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ABSTRACT. We present an electric field modulated absorption spectroscopy (Stark effect) study of isolated
photosystem Il reaction center complexes, including a preparation in which the inactive pheophytin H
was exchanged for 13leoxo-13-hydroxy-pheophytin. The results reveal that the Stark spectrum of the

Qx and Q transitions of the pheophytins has a second-derivative line shape, indicating that the Stark
effect is dominated by differences in the dipole moment between the ground and the electronically excited
states of these transitionag). The Au values for the Qand Q transitions of B are small fu =

0.6-1.0 Df™1), whereas that of the Qransition of the active pheophytin Hs remarkably largeAu =

3 D f™1). The Stark spectrum of the red-most absorbing pigments also shows a second-derivative line
shape, but this spectrum is considerably red-shifted as compared to the second derivative of the absorption
spectrum. This situation is unusual but has been observed before in heterodimer special pair mutants of
purple bacterial reaction centers [Moore, L. J., Zhou, H., and Boxer, S. G. (B&&&$emistry 3811949~

11960]. The red-shifted Stark spectra can be explained by a mixing of exciton states with a charge-
transfer state of about equal energy. We conclude that the charge transfer state iny@wedtslimmediate
chlorophyll neighbor (R), and we suggest that this {B"Ha°") charge transfer state plays a crucial role

in the primary charge separation reaction in photosystem Il. In contrast to most other carotenes, the two
p-carotene molecules of the photosystem Il reaction center display a very Amalthich can most

easily be explained by excitonic coupling of both molecules. These results favor a model that locates
both g-carotene molecules at the same side of the complex.

Photosynthesis is the process by which various types of which the excitonic coupling between the special pair
prokaryotic and eukaryotic organisms convert solar energy chlorophylls is significantly smaller and similar to that
into chemical energy. All photosynthetic organisms contain between the other chlorin®2{4). The smaller exciton
pigment-protein complexes that absorb light and transfer coupling between the special pair chlorophylls probably
the excitation energy to a special set of chlorophyll molecules originates from a larger distance between these molecules
in a membrane-bound complex generally denoted as the(5) and is possibly related to the capacity of PSIl to use
reaction center (RC).Excitation of this special set of electrons from water to reduce the photooxidized electron
chlorophylls leads to the ultrafast transfer of an electron to donor ).

a nearby acceptor molecule. It is now commonly believed It has long been assumed that only the special pair
that the reaction centers of all photosynthetic organisms functions as the primary electron donor, but recent work from
contain six chlorins in a horseshoe-like organizatid) in our group has demonstrated that in purple bacteria at least
which the central two chlorins are usually strongly electroni- one of the other chlorophylls, the chlorophyll known as B
cally coupled and give rise to the so-called special pair, of also can initiate ultrafast charge separation eveht®). But
which the lowest excitonic state is clearly red-shifted as also in PSII it is possible that primary charge separation is
compared to the other electronic states in the RC. The majorinitiated, at least in part, by the electronically excited B
exception is the reaction center of photosystem Il (PSII), in molecule (0—12). B5 contributes significantly to the red-
most absorption in the PSII RA§, 14), and a chlorophyll
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between the lowest excited state and the first radical pair rotating the Stark cell with the polarization direction of the
state R2), slow electron-transfer reactions betweendhd probing light perpendicular to the axis of rotation of the cell.
P, and the formation of relaxed radical pair states. The angle between the electric field and the probe light was
A number of earlier observations have suggested a role calculated from the difference in path length with respect to
for intermediate charge-separated states and/or charge transféhe nonrotated cell (when the angle is’R0rhe reliability
(CT) states in the initial dynamics of charge separation in Of this procedure was checked by measuring the Stark effect
PSII (19, 23). CT states have been described in detail in a and calculating the Stark parameters of the purple bacterial
series of site-directed mutants of the related RC from the RC that has well-documented Stark valugg, 39, 40, 43).
purple bacteriuniRhodobacter sphaeroidéa4). In particular, For randomly oriented and fixed molecules, the Stark line
the so-called heterodimer mutants, in which one of the specialshape is usually described by a sum of the zeroth, first, and
pair bacteriochlorophylls was replaced by a bacteriopheo- second derivatives of the ground-state absorption spectrum

phytin, gave rise to a strong CT character. (33). Within this formalism and with the angle between the
A powerful tool to investigate the possible presence of Measuring light beam and the electric field vector at magic
CT states is given by Stark spectroscos)( which angle, the second derivative contribution scales with the size

monitors the effect of an externally applied electric field on Of the difference in permanent dipole moment between
the spectroscopic properties of the chromophores. In thisthe_exc_lted and the grou_nd states of the molecules. The _ﬂrst
report, we present a Stark spectroscopy study on iso|atedde_r|_vat|ve component yields the trace (Tr) of the polariz-
PSII RC complexes, both in a standard preparation and in a@bility tensor Qa), and TrAa) is a measure for the
preparation in which the pheophytin molecule of the inactive difference in polarizability between the excited and the

branch (k) was chemically exchanged by #8eoxo-13- ground states of the molecule. In principle, this component
hydroxy-pheophytira (131-OH-Pheo) 14, 26). The results has to be corrected for contributions of the transition moment
indicate the existence of a CT state involving the &d polarizability 33, 43). However, especially in the case of

Ha molecules. We suggest that this CT state plays a crucial "0 or small zeroth order effects, these contributions can be

role in the primary charge separation reaction in photosystemneglected 44). The zeroth derivative is a measure of the
I field-induced changes of the oscillator strength of the optical

We also monitored the electric field response of the two transition.
B-carotene molecules of the PSII RC. The results reveal Analysis The Stark and absorption spectra were fitted
unusual Stark effects for both carotenes, which can be Simultaneously using a nonlinear least-squares fitting pro-
explained by excitonic coupling between the two carotenes. gram. The absorption spectra were fitted with a number of
On the basis of these and other results, we suggest that théskewed) Gaussian functions, and the Stark spectra were

two carotenes are both located on the D2 side of the complex.composed of a combination of the zeroth, first, and second
derivatives of these functions. Alternatively, the absorption

MATERIALS AND METHODS of the chlorophylls was described by a single homogeneously
] broadened transition, which was then fitted with a polynomial
Sample PreparationPSIl RC (D1-D2-cyth559) com-  fynction (spline) and the Stark spectrum with the zeroth, first,
plexes containing six Chh per two Pheca were isolated  anq second derivative of this function. Because the local field

from spinach by a short Triton X-100 treatment of CP47- correction factor f is hard to estimate, all values fgr and
RC complexes as describeth(27). Alternatively, PSIIRCs  Tr(Aq) are represented in terms of B! and & 2

were prepared from Tris-washed PSIl membranes as in refregpectively (1 D= 3.34 x 10 C m, 1 & = 1.113 x

28 and exchanged with $8DH-Pheo as in re26, resulting 10740 C R VY,

in a preparation (RG) with 55% Pheo replacement and a

complete exchange ofgd CP47 was isolated and purified RESULTS

as described previousl29). The samples were diluted in a

buffer containing 20 mM BisTris (pH 6.5), 0.03fkdodecyl- Figures 1 and 2 show the simultaneously recorded 77 K

B,D-maltoside §-DM), and 69% (w/v) glycerol and checked absorption spectra (panels A), their second derivatives (panels

by diode-array assisted gel filtration chromatograp8) ( B), and conventional (@) Stark spectra (panels C) of the

to monitor the presence of CP47 or other contaminating standard and £30H-Pheo exchanged PSII RC complexes,

pigment-protein complexes. respectively. In the following, we discuss the electric field
Stark SpectroscopyStark and absorption spectra were responses of the chlorophylls, pheophytins, Arwarotenes

recorded simultaneously at 77 K in a home-built setd ( in these preparations at their most characteristic absorption

32) at a spectral resolution of 1 nm, an optical path length Wavelengths.

of 0.1 mm, and an optical density of 0.4 chat 672 nm. Electric Field Response of the ChlorophyliBhe 77 K

An electric field of 2.77x 1° V cm~1 was applied, and the  absorption spectrum of the standard PSIlI RC preparation

angle between the electric field and the probing light beam (Figure 1A) shows main absorption bands peaking near 678

was set at magic angle. The magic angle between probe lightand 672 nm, in agreement with many earlier repod®).(

and electric field was set by rotating the Stark cell (and thus The 672 nm peak arises for a considerable part from the

the electric field) to 45 with respect to the propagation two peripheral chlorophylls known as ChiZand Chl-%y,

direction of the probe light and by selectively probing with whereas the 678 nm peak is dominated by contributions from

(close to) magic angle polarized light. The polarization was the four central chlorophylls Ps, Ba, and B and the two

tuned to account for the different refractive indices of liquid pheophytins H and H; (10, 12, 14). In the RGx sample,

nitrogen and glassy glycerol. The correctness of this proce- part of the~678 nm absorption is blue-shifted to 655 nm,

dure was checked by performing Stark measurements bywhich is caused by the exchange of Pheo a at thbiktling
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FicURe 1: Simultaneously recorded 77 K absorption (A), the second @Nnd Stark spectra (dashed lines) of standard (A) ang £8) PSlI

derivative of the absorption (B), and Stark spectra (C) of standard RC complexes in the Qabsorption region (data from Figures 1

PSII RC complexes from spinach. The spectra were normalized to 2"

OD =1 at 678 nm, and the Stark spectra were recorded at magic

angle and an electric field strength of 2.%710° V cm™L. Table 1: Stark Parameters for Different Transitions of Standard and
13-OH-Pheo Exchanged PSIlI RC and CP47 Complexes

wavelength (nm)

700 650 600 550 500 Stark  Qy 2-t(>%ynd5 2-%nds Q
[ L . L ) prep. param. 1-band main band minor band Pheo p-carotene

A standard Dm 1.6 1.4 <2 2.0 <1

standard Tra) O 0 1300 125 1450

Dm 1.8 1.6 <1 3.0 <3

RCix Tr(Aa) O 14 1600 <1 1360

CP47 Dm 0-04 5.9

5 : " : ) CP47 TrAo) 20-60 1540

aThe values for the difference dipole momexu are expressed in

1 . /\(\MB D f~* and those for the difference in polarizability Tg) in A3 -2

[ Vv The parameters of the Chl@ansitions of CP47 were obtained from
ref 37.
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W V (Figure 2C) are very similar and characterized by pronounced
negative bands at 670 and 680 nm and a strong positive band
at 687 nm (see also Figure 3A,B, dashed lines). Figure 3
- C also shows that the overall line shape of the Stark spectra
(dashed lines) resembles the second derivatives of the
[ //\/\ P absorption spectra (full line), which means that the Stark
uv \/ spectrum is dominated by the difference in permanent dipole
| ' . ' . momentAu between the excited and the ground states of
14000 16000 18000 20000 22000 the molecules. An analysis of the size of the Stark and
absorption spectra according to the Liptay formalis38) (

e , gave values foAu of 1.6 and 1.8 OO~ for the standard and
Ficure 2: Simultaneously recorded 77 K absorption (A), the second .
derivative of the absorption (B), and Stark spectra (C) dtQ8i- RCy samples, respectively (see also Table 1). These values

Pheo exchanged PSII RC complexes (BCThe spectra were ~ are slightly larger than the 0:91.0 D f™* observed for
normalized to OD= 1 at 673 nm, and the Stark spectra were monomeric chlorophylh (35) and also larger than the 1.4

recorded at magic angle and an electric field strength of 277 D -1 suggested in an early Stark spectroscopy study of the
16°V em™. PSII RC (6).
position with 13-OH-Pheo (Figure 2A), in agreement with Figure 3A,B show that at wavelengths longer than-675
earlier results 14, 26). The broad bands near 630 and 620 680 nm, both Stark spectra are red-shifted as compared to
nm (Figures 1A and 2A) are dominated by #@nd vibrational the second derivatives of the absorption spectra. This is
Qy transitions of the chlorophylls, respectively. remarkable and in fact very unusual. Inclusion of a given
At wavelengths longer than 670 nm, the Stark spectra of amount of first-derivative contribution will only result in a
the standard (Figure 1C) and exchanged PSII RC complexesblue-shift of the Stark spectrum (see Supporting Information).

1
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A good simultaneous fit of the absorption and Stark spectra preparations are very similar in the completga@sorption
according to the Liptay formalisn88) could, however, be  region (Figure 3) shows that gHdoes not contribute
obtained by introducing a new band at 685 nm with a very significantly to these spectra. Also, in the bacterial RC,
small amplitude in the OD spectrum (with an oscillator chemical exchange of ¢resulted in minor changes in the
strength corresponding to that of much less than one Stark spectrum3g). The Stark signal of the 230H-Pheo
chlorophyll per RC) and a huge difference in polarizability at the H; binding position has a clear second-derivative line
(Tr(Ac) = 1300-1600 A f-2 Table 1). Simultaneous fits  shape around 653 nm (Figure 3B), and fitting this band with
of the absorption and Stark spectra in which the spectra wereghe iptay formula gave au of about 0.6 D! (Table 1),

decomposed into Gaussians also resulted in a red band afych |ess than the average value for the other chiorins in
about 685 nm with very small amplitude and huge Stark ihe pPsII RC (1.61.8 DfY).

parameters (see Supporting Information). Also, allowing . . -
negative first derivatives in the fits (which can arise if the | he Stark effect of the pheophytin.Qand is surprisingly

excited state is less polarizable than the ground state) didStrong. The Stark spectrum of the R@reparation shows a
not avoid the presence of a band with very small amplitude C/€ar second-derivative type of signal around 543 nm, which
and huge Stark parameters in the red edge of the spectrumi! th!s preparation arises .exclu5|vely from the active pheo-
The question is whether such fits are physically correct. PhYtin Ha. The amplitude is aimost the same as that df 13
We think that they are not, also because other types of OH-Pheo at the kibinding position around 655 nm (Figure
spectroscopy have not indicated very small bands at the red2C), despite a much smaller amplitude in the absorption
edge of the absorption spectrum. It is more likely that the spectrum. We estimatetiu values of about 3.0 and 2.0 D
red-shifted Stark spectrum cannot be explained at all within f* for the Pheo Qband in the R and standard PSII RC
the framework of the classic Liptay formalism. This theory preparations, respectively (Table 1). The value for the
only takes into account field-induced band-shifts to lower standard PSII RC preparation is, however, less reliable
energy (for polarizable molecules) and the broadening of because of the overlap with the Stark signal from the
absorption bands (for molecules with a permanent dipole g-carotenes. The finding that thAu value for the Q
moment) but not the field-induced mixing of new states with transition of H is higher than that of the averagag value
different spectral properties than the optically allowed states. for all Q, transitions is noteworthy because in the bacterial
Red-shifted Stark spectra with similar characteristics as reaction center the Stark effects of the pheophytin Q
in the PSII RC complexes have also been seen in a numbetransitions are 23 times smaller than of the corresponding
of special pair mutants d®. sphaeroideg24), in particular  Q, transitions 89). Bacterial RC complexes with plant Pheo
the LM160H mutant (a mutant in which a hydrogen bond is 3 molecules at the Hor Hg + Ha positions giveAu values
introduced for the keto-group ofgl? and fthe h_eterodimer of about 1.5 Df* for both pheophytins40), which points
mutants HL173L and HM202L (mutants in which the & to a fundamentally different electric field response of the

Pg bacteriochlorophyll has been replaced by a baCteriODheo'pheophytins in the PSII and purple bacterial RC complexes.
phytin). The impossibility to fit the Stark spectrum by a

combination of zeroth, first, and second derivatives was in _ E/€ctric Field Response of thg-Carotenes The main
these cases explained by a considerable field-induced mixing? carotene transitions are at 507 and 487 nm (Figure 1A).
of the electronically excited state with one or more CT states On the basis of linear dichroism measurements, it was shown
at about equal energp4). In wild-type RCs ofR. sphaeroi- that the 507 and 487 nm transitions are oriented par_allel and
des the energy of the CT state is probably much higher than Perpendicular to the plane of the membrane, respecti@dly (
that of the electronically excited state, so that mixing takes 41 42). Figures 1C and 2C show that the carotenes give
place to a lesser extent, and the Stark parameters can largel§ise to pronounced Stark effects, with maxima near 517 and
be explained within the framework of the Liptay formalism, 496 nm and minima near 504 and 487 nm.
although deviations were found when analyzing higher order A simultaneous fit of the absorption and Stark spectra in
(4w) Stark spectrad). the maing-carotene absorption region (between 475 and 525
We note that the red-shift of the Stark spectrum cannot nm) showed that a first-derivative line shape together with
be explained by contamination with the core antenna protein 4 small negative zeroth-derivative contribution gives a very
CP47. This is not only because CP47 was not present in ourgooq fit of the spectra (Figure 4). The latter contribution
samples (see Materials and Methods) but also because thgggests some loss of oscillator strength because of the
Stark spectrum of CP47 is relatively small and has its red- gjeciric field and has been found for many photosynthetic
most peak at 684 nn3Y), which is blue-shifted as compared complexes43, 44). The first-derivative contribution scaled
to that of the PSII RC. We conclude that around 680 nm . Tr(Aa) = 1450 A £-2, which is about the same value as

ther_e can be some field-induceq mixing of electronically found forf-carotene in solution4®). Inclusion of a second-
excited and CT states. It is unlikely thatsténd B are derivative contribution resulted in Au = 0—1 D {1 (for

involved in the CT state, in view of the similarity of Stark .
responses between the standard and the, BSI RC the standard preparatiorsee Table 1) so that a smailu
cannot be excluded.

preparations (i is absent, and Bis shifted to shorter
wavelength in RG—ref 14). It is also unlikely that R is The large value of the polarizability difference is what
involved to a significant extent because the site energy of one would expect for molecules with long polyenic chains,
this molecule, at least in cyanobacteria, is more at the blueand at first sight, also the lowu values for the3-carotene
side of the spectruml@). molecules of the PSIlI RC are not surprisifycarotene is
Electric Field Response of the Pheophytifike fact that in principle a symmetrical molecule in which no difference
the Stark spectra of the standard and ;RE@SII RC in permanent dipole is expected. Howevgtcarotene in
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FIGURE 4: Simultaneous fit of the Stark and absorption spectra of FIGURES: Simultaneous fit of the Stark and absorption spectra of
the B-carotenes in the standard PSIl RC complexes. The absorptionthe f-carotenes in CP47. The absorption spectrum (A) was fitted
spectrum (A) was fitted with a polynomial (line shape) function, With & polynomial (line shape) function, whereas the Stark spectrum
whereas the Stark spectrum (B) was fitted with the zeroth, first, (B) was fitted with the zeroth, first, and second derivatives of this

and second derivatives of this function. Open squares: data points function. Open squares: data points. Solid lines: fit results. Dashed
Solid lines: fit results. Dotted line: first derivative. Dedashed line: second derivative. Dotted line: first derivative. Daslotted

line: zeroth derivative. The inset shows the residuals of the fit, line: zeroth derivative. The inset shows the residuals of the fit.
The Stark spectra had been recorded at magic angle and with an

. . electric field strength of 2.3 10° V cm™L.
solution @5) and in photosystem 13@), as well as caro- g

tenoids of many other photosynthetic complex4s),(all likely explanation for the unusually small: values is given
gave relatively large second-derivative contributions that by excitonic coupling between the twbcarotenes.
scaled toAu values of at least 5 B2

To understand the peculiarity of the Stark response of the DISCUSSION
two -carotenes of the PSII RC, we also measured the Stark  The results in this contribution reveal that, at least at 77
effect of thep-carotenes of the CP47 core antenna protein k  gimost all pigments of the PSIl RC complex reveal
of PSII (37, 46). Also, the CP47 complex contains about ynysual Stark effects. The absorption bands at the red side
two f-carotene molecules, and these molecules could there-of the spectrum show a strong electric field response that
fore serve as a reference fBicarotenes in a PSII environ-  cannot be explained within the framework of the classic
ment. Figure 5 shows the Stark response offtimarotene | jptay formalism, while the pheophytin at the active side of
molecules in CP47. Unlike the tw@-carotenes in the PSIl e complex (H) shows a much stronger Stark response than

RC complex, these carotenes absorb at the same wavelengtfhat at the inactive side @\, and thes-carotenes show
at 502 nm at 77 K46). In contrast to the situation in the unusually small second-derivative contributions.

PSII RC complex, the Stark spectrum and the first derivative  possible (R**Ha?) CT State in the PSIl RCThe only

of the absorption spectrum have clearly different zero- gther photosynthetic complexes that are known to show
crossing points, and a second derivative contribution is nonclassic behavior of the Stark spectrum similar to that
absolutely needed to fit the Stark spectrum (Figure 5). The gpserved in the red part of the spectrum of the PSIl RC
Stark parameters of thgé-carotenes of CP47 converted to complex are a number of special pair mutants Rf
Tr(Ao) = 1540 A f 2 andAu = 5.9 Df* (Table 1). The  gphaeroideg24). The absorption spectra of these special
latter value is much larger than that found for fhearotenes pairs could be described by a model of three states (i.e., a
?n the_ PSIl RC complex but similar to that of all oth_er ground state, a pure exciton state, and a vibronically
investigatedf-carotenes. These results stress the unique proadened CT state), with an intermediate coupling strength
pehawor of thep-carotenes of the PSII RC in an electric petween the latter two statetd]. The coupling of two states
field. may in principle lead to a variation of the electrooptic
Large values ofAu > 5 D f~! for carotenoids can be parameters across the band, which then can give rise to
explained by a conversion of the polarizability difference to nonclassic Stark behaviob@). The deviations from the
permanent dipole moments by the internal electric field of classic Liptay behavior were most significant in those
the surrounding proteifd@) or by distortions of the molec-  mutants that were predicted to have the average energy of
ular geometry caused by asymmetry of the solvent or proteinthe CT state closest in energy to the exciton sta8}. (For
environment45). For theS-carotenes in the PSII RC, highly this reason, the deviations from the classic Liptay behavior
symmetrical protein surroundings are unlikely, also becausewere attributed to the mixing of exciton and CT states of
recent resonance Raman studies have indicated that at leastimost equal energy24).
the 487 nm spectral form adopts a slightly distorted A coupling of two states of about equal energy can also
conformation 47, 48). We will discuss below that the most  explain the nonclassic Stark spectra of the PSII RC com-
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plexes. It is unlikely that these two states are two different electronic couplings betweenBand H, and/or the relative
exciton states. Exciton calculations have suggested theenergies of the CT states. Higher ordew (dnd Gv) Stark
presence of two nearly degenerate exciton bands, eactspectroscopy studies on the purple bacterial RC, however,
localized at a different arm of the RC, if the coupling between did reveal an unusual Stark effect of Bnd H., which was
the two central chlorophylls is very smaR)( In this case, explained $3) and modeled 34) by a charge resonance
however, a significant difference is expected between the interaction between the singlet-excited and charge-separated
standard and Rfepreparations since in the latter preparation states of R and Hy, and which could influence the rate of
the exciton bands of the B-arm are blue-shifted and havethe charge separation reaction.
smaller amplitudes14). In addition, it is unlikely that a In purple bacteria, the & — Ba"Ha™ charge separation
coupling of two similarly shaped bands can explain the reaction is physiologically not very relevant because the
deviations in the Stark spectrum. The Stark spectra of the excited-state energy of Bis about 1000 cm higher than
standard and Rfe preparations are remarkably similar and that of the core antenna chlorophylls. In PSII, however, the
thus suggest another explanation. excited-state energy ofBs similar or even slightly lower
We suggest that the nonclassic Stark spectra of the PSlithat of the core antenna chlorophylls. This about equal
RC complexes arise from a coupling between an exciton stateenergy, and that of the (8"Ha%") CT state, will favor the
and a vibronically broadened CT state, as in the various Ba* — Ba™Ha~ charge separation route as the most
special pairs oR. sphaeroide424). It is very likely that B prominent one in photosystem II.
and H, are involved in this CT state. The,@ansitions of Are the Twop-Carotenes of the PSII RC Excitonically
both molecules contribute significantly to the absorption at Coupled?The Stark spectroscopy studies described in this
680-683 nm (L3, 14), the wavelength region where strong contribution indicate that the Stark response of hitar-
nonclassic Stark effects occur, although exciton interactions otene molecules in the PSII RC is unusual. The response is
will also give some delocalization of the excitation energy dominated by first-derivative contributions scaling to normal
over the other chlorins of the PSII RC. Our data show Ao values of 1450 A f2 but does not show significant
furthermore that the Qtransition of H; only has a weak  second-derivative contributiond is maximally 1 Df"1).
Stark response and that the, @ansition of H, has a To our knowledge, such low difference dipole moment
surprisingly strong response, although it does show a classiccontributions have not been observed before for carotenoids
Stark response dominated by its permanent dipole moment.in photosynthetic systems. We stress that httarotene
A direct mixing with the CT state is, however, unlikely for molecules of the PSII RC complex display this unusual
the 543 nm absorption band. On the other hand, the behavior.
permanent dipole of the Qransition of H, will probably A very largeAu of about 15 Df* has been found for the
feel the (B\°THA%") CT state, just like the Qtransition of xanthophyll responsible for the red-shifted 508 nm absorption
Ba. The Stark spectra in Figures 1C and 2C show indeed band in trimeric LHCII, whereas normalu values of about
some pronounced features caused by ther@nsition of 5 D f~* were found for the main absorption bands of the
chlorophylls. The light-induced formation of a CT state on xanthophylls absorbing at 486 and 494 nm (&fand M.
the A-branch (or D1-branch), but not on the B-branch (or A. Palacios, A. V. Ruban, R. N. Frese, C. C. Gradinaru, L.
D2-branch), will facilitate directed charge separation along Premvardhan, P. Horton, R. van Grondelle, and H. van
the A-branch. Amerongen, unpublished observations). The absorption
Fast time-resolved absorbance-difference measurements owavelengths of these xanthophylls resemble those of the
heterodimer mutants of purple bacteria have shown that theg-carotenes in the PSII RC, but the Stark effects are
charge separation reaction starting from the heterodimercompletely different. In the PSIlI RC, both the red and the
special pair is slowed as compared to the reaction startingblue 3-carotene molecules display the same, unusually small
from the wild-type special pair5{, 52) and that in the Au. The 508 nm xanthophyll in LHCII has been identified
HM202L heterodimer the charge separation route starting as lutein in a special, twisted conformatid®), and the red-
from Ba* occurs to a larger extent than in the wild-ty ). shift is most likely caused by pigmenprotein interactions
The CT state observed by Stark spectroscopy in this mutantinduced by trimerization (M. A. Palacios, A. V. Ruban, R.
is, however, between Pand R, and not between Band N. Frese, C. C. Gradinaru, L. Premvardhan, P. Horton, R.
Ha, as in the PSII RC complex, so there is no reason to van Grondelle, and H. van Amerongen, unpublished obser-
suggest that the CT state of the PSII RC will slow the charge vations).
separation process. On the contrary, an asymmetry of the The absence of dipole moment contributions to the Stark
excited state, with some negative charge gnddd some  spectra of the PSII RC can in principle be explained by the
positive charge on B will facilitate a very fast charge  absence of distortions of the geometry of {hearotene
separation reaction. Recent time-resolved absorbance-dif-molecules 45). A total absence of distortions is, however,
ference measurements suggest that direct excitationnof B unlikely, because both carotenes, as well as their protein
in the RG, preparation results in charge separation kinetics environment, have to be fully symmetric. Indeed, recent
(at 77 K) of about 0.5 ps (M. Germano, C. C. Gradinaru, A. resonance Raman studies have indicated that at least the 487
Ya. Shkuropatov, I. H. M. van Stokkum, V. A. Shuvalov, nm spectral form has a slightly distorted conformatidi, (
A. J. Hoff, J. P. Dekker, R. van Grondelle, and H. J. van 48), which makes this explanation rather unlikely. A precise
Gorkom, unpublished observations). cancellation of the effects of a distorted carotenoid geometry
Red-shifted Stark spectra were not observed for the B andand protein dipole moments could theoretically explain a
H molecules of the purple bacterial RG3], at least not zero-permanent dipole moment, but this seems a highly
when conventional (@) Stark spectroscopy is used. This improbable configuration, also because the two carotenes
suggests differences between the two systems regarding thevould both need to have this special configuration. Another
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factor that could play a role is the bandwidth of the P680". This peripheral chlorophyll is most likely located on
absorption bands of the carotenes. Krawczyk and OlszowkaD2 (63). In the most recent structural models of the PSII
(45) have shown that the second-derivative contributions in RC (reviewed in ref48), the S-carotene molecule is
the Stark spectra of carotenoids become weaker if the positioned between ChipZ and P680 because the distance
absorption bands become narrower. This correlation wasbetween these molecules (center-to-center 24.6 /) nefay
explained by the notion that inhomogeneous broadening ofbe too long to allow the electron-transfer process. This

the main absorption bands @fcarotene originates from a
flexible geometry of the molecule. A more pronounced
flexibility will lead to larger distortions and thus to stronger
second-derivative contributions. While this effect could play
a role, it seems, however, insufficient to explain the very
low second-derivative contributions of tjfecarotenes of the
PSIl RC because the bandwidth of these transitions is
comparable to that gB-carotene in some organic solvents
and in CP47, for whiclAu values of about 5 O~ were
found (ref45 and Figure 5).

Another mechanism that could diminish the second-
derivative contribution in Stark spectra is excitonic coupling
(57, 58). In the most simple case of coupling of two
chromophores, the coupling will give rise to the sarge
values as for the two monomers in the case of a head-to-tail
dimer, a zerd\u value in the case of a head-to-head dimer,
and intermediatéu values for all other organizationS§).

reaction may thus participate in a cyclic electron-transfer
reaction from @, via cytochromeb559 and Chl-Z,, to
P680 that was postulated to form a mechanism to minimize
photoinhibition 64).

Very recently, a structure of the PSII complex from the
cyanobacteriunSynechococcusulcanuswas published at
3.7 A resolution 65). In this structure, boths-carotene
molecules are modeled at the D2 side of the complex, in
agreement with our interpretation of the Stark and other
spectroscopic results. It is not clear, however, how this model
of the carotenes can give rise to an exciton band with very
significant amplitude and with an orientation perpendicular
to the plain of the membrane. Nevertheless, a location of
both s-carotenes on the same D2 side of the complex could
be functionally relevant if both are needed to facilitate the
postulated cycle of electron transfer.

In the case of a pure head-to-head dimer, the dipole ACKNOWLEDGMENT

contributions just cancel. A pure head-to-head dimer is,
however, not possible for thé-carotenes of the PSIl RC

because in this case the high exciton component would not

have any oscillator strength. An organization of a dimer in
which most of theAu cancels and in which considerable
oscillator strength occurs in both transitions is, however, very
well possible.

Excitonic coupling of the twg-carotene molecules of the
PSII RC has been suggested befof@, 46, 59), but this

We thank Drs. Alison Telfer and Andy Pascal for
communicating material prior to publication.
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Two spectra figures. This material is available free of
charge via the Internet at http://pubs.acs.org.

REFERENCES

requires a location of both carotenes at the same side of the 1.Heathcote, P., Fyfe, P. K., and Jones, M. R. (2002) Reaction

complex, which contrasts a widely accepted notion 4&f

but see the following). This notion was partly based on work
of Tomo et al. 60), who treated isolated PSIlI RC prepara-
tions with organic solvents and noted that under certain
conditions only thep-carotene absorbing at 487 nm is
extracted. This result disagrees with the notion of excitonic
coupling because the extraction of one constituent of an
exciton-coupled dimer will break the interaction and remove
both exciton bands, while at the same time a monomer
absorption band should be generated. A problem with the
data reported in re60, however, is that the treatment with
organic solvents also may have induced bandshifts of the
chromophores of the PSIl RC. In particular, the proposed

connection between the carotene absorbing at 507 nm and

the inactive pheophytin klis suspicious becauseghivas,

in ref 60, thought to have an absorption band at 538 nm,
while we now know that I, just like Ha, peaks at 542 nm
(14, 61) and that a pheophytin peaking at 538 nm is probably
disconnected from the PSII RC. We note that the different
vibrational characteristics found for the two spectral com-
ponents 47) does not disagree with the idea of excitonic
coupling because this coupling involves the electronic states
and will not influence the vibrational states of the two
molecules.

Recent work has indicated that bgfhcarotenes can be
oxidized @7, 62), although the extent may differ in PSII
from different organisms, and thAtcarotene mediates the
electron transfer from a peripheral chlorophyll (Chl-Z) to

centres: the structure and evolution of biological solar power,
Trends Biochem. Sci. 279-87.

. Durrant, J. R., Klug, D. R., Kwa, S. L. S., van Grondelle, R.,
Porter, G., and Dekker, J. P. (1995) A multimer model for P680,
the primary electron donor of photosystemProc. Natl. Acad.

Sci. U.S.A. 924798-4802.

.Renger, T., and Marcus, R. A. (2002) Photophysical properties
of PS-2 reaction centers and a discrepancy in exciton relaxation
times,J. Phys. Chem. B 106.809-1819.

. Jankowiak, R., Hayes, J. M., and Small, G. J. (2002) An excitonic
pentamer model for the corg, &ates of the isolated photosystem
Il reaction center,). Phys. Chem. B 10@803-8814.

. Zouni, A., Witt, H. T., Kern, J., Fromme, P., Krauss, N., Saenger,
W., and Orth, P. (2001) Crystal structure of photosystem Il from
Synechococcus elongatas3.8 A resolutionNature 409 739
743.

. Diner, B. A., and Babcock, G. T. (1996) Structure, dynamics, and
energy conversion efficiency in photosystem I, @xygenic
Photosynthesis: The Light Reactigi@rt, D. R., and Yocum, C.

F., Eds.) pp 213247, Kluwer Academic Publishers, Dordrecht,
The Netherlands.

. Van Brederode, M. E., Jones, M. R., van Mourik, F., van Stokkum,
I. H. M., and van Grondelle, R. (1997) A new pathway for
transmembrane electron transfer in photosynthetic reaction centers
of Rhodobacter sphaeroidest involving the excited special pair,
Biochemistry 366855-6861.

. Van Brederode, M. E., and van Grondelle, R. (1999) New and

unexpected routes for ultrafast electron transfer in photosynthetic

reaction centerdrEBS Lett. 4551—7.

Van Brederode, M. E., van Mourik, F., van Stokkum, |. H. M.,

Jones, M. R., and van Grondelle, R. (1999) Multiple pathways

for ultrafast transduction of light energy in the photosynthetic

reaction center oRhodobacter sphaeroideProc. Natl. Acad.

Sci. U.S.A. 962054-2059.

. Dekker, J. P., and van Grondelle, R. (2000) Primary charge
separation in photosystem Photosynth. Res. §395-208.

6

8

9.

10



9212 Biochemistry, Vol. 42, No. 30, 2003

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Prokhorenko, V. I., and Holzwarth, A. R. (2000) Primary processes
and structure of the photosystem Il reaction center: A photon
echo study,J. Phys. Chem. B 1041563-11578.

Diner, B. A., and Rappaport, F. (2002) Structure, dynamics, and
energetics of the primary photochemistry of photosystem Il of
oxygenic photosynthesig\nnu. Re. Plant Biol. 53 551-580.
Diner, B. A., Schlodder, E., Nixon, P. J., Coleman, W. J.,
Rappaport, F., Lavergne, J., Vermaas, W. F. J., and Chisholm,
D. A. (2001) Site-directed mutations of D1-198 and D2-197 of
photosystem [l inSynechocysti?CC6803: Sites of primary
charge separation and cation and triplet stabilizaBochemistry

40, 9265-9281.

Germano, M., Shkuropatov, A. Y., Permentier, H., de Wijn, R.,
Hoff, A. J., Shuvalov, V. A., and van Gorkom, H. J. (2001)
Pigment organization and their interactions in reaction centers of
photosystem Il Optical spectroscoply@K of reaction centers
with modified pheophytin compositioBiochemistry 4011472
11482.

Van Mieghem, F. J. E., Satoh, K., and Rutherford, A. W. (1991)
A chlorophyll tilted 30 relative to the membrane in the photo-
system Il reaction centeBiochim. Biophys. Acta 105879—

385.

Peterman, E. J. G., van Amerongen, H., van Grondelle, R., and
Dekker, J. P. (1998) The nature of the excited state of the reaction
center of photosystem |l of green plants. A high-resolution
fluorescence spectroscopy studdroc. Natl. Acad. Sci. U.S.A.
95, 6128-6233.

Muler, M. G., Hucke, M., Reus, M., and Holzwarth, A. R. (1996)
Primary processes and structure of the photosystem Il reaction
center. 4. Low-intensity femtosecond transient absorption spectra
of D1-D2-cyth559 reaction centers, Phys. Chem. 10®527—
9536.

Greenfield, S. R., Seibert, M., Govindjee, and Wasielewski, M.
R. (1997) Direct measurement of the effective rate constant for
primary charge separation in isolated photosystem Il reaction
centersJ. Phys. Chem. B 102251-2255.

Groot, M.-L., van Mourik, F., Eijckelhoff, C., van Stokkum, I. H.
M., Dekker, J. P., and van Grondelle, R. (1997) Charge separation
in the reaction center of photosystem Il studied as a function of
temperatureProc. Natl. Acad. Sci. U.S.A. 94389-4394.

Klug, D. R., Durrant, J. R., and Barber, J. (1998) The entanglement
of excitation energy transfer and electron transfer in the reaction
center of photosystem IPhilos. Trans. R. Soc. London, Ser. A
356, 449-464.

Yoder, L. M., Cole, A. G., and Sension, R. J. (2002) Structure
and function in the isolated reaction center complex of photosys-
tem Il: energy and charge separation dynamics and mechanism,
Photosynth. Res. 7447-158.

Konermann, L., Gatzen, G., and Holzwarth, A. R. (1997) Primary
processes and structure of the photosystem Il reaction center. 5.
Modeling of the fluorescence kinetics of the D1-D2-t59
complex at 77 KJ. Phys. Chem. B 102933-2944.

Kwa, S. L. S., Eijckelhoff, C., van Grondelle, R., and Dekker, J.
P. (1994) Site-selection spectroscopy of the reaction center
complex of photosystem Il. I. Triplet-minus-singlet absorption
difference: A search for a second exciton band of P-88Bhys.
Chem. 987702-7711.

Moore, L. J., Zhou, H., and Boxer, S. G. (1999) Excited-state
electronic asymmetry of the special pair in photosynthetic reaction
center mutants: Absorption and Stark spectroscBmchemistry

38, 11949-11960.

Bublitz, G. U., and Boxer, S. G. (1997) Stark spectroscopy:
Applications in chemistry, biology, and materials sciensenu.

Rev. Phys. Chem. 48213-242.

Germano, M., Shkuropatov, A. Y., Permentier, H., Khatypov, R.
A., Shuvalov, V. A., Hoff, A. J., and van Gorkom, H. J. (2000)
Selective replacement of the active and inactive pheophytin in
reaction centers of photosystem Il by 13(1)-deoxo-13(1)-hydroxy-
pheophytina and comparison of thei6 K absorption spectra,
PhotosynthRes 64, 189-198.

Eijckelhoff, C., and Dekker, J. P. (1995) Determination of the
pigment stoichiometry of the photochemical reaction center of
photosystem IIBiochim. Biophys. Acta 12321—-28.

Van Leeuwen, P. J., Nieveen, M. C., van de Meent, E. J., Dekker,
J. P., and van Gorkom, H. J. (1991) Rapid and simple isolation
of pure photosystem Il core and reaction center particles from
spinach,Photosynth. Res. 2849-153.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Frese et al.

Groot, M.-L., Peterman, E. J. G., van Stokkum, I. H. M., Dekker,
J. P., and van Grondelle, R. (1995) Triplet and fluorescing states
of the CP47 antenna complex of photosystem |l studied as a
function of temperatureBiophys. J. 68281—290.

Eijckelhoff, C., van Roon, H., Groot, M.-L., van Grondelle, R.,
and Dekker, J. P. (1996) Purification and spectroscopic charac-
terization of photosystem Il reaction center complexes isolated
with or without Triton X-100,Biochemistry 3512864-12872.
Beekman, L. M. P., Steffen, M., van Stokkum, I. H. M., Olsen, J.
D., Hunter, C. N., Boxer, S. G., and van Grondelle, R. (1997)
Characterization of the light-harvesting antennas of photosynthetic
purple bacteria by stark spectroscopy. 1. LH1 antenna complex
and the B820 subunit frolRhodospirillum rubrumJ. Phys. Chem.

B 101 7284-7292.

Frese, R. N., Palacios, M. A., Azzizi, A., van Stokkum, |. H. M.,
Kruip, J., Raner, M., Karapetyan, N. V., Schlodder, E., van
Grondelle, R., and Dekker, J. P. (2002) Electric field effects on
red chlorophylls5-carotenes, and P700 in cyanobacterial photo-
system | complexesBiochim. Biophys. Acta 155480-191.

Liptay, W. (1974) Dipole moments and polarizabilities of mol-
ecules in excited electronic states,HRrcited State¢Lim, C. E.,

Ed.) Vol. I, pp 128-190, Academic Press, New York.

Kwa, S. L. S., Newell, W. R., van Grondelle, R., and Dekker, J.
P. (1992) The reaction center of photosystem Il studied with
polarized fluorescence spectroscoBigchim. Biophys. Acta 1099
193-202.

Krawczyk, S. (1991) Electrochromism of chlorophg/inonomer

and special pair dimeBiochim. Biophys. Actd056, 64-70.
Losche, M., Satoh, K., Feher, G., and Okamura, M. Y. (1988)
Stark-effect in PSIl RCs from spinacBjophys. J. 53A270.

De Weerd, F. L., Palacios, M. A., Andrizhiyevskaya, E. G.,
Dekker, J. P., and van Grondelle, R. (2002) Identifying the lowest
electronic states of the chlorophylls in the CP47 core antenna
protein of photosystem IBiochemistry 4115224-15233.

Moore, L. J., and Boxer, S. G. (1998) Inter-chromophore interac-
tions in pigment-modified and dimer-less bacterial photosynthetic
reaction centers?hotosynth. Res. 5373-180.

Lockhart, D. J., and Boxer, S. G. (1987) Magnitude and direction
of the change in dipole moment associated with excitation of the
primary electron donor ilRhodopseudomonas sphaeroideac-

tion centersBiochemistry 26664—668.

Van Dijk, B., Hoff, A. J., and Shkuropatov, A. Ya. (1998)
Electrooptical properties of different redox states of native and
modified reaction centers d®hodobacter sphaeroide3. Phys.
Chem. B 1028091-8099.

Van Dorssen, R. J., Breton, J., Plijter, J. J., Satoh, K., van Gorkom,
H. J., and Amesz, J. (1987) Spectroscopic properties of the reaction
center and of the 47 kDa chlorophyll protein of photosystem Il,
Biochim. Biophys. Acta 89267-274.

Newell, W. R., van Amerongen, H., Barber, J., and van Grondelle,
R. (1991) Spectroscopic characterization of the reaction center
of photosystem Il using polarized lightvidence for3-carotene
excitons in PSII reaction centerBjochim. Biophys. Acta 1057
232-238.

Middendorf, T. R., Mazzola, L. T., Lao, K. Q., Steffen, M. A,,
and Boxer, S. G. (1993) Stark-effect (electroabsorption) spectros-
copy of photosynthetic reaction centers at 1.5d¢idence that

the special pair has a large excited-state polarizabBtgchim.
Biophys. Acta 1143223-234.

Frese, R., Oberheide, U., van Stokkum, I., van Grondelle, R., Foidl,
M., Oelze, J., and van Amerongen, H. (1997) The organization
of bacteriochlorophylic in chlorosomes fronChloroflexus au-
rantiacusand the structural role of carotenoids and protehm
absorption, linear dichroism, circular dichroism, and Stark spec-
troscopy studyPhotosynth. Res. 5415-126.

Krawczyk, S., and Ol$zdka, D. (2001) Spectral broadening and
its effect in Stark spectra of carotenoi@®hem. Phys. 265835~

347.

Renge, |., van Grondelle, R., and Dekker, J. P. (1996) Matrix and
temperature effects on absorption spectrapetarotene and
pheophytina in solution and in green plant photosystem Jl,
Photochem. Photobiol. A 9609-121.

Telfer, A., Frolov, D., Barber, J., Robert, B., and Pascal, A. (2003)
Oxidation of the twg3-carotene molecules in the photosystem Il
reaction centerBiochemistry 421008-1015.

Telfer, A. (2002) What ig-carotene doing in the photosystem I
reaction centerPhilos. Trans. R. Soc. London B 357431-
1439.



Electric Field Effects in Photosystem Il

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zhou, H. L., and Boxer, S. G. (1997) Charge resonance effects
on electronic absorption line shapes: application to the het-

erodimer absorption of bacterial photosynthetic reaction centers, 58.

J. Phys. Chem. B 105759-5766.

Wortmann, R., Elich, K., and Liptay, W. (1988) Excited-state
dipole moments and polarizabilities of centrosymmetric and
dimeric molecules. Ill. Model calculations for 1,8-diphenyl-
1,3,5,7-octatetraen€hem. Phys. 124395-409.

McDowell, L. M., Kirmaier, C., and Holten, D. (1990) Charge
transfer and charge resonance states of the primary electron donor
in wild-type and mutant bacterial reaction centeBipchim.
Biophys. Acta 1020239-246.

Van Brederode, M. E., van Stokkum, I. H. M., Katilius, E., van
Mourik, F., Jones, M. R., and van Grondelle, R. (1999) Primary
charge separation routes in the BChl:BPhe heterodimer reaction
centers oRhodobacter sphaeroideBiochemistry 387545-7555.

Zhou, H. L., and Boxer, S. G. (1998) Probing excited-state electron g2,

transfer by resonance Stark spectroscopy. 1. Experimental results
for photosynthetic reaction centeds,Phys. Chem. B 109139~
9147.

Zhou, H. L., and Boxer, S. G. (1998) Probing excited-state electron g3,

transfer by resonance Stark spectroscopy. 2. Theory and applica-
tion, J. Phys. Chem. B 10®148-9160.

Krawczyk, S., Krupa, Z., and Maksymiec, W. (1993) Stark spectra
of chlorophylls and carotenoids in antenna pigmembteins
LHC-II and CP-II, Biochim. Biophys. Acta 114273-281.

Ruban, A. V., Pascal, A. A., and Robert, B. (2000) Xanthophylls
of the major photosynthetic light-harvesting complex of plants:
Identification, conformation, and dynamié¢s:BS Lett. 477181~

185.

Groot, M.-L., Frese, R. N., de Weerd, F. L., Bromek, K.,
Pettersson, A, Peterman, E. J. G., van Stokkum, I. H. M., van
Grondelle, R., and Dekker, J. P. (1999) Spectroscopic properties

Biochemistry, Vol. 42, No. 30, 2003213

of the CP43 core antenna protein of photosystemBibphys. J.

77, 3328-3340.

Van Amerongen, H., Valkunas, L., and van Grondelle, R. (2000)
Photosynthetic exciton§Vorld Scientific, Singapore.

. De las Rivas, J., Telfer, A., and Barber, J. (1993) Two coupled

p-carotene molecules protect P680 from photodamage in isolated
photosystem Il reaction centreBjochim. Biophys. Acta 1142
155-164.

. Tomo, T., Mimuro, M., lwaki, M., Kobayashi, M., Itoh, S., and

Satoh, K. (1997) Topology of pigments in the isolated photosystem
Il reaction center studied by selective extractBimchim. Biophys.
Acta 1321 21—-30.

. Germano, M., Pascal, A., Shkuropatov, A. Ya., Robert, B., Hoff,

A. J., and van Gorkom, H. J. (2002) Pheophytprotein interac-
tions in photosystem Il studied by resonance Raman spectroscopy
of modified reaction center&iochemistry 4111449-11455.
Tracewell, C. A., Cua, A., Stewart, D. H., Bocian, D. F., and
Brudvig, G. W. (2001) Characterization of carotenoid and
chlorophyll photooxidation in photosystem Bjochemistry 40
193-202.

Wang, J., Gosztola, D., Ruffle, S. V., Hemann, C., Seibert, M.,
Wasielewski, M., Hille, R., Gustafson, T., and Sayre, R. T. (2002)
Functional asymmetry of photosystem Il D1 and D2 peripheral
chlorophyll mutants ofChlamydomonas reinhardtiProc. Natl.
Acad. Sci. U.S.A. 991091-4096.

64. Thompson, L. M., and Brudvig, G. W. (1988) Cytochrob%9

may function to protect photosystem Il from photoinhibition,
Biochemistry 276653-6658.

. Kamiya, N., and Shen, J.-R. (2003) Crystal structure of oxygen-

evolving photosystem Il fronThermosynechococcuslcanusat
3.7 A resolutionProc. Natl. Acad. Sci. U.S.A. 1008—103.

BI0273516



