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ABSTRACT: The oxidation of carotenoid upon illumination at low temperature has been studied in Mn-
depleted photosystem Il (PSII) using EPR and electronic absorption spectroscopy. lllumination of PSII at
20 K results in carotenoid cation radical (Carformation in essentially all of the centers. When a sample
which was preilluminated at 20 K was warmed in darkness to 120 K'*@aas replaced by a chlorophyll

cation radical. This suggests that carotenoid functions as an electron carrier between P680, the
photooxidizable chlorophyll in PSII, and Ghlthe monomeric chlorophyll which acts as a secondary
electron donor under some conditions. By correlating with the absorption spectra at different temperatures,
specific EPR signals from Carand Ch}** are distinguished in terms of thajrvalues and widths. When
cytochromebssg (Cyt bssg) is prereduced, illumination at 20 K results in the oxidation of B without

the prior formation of a stable Car Although these results can be reconciled with a linear pathway, they
are more straightforwardly explained in terms of a branched electron-transfer pathway, where Car is a
direct electron donor to P68Dwhile Cytbssg and Ch} are both capable of donating electrons to Car

and where the Chldonates electrons when Cigdsg is oxidized prior to illumination. These results have
significant repercussions on the current thinking concerning the protective role of the;&yhl, electron-
transfer pathways and on structural models of PSII.

Photosystem Il (PSH)is the photochemical reaction center oxidizing species present in PSll is the cation form of the
which bears the water oxidizing and plastoquinone reducing photooxidizable chlorophyll, P680 It is estimated that it
activity (1, 2). The high redox potential which is required in  has anE, of around 1.1 V. When the oxygen evolving
order to oxidize water renders the enzyme susceptible toenzyme is functional, P680s reduced by a nearby tyrosine
damage, and elaborate protection mechanisms are presertesidue (Tyr 161 of the D1 protein, known as Z)yrThe
in order to minimize this intrinsic problenB8). The most oxidized Ty is reduced in its turn by electrons coming from

the Mn cluster which is thought to be the active site for water

oxidation.
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enzyme and during the process whereby the Mn cluster iswe provide evidence that carotenoid may work as an electron
assembled (e.g., reb); and (3) under stress conditions carrier between P680 and Chl and that the carotenoid may
(reviewed in ref3). be a branch point in electron transfer from @y and Chy.

When P680 is unreduced by Tyt the recombination of
the P680Q,~ radical pair [20Qus—1 ms depending on the MATERIALS AND METHODS
electrostatic environment of Ty(1)] is probably dominant
under most circumstances. Nevertheless, P&&@ms to be
able to obtain electrons from a series of electron donors other
than Tyr/Mn. Since these “ side-path” donation reactions are
thought to compete poorly with the usual forward reactions
and with the charge recombination reactions at room tem-
perature (see reft, 4), they have more often been studied
at low temperature where they can be accumulated using
continuous illumination.

It has long been known that reduced cytochrdmg (Cyt
bssg) will undergo oxidation when PSll is illuminated at 77
K (6, reviewed in ref7). When Cythssg is preoxidized, a .
chlorophyll molecule (recently termed Ghlis oxidized Sucrose, 20 mM MES’ PH 6.3. The Mn _depletlon and
instead of Cytbeso (see refs8, 9). This has led to the washing steps desgrlbed abgve were don_e in total darkness.
suggestion that a linear Cybssg—Chl;—P680 electron- In our early optical stu_dles, PSll-enriched membrane
transfer pathway exists9), and this was supported by samples were suspended in 60% glycerol at 0.8 mg of Chl/
experiments which compared the efficiency of electron ML. However, although good spectra of Cawere obtained,
donation of Chl and Cylsse With the donation from the Tyt spectra of Chi™ were poorly resolved. To improve the
Mn cluster @0). It has been suggested that this may play a OPtical properties of the sample, the membranes (2 mg of
significant role at physiological temperatures, providing Chi/mL) were solubilized fo 1 h on ice in0.5% (w/v)
electrons to the hyper-reactive P68thereby diffusing any ~ A-dodecyl maltoside 4-DM) in complete darkness. The
potential for uncontrolled oxidative reactiond0f. The  Samples were then centrifuged in a benchtop centrifuge in
possibility has been raised that oxidized ®ys completes order to remove unsolubilized material. The supernatant was

an electron-transfer cycle around PSII by obtaining electrons then taken and mixed with glycerol (to 60%, v/v). A range
from reduced quinones (reviewed in 8f of detergent concentrations were tested, and the concentration

Carotene can also be oxidized by PSIl under certain used in the experiment was the lowest that solubilized PSII.

conditions. Oxidized carotenoid cation, Cawas detected ~ Comparison of both the optical and EPR data with and
by its absorption at 990 nm when PSII was illuminated at without 5-DM indicated that the reactions taking place were

low temperature in the presence of ferricyanidi, (.2). At essentially unaffected by the detergent (.noF .show'n). It was
room temperature, the Carwas detected in the presence also shown that glycerol at 60% had no significant influence
of chemicals which perturb the usual electron-transfer On the EPR data. In some samples, potassium ferricyanide
reactions {1, 13, 14) and in isolated PSII reaction centers (> MM) was added to the sample immediately prior to
when an artificial electron acceptor is preset)( introduction of the sample into the optical cryostat; this had
Despite the literature showing Carformation at low  the effect of increasing the yield of Cardue to Q being
temperature, little information exists concerning the propor- fully 0xidized prior to illumination at low temperature. Under
tion of centers in which this reaction occurs, nor does much the conditions of the experiment, little or no oxidation of
information exist distinguishing between Camand Cht* the non-heme iron is expected.
formation at low temperature. Noguchi et al2) reported EPR was done on samples (PSIl membranes4ang of
that 77 K illumination of Mn-containing PSII gave rise to  Chl/mL, 3-DM-solubilized PSII at~2 mg of Chl/mL) in 4
Car™ in at least a significant fraction of centers while 200 mm external diameter EPR tubes. The study of free radicals

PSllI-enriched membranes were prepared essentially by the
method in 20) except that the pH was maintained at 6.3
after preparation of the thylakoid membranes. Mn was
depleted from PSII by incubating the membranes (1 mg of
Chl/mL) at 4°C for 30 min in the dark in the presence of 1
mM freshly made NHOH. The membranes were then
precipitated by centrifugation and washed 5 times in a buffer
containing 5 mM MgCJ, 10 mM NaCl, 1 mM EDTA, 50
mM MES, pH 6.3, by successive resuspension and centrifu-
gation steps in order to remove NBH. The final pellet was
resuspended in 5 mM Mg&l 10 mM NaCl, 400 mM

K illumination of Mn-depleted PSII resulted in Chl ~ Wwas done on both types of material. The data shown were
formation with no contribution from Car. In other studies ~ from -DM-solubilized PSII, but comparable results were
of PSIl at low temperature, the possibility that Cais found with PSII membranes. Ferricyanide was not required

present is occasionally considered (e.g., 9efbut in the ~ to maintain Q oxidized in the EPR experiments since
majority of studies of low-temperature photochemistry in Samples could be manipulated in complete darkness. The data
PSII, it is suggested, or at least implied, that £his the ~ on Cytbsse were obtained in Mn-depleted PSII membranes
sole (or at least major) electron donor oxidized at low reduced with 2 mM ascorbate, incubated in the dark for 1
temperature (see, for example, ré8; 17). In particular, no ~ min, pelleted, and resuspended again in 2 mM ascorbate,
EPR studies have been reported of Can PSII although  Similar to the methods used in, e.g., i€ Spin counting of
quite a lot of literature exists for carotenoid cation radicals the radicals was done relative to the Tydignal in the same

in organic solvents (e.g.18, 19). Given the results of =~ samples previously used for the study of the Car and Chl
Schenck et al.1(1) and Nogushi et al.1Q), it seems likely radicals after 10 min illumination at 8C and 30 min dark
that some of the literature reports of Chshould contain at ~ adaptation. In some samples a small fraction (less than 10%)
least contributions from Car. Here we have specifically ~ of TyrD* was already present in dark-adaptedNH-treated
studied the temperature dependence oftCand Chi* samples. This was subtracted from the light-induced spectra.
oxidation using EPR and optical methods, we clarify the  Absorption spectra were collected in an SMC-TBT flow
conditions under which Carand Chi* are observed, and  cryostat (Air Liquide, Sassenage, France) cooled with liquid



Accelerated Publications Biochemistry, Vol. 38, No. 26, 1998191

r—r 1T v 1 T T "1 7T 1T 7T 1 T T T T T T T

@

Absorbance (0.D.)

I S N T
0.00 B

1 1 | E T | " 1 1 1 L L ] 1 " L L L " L
800 850 900 950 1000 1050 1100 3340 3350 3360 3370
Wavelength (nm) H (gauss)

Ficure 1: (&) Absorption difference spectra obtained at 20 K after illumination at 20, 77, and 120 K in Mn-depiBtdesolubilized

PSII (see Materials and Methods). Inset: the spectral regior-3Z5 nm with gain multiplied by 10. Conditions were as described under
Materials and Methods. (b) Light-minus-dark difference EPR spectra of Mn-degldbad-solubilized PSII illuminated at 20, 77, and 200

K. The spectra were all recorded at 15 K. EPR instrument settings were as follows: microwave power, 45 dB; frequency, 9.4 GHz; modulation
amplitude, 2 G. Inset in (b) the EPR signals generated by illumination at 20 and 200 K when overlaid to emphasize the differences in
g-value and width.

helium, using a Varian Cary E5 double-beam scanning to a chlorophyll cation monomer, Chl The present Cht
spectrophotometer. lllumination with white light was done spectrum is much better resolved than those published
in the cryostat using a Flexilux fiber optic illuminator. previously, and the peak position is somewhat different, being
lllumination was continued until no further absorption sharper and at 850 nm rather than 820 nm; however, it shows
changes occurred (approximately 10 min). The measuringa greater similarity to the model chlorophyll cation in ref
beam was swept over the spectrum from longer to shorter23.
wavelengths as far as 750 nm in order to minimize possible  The inset of Figure 1a also shows that as the illumination
actinic effects of the measuring beam. temperature is lowered the absorption from Chliminishes,

X-band EPR spectra were recorded with a Bruker ER 300 peing 72% (compared to the maximum intensity) at 77 K
X-band spectrometer in an Oxford Instruments cryostat and less than 10% at 20 K. The data show that at 120 K Chl
cooled with liquid helium. lllumination at 20 K was done in  js predominantly oxidized while at 20 K Car is oxidized.
the cavity using a 800 W tungsten lamp filtered through 5 Given the relative extinction coefficients for carotenoid and
cm of water and infrared cutoff filters. Illlumination at higher  chlorophyll radicals [Car 218 000 M cm (22), and Cht*
temperatures was done in unsilvered dewars containing liquid7000 M1 cm1 (23)], the relative yield of these two radicals
nitrogen (77 K) or a solid Cg@ethanol mixture (200 K). (for identical samples illuminated at 20 K for Caror at

120 K for Chi*) is approximately 1:1. Furthermore, taking

RESULTS into account the PSII concentration and the pathlength (2

Figure 1a shows light-minus-dark absorption difference mm), we estimate that one carotenoid cation (or Chl cation)
spectra taken at 20 K after illumination of PSII at three is formed per PSIl. These approximations are backed up by
different temperatures. After illumination at 20 K, a strong the EPR studies described below.
absorption peak centered at 990 nm appears; this signal is Also shown in Figure 1 are the EPR spectra taken under
similar to those arising from carotenoid cations in vited,( conditions comparable to those in which the optical spectra
22) and has been reported before in PSII after illumination were taken. For the EPR study, we show data for samples
at 77 K (11, 12). Accordingly, we attribute this spectrum to illuminated at 200 K rather than 120 K as used for the
a carotenoid cation radical, CarFigure 1a also shows that absorption studies. There are several reasons for this: (1)
when illumination is performed at 120 K very little-6%) 200 K is more relevant since this is the more commonly
of the 990 nm band is formed while when illumination is used temperature in the literature and is easy to achieve for
given at 77 K 19% of the maximum Chris formed. The the EPR experiment; (2) the lower temperature had to be
inset in Figure 1la shows that illumination at 120 K gives used in the optical study in order to avoid devitrification of
rise to an absorption band with a maximum at 850 nm. By the sample; (3) the higher temperature allows a more
comparison to in vitro spectr@28), and in accordance with  complete conversion of Céarto Chi, and this is important
earlier reports in the literatur@®,(16), we attribute this peak  for the comparative EPR study.
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FiGuRE 2: (a) Absorption difference spectra generated by illumination of Mn-depleted PSII at 20 K (upper spectrum) and after warming
the same sample to 120 K for 30 min in the dark and then returning the temperature to 20 K (lower spectrum). Inset: the Chl cation radical
region of the spectrum amplified 10 times. (b) EPR spectra recorded under conditions comparable to those in (a). A spectrum obtained after
a second illumination and a spectrum recorded in the dark (dashed line) are also shown. The inset in panel b shoWwe’thERR signal

in the samples shown in the main part of the figure. EPR instrument settings were as in Figure 1b for the free radicals while for the inset
they were the following: temperature, 4.8 K; microwave power, 8 dB; modulation amplitude, 20 G.

Figure 1b shows that rather similar organic free radical to decrease upon undergoing the warming regime in the dark.
spectra are generated at both illumination temperatures. TheReillumination restored some of thea@¢€" signal and
spectra, however, are distinguishable based on ¢heslues resulted in the reappearance of the free radical signal (i.e.,
and line widths: Car, g = 2.0024, line width 9.5 G; Cht an increase of approximately 0.1 spin) in the majority of
radical,g = 2.0026, line width 10.4 G. When compared to centers from which it had been lost upon warming. The
the extent of the stable tyrosine radical generated by room-extents of the changes in the radical signals should cor-
temperature illumination of a similar sample, the number of respond with those of the QFe*t signal. In fact, after
spins present in each case corresponds to B#@1) per warming, the Q~Fe*" signals are somewhat smaller than
reaction center for Car and 0.8 for Cht*. The results thus  expected. This seems to be a problem in the temperature
indicate that Car formation takes place essentially in all reading at the very low temperatures required for optimum
centers at 20 K, while at 120 K and higher CHiormation Qa F€" signals.
takes place instead. The samples from which QFe*t EPR spectra are shown

Figure 2a shows an experiment in which a sample was contained sodium formate (100 mM). This chemical renders
iluminated at 20 K, warmed in darkness to 120 K, incubated the Q."Fe*" signal narrower, and thus the first-derivative
for 30 min at this temperature, and recooled in the dark to signal is much bigger2d). Spectra were also obtained in
20 K. The upper spectra show Car oxidation at 20 K as the absence of formate, and the much smallgrFg*"
manifest by the absorption at 990 nm as above. The lowersignals showed comparable behavior (not shown), and the
spectra taken after the warming and cooling regime show free radical spectra were also comparable to those shown.
that Car* is lost and is replaced by Chl These results are interpreted as follows. At 20 K, illumina-

The EPR spectra recorded under comparable conditionstion results in CarQa~ formation. Warming of the sample
are shown in Figure 2b. Again the Camabsorption at 990  allows electron transfer from Chl to the higher potential
nm corresponds to a radical with= 2.0024 and width 9.5  Car’. This electron donation does not occur in a fraction
G, while the signal detected after the warming regimedhas (approximately 20%) of centers where charge recombination
= 2.0026 and width 10.4 G, corresponding to Chl of the CarQa~ radical pair occurs as the temperature is

In Figure 2a the extent of the Chlabsorption at 850 nm  raised. In this small fraction of centers, a second period of
is slightly smaller than seen when the signal was generatedillumination regenerates the Ca@,~ radical pair.
by illumination at 120 K (Figure 1a); it is about 20% smaller. It is of note that we found that the yield of the conversion
This is also reflected in the size of the EPR radical signal from Car™ to Chl** and the loss to charge recombination
attributed to the CHI which represents 0.65 spin, i.e., a could vary from sample to sample in these experiments. This
decrease of about 20%. may be related to the rate of warming of the samples which

Also shown in Figure 2 is the QFe" signal which is was not well controlled in either of the two types of
formed upon low-temperature illumination. The signal is seen measurements: in the EPR experiments, samples were
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of illumination and subsequent warming. Mn-depleted PSII were t
reduced with ascorbate and dark-adapted (dashed line), illuminated

(10 min) at 20 K (solid lines), and then warmed to 150 K for 5
min in an ethanol/liquid M bath and then cooled to 20 K (dotted
spectra). EPR instrument settings: power, 10 dB; modulation
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Car' leads to loss of this radical and the formation of Chl
The most straightforward interpretation of this effect is that
the two donors are related in a sequential electron-transfer
pathway with Car being the earlier donor to P6&mhd Ch}
being the electron donor to Car(i.e., Chl— Car— P680).
This observation has important repercussions on structural
and functional aspects of PSII.

The current model for electron transfer in PSII involves
Chl; acting as an electron carrier between Gy and P680
(20) (i.e., Cytbssg— Chl — P680). One way of integrating
the present data with that model is to propose that the same
linear electron-transfer pathway exists but to insert Car as
the electron donor closest to P680:

Cyt bgzg— Chl— Car— P680

In this model one might expect that the stable trapping of
Car' at low temperature would also occur when @y is
reduced prior to illumination, and that oxidation of the heme
itself would occur upon warming in the dark. This was not
found to be the case (Figure 3). In fact, it was found that
Cyt bssg was oxidized directly at 20 K with no intermediate
rapping of Cat".

This result can be rationalized in the linear electron-transfer
chain model by assuming, for example, that the pre-oxidized
Cyt bssg has an electrostatic effect on the adjacentzChl

amplitude, 25 G; temperature, 15 K. Inset B shows the same datapushing up its redox potential, thus making it a less efficient

but after the subtraction of the spectrum from the dark-adapted
sample.

warmed quickly by taking the sample out of the cryostat
and incubating at the appropriate temperature followed by

rapid cooling, while the optical setup necessitated that the

electron donor. This would explain why Carremains
trapped at low temperature when Qg is oxidized but
not when the Cybssg is reduced prior to illumination.

This is a fairly satisfactory explanation of the data, but
the putative electrostatic effect is invoked purely to accom-

sample was warmed and cooled in situ and, with the cryostatmOdate a linear pathway. A more straightforward explanation

used, warming from 20 to 120 K took around 30 min, as
did cooling over the same range, while equilibration at a
given temperature also took up to 30 min.

Figure 3 shows an investigation of Oysg 0xidation after
the low-temperature illumination and warming in the dark.
The majority (~65%) of the Cythssg was reduced prior to
illumination by incubation in darkness with sodium ascorbate.
The dashed line shows thg peak from the remaining
fraction (~35%) of oxidized Cybssg heme prior to illumina-
tion. The EPR spectra show that Cygg is oxidized upon
illumination at 20 K (solid line) and no increase in the extent
of Cyt bssg oxidation occurs upon warming in darkness to
150 K (dotted line). The difference in the light-induced
spectra (this can be seen more clearly in the light-minus-

of the data is to assume a branched pathway in which both
Cyt bssg and Chl donate to Car.

Cyt bssg
N
Car —= P680

chl

where the donation from Cydssg is much more rapid than
that from Ch}. In this model, the trapping of Cérat low
temperature is due to the fact that donation from Chl is slow
and requires a thermal activation, while this does not occur
when Cythssgis reduced prior to illumination simply because
Cyt bssg is @ more rapid donor under these conditions.
Given the two models (linear vs branched) described

dark spectra shown in the inset to Figure 3) corresponds toabove, it is worth looking at the experiment which led to

the well-known structural “relaxation” of the conformation
occurring upon warming the photo-oxidized hem&. (
Similar results were obtained when illumination was done
at 4 K. In the fraction of centers where the cytochrome was
oxidized prior to illumination, changes in the free radicals

the suggestion that the linear Clyds/Chl,/P680 pathway
exists. The experiment in question was one in which electron
donation to P680from Cythsse or Chl, was compared under
conditions where electron donation from TAVIin was
progressively inhibited by lowering the temperatut6)( The

occurred which were comparable to those reported in Figure results showed that Cysse and Ch competed equally well

2.

DISCUSSION

The results show that carotenoid oxidation takes place in
essentially all of the centres upon illumination at low
temperature in Mn-depleted PSII. At higher temperatures,
the stable electron donor is the well-known monomeric
chlorophyll, Chy. Warming of the sample containing the

with the Ty pathway, and thus it was concluded that the
same electron donor to P68@vas involved for both Cyt
bssg and Ch} oxidation. Given the information available at
that time (see, however, ré), a linear pathway involving
Cyt bssdChlz/P680 was proposed ). In light of the present
work, however, the data in Thompson and Brudwi)(can

be interpreted equally well in terms of the branched model
with Car being the donor to P680 and the branch point for
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both Cyt bssg and Ch} oxidation. Given that the more illumination at 77 K in refl7. In cases where illumination

straightforward interpretation of the low-temperature il- was done at 77 K and the sample subsequently transferred
lumination/dark warming experiments (Figure 2 and Figure to a cryostat for spectroscopic studies, the increase in the
3) is in terms of a branched pathway, we favor the branched temperature could have allowed at least partial electron

pathway over the linear pathway although the latter remains transfer from Chl to Cdr to occur, resulting in the fortuitous

a reasonable alternative.
It is of relevance that Visser et aB)(proposed a branched
pathway for low-temperature electron transfer in which Cyt

generation of a nearly homogeneous Chipectrum (see,
e.g.,28). Indeed this occurred in our early studies of Chl
using pulsed EPR (unpublished).

bsso and Chl were on different branches and both were able At 20 K our data indicate that only Caris formed.
to donate to an unknown component which acted as the directSpectroscopic changes reported under these conditions and

donor to P680. Our favored model seems to fit with this
suggestion where we now identify the immediate donor to
P680 as being Car. We need to extend our work to oxygen

assigned to Cht should be reassigned. A recent example
concerns the shifted excitation Raman difference spectros-
copy detected changes attributed to Chdurported to be

evolving PSII before we can make a detailed comparison generated by 20 K illuminationlg, 29). To explain the

with this earlier work, but the suggestion in Visser’s thesis
(8b) that the unknown component (Car?) is in redox
equilibrium with P680 and may be reducible by the physi-
ological donor is intriguing.

Cyt bssg can be reduced by electrons from the electron
acceptor side of PSIl4( 25, reviewed in7). A protective
cycle has been invoked which could have importance in
physiological conditions (reviewed if). The present data

vibrational changes apparently arising from chlorophylls, it
may be suggested that Carformation could perturb the
environment of nearby chlorophyll molecules, or perhaps
specifically the Chl. In any case the conclusions drawn using
site-directed mutants may require reassessnie)f(

Our data show the EPR spectra of Caand Chf* to be
unremarkable free radical signals; however, they can be
distinguished from each other based gwalue and line

can be incorporated into such a model with the Car being width (Car, g = 2.0024, line width 9.5 G, Cht radical,g

the direct electron donor to P680

= 2.0026, line width 10.4 G). In vitro, Céaris reported to

The present data have little influence on the hypothesisedhave ag-value ofg = 2.0024 in GH4Cl,, i.e., the same value

protective fluorescence quenching role of £hlas proposed

in (26), except that we favor placing the Chl on a side-path
and being oxidized by Car rather than P680itself. A
guestion which is of interest is whether Caitself could

as found here; however, its width in vitro was 13.4 I8)(

a value which is significantly broader than found here in
PSII. This width difference presumably reflects the environ-
ment imposed on Car by the protein. Further information

also play a quenching role. Its absorption maximum is further is required on the hyperfine couplings present in vivo before

removed from the spectrum of Ght, but it is very intense
and quite broad so it may be worthwhile testing for

the potential significance of this narrowing can be com-
mented on. Recently we have obtained ESEEM spectra of

fluorescence quenching under the conditions defined here.the two radicals, and these show very marked differences.

It seems likely that théE,, of the Car/Car* couple lies
between those of Chl/Chland P680/P680(seel). In vitro,
the En, for the one-electron oxidation gf-carotene is 785
mV (e.g.,27). Proteins commonly impose environments on
the cofactors that markedly shift their redox potentials relative
to their in vitro values; nevertheless, the value of around

These data will be dealt with in detail in a separate
publication.

The differences in the 9 GHz EPR spectra are consistent
with reports in the literature which have noted width
differences in the free radical signals when generated at
different cryogenic temperatures (e.80). It is now possible

800 mV is consistent with a role as an electron donor in the to assign these differences based on the current work. In a

pathway proposed.

The data reported here showing Caformation upon
illumination at low temperature are consistent with earlier
work (11, 12). Schenck et al.1(1) showed Car oxidation at
77 K and below in thylakoids, which were presumably
functional in Q evolution, and in PSII particles which lacked
activity. The relationship between the yield of Cafiorma-

study of the effect of light-induced inhibition of PSII at
physiological temperatures, two different free radical signals
were distinguished3(l). These were tentatively attributed
to Cart* (g = 2.0042, width 12 G) and CHl (g = 2.003,
width 10 G). Comparison of these values to those reported
in the present work for Car and Ch}*™ indicates that
assignment of the signal to Carin the earlier study is

tion and the temperature was not addressed, nor was theunlikely to be correct. The alternatives such as modified

overall stoichiometry elucidated. Noguchi et 42 also used
Mn-containing PSIl membranes and observedtCtarma-

amino acid radicals etc. should be reconsidered.
The current work placing the carotenoid as an electron

tion at 80 K. Under these circumstances, we would predict carrier between P680 and Glabviously provides constraints

that Ch™ was also formed, and indeed it seems likely from
the FTIR spectra that contributions from Chtould have
been significant.

Much of the other work in the literature, however, has
assumed that Chls oxidized after illumination at temper-

atures of 77 K and below. The present data indicate that

under these conditions Caiis formed in some of the centers.

on structural models of the reaction center. The model
favored here, which involves Cydssg as a more efficient
donor to Cat* than Cht* in a branched pathway, provides
further constraints. Given the structure Bfcarotene, a
molecule which can be 25 A long, its behavior as an electron

2 A reviewer pointed out to us that these authors have reported low-

Some reassessment of spectroscopic studies done under theggmperature absorption spectra and resonance Raman spectra from

conditions may thus be called for. It may, for example, be
worth considering that Car may contribute to the ENDOR
spectra of the “CHl radical” which was generated by

carotenoid cation in PSII at a recent meeting. An abstract of that work
has appeared since the submission of the present a#i@lel{ seems

then that these authors may have already reassessed their data in
referenced 6 and 29 in line with the suggestions made here.
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carrier will be mostly determined by its conformation in the
protein. It can be readily imagined that this wire-like electron-
transfer component could be very efficient in displacing
electrons from one side of the membrane to the other. Thus,
the carotenoid in an extended form could be adjacent to both
the heme of Cybssgand P680 even though these components
may be well separated, being on different sides of the

membrane and located in different proteins.

The role of carotenoid as a donor in a potentially important
electron-transfer pathway and having a close structural 11.
association with P680 may also explain the intriguing
observations in the literature that carotenoid is obligatory 12-
for the synthesis of the PSII reaction center, while in other
reaction centers, assembly can occur in the absence of this 7,
pigment B2, 33). The present findings certainly provide a
ready explanation for the early work on this subject which  15.
showed that carotenoid extraction prevents low-temperature

light-induced oxidation of Cybssg and that reconstitution
of the carotenoid restores this reacti@4<36).

It was reported that carotenoid is associated with the 17.
change between the low-potential and the high-potential
forms of Cyt bssg (34—36). These old observations are

intriguing in light of the following recent findings: (1) the

heme in Cythssg is likely to be located close to the stromal
side of the membrane (i.e., it is on the electron acceptor side 2q.
of PSII) (see7); (2) carotenoid may be adjacent to both
electron donor and electron acceptor side components 21.
(present work); (3) a specific change in the potential af Q
occurs upon assembly of the oxygen evolving complex, i.e.,

Mn cluster assembly and €abinding (photoactivation)37);
(4) changes in the potential form (seand electron acceptor
role of Cytbssg 0ccur during photoactivatior88); (5) calcium

ion binding is important in determining the potential form
of the Cyt bssg (39). Given the nature of the carotenoid
molecule, it is interesting to consider the possibility that the
carotenoid could play a role in the communication of
structural information from one side of the PSII complex to

the other.

NOTE ADDED IN PROOF

It has come to our attention that an electron transfer cycle 30.
involving carotenoid in PSII has been discussed elsewhere

in the literature 41).
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