCMU. Satisfactory fitting of these decay
curves required either two hyperbolic components witt82

total fluorescence amplitude was decreased to 44% of itSms and 0.6-0.8 s half-lifetimes or two exponential compo-

initial value by the end of the 90 min irradiation protocol.

nents {u»

800 us and 810 ms) and one hyperbolic

These data indicate modification of PQ binding at the Q  component tg,, = 0.6-0.8 s). The total fluorescence
site and/or a decrease in the apparent equilibrium constantgmplitude measured in the presence of DCMU is gradually

for sharing the electron between,@nd @, as discussed
below.

To determine if UV-B-induced modification of thesQite
also affects binding of PSII electron transport inhibitors,
inhibitor titration experiments were performed in cells which
were irradiated UV-B light in the presence of the protein
synthesis inhibitor lincomycin. The data summarized in Table
2 show the half-inhibitory concentrations of DCMU and

decreased during UV-B illumination (Figure 3A), which is
accompanied by a rapid loss of the slow decaying component
and an increase in the fast decaying portion of the relaxation
curves (Figure 3B). These changes in the decay amplitudes
are completely reversed when cells are transferred to growth
conditions under white light (Figure 3A,B). Treatment of
the Synechocystisells with the protein synthesis inhibitor
lincomycin before UV-B irradiation accelerates the loss of



UV-B Radiation-Induced Modifications of Photosystem II Biochemistry, Vol. 38, No. 39, 19992789

Table 1: Decay Kinetics of Flash-Induced Variable Fluorescen&yirechocytisp. PCC 6803 Celis

duration of UV-B total fast phase middle phase slow phase
irradiation (min) amplitude (%) ti2 (us) [amp (%)] tiz (Ms) [amp (%)] ta2 (s) [amp (%0)]
No Additior?
0 100 220+ 20 (68+ 3)° 2.9+ 0.4 (23+1.8) 13+4(9+1.8)
20 83+2 250+ 25 (66+ 2.7) 3.84 0.5 (26+ 1.9) 6.2 3 (7+£1.4)
40 69+ 2 300+ 20 (68+ 2.2) 5.6+ 0.7 (26+ 1.8) 3.1+2(6+1.0)
60 61+ 3 320+ 24 (65+ 2.5) 5.4+ 0.7 (29+ 2.0) 1.2+ 0.8 (64 0.9)
90 444 2 330+ 28 (68+ 2.5) 5.9+ 0.8 (26+ 2.0) 2.2+ 0.7 (6+0.9)
With DCMU¢
0 100 - (0) 214+03(3+1.2) 0.59+ 0.03 (97+ 1.1)
20 85+ 1 - (0) 2.7+ 0.4 (27+£0.9) 0.69+ 0.03 (73+ 0.7)
40 69+ 2 - (0) 2.7+ 0.3(37+£0.8) 0.86+ 0.04 (63+ 0.7)
60 58+ 2 - (0) 244+0.3(43+1.1) 0.83+ 0.06 (57+ 0.9)
90 46+ 2 - (0) 2.6+ 0.4 43+ 1.4) 0.81+ 0.07 (57+ 0.8)
With DCMUP
0 100 —(0) 214+03(3t1) 0.59+ 0.03 (97+ 1.1)
20 85+ 2 810+ 60 (8+ 3) 6.5+ 0.3 (17+ 3) 0.62+ 0.02 (75+ 0.9)
40 70+ 1 780+ 160 (17+ 2) 10.24 1.3 (21+ 2) 0.78+ 0.03 (62+ 0.5)
60 59+ 2 760+ 130 (21+ 2) 10.8+ 1.4 (23+ 2) 0.78+ 0.03 (56+ 0.7)
90 48+ 2 800+ 140 (21+ 2) 11.14 1.7 (24+ 1.6) 0.78+ 0.04 (554 0.8)

a Synechocystisp. PCC 6803 cells were irradiated with UV-B light for the indicated periods of time, and relaxation of the flash-induced fluorescence
yield was measured with or without 30M DCMU. P The curves were analyzed in terms of two exponential components (fast and middle phases)
and one hyperbolic component (slow phasé)he curves were analyzed in terms of two hyperbolic components (middle and slow pHassaks
represent the amplitude of total variable fluorescence as a percentage of that in the nonirradiated® d@hiies. in parentheses are relative
amplitudes as a percentage of total variable fluorescence obtained after the given UV-B irradiation time. Standard errors of the calculatesl paramet
are also indicated.

Table 2: Effect of UV-B Irradiation on the Half-Inhibitory likely related to the increase in fluorescence vyield due to
Concentrations of DCMU and Metribuzin Bynechocystisp. PCC induction of the state II-to-state | transitio81). Unexpect-
6803 Cells edly, the 6.«E m™2 s~* UV-B radiation alone could reduce
[DCMU] (M) [metribuzin] (M) Qa in #60% of the centers in the presence ofidd DCMU,
without with without with whereas 12@E m~2 s ! white light resulted in @ reduction
UV-B UV-B UV-B UV-B in about 65% of the centers. The combination of the UV-B
Do 4x 107 15%10° 5 5% 10 15x 105 and white light closed about 80% of the centers in the

— - - — presence of DCMU (Figure 4, curve b).
aCells were irradiated with UV-B light for 0 and 45 min in the . L .
presence of 108g/mL lincomycin. Relaxation of flash-induced variable When UV-B irradiation was performed in the presence of

fluorescence yield was measured after addition of various concentrationsDCMU, the total fluorescence amplitude exhibited the same
of DCMU and metribuzin as described in the legend of Figure 1, and extent of loss that was observed with UV-B alone (Figure

the curves were analyzed by using two exponential components and - - :
one hyperbolic decay component. The amplitude of the slow decaying 5A), although the reduction level of Qvas much higher in

hyperbolic component, which reflects the recombination gf @ith the presence than i_n the ab_sence of DCMU (Figure 4). The
the S state, was plotted as a function of herbicide concentration, and changes in the relative amplitudes of the fast and slow decay
the half-inhibitory concentrations were determined. phases of fluorescence relaxation followed also the same

kinetics in the presence and absence of DCMU (Figure 5B).

total fluorescence amplitude and of the slow phase, whereadnterestingly, when background illumination with white light
it induces a more rapid formation of the fast decay (Figure Was applied during the course of UV-B irradiation, a very
3A,B). Lincomycin also blocks the recovery of both the total clear ameliorating effect was observed. This is shown by
variable fluorescence, as well as the changes in the ampli-the considerably retarded decrease in the amplitude of the
tudes of the fast and slow decaying phases. total qu_orescence and t_hat of the slow phase (panels A and

Effect of Visible Light on UV-B-Induced Damagghe B of Figure 5, respectively), as well as by the retarded
interaction of visible and UV-B light is a very important INcrease in the amplitude of the fast recombination phase
issue since under natural conditions plants are exposed(Figure 5B).
simultaneously to these spectral ranges of sunlight. One The above results show that the increased reduction level
possible effect of illumination with white light can be the of Qa does not accelerate UV-B-induced damage of PSII.
formation of reduced @ which has previously been sug- On the other hand, the presence of white light decreases the
gested to be a potential UV-B target9j. To explore this extent of UV-B-induced damage. Previous results have
possibility, we determined the redox state of @nder demonstrated that de novo synthesis of the D1 and D2
illumination with UV-B light, and UV-B and white light. In reaction center subunits plays an important role in the
the absence of DCMU, UV-B radiation alone or in combina- restoration of UV-B-damaged PSII activit3Z, 33). Con-
tion with 1204E m™2 s~ white light induced only a small ~ sequently, the favorable effect of white illumination is
extent (approximately 10%) of {reduction (Figure 4, curve  possibly related to enhanced protein synthesis. This idea is
a). Itis noteworthy, however, that both illumination protocols fully confirmed by the data depicted in Figure 6, where the
induced an about 40% increase in fhgux level, measured  effect of UV-B radiation on the inhibition of oxygen
with saturating pulses of white light, which effect is most evolution was followed. UV-B-induced inhibition of oxygen
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Ficure 3: UV-B-induced loss and subsequent recovery of flash-
induced chlorophyll fluorescence yield Bynechocystisp. PCC
6803. Cells were exposed to UV-B radiation for 90 min and then
transferred to visible light. Flash-induced fluorescence was mea-
sured in the presence of 304 DCMU and analyzed in terms of

two hyperbolic components, or two exponential components and
one hyperbolic component, as in Table 1. (A) Total fluorescence
amplitude without addition®) and in the presence of 10@/mL
lincomycin ©). (B) The relative amplitudes of the slow hyperbolic

. . . L . o phase (up triangles) as well as of the fast phase, represented by the
evolving activity is slowed when illumination with white light  amplitude of the fast hyperbolic component, which is the same as
is applied together with UV-B light. Importantly, this the sum of the two exponential components (down triangles), are
beneficial effect is completely canceled by lincomycin, and expressed as a percentage of the total fluorescence amplitude at

the inhibition of oxygen evolution follows the same course he given time. The black and white symbols represent results
obtained in the absence and presence of A@fnL lincomycin,

that was observed u_nder. UV-B irradiation alone in the respectively. The error bars show the typical standard error of the
presence of lincomycin (Figure 6). plotted data.

DISCUSSION shows that inSynechocystisp. PCC 6803 cells the ther-

In this work, we studied the effects of UV-B irradiation moluminescence component which arises from the recom-
on the characteristics of donor- and acceptor-side electronbination of SQa~ cannot be described by first-order kinetics;
transport inSynechocystisp. PCC 6803 cells. The main instead, a theoretical model with apparent second-order
method of investigation was the measurement of fluorescencekinetics is needed (. Vass et al., unpublished results).
yield relaxation following a single saturating flash. By using However, the mechanistic background for this phenomenon
the double-modulation techniqued), we could measure s not well-understood. The data of Bennoun show that the
fluorescence yield changes in a very broad time range, fromrate constant of the decay does not depend on the amount
100us to 100 s, and study reoxidation processes of Qy of Qa~; thus, it does not reflect a true bimolecular mechanism
both forward and back reactions. A surprising result from (28). Hyperbolic decay kinetics of©x~ recombination have
these measurements was that the decay kinetics in thealso been observed by Lavorel et al. using delayed lumi-
presence of DCMU are clearly not monoexponential, as could nescence, which was proposed to reflect a distribution of
be expected for the,Q,~ recombination, but can be fitted first-order charge recombination rate constants over PSII
well with a single hyperbolic component. Hyperbolic decay centers in which the mutual orientations and distances of
of Qa~ via charge recombination, which would imply the redox cofactors and/or the conformation of the reaction
second-order kinetics for the recombination process, has beertenter is not completely identical due to differences in the
proposed earlier by Bennoug). Our own experience also  membrane environmen#l4).

Ficure 2: Effect of UV-B irradiation on the fluorescence relaxation
of Synechocystisp. PCC 6803 in the presence of DCMU. Cells
were exposed to UV-B irradiation for 0 (black symbols) and 45
min (white symbols) in the presence of 1@@/mL lincomycin.
Relaxation of the flash-induced chlorophyll fluorescence yield was
measured in the presence of @@ DCMU (A) and in the presence

of 30 uM DCMU and 5 mM hydroxylamine (B). The curves are
normalized in the same way as in Figure 1.
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Ficure 4: Reduction of Q under UV-B and white light illumina-
tion in Synechocystisp. PCC 6803. The level of steady-state
fluorescence reflecting the extent ofy @duction was monitored

by using the weak measuring light of the PAM fluorimeter. The
maximal fluorescence, representing full reduction of, Qvas
induced by 500 ms saturating light pulses. At the times denoted by
arrows, UV-B light (6.3uE m™2 s71) and continuous white light
(120 uE m2 s71) were switched on and off. The measurements
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were performed in the absence (curve a) and in the presence of 30rcure 5: Effect of white light and DCMU on the UV-B-induced

uM DCMU (curve b).

UV-B Effects on the g Binding Pocket.Analysis of
fluorescence relaxation traces in UV-B-irradiat&yn-
echocystigells revealed modifications of thes@iche which
affect the binding of both PQ and electron transport inhibi-

tors. In the nonirradiated cells, the slow phase of decay has

a half-lifetime of about 1213 s, which is decreased to 6:6

modification of fluorescence relaxation 8ynchecocystisp. PCC
6803. Cells were exposed to UV-B light without addition (up
triangles) and after addition of 30M DCMU (down triangles)

and in the presence of 12 m2 s~! white light (circles). Flash-
induced fluorescence was measured in the presence f\VBO
DCMU and analyzed as described in the legend of Figure 3. Panel
A shows the changes in the total fluorescence amplitude expressed
as a percentage of its value in the nonirradiated control. Panel B
shows the changes in the relative amplitudes of the fast (white

0.8 s in the presence of DCMU. Since the slow phase shouldsymbols) and slow recombination components (black symbols)

reflect the reoxidation of & via charge recombination with
the S state in both cases, the differences in the half-lifetimes
indicate that in the absence of DCMU the recombination
occurs from the Qg™ state, which is in charge equilibrium
with Qa~Qg. The relationship of recombination half-lifetimes

occurring through charge equilibrium can be described as to reoxidation of Q-

t(SQaQs ) = 1A(SQ4 ) x (1 + Kap;)

whereKqpp is the apparent equilibrium constant for sharing
the electron between{and ¢ (34). Using at;2(S:QaQs ")

of 12—-13 s and at1(S,Qa~) of 0.6-0.8 s, Ky iSs ap-
proximately 16. This approximation agrees well with previ-
ous reports oKy being 15-20 (35, 36), which provides
firm support for the analysis of fluorescence relaxation curves
presented here.

Since in the UV-B-irradiated cells the half-lifetime of the
slow phase is decreased in the abseng®{Qs~ recombi-
nation), but not in the presencex(&~ recombination) of
DCMU (Table 1) Kappshould be decreased. This effect might
be caused by an energetic change g1 &ability, or related
to a decreased affinity of PQ binding. The latter possibility

expressed as a percentage of the total fluorescence amplitude at a
given time. The error bars show the typical standard error of the
plotted data.

is indicated by the increase in thg, of the middle phase
from 3 to 6 ms (Table 1). This decay component is assigned
in centers in which a vacantg(site

has to be reoccupied by a PQ molecule before the ©Q

Qs electron transfer can take place. Thus, the increase in its
ti2 is consistent with a slower PQ binding in the UV-B-
irradiated cells. The small increase observed in tieof

the fast phase (Table 1) indicates a slower electron transfer
from Qa~ to bound @, which is possibly also the conse-
guence of the @site modification.

A further manifestation of the UV-B-induced change in
the Q/herbicide binding niche is the-4%6-fold increase in
the dso values of DCMU and metribuzin (Table 2). These
results are in a good agreement with previous observations
with isolated thylakoids §, 6, 37) and purple bacterial
reaction centersl(/), and demonstrate that UV-B irradiation
leads to a decreased affinity of herbicide binding in intact
cells, too.



12792 Biochemistry, Vol. 38, No. 39, 1999 Vass et al.

T L L equilibrium, theirt;, values are correlated according to the

100 -
. I formula
80} - t1/2(Tyr'Z+QA )= t1/2(P680+QA ) x 1+ Kapp,ZF)
©
5 whereKqpp zris the apparent equilibrium constant for sharing
S eor i an electron between Tyr-Z andgk From our dataKapp zp
.g would be 13-14 in the UV-B-inhibited PSII centers. From
8 4or 7 this consideration, it also follows that the amplitude of the
& ] 800us phase should be only &Kk, zp(0.07—0.08) fraction
20k 4 of the amplitude of the 810 ms phase if the recombination
proceeds via the ZPsgo <> Tyr-ZPsgg" equilibrium in all
centers. In contrast to this expectation, the results of the fit
or, ! L L . give about 76-80% for the amplitude of the 80@s phase
0 20 40 60 80 compared to that of the 810 ms phase (Table 1). A
UV-B irradiation time (min) straightforward explanation for this phenomenon would be

FiGURe 6: Effect of white light and lincomycin on the UV-B-  t0o assume that with the progress of UV-B exposure not only
induced inhibition of oxygen evolution iBynechecocystip. PCC the Mn cluster but also Tyr-Z is damaged, and most of the
6803. Cells were exposed to UV-B light, and the rate of oxygen 800 s phase arises from centers where the Tyr-Z g@'P

evolution is plotted as a function of irradiation time. UV-B e : e L
irradiation was performed without additio®, in the presence of electron transfer step is impaired. This idea is in agreement

100 ug/mL lincomycin (@), in the presence of background yvith our earlier in vitro study_which showed that the
illumination with 120 uE m~2 st white light ©), and in the inactivation of the Mn cluster is followed by a slower

presence of 120E m~2 s~ white light and 10Q:g/mL lincomycin inactivation of Tyr-Z function 7).

(»). The error bar shows the typical standard error of the plotted Although from the available data it cannot be unambigu-
data. ously determined if the fast decaying fluorescence component
UV-B Effects on the PSII Donor Sid&he kinetics of observed in the presence of DCMU in the UV-B-irradiated
fluorescence yield relaxation exhibit a dramatic acceleration cells represents a single hyperbolic phase or two exponential
when measured in UV-B-irradiated cells in the presence of phases, we prefer the second option. In both cases, however,

high concentrations of DCMU (Figure 3A) or metribuzin the 2-3 and 8-10 ms half-lifetimes assigned to the Tyr-
(not shown). This effect shows the existence of heteroge-Z*Qa~ recombination obtained from the hyperbolic and
neous recombination reactions ofaQ with donor-side exponential fitting, respectively, are at the lower end of the
components in UV-damaged PSII. The slow compongpt ( 3.5-50 ms range reported by Chu et a&38) for different

= 0.6-0.8 s) arises from the,@,~ recombination in centers  mutants that lack the functional Mn cluster. The variation
that retain intact Mn cluster. A likely candidate for the in t;;; in those mutants was explained by a modification of
recombination partner being involved in the fast component the redox potential of Tyr-Z. Since in isolated core particles
is Tyr-Z", which is stabilized in centers in which electron of wild-type cells 89) the Tyr-Z"Qa~ recombination has
transfer from the Mn cluster is inhibited by UV-B. This an 80 ms time constant, it is likely that UV-B irradiation
hypothesis is fully supported by the observations of Chu et decreases the redox potential of Tyr-Z as a consequence of
al. (38), who have shown that fluorescence decay in the inactivating the Mn cluster, or due to a structural change in
presence of DCMU is accelerated3ynechocystisp. PCC the PSII reaction center.

6803 mutants which lack a functional Mn cluster. These It follows from the above interpretation that the appearance
authors assigned the fast fluorescence decay, fitted with anof the fast decay of fluorescence relaxation in the presence
exponential component witth,; varying between 3.5 and 50 of DCMU reflects charge recombination between TyrZ
ms, to the recombination of Q and Tyr-Z". In our case, (Psso™) and Q.~. Stabilization of Tyr-Z(Psgs") in the UV-

the fast decay could not be fitted with one exponential B-irradiated cells is most likely the consequence of impaired
component. Assuming that hyperbolic fluorescence decayelectron transfer from the Mn cluster. Thus, our results
kinetics are characteristic of recombination reactions, we usedprovide evidence for the inactivation of the water-oxidizing
a hyperbolic component to describe the fast decaying partcomplex by UV-B light in intact cells in the same way that
of relaxation curves measured in the presence of fully was observed in isolated preparatioids (

inhibiting DCMU in UV-B-treated cells, which yielded a The relationship between donor- and acceptor-side damage
satisfactory fit with a half-lifetime of 23 ms. Since this  in UV-B-irradiated PSII is an important issue. A number of
value appeared to be too fast for the @yr-Z* recombina- previous observations indicate that modifications of the PSII
tion (38), the curves were also analyzed by using two donor side can alter the redox characteristics of acceptor-
exponential components for the fast decaying phase. Thisside componentgiQ, 41). Thus, UV-B-induced impairment
approach resulted in 8Q3s and 8-10 ms half-lifetimes. The  of the water-oxidizing complex may trigger the modification
faster component could correspond to the about 1 msof the @ binding niche. On the other hand, the observation
recombination time of 8:"Qa~ observed in isolated core of modified inhibitor binding in oxygen-eevolving centers
particles of Synechocystisp. PCC 680339). The longer shows that the @pocket can be altered in UV-B-irradiated
half-lifetime is within the range that was observed for Tyr- centers, which retain a functional water-oxidizing complex.
Z™Qa~ recombination in intact cells that lack a functional On the basis of the data presented here, we prefer a model
Mn cluster @8). Since recombination of Tyr-Zwith Qa~ in which the @ binding niche may be modified by UV-B
proceeds via the Tyr-ZPesdQa~ < Tyr-ZPsgstQa~ charge radiation prior to inactivation of the water-oxidizing complex,
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but oxygen evolution is lost due to the impairment of electron 2.
transfer between the catalytic Mn cluster and the reaction
center.

Interaction of White Light with the UV-B Effedtinder 4
natural conditions, some UV-B light is always accompanied
by the visible part of the solar spectrum. Thus, it is very 5.
important to understand the interplay between the effects of
the two spectral ranges. Previous results have indicated a
synergistic enhancement in the turnover rate of the D1, and
also of the D2 reaction center protein, which provides the 7
binding site for Q, under a mixture of low-intensity UV-B
and visible light (9). This effect was interpreted as an 8.
indication of enhanced UV damage of PSII mediated hy Q
which is formed by illumination with white light. Other
studies, however, have shown a protective effect of strong
white light 42). 10.

lllumination of Synechocystisells with UV-B light
induces only a small extent of\Qeduction in the absence
of DCMU. However, a considerable degree of @duction
occurs in the presence of DCMU (in 60% of the centers). 12
Importantly, despite the large difference in the amount of
reduced Q, the extent of PSII damage is the same when
UV-B illumination is applied alone or in combination with
DCMU. This finding demonstrates thataQis unlikely to
be a specific mediator of UV-B-induced damage of PSIl. 14

lllumination of the cells with white light at an intensity
similar to that used during growth provides clear protection 15.
against UV damage as revealed by the slower loss of total ;¢
fluorescence amplitude and slower induction of fagt Q
recombination with Tyr-Z(Psss") (Figure 5), as well as by 17.
the slower inhibition of oxygen evolution (Figure 6). The
complete cancellation of this beneficial effect by the protein 18-
synthesis inhibitor lincomycin (Figure 6) demonstrates that 19
white light decreases the extent of UV-B damage by '
facilitating de novo synthesis of the D1 and D2 reaction 2qg
center proteins, which is required for PSIl repair. The
protection by white light against UV-B-induced damage is 21.
an important observation. Our previous results showed a
strong induction of thggsbAand psbDgenes, encoding the
D1 and D2 proteins, respectively, by low-intensity UV-B
light (25, 43). This UV-B-induced transcription of thesbA 23
andpsbDgenes is not affected by background illumination
with white light with an intensity similar to that applied here. ~ 24.
Consequently, the facilitation of PSII repair by white light
probably occurs at the level of translation, or during the
process of PSIl assembly and reactivation. 26

The in vivo characterization of the effect of low-intensity
UV-B light on PSII function described in this paper 27
demonstrates that electron transfer from the Mn cluster to
Tyr-Z and the reaction center is impaired in intact cyano- g
bacterium cells. The donor-side damage is accompanied by 29,
a modification of the @ pocket, which affects the binding
of plastoquinone and electron transport inhibitors. These 30.
findings support the validity of earlier results obtained with 3
isolated PSII preparations at much higher UV-B levels, and 32
exclude the possibility of artifacts due to unphysiological '

11.

22.

N

5.

conditions. 33
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