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ABSTRACT. Photosystem Il (PS II) contains secondary electron-transfer paths involving cytochggme

(Cyt bssg), chlorophyll (Chl), angB-carotene (Car) that are active under conditions when oxygen evolution

is blocked such as in inhibited samples or at low temperature. Intermediates of the secondary electron-
transfer pathways of PS Il core complexes fr&@ynechocysti®CC 6803 andynechococcus spnd

spinach PS Il membranes have been investigated using low temperature near-IR spectroscopy and electron
paramagnetic resonance (EPR) spectroscopy. We present evidence that two spectroscopically distinct redox-
active carotenoids are formed upon low-temperature illumination. Thergar-IR absorption peak varies

in wavelength and width as a function of illumination temperature. Also, the rate of decay during dark
incubation of the Car peak varies as a function of wavelength. Factor analysis indicates that there are
two spectral forms of Cdr(Can* has an absorbance maximum of 982 nm, and;Chas an absorbance
maximum of 1027 nm) that decay at different ratesSynechocysti®S Il, we observe a shift of the

Car' peak to shorter wavelength when oxidized tyrosine °]'¥6 present in the sample that is explained

by an electrostatic interaction betweep*¥ind a nearbys-carotene that disfavors oxidation of @arhe
sequence of electron-transfer reactions in the secondary electron-transfer pathways of PS 1l is discussed
in terms of a hole-hopping mechanism to attain the equilibrated state of the charge separation at low
temperatures.

Photosystem Il (PS 1) is a membrane bound pigment
protein complex that uses light energy to oxidize water to
molecular oxygen. The protein complex is composed of D1
and D2 polypeptides, cytochromiesss, the chlorophyll
binding proteins CP43 and CP47, several extrinsic membrane I
bound proteins, and several other small polypeptides whose Z) *.I
functions are not well characterized at this tindg. Light- _ig
harvesting chlorophylls transfer energy to the reaction center
primary-donor chlorophyll of PS Il ), and the charge
separation process is initiated. The excited state form of this
chlorophyll (Rs¢*) transfers an electron to a nearby pheo- .
phytin molecule (Pheg (see Figure 1) to generate a charge- Mn,
separated state (for review, see Diner and Rappagyrt ( FiGure 1. The cofactors in the D1/D2 core of PS Il together with
This state (Ro'—Pheo) is stabilized by transfer of the the cluster of aromatic amino acid residues (yellow) nea(biue),

: . taken from Kamiya and She&) (PDB code 11ZL), and a potential
electron to the protein bound quinone, (rhe electron on location of Cag (pink) based on this work and Lakshmi et &0).

Qa is t-ransferred to @ an exchangeable quinone, which  pistances are shown between the non-heme iron and two atoms of
dissociates from PS Il upon reduction by two electrons and Car (38 and 39 A) and between the heme of ®yiy and Cag
subsequent transfer of two protons. Under physiological (27 A). The edge to edge distance betweenand Car is 10 A
conditions, the oxygen-evolving complex (OEC), containing and the edge to edge distance betweer,@hid Car is 7 A.

a tetramanganese cluster, provides electrons from water to o . .
g P reduce the oxidized chlorophyll,ef", via a redox-active

tyrosine Yz. At low temperatures or if the primary electron-
S " This ng_fk_ was ?UCDPI]OOH?d Itge_ by DO(%EngcigcgzongEgSi% ZESnSrgy J transfer pathway to reduceds” is blocked, either in reaction
clences, Division o emical sciences - - ,an
NIH Predoctoral Traineeship Grant T32 GM008283 (C.A.T.). centers where the manganese cluster has fallen out, or has
* To whom correspondence should be addressed. Phone: (203) 432110t yet been assembled, then the secondary electron donors

5202. Fax: (203) 432-6144. E-mail: gary.brudvig@yale.edu. of the alternate electron-transfer pathway(s) are oxidized.

! Abbreviations: Car,$-carotene; Chl, monomeric chlorophyll; .

-DM, B-dodecylmaltoside; Cyltsss, cytochromehsss D1, D1 polypep- ~ In Synechocysti®S I, the secondary electron donors
tide; D2, D2 polypeptide; EDTA, (ethylenedinitrilo)tetraacetic acid; include Cytbsse, f-carotene (Car), and the redox-active
HPLC, high-pressure liquid chromatography; MESN2rforpholino) chlorophyll (Ch}) that is ligated to His118 in the D1

ethane sulfonic acid;dg, primary-donor chlorophyll of PS II; PPBQ, : ; P
phenylp-benzoquinone; PS I, photosystem II; RC, reaction center; polypeptide §, 4). In spinach PS Il samples, an additional

Y, redox-active tyrosine 160 of the D2 polypeptide;, Yedox-active ~ ChI” species was observed, and it was proposed that this
tyrosine 161 of the D1 polypeptide. species was due to an additional radical cation Chl species,
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Chlp, the Chl ligated to His117 in the D2 polypeptids).(It
has been observed that Qg ultimately, is the electron
donor when the heme is reduced by ascorbéje Hut in
reaction centers where the heme is oxidizBe;arotene
(Car) and chlorophyll (Cht) radical cations are observed.

Tracewell and Brudvig

are modeled as having cis and trans configurations, respec-
tively, in the Kamiya and Shen structure and both are in the
region of the reaction center betweep &d the heme of
Cyt bsse. However, the3-ring portions of the cis molecule
were not included. The cis carotenoid structure is not

The Car and Chl are described as intermediates in theconsistent with spectroscopic measurements that identify both

pathway for Cythssg oxidation. It has also been shown that
Qg can reduce Cyissg (7). Therefore, the alternate electron

p-carotenes molecules as all trans, as described above.
Lakshmi et al. 20) have proposed a model for the location

donors of PS Il have been proposed to participate in cyclic of the twog-carotenes in PS Il based on high-field saturation-

electron transfer in PS II.

recovery EPR distance measurements. The distance measured

Intermediates of the secondary electron-transfer pathwaysfrom Car' to the non-heme iron is-38 A (20). This places
in PS Il can be studied by generating the charge-separatedhe Car species farther from the non-heme iron than
state at cryogenic temperatures. At these temperaturesmodeled in the Kamiya and Sheh8j structure. Aromatic
electron transfer from the OEC is blocked because tyrosineresidues have been observed to pack around the carotenoid

oxidation reactions require the movement of protons, which
cannot occur in the frozen sample. The initial charge

molecules in structurally characterized carotenoid binding
proteins 21, 22). Lakshmi et al. 20) identified two possible

separation in the reaction center produces a quinone radicalCar-binding sites in the D1/D2 polypeptides where there are

anion, Q, and a chlorophyll radical cations&". Studies
suggest that the radical cation hole is located primarily on
Pa at low temperatures (5 K)8J. The estimated reduction
potential of the oxidized primary-donor chlorophylsf is
+1.2 V, but may be as much as 1.4 9)therefore, it is
possible for Bsg' to oxidize nearbys-carotene or chlorophyll

clusters of aromatic residues38 A from the non-heme iron.
One of the potential Car-binding sites is located near tyrosine
D, Yp (Figure 1).

Differences in the photochemical properties of carotenoids
in PS Il and the bacterial reaction center give important clues
about the location of the carotenoids in PS Il. Charge

molecules in the reaction center. Thermodynamics dictatesrecombination in PS Il can result in the formation of the

that the final location of the hole will be the lowest potential

triplet state of Bso. Reaction 0fPsgowith molecular oxygen

donor in the reaction center. However, at low temperatures can lead to the formation é0,, a dangerous, highly reactive
an energy barrier for additional electron transfer steps may molecule.3-Carotene can quend®,, and this is observed

prevent the hole from moving to the lowest potential donor.

in PS 1l 23). However, another mechanism for quenching

Therefore, at very low temperatures the hole may be trapped®Chl is the formation ofCar which is observed in bacterial

at the species which is kinetically the fastest donorgg'P
This is indicated in previous work on detergent-solubilized
PS Il membranes illuminated at 20 K, in which Cawas
formed initially and upon warming the hole was transferred
to a Chl @0). In other studies of cyanobacterial PS Il core

reaction centers. This mechanism requires van der Waals
contact of the Car with ChECar is not observed in PS II,
which suggests that th&carotene molecules are not in van
der Waals contact with the core Chls in PS Il. Instead, Car
is oxidized when other electron donors cannot redugg P

complexes or spinach PS || membranes, illumination at 20  Previous studies of the secondary electron-transfer path-

K yielded a mixture of Chi and Cat radicals that decayed
by charge recombination during dark incubation or warming
(5).

The cofactors in PS Il have been studied extensively.
HPLC analysis of pigments extracted from PS Il core
complexes shows that 38 chlorophylls andl7 carotenoids
are bound to the photosystem Il core complgk, (L2). Two
[-carotenes are bound to the D1 and D2 polypeptid8&} (

ways of PS Il have proposed linear and branched connectivity
between Cybssgand Rgg" involving Car and/or Chl electron-
transfer intermediate$,(10). Most studies agree that Car is
likely the initial donor to Rge™ because Chlis too far from
Psso™ for electron transfer to occur in one step and because
at low temperatures (20 K) Cais trapped in higher yield
than the Cht species, consistent with it being the initial
donor to Rggt (5, 10).

and these are the Car molecules most likely to be close Recent resonance Raman work has shown that two
enough to the reaction center Chls to be oxidized. The two S-carotene molecules bound to PS Il reaction center prepara-
p-carotene molecules in the PS Il RC have been identified tions have differences in their electronic and vibrational

as exclusively all trang-carotene using HPLC and resonance
Raman spectroscopyl4—16).

In the first X-ray crystal structure of PS Il frofhermo-
synechococcus elongat(fermerly Synechococcus elonga-
tus), the positions of 34 chlorin cofactors and two hemes
were determined at 3.8 A resolutioh7). The heme of Cyt
bsseis identified in the crystal structure because of its location
in the membrane and is nearly 42 A from,Rhe probable
location of Rgs" (17, 18). Such a long distance necessitates

properties 24). The Cat species formed in these PS Il
reaction center preparations can only be formed in the
presence of an electron acceptor. This work suggests that
the twof-carotene molecules are inequivalent in this protein
preparation. On the basis of this work and the presence of
only one Cytbssg, it was proposed that only one Car is
involved in the cyclic electron-transfer pathwai9j. An
alternate pathway for electron transfer from £to Psgg"

has been proposed by Vasil'ev et &5). Their proposal

an electron-transfer intermediate which has been proposedsuggests a pathway for Ghdxidation via the Car molecules

to be Car and/or Chl5 10, 19). Recently, PS Il was
crystallized fromThermosynechococcusiicanus and the

observed in the Kamiya and Shen structure and several of
the Chl cofactors bound to CP43.

structure was solved at 3.7 A resolution by Kamiya and Shen  As described above, there have been proposals for one or

(18). In this structure, an additional chlorophyll was identified
in CP43, and twg3-carotenes were identified in a region
close to the reaction center. The tWecarotene molecules

two redox-active Car in PS II, but there is a lack of
characterization of Car photooxidation in PS Il core com-
plexes. In this paper, we describe evidence for two redox-
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active carotenoids that are spectroscopically distinct in PSreferenced to the dark spectra at the same temperature in
Il core complexes. Oxidation of one of thgcarotene order to subtract background absorbance from water. We
molecules is modulated by the oxidation state of tyrosine checked the sample buffer for shifts of the water near-IR

D, suggesting that one of the redox-active Car is close to bands as a result of the illumination, but we saw no evidence

Yop. of any change between the dark and illuminated buffer
sample.
MATERIALS AND METHODS Frozen samples were illuminated for 15 min inside the

Chemicals and Reagent&-(N-Morpholino) ethane sul- cryostat, and data collection was immediately begun. A fresh
fonic acid (MES) ands-dodecyl maltoside A-DM) were sample was used for each illumination experiment. Repeated

purchased from US Biochemicals. Phepybenzoquinone low-temperature illumination spectra were reproducible.
(PPBQ) was purchased from Aldrich and recrystallized twice However, repeated room-temperature |IIum|nat|pns of _the
in ethanol. Stock solutions of PPBQ and potassium ferri- same sample resulted in a reduced yield of radical cations

cyanide (25 mM each) were prepared in DMSO and water observed in the low-temperature illumination experiments.
respectively, and frozen until use. " Extended illumination at room-temperature results in damage

: to the reaction centers.
Photosystem Il Sample Preparatid®S |l samples were
prepared from cyanobacteria and spinach. His-tagged PS II  EPR Spectroscopi-band EPR measurements were made

core particles were isolated froBynechocysti®CC 6803 on PS I samples.of the sample chlorophyll (;oncentration
cells 26). SynechococcuBS Il samples (non-his-tagged) as.the near-IR pptlcal measurements to quantify the level of
were prepared by purification on an anion exchange DEAE ©0Xidized tyrosine D. A Varian E-9 EPR spectrometer

column (L1). Spinach PS Il enriched membranes were €duipped with a Tk, mode cavity and an Oxford Instru-

isolated from market spinach according to Berthold et al. MeNts ESR 900 liquid helium cryostat and interfaced to a
27). Macintosh llci computer was used for measurements at 20

K. X-band EPR conditions were as follows: frequency 9.27

Photosystem Il samples were transferred to a buffer MHz, field modulation frequency 100 kHz, field modulation

containing 50 mM MES, 15 mM NacCl, 60% (v/v) glycerol . .
at pH 6.0 for all low-temperature measurements. The amplitude 4 G mlc_rowave power 0.02 mW.

nonionic detergenB-DM was added to buffers foByn- Spectral S|mulat|onsSPECFIT/32 was.used to perform
echocystimndSynechococcusamples at a concentration of ~ factor analysis on the near-IR absorption data sets. The
0.03% to maintain the solubilization of the membrane Program Microcal Origins 6.0 was used to simulate the near-
protein. PS Il samples were stored at 77 K until use. IR absorption data and to analyze the decay kinetics.

Sample TreatmentsMin-depleted PS Il samples were RESULTS
prepared by washing into a buffer containing 50 mM MES,

15 mM NaCl, 1 mM CaGl 0.4 M sucrose, and 0.03fDM Synechocystispinach, andynechococcuRS Il were dark
(Buffer A). The sample was diluted 1:1 with Buffer A, which  adapted on ice for at lea& h before freezing to allow ¥
also contained 10 mM hydroxylamine and 10 mM;ERATA, to be reduced and then illuminated for 15 min at 20 K. Near-

and incubated in the dark for 30 min stirring on ice to allow |R spectra of the Carformed are shown in Figure 2. The
for the reduction of manganese in the tetra-manganese clustegpectra are scaled to the same absorbance value at the
by hydroxylamine. Free manganese was removed by washingyavelength of maximum absorptioni,{f,) in order to
with Buffer A that also contained 5 mM NBDTA. Tyrosine compare the Cdrspectral shape. The Capeak position in
D was photooxidized by the following procedure: PPBQ the Synechocysti®S Il core complexes is at 984 nm (79
was added to Mn-depleted PS Il samples to a final nm wide, full width at half max). The Carspectrum in
concentration of 50M; then samples were incubated in  spinach PS Il membranes hasa.of 996 nm, and the peak
darkness on ice for 30 min, illuminated at room temperature js 74 nm in width. Of the three species of PS Il examined
for 30 s to photooxidize ¥, incubated on ice in the dark for  here, the Car peak width formed in PS Il core complexes
3 min to allow for any unstable charge separations resulting from the thermophilic cyanobacterBynechococcus the
from Yz oxidation to decay, and then frozen. narrowest (56 nm), and the peak maximum is at the longest
Near-IR Spectroscopy Perkin-Elmer Lambda 20 spec- wavelength, 998 nm. The variations in the Catectronic
trometer was used to make optical spectroscopic measurespectra of these species may be the combined result of two
ments in the near-IR. An Oxford Instruments Optistat liquid factors. First, the local protein environment may vary among
helium cryostat was used for measurements between 20 andgpecies. The amino acid sequences of the D1 and D2
140 K. Polyethylene cuvettes with a path length of 1.0 cm polypeptides from these species have been determined, and
were purchased from Fisher and used for low-temperaturethey are not identical2@). Differences of the local protein
optical measurements unless otherwise indicated. A 150 Wenvironments surroundingrcarotene in the reaction centers
guartz halogen lamp filteredyla 6 in. water bath and a heat- could produce variations in the solvation of the Gavhich
absorbing filter (Schott KG-5) was used to illuminate may result in spectrally distinct Caspecies 29). Second,
samples. A fiber optic cable was used to direct the light into the reaction center contains tyibcarotenes bound to the
the cryostat. Samples were slowly frozen in a liquid nitrogen D1 and D2 polypeptides and there may be more than one
bath over a period of 15 min to form an optically clear glass. oxidized 5-carotene molecule contributing to the Car
llluminations were performed on samples that were equili- spectrum. The shifts ofln.x among species could be
brated at the specified temperature for at least 60 min or explained if there are two spectroscopically distinct'Gaith
until baseline changes were no longer observed in the spectrapecies-dependent yields. These results prompted us to study
of the nonilluminated sample. All light induced spectra were the effects of temperature on the CapectrumSynechocys-
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0.35 - - - wavelengths at higher illumination temperature. The shift is
partly due to the change in temperature of the sample, which
causes a shift in the Boltzmann distribution of vibrational
states in the ground electronic state. This can be seen in
Figure 3 as thdma for the Car species formed at 140 K
shifts to shorter wavelength as the sample is cooled to 20
K. However, the change in the Cgpeak as a direct function

of temperature on the electronic spectrum only accounts for
2—3 nm of the shift. This agrees with the observed spectral
shift of neutralg-carotene over these temperatur@®(The
change in index of refraction upon lowering the temperature
alters the polarizability and can shift the absorption spectrum
(81). This effect manifests as a blue shift in neutral
carotenoids. However, the Cgpeak shifts by nearly 10 nm

to the red when the illumination is performed at lower
temperature. This result suggests the "Cpeak may be
composed of more than one spectroscopically distinct Car
species and the illumination temperature determines the
relative yields of the photooxidized species.

E;)GGUCTESZB ’\'1‘?;2? iﬁﬂﬁfitr::t&?t‘r;%r?eshg Ega![:nzotWetgfrﬁple Additional evidence for more than one species in the'Car
With5mMypotassium ferricyanide to oxidize Clydse. Spectra are peak is observed in the t'me'eVOIUt'O,n O,f the_ near-IR
labeled as follows: @evolvingSynechocystiS Ii core complexes ~ SPectrum. The decay by charge recombination witt @

at 2.82 mg/mL (solid), Mn-depleted spinach PS Il membranes at the dark b) of light-induced radical cations formed at 20 K
4.68 mg/mL (dotted), and £evolving SynechococcuBS Il core  in Synechocysti®S 1l is shown in Figure 4A,B. Near-IR
complexes at 6.29 mg/mL (dash dot). Samples were frozen in gpactra presented in Figure 4A were collected immediately

plexiglass flatcell with a path length of 1.25 mm. Spinach PS I T S . .
andSynechococcuBS |l spectra are scaled by a factor of 1.53 and following illumination and approximately 30 min, 4 h, and

0.362, respectively, to compare the spectral characteristics of thelO h after illumination. The Carpeak has nearly a Gaussian
Cart peak between all samples. line shape. However, the spectrum decays at different rates

as a function of wavelength. Overall, the decay is multiex-

Absorbance

_005 1 1 1
900 950 1000 1050 1100

Wavelength (nm)

9% T T ponential, having kinetically distinct fast and slow decaying
° components. In Figure 4B, the absorbance change at two

994 | o .« wavelengths (968 and 1011 nm, indicated by arrows in

o ° ° Figure 4A) is plotted as a function of time to illustrate that

the rate of decay is not the same at all wavelengths. The
absorbance is plotted on a log scale to illustrate the
multiexponential behavior of the Cadecay. Both fast- and
990 - . 1 slow-decaying components are present throughout the Car
spectrum. Initially, the absorbance value at 968 nm decays
more rapidly than at 1011 nm. This results in the shift of
the initial Car peak at 986 nm to a longer wavelength, 989
nm, after 10 h of incubation in the dark at 20 K.
986 - . 1 We performed factor analysis using the program Specfit32
. on 60 near-IR scans collected as a function of dark incubation
ogal o o oo time at 20 K after the illumination period. Factor analysis
0 25 50 75 100 125 150 can identify the minimum number of spectrally and kineti-
Temperature (K) cally distinct components, called factors, in a series of
FiGURe 3: Mn-depletedSynechocystiBS Il Car absorption max  spectra. Five factors were identified, and these are shown in
varies according to illumination temperature. Chlorophyll sample Figure SA. Primarily, two factors describe the time evolution

concentration is 0.30 mg/mL. Solid circles, Cagenerated by o
illumination at specified temperature: open circles, Gganerated ~ Of the Car spectra (bottom panel). Additional factors (upper

by illumination at 140 K, then cooled to specified temperature. ~ panel) describe changes in the Chégion of the spectrum
(manuscript in preparation) or are noise. A plot of the relative

tis PS Il samples were used for these measurements becauseontribution of the two primary factors to the total spectrum
of the reliability of the sample to form an optical quality as a function of time is shown in Figure 5B.
glass at low temperature. The first factor is similar to the Carspectrum, while the
The Amax Of Cart formed in Mn-depletedSynechocystis  second factor has a derivative shape in the"Gagion of
photosystem Il as a function of the temperature of sample the spectrum. The first factor describes most of the decay
illumination is shown in Figure 3. The samples were treated of the Car" signal. The second factor corrects for the
with 5 mM potassium ferricyanide prior to being frozen in differential decay of the Carpeak, which is faster toward
the dark. After equilibration at a given temperature, the the blue side of the peak and slower toward the red side of
sample was illuminated to generate the @ charge the peak. We interpret the second factor in the following
separation, and the near-IR absorption was measured at thevay: because the decay of the Cgpeak during dark
same temperature. There is a shift in the 'Chafax to longer incubation varies as a function of wavelength, the line shape

992 |- -

988 - §

+

Car Absorbance Maximum (nm)
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Ficure 4. (A) Near-IR spectra o8ynechocystiPS Il measured at 20 K showing decay of €Cduring incubation in the dark (initial, 30
min later, 4 h later, 10 h later). The Capeak maximum shifts from 987 to 989 nm. Chlorophyll concentration of the sample is 0.23
mg/mL. (B) Decay of absorbance at 968 and 1011 nm (indicated by arrows in panel A) as a function of dark incubation time.
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Ficure 5: (A) Components derived by factor analysis of spectr@yfechocystiBS Il taken as a function of dark incubation time following
illumination at 20 K. (B) Time evolution of Factors. (C) Gaussian fit of Factor 1 (top panel) and Factor 2 (bottom panel) by two Gaussians
centered at 982 and 1027 nm having different fixed widths.

of the first factor cannot describe this well. Therefore, the from Cag™ is centered at 1027 nm and is 92 nm wide. We
second factor is necessary to reproduce the spectra becausased the peak positions and widths of these two Gaussian
it compensates for the differences in the rates of decay. Thiscurves to deconvolute the spectra of Cayenerated by
observation can be explained if there are in fact two varying the illumination temperature; the spectra were
spectroscopically distinct Caspecies that contribute to the measured immediately after illumination. The deconvoluted
Cart spectrum. Cart spectra generated by illumination at 20 and 140 K are
The first and second factors were fit by two Gaussians shown in Figure 6A,B. A mixture of the two Caispecies
(Figure 5C), and thénax and the peak width values were is formed over the range of illumination temperatures studied
used to deconvolute spectra of Caenerated over a range  here. The ratio of maximum absorbance of Caat 982 nm
of illumination temperatures. To differentiate the two over that of Cag™ at 1027 nm is plotted as a function of the
simulated Caf curves, we will identify the Gaussian centered illumination temperature (Figure 6C). According to the
at the shorter wavelength as aand the Gaussian centered spectral fits, at 140 K the yield of both radical cations is
at the longer wavelength as Gar The shorter-wavelength  nearly equal. It appears that the gayield is much greater
Gaussian from Car is centered at 982 nm and has a atlower illumination temperature. Garformation is slightly
narrower peak width of 72 nm, whereas the Gaussian curvelarger at warmer illumination temperature, but its yield does
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Ficure 6: Deconvolution of the spectra generated by illumination by using the two Gaussians determined by Factor analysis: (A) 20 and
(B) 140 K. Chlorophyll concentration of sample is 0.30 mg/mL. Blue lines: Gaussian curves represeniihgelaered at 982 nm and

the Cag™ vibronic band centered at 890 nm, width of 72 nm. Red lines: Gaussian curve represenghgeddered at 1027 nm and the

Car™ vibronic band centered at 920 nm, width of 92 nm. Dotted line: sum of Cand Cag* main band and vibronic bands. Solid line:
near-IR absorbance spectrum. (C) Ratio of the yield of the Car Cag™ as a function of illumination temperature.
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Ficure 7: (A) Near-IR absorption spectra of Mn-deplet8gnechocystiBS Il showing light-induced signals at 20 K. Solid line, ng*Y

induced prior to 20 K illumination; dashed linep¥induced prior to illumination (see methods fop*Ygeneration protocol). Chlorophyll
concentration in the sample is 0.30 mg/mL. (B) EPR signals from the sample used in part A. Sample treatments are indicated. (C) Near-IR
difference of the spectra shown in part A (solid line) and spectra measured after dark incubation; dashed line, difference 1 min later; dotted
line, difference 10 min later.

not vary as much as Car over the temperature range oxidized Yp (Yp*) on the absorbance spectrum qgH?2).
studied. The two Carspecies decay at different rates, and Faller et al. have recently suggested that thig"Reduction
also both species appear to have a fast and a slow decayingate by Y; is slower in the presence ofpYthan Yp* (32)
component. owing to an electrostatic interaction fronphat shifts the
Previous proposals have suggested that them@ar in location of the cation to reside on the closest Chl toY).
D1/D2 are bound in symmetric positions in D1 and D2, On the basis of these results, it is possible that oxidation of
respectively {2, 19). Recently, Lakshmi et al. suggested Yo would modulate the yield of Carif one of the
symmetric binding of the Car molecules in the reaction center S-carotenes is close topY
with one Car molecule in a binding pocket near tyrosine D  The effect of tyrosine D oxidation on Caformation in
(20), the redox-active residue located in the D2 polypeptide. Mn-depletedSynechocystiBS Il samples is shown in Figure
Alternatively, Kamiya and Shen present a model in which 7. The EPR spectra of &ynechocystiRS Il sample before
both -carotenes are located on the D2 side of the reaction and after room-temperature illumination are shown in Figure
center, that is, betweensdg and Cytbssg (18); the modeled 7B. The yield of Y5* in each EPR spectrum was measured
trans anctis-5-carotene molecules are located 25.7 and 32.7 by double integration of the radical spectrum. The yield of
A, respectively, from ¥ (18). To test these proposals, we Yp' is assumed to be 1 radical per PS Il in samples where
have examined the effect of the redox state gfon Car the radical was induced by illumination at room temperature
formation. Diner et al. observe an electrochromic effect from for 30 s followed by dark incubation for 3 min and rapid
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freezing in liquid nitrogen. Note that in the experiments
described above, we studied Caields in dark-adapted PS
Il. Under these conditions, samples contained v about
10% of the reaction centers.

As shown in Figure 7A, the entire Caspectrum shifts
to shorter wavelength whenpYs oxidized. The rate of Car
decay in a sample containing,Yis also different from that
in the sample containing mostlypY This is illustrated in
Figure 7C. We subtracted the initial spectrum of the sample
containing Y5 from the initial spectrum of PS Il containing
mostly Yp (solid line). Also shown are the difference spectra
after 1 min (dashed) and 10 min (dotted) of dark incubation
at 20 K. The temporal evolution of the difference spectra
shows that the Cdrspectrum decays at different rates as a
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Ficure 8: Model for changes in the reduction potential of &ar

function of wavelength and these rates are affected by the@S @ function of ¥ oxidation.

presence of ¥ in the sample. The difference spectra in
Figure 7C also show thatpY affects the relative yields of
ChlIt and will be described in further detail in a forthcoming
manuscript.

DISCUSSION

lllumination of PS Il core complexes at temperatures from
20 to 140 K generates a charge separation in which" Chl
and Car are formed. The Camear-IR absorption spectrum
shifts 10 nm to longer wavelengths when the illumination
temperature is 140 K relative to 20 K 8ynechocystiBCC
6803 PS Il. Only 2-3 nm of the shift can be attributed to a
shift in the Boltzmann distribution of vibrational states as a

(Figure 2) may reflect differences in the protein environment
of the radical cation in each of these reaction centers. For
example, the variations in line width of the Cgreak may
reflect heterogeneity of Carmolecular structure in the
protein or heterogeneity in Caprotein interactions. Twisting
of the polyene breaks the-conjugation, resulting in altered
electronic properties of Céar(19). However, it is also
possible that the differences are related to the number of
Car molecules oxidized in each reaction center. In this case,
the narrower line width of the Céarpeak observed in
SynechococcuBS Il compared t@&ynechocystiBS Il may
reflect formation of only one Carin the former sample.

It is apparent that oxidation of prhas an effect on the

function of temperature (Figure 3). On the basis of the results Cart near-IR absorption spectrum (Figure 7A) by the blue

of factor analysis, we conclude there are two spectroscopi-

cally distinct Car species contributing to the Canear-IR
spectrum. The observed shift in the Caear-IR absorption
spectrum as a function of illumination temperature is due to
a change in proportion of each Caspecies formed. The
contribution of each Carto the near-IR spectrum depends
on the temperature of the sample during illumination.,Car
is formed in significantly higher yield at low temperatures
than Cag*, whereas the yield of Car is somewhat higher
at 140 K than at 20 K. Differences in the two Capecies
are also apparent in their stability during dark incubation.
Can' species is less stable than gaat 20 K. Because the
total yield of Car radicals is lower at 140 K than 20 K, it
is likely that the lower yield of Car" at 140 K is due to its

shift of the Car peak in PS Il core complex samples
containing Yo' with respect to dark-adapted PS II. The results
of Faller et al. 82) and Diner et al.Z) indicate that oxidized

Yo has electrostatic properties. We consider two possible
ways in which a positive charge on or in the vicinity of the
oxidized tyrosine D may affect the near-IR spectrum of the
Cart.

First, an electrostatic interaction of the positive charge near
Yp* with Car" may result in an electrochromic shift of the
Cart peak. For this to occur, the positive charge must be
close enough to interact with the Camolecule, and this
could result in a shift in the energy of either the ground or
excited electronic state of Caspecies. A shift in the energy
difference of these levels would be apparent as a shift in the

decay before the near-IR spectrum was recorded. TheCar" electronic spectrum. However, such a shift would be

differential stability of Cagt and Cax™ may be related to
the distance between each of these'Garecies and Qor
Pa.

We hypothesize that the protein environment surrounding
the Car molecule may affect the observed Caear-IR
spectrum. Differences in the local environment surrounding
each f-carotene molecule in the protein could produce
spectroscopically distinct CarMeasurements of Cacation
radicals formed by pulsed radiolysis in polar and apolar
solvents demonstrate a dependence of theé @bsorbance
maximum on the solvation environmei®3 34). Therefore,
the local dielectric is expected to influence the Car

apparent in a difference spectrum as a derivative shaped
feature. While this is what is observed in the spectrum taken
immediately after illumination (Figure 7C, solid line), spectra
taken after dark incubation are not consistent with an
electrochromic shift because these difference spectra show
that only one lobe of the derivative line shape changes with
time.

Second, the effect of ¥ formation on the Carspectrum
can be interpreted in the context of the two spectrally distinct
Cart species. The positive charge on or negr May affect
Car" formation by decreasing the probability that the Car
near Yo will be oxidized as a result of electrostatic repulsion.

spectrum. In the protein, differences in the local dielectric A positive charge near the Car would increase the reduction
could matriculate through-stacking interactions of the Car  potential of this Car molecule making it more difficult to
polyene chain with the aromatic amino acids, and local oxidize (Figure 8). If this occurs for one Car molecule and
dipoles or charges of amino acids. The variations offCar not the other, then the relative proportions of two spectro-
spectral properties formed in PS Il among the three organismsscopically distinct Carwill change, and the absorption peak
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CP43

Cyt bsso \

Ficure 9: Cofactors of PS Il as modeled in the Kamiya and Shen P38) ¢tructure (PDB ID code 1I1ZL). Circles enclose the Chl
cofactors in CP43 and CP47. Chlorophyll molecules in CP43 which may be part of an electron-transfer pathway dafdatibn are
indicated in color.

position will shift. In the near-IR spectrum ofp¥-containing as observed in the structure of the £tH complex from
PS 1l, the Car peak shifts to shorter wavelengths because Rhodospirillum molischianunf2l). On the basis of two
less Cag™ is formed, and also more Gars oxidized. This clusters of these amino acids in the PS Il structure ap-
interpretation can also explain the differences in the decay proximately 38 A from the non-heme iron, Lakshmi et all.
of the Car in the presence of ¥ (Figure 7 C). These results  (20) proposed a model for the location of the t«@arotenes
provide strong support for one of the Car molecules being in PS II; one of the Car-binding sites is adjacent ta Yhe
located closer to ¥ than the other. Car-binding site near p, together with the cluster of

A model for the locations of two Car molecules was aromatic amino acids, is shown in Figure 1. On the basis of
presented in the recent X-ray crystallographic structure of our spectroscopic evidence, we proposes@athe molecule
PS 1l (18) and is shown in Figure 9. Neither Car molecule close to Y5 in the D2 protein. Under the conditions of the
is located in the region of the RC analogous to the saturation-recovery EPR measurements of Lakshmi et al.
spheroidene binding site in the purple bacterial reaction (20), there is more of the stable carotenoid radical cation,
center. Both Car molecules in the Kamiya and ShE8) (  Car*t, present in the sample. As a result, the distance
structure are nearly parallel to the membrane plane and aremeasured by Lakshmi et akR@) should correspond to the
on the outer perimeter of the D1 polypeptide transmembraneCafst-non-heme iron distance. Thus, our present results are
helices, in a region betweenygpand Cytbsse. Portions of consistent with those of Lakshmi et akQ) and together
both molecules extend into the proteilipid interface where provide evidence for the more stable gabeing located
the D1 polypeptide interacts with the VI helix of CP43 and near Yy at a distance 0f-38 A from the non-heme iron.
two other transmembrane polypeptides assigned to psbl and The location of the less stable Garis not as clear. One
psbK. The assignment of omés-Car molecule in the 3.7 A possibility is that Car maybe located in the D1 protein in a
resolution PS Il structure is surprising because characteriza-symmetry-related position to the Car-binding site near Y
tion of s-carotene stereochemistry reported for D1/D2/Cyt as suggested in previous studi&$, 20). Alternatively, Cax
bsso preparations has identified two aflans3-carotenes may be in the position of the all-trans Car molecule in the
(14—16). At 3.7 A resolution, distinguishing between the Kamiya and Shen modell®). Because the all-trans Car
electron density of chlorophyll phytyl tails, lipids, and Car modeled in the Kamiya and Shebgj structure is only~25
molecules may be difficult. The closest edge-to-edge distanceA from the non-heme iron, if the radical cation is located
from tyrosine D to therans-Car is 25.7 A and to theis- on the all-trans Car molecule, it would have to be the less
Caris 32.7 A 18). If the radical cation is located on either stable Car in order to be consistent with the results of
of the two Car molecules in the Kamiya and Shen structure, Lakshmi et. al (20). Both of these models place the Car
then it is not immediately clear how tyrosine oxidation could molecules closer to£than the distance of CHIChlp to Pa.
exert a significant electrostatic interaction over these long This agrees with several experimental observations of the
distances. system for formation and decay of the €and Cht radical

In the Kamiya and Shen structure, the center-to-center cations which indicate that Car is an earlier electron donor
distances from th#ans-Car and thesis-Car to the non-heme  than Ch}/Chlp. These models also suggest that one Car
iron are 25 and 21 A, respectively. However, saturation- molecule is close to ¥ and the other further away, which
recovery W-band EPR distance measurements predict thatagrees well with our present results.
Car is 38 A from the non-heme iron2(). Carotenoid The model shown in Figure 1 places the redox-active Chl
molecules bind to proteins by packing with the hydrophobic and Car molecules adjacent to each other and tobgyt
amino acids such as tryptophan, phenylalanine, or tyrosinewhich would allow for rapid electron transfer among the
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Lower Reduction
Potential

Chlzp*
Car™ Car™
Chlzp*

+1.2 V emtam P(,30+

Spinach PS IT

Ficure 10: Model of reduction potentials for the secondary electron
transfer donors of photosystem Il. Chl and Car have reduction
potentials of 0.78 and 1.1 V, respectively, measured in v8& (
36). In the protein environment, the reduction potentials are
expected to shift as a result of solvation and to exhibit a distribution
of values in frozen samples.

Synechocystis PS 11
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molecules is in close proximity to¥while the other is not,
suggests that more than one pathway exists. The structure
of B-carotene lends itself to the hole hopping mechanism in
that it can act as a molecular wire, connecting the centrally
located oxidizing species,sfg", to move the hole to the
peripheral chlorophylls of the reaction center. Vasil'ev et
al. (25) suggest a mechanism for Ghdxidation based on
the locations of Car and Chl molecules in the Kamiya and
Shen (8) PS Il crystal structure. The Car molecules modeled
in the reaction center are in close contact with a few of the
Chl molecules bound to CP43 and these Chls are part of a
Chl chain in CP43. The additional Chl identified in CP43 in
the Kamiya and Shenl1@) structure connects the Chl
molecules of CP43 to Chl The close connectivity of these
cofactors implicates a pathway for electron transfer from the
Car molecules bound on the D2 side to £bih the D1 side
through the chain of CP43 Chl molecules. This suggests that
several redox-active Chl molecules may function in the
secondary electron-transfer pathways, in addition to the two
redox-active Car molecules identified in this study.

secondary electron-transfer pathway intermediates. Besides
the distance between the secondary electron-transfer pathwa!]_aE':ERENCES

intermediates, another important factor that determines the
rates of electron transfer is the relative redox potential of
these molecules. Good spatial connectivity between the
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