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ABSTRACT. Photosystem Il (PSII) contains a collection of pheophytins (Pheo) and chlorophylls (Chl) that
have unique absorbance spectra depending on their electronic structure and the surrounding protein
environment. Despite numerous efforts to identify the spectra of each cofactor, differing assignments of
the chromophore absorbance bands and electrochromic effects have led to conflicting models of pigment
organization and chromophore interactions in PSIl. We have utilized low-temperature measurements on
well-defined redox states, together with the use of site-directed mutants, to make spectral assignments of
several reaction center (RC) chromophores. Cryogenic (77 K) optical spectroscopy has been used to trap
the bound redox-active quinoneaQn the reduced form and measure the effect of the redox statg of Q

on PSII chromophores without interference from other redox-active cofactors. srhmiQus Q difference
spectrum contains a number of features that represent the perturbation of Pheo and Chl absorbance bands
upon Q reduction. Using site-directed mutants in which the axial ligand of the D1-side monomeric core
Chl, Ra, is changed (D1-H198Q) or the hydrogen-bonding environment of the D1-side Pheo is modified
(D1-Q130E), we have assigned the &bsorbance bands of four chromophores shifted pye&g@uction
including both RC Pheos, the D1-side monomeric accessory G| éd one other Chl in PSIl. The
absorbance maximum of,Bwvas identified at 683.5 nm from least-squares fits of the D1-H198Q minus
wild type (WT) Qa~ minus Q double-difference spectrum; this assignment provides new evidence of a
secondary effect of site-directed mutation on a RC chromophore. The other chromophores were assigned
from simultaneous fits of the WT and D1-Q130E spectra in which the parameters of only the D1-side
Pheo were allowed to vary. The D1-side and D2-side Pheos were found td havelues at 685.6 and

669.3 nm, respectively, and another Chl influenced y @as identified at 678.8 nm. These assignments

are in good agreement with previous spectral analyses of intact PSII preparations and reveal that the
number of chromophores affected by @duction has been underestimated previously. In addition, the
assignments are generally consistent with chromophore positions that are similar in the PSIl RC and the
bacterial photosynthetic RC.

Photosystem Il (PSlt)is a membrane-bound pigment
protein complex that converts light energy into chemical
energy in order to oxidize #0 to O,. The minimal structure
required for photochemistrythe reaction center (REjs
comprised of the D1 and D2 polypeptides, cytochrdmg
(cyt bssg), and the Psbl protein and contains six chlorophyll
(Chl) molecules and two pheophytin (Pheo) molecules (

6). The PSII core complex includes the RC plus two Chl-
binding proteins (CP43, CP47), extrinsic polypeptides bound
outside the membrane, and several low molecular mass
subunits 7). When illuminated with visible light, Chls in
PSIlI absorb and transfer the light energy to a Chl molecule(s),
P680, which initiates photochemistry (reviewed in B)f

The excited state of P680 (P680*) donates an electron to a

1 Abbreviations: B/Bg, monomeric accessory Chls on the D1/D2
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Pheo acceptor to create a charge-separated state,P680 particular, difference spectra can be used to great advantage
Pheo. The charge separation is stabilized on the acceptorto assign the spectra of individual chromophores contributing
side by electron transfer from Pheto a bound quinone, to the composite PSIl spectrum.
Qa, and on the donor side by electron transfer from a redox-  Over the last three decades, there have been many studies
active tyrosine, ¥, to P680. Reduction of ¥* is ac- aimed at identifying the Chls and Pheos in PSII and assigning
complished by a Mn cluster that builds up oxidizing the individual absorbance bands with which they are associ-
equivalents during subsequent charge separations in ordeated. Some approaches have utilized time resolution, chemi-
to split H,O. Qa~ is oxidized by an exchangeable quinone cal treatment, or LT to isolate and probe absorbance changes
that binds in a second quinoned)dinding site. associated with different redox states of PSII. Several recent
Because the molecular structure of PSIl has not beenefforts include simulations of time-resolved P68heo/
determined at the atomic level, structural considerations of P680Pheo and P68Q,/P680Q spectra 20, 21, charac-
PSIl have been based on analogies to the crystal structurgerization of the effect of Pheo oxidation state on PSII spectra
of the non-sulfur purple bacterial photosynthetic reaction (22), and simulations of multiple time-resolved spectra from
center (BRC) 9—11). These comparisons are strongly different redox changes in PSIl to predict chromophore
supported by recent electron crystallography of the PSII topology @3). Another strategy has been to utilize simula-
CP47 RC at a resolution of 8 A, which indicates that the tions of PSII spectra as a function of temperature in order
positions of both the polypeptides and the chlorin cofactors to deconvolute the contribution from each chromoph@e. (
of PSII are very similar to those in the BRC although the There have also been efforts to characterize PSII preparations
pair of core Chls analogous to the special pair bacteriochloro-in which the Chl content has been systematically changed
phyll (BChl) dimer are separated by a greater distancEl( by different detergent treatments or isolation proceduses (
A versus 7.6 A) 12). In addition, the BRC and the PSIIRC 6, 25, 2§. While significant progress has been made, a
are closely related by significant protein sequence similarity consensus on definitive chromophore assignments remains
(reviewed in ref9), 2-fold symmetry 9, 10, 13, 14 and elusive because of the spectral congestion in the PSIl RC
similar electron-transfer pathwayksj. For example, the two  and the difficulty of preparing a sample with a well-defined,
histidines in the L and M subunits of the BRC that bind the homogeneous redox state.
special pair BChl dimer (L-H173 and M-H200) are conserved  In this paper, we describe an alternative approach to
in the D1 and D2 subunits of the PSII RC (D1-H198 and assigning the absorbance bands of PSIlI chromophores that
D2-H197) Q). In PSII, these histidines coordinate two core combines the use of site-directed mutants in which chromo-
Chls, R and R, which are the likely site of P68®). Two phore environments are perturbed with optical characteriza-
other BChls are bound as monomeric accessory (voyeur)tion of a well-defined redox state change of PSII. A series
BChls and are ligated by L-H153 and M-H180 in the BRC of mutations were made in close proximity to chromophores
(16). Although these histidines do not have direct homo- in the RC including the D1-side monomeric core Chi)}P
logues in the PSIl RC9), there are several potential Chl the D1-side Pheo (Pheo(D1)), and the accessory Chls (Chl
ligands in the D1 and D2 sequences that would allow binding and Chj). Utilizing a method for obtaining a £ minus
of two voyeur-like Chls (R and B) in PSII (14), ascenario  Qa spectrum free of interference from other redox changes,
that is likely given the homology of the charge-separation the spectral signatures of this redox state change were
reactions of the BRC and PSILT). Because the BRC binds identified in the green and red wavelength regions in Mn-
only four BChls and two bacteriopheophytins (BPheos), there depleted PSII core complex preparations. In particular, this
are two Chls in the PSII RC that do not have homologues in method of chemical treatment and LT trapping enabled
the BRC. These Chls have been identified as the monomericisolation of the redox change of a single cofactor. Least-
accessory Chls, Chiand Chp, and are bound to histidines squares fits of the £ minus Q spectra were used to
D1-H118 and D2-H117, which also lack homologues in the identify the features contributing to each spectrum, and
BRC (14). assignments of the chromophores contributing to the spectra
The dense collection of chromophores and redox-active were made based on comparisons between mutant and wild-
cofactors in the PSIlI RC creates an environment in which type (WT) spectra. Besides providing a specific probe of
electron transfer through the protein can induce spectral shiftsindividual chromophores in the RC, this approach offers
of some of the chromophores. This phenomenon of inducedinformation about the topology of cofactors and chromo-
band shifts occurs in a manner that is dependent on thephores in PSII. Insights obtained from this work are discussed
change in charge, the influence of this charge on the in light of previous structural and spectroscopic chromophore
surrounding protein matrix, the dipole orientation and assignments in PSII, as well as the BRC structure.
H-bonding of the oxidized/reduced cofactor and chromo-
phores, and the spatial relationship of the chromophores'\/lATERIALS AND METHODS
relative to the oxidized/reduced cofact@B). When the band Strains and Construction of MutantSite-directed muta-
shift is strictly the result of the chromophore interacting with tions were introduced into a glucose-tolerant strain of the
a charged species, it is considered an electrochromic banctyanobacteriumSynechocysti®CC 6803 27). The D1-
shift and depends on the orientation of the chromophore, Q130E, D1-H198Q, and D1-H118Q/D2-H117Q mutants
the distance between the charge and the chromophore, anavere prepared as described in reé® 29 and 14, respec-
the intervening dielectric of the protein medium between the tively. All mutations were confirmed by sequencing PCR
charge and the chromophor&9j. While redox-induced products amplified from fully segregate8ynechocystis
chromophore band shifts complicate the overall spectral mutants.
properties of PSII, they can be exploited to obtain information  PSlI Isolation and PreparationVT and mutant PSII core
about the identity of the individual chromophores. In complexes comprising the D1 and D2 polypeptides ey
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CP47, CP43, and 33-kDa protein and containing about 40 For comparison to the £ state, the charge separated state
Chl per PSII were purified fronSynechocystiaccording to Chlz*/Car"/Qa~ was formed by continuous illumination of
the method of Tang and DineB@). Contaminating photo-  PSII with white light for 4-8 min (depending on the optical
system | (PSI) was at a low level as determined by electron density of the sample) in a liquid nitrogen bath. Pretreatment
paramagnetic resonance (EPR) and sodium dodecyl sulfate with a 20-fold excess of ¥e(CN} fully oxidized Qa and
polyacrylamide gel electrophoresis, and typicale®olution Ccyt bsse, ensuring that all PSII centers were capable of
rates were 21003200umol of O, (mg of Chl)* h™. The forming reduced @ upon illumination and that Cht/Car*
core complexes were further simplified by removal of the would not be rereduced by citso during the illumination.
Mn, cluster with 5 mM hydroxylamine treatment and For the purpose of EPR quantitationp’Yminus Yp (il-
washing with 5 mM ethylenediaminetetraacetic acid in pH luminated minus nonilluminated) difference spectra were
6.5 buffer 81). Chl a concentrations were determined by produced by collecting nonilluminated scans of PSII that had
methanol extraction and using an extinction coefficient of been dark-adapted far1.5 h in the absence ofke(CN)
79.24 mL (mg of Chij! cmt at 665 nm 82). All protein and then dark-adapted far30 min in the presence of a 20-
purification and manipulation was carried out &t@under ~ fold excess of KFe(CN}) (to allow for dark reduction of
dim green light. Sample concentrations were typically50 Yo" and then dark oxidation of Q and cytbsse, respec-

ug of Chl/mL (~4.4 uM PSII) for optical experiments and tively). lluminated scans were collected after illumination
0.27 mg of Chl/mL for EPR experiments. at RT for 30 s, dark adaptation at RT for 30 s to allow for

the rereduction of electron donors other than(Y 2, Chiz™,
and Car), and freezing to 77 K.

LT Optical SpectroscopyOptical spectra were collected
using a home-built Plexiglas flat cell submerged in a liquid
N bath in a quartz finger Dewar (Wilmad WG-850-B-Q).
The flat cell had a~0.75 mm path length and &45uL
sample volume. The unsilvered finger section of the Dewar
was aligned in the sample beam of a Perkin-Elmer Lambda
6 or Lambda 20 UV Vis spectrophotometer, and the flat
cell was held in place by a plastic collar with a diameter
slightly less than the inner diameter of the Dewab(mm).
Interference from bubbles generated by liquig boil-off

S . . was avoided by careful cleaning of the Dewar with basic
significant amount of residual oxidant, and then a 1000-fold 4th4n0l (0_1252 of KOH/mL) toglimit nucleation sites on

excess of NHOH was added to the sample in the dark. yhe guartz surface. Interference from frozen condensed

Following the addition of NHOH, the sample was frozen  qisiyre was minimized by maintaining a dry Atmosphere
to 77 K within 2 min to avoid chemical reduction oh@nd above the Dewar. Before insertion into the finger Dewar,

¢yt bsse by NH,OH prior to collection of the nonilluminated samples were frozen as uncracked glasses in the flat cell by
scans. After collection of the nonilluminated scans at 77 K, yapid freezing (see previous section) in a liquigbath. 77

the sample was illuminated at 77 K for-8 min to generate actinic illumination of the optical samples was performed
the Chi*/Car’/Qa~ state, and 77 K illuminated scans were gjrectly into the finger Dewar. Spectra were collected in two
collected. Then the sample was thawed to RT in the dark spectral windows (green and red wavelength regions) in order
over 2-3 min, allowing for reoxidation of Q by charge  to maximize the signal-to-noise ratio in each window and
recombination. Next, the Q state was trapped by illuminat-  t account for the different absorbance properties of PSII in
ing for 1 s at RT,dark adapting fo1 s at RT (toallow each of the regions. No actinic effect was produced by the
rereduction of Chi*, Car’, and Yz’), and rapid freezingto  weak detecting beam of the spectrophotometer at 77 K as
77 K in the dark. The freezing procedure involved im- determined by a comparison of sequential scans of a
mediately placing the sample in the cold vapor directly above nonilluminated sample to scans collected after 2 min of 77
(<1 cm) a liquid N bath for 30 s and then gradually K illumination with the quartz-halogen lamp; each of the
immersing the sample into the liquickver a 30-s period.  sequential spectra was identical to the first nonilluminated
After spectra of the RT illuminated sample were collected, scan and showed none of the light-induced features present
the sample was illuminated for8 min at 77 K, and 77 K in the scans collected after illumination.

illuminated spectra were collected to determine the amount | east-Squares Fitting of Optical Difference Spectfae

of Qa still oxidized after the RT illumination (see Results LT optical spectra were fit with a set ofB Gaussian curves

for an explanation of this analysis). In PSII core complexes, using a least-squares routine in Kaleidagraph version 3.0.9
it is not necessary to add 3-(3,4-dichlorophenyl)-1,1-di- graphics software. Each absorbance band was approximated
methylurea (DCMU) to block electron transfer beyond Q by a single Gaussian line shape, and band shifts were
at RT because Ris absent from these preparations. The generated from the difference between two Gaussians with
yields of Chi*/Car” and Q~ were measured by EPR and equal bandwidths and amplitudes but different peak positions.
optical spectroscopy. The levels ofp¥Y Yz, and P700 All Chl absorbance amplitudes were fixed to the same value.
contamination in all of the difference spectra were less than Because of the smaller extinction coefficient of Pheo relative
5%. All illuminations were performed using an Oriel quartz- to Chl (20, 32, 34, Gaussian line shapes used to model Pheos
halogen lamp (700 W/f&). The cycle of freezing, thawing,  were normalized by 0.6 relative to the Gaussian line shapes
and refreezing the sample had no effect on the absorbancehat represented Chls. Fits were performed on spectra plotted
spectrum of PSII in the absence of actinic illumination. as a function of energy (cm). However, analogous fits of

Preparation of Redox State®,~ was generated by room
temperature (RT) illumination in the presence of the exo-
genous electron donor, NBH, in a series of illuminations
that allowed for the collection of spectra from PSiII in several
redox states. Prior to NM®H treatment and illumination,
the PSIl was dark-adapted on ice fol h to allow for dark
reduction of Y5* (33, D. H. Stewart and G. W. Brudvig,
unpublished results) so that the redox state gfwould not
change during the course of the experiment due to slow
reduction of Y5* by NH,OH. Afterward, the PSII was dark-
adapted on ice (35 min) with 1 equiv of KFe(CN} to
oxidize dark-reduced Qand cyt bssg while avoiding a
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IAAbs =0.50

spectra plotted as a function of wavelength showed that the
wavelength-dependent compression of absorbance bands was ]AA‘)S_O_IO
insignificant over the narrow range examined (6500 nm);

therefore, all spectra are presented as a function of wave-
length. To obtain fits for WT and mutant spectra simulta-
neously, a least-squares routine was run for each spectrum
in which all of the band shifts were fixed except one which
represented the chromophore that was perturbed by the
mutation. To determine the positions of other chromophores,
their band shifts were shifted the same amount for both
spectra in an iterative manner until the best fits were obtained. 10X 20X

While the least-squares fits provided very good simulations
of the experimental spectra, there are several factors not
modeled by the fits that may account for the minor Wavelength (nm)
differences between the experimental and simulated spectraFiGure 1: Low-temperature optical spectra of MBH/KsFe(CN)-

The simulated absorbance bands in this study were ap-”eateldnwt-'r; rPS','-nTh‘f left a?d rllghr: ptar;ﬁls;;\fo:v:]?et?re.en and [ed
p_roxir_nated as G_gussian line shapes. This assumption ignore I’?\e/et(e)pgtwoetgrlgcesé ?nSDee;CIr\]Iep);g ecl) ‘;eeR.:. ﬁuﬁmiﬁafgésfnzca es).
vibrational transitions that broaden absorbance bands towarthgnilluminated (- - -) scans; the bottom traces are the illuminated
higher energies. Although vibronic structure may have a minus nonilluminated difference spectra magnified 10- or 20-fold
small effect on the peak positions of the PSII chromophores, (—).

including it in the fits would have introduced an additional
set of unknown parameters. In addition, in comparing WT ;aglcetéi Ofsggn“éfgrgf (:Soi?nne}le:(ieilqrsr;gtgc?t\ivﬁ?tlw t’ing E‘i&?iﬁerence
and the D1-Q130E mutant, the bandwidth ahd were KSFe(CN} and then 1000 Equiv of NOH q

allowed to vary for only a single chromophore in each

Absorbance

T T T T
530 540 550 560 570 600 625 650 675 700

spectrum: the chromophore most directly affected by the S'izpn'zl z?“r‘]:;'
mutation. This approach avoided the introduction of spectral a?ea he?ght’
variation lacking a known structural precedent and is diff ; Chiricar Yoy -
supported by the assertion that Chl spectral heterogeneity is__ 2" o o'ce SPECTUm R ChE'/Car Yo'Yz Qa
due primarily to local differences in protein environmes,(  RT hv minus dark ™ =3 0 90
36) RT hw/77 Khv minus RThy <12 23 <3 10

) 77 Khv minus dark 80 81 <10 79

LT EPR_ Cryogenic EPR spectra ,Were CO,"eCted on a atpe Q. EPR signal areas are reported as a percentage relative to
Varian E-line EPR spectrometer equipped with an Oxford the integrated area of4 after 77 K illumination and RT illumination.
Instruments ESR 900 liquid helium cryostat. Spectrometer The Chi*/Car and Yp* EPR signal areas are relative to the double
conditions were as follows: microwave frequency, 9.28 GHz; integrated area of the full yield of o produced in a sample with

; o matched concentration (see Materials and Methods). The values of
microwave power, 0.03 mW (GiiCar” and Yo') or 20 mW percent change in EPR signal areas have an uncertaintyl 6ffor

(Qa"); magnetic field modulation amplitud@ G (Chk™/" o, ~"3nq+5 for Chi;*/Car” and Y. ® The Qs optical signal heights
Car® and Yp*) or 20 G (Q"); temperature, 30.0 K (Cht/ are reported as a percentage relative to the peak-to-trough height of
Cart and Yp*) or 5.9 K (Q.7). The Ch*/Cart and Yp° the C550 signal in the 77 K illuminated and RT illuminated minus
signals were collected under nonsaturating conditions. Fre-dark difference spectrum. The values of percent change in optical signal
my’s salt was used as a standard for spin quantitagap (  N€ight have an uncertainty &f10.

RESULTS enhanced or bleached (only shifted) as a result af Q
reduction, so the ©/Qa subtraction was performed such
To characterize the effect of a negative charge @n,Q that the integrated area under the difference spectrum in the
LT optical spectra of NbBDH/K3;Fe(CN)-treated PSIl were  Q, region was zero.
collected before and after RT illumination. Difference spectra The amount of @~ trapped by the RT illumination
were obtained throughout the visible wavelength range. protocol was quantified on the basis of the C550 signal in
Results from the green and red regions are shown in Figurethe illuminated minus nonilluminated difference spectrum
1. The red wavelength region was particularly rich with in the green wavelength region (Table 1). This derivative-
absorbance signals revealing two or more band shifts in theshaped feature witlin.x = 540 nm andimi, = 544 nm
Qy region. Absorbance changes in the difference spectrum(sharpened at 77 K relative to RT) has been assigned
of the Q region were approximately 260 times smaller previously as an electrochromic shift of the Pheo absorbance
than the absorbance maximum of thg @and, which band caused by a perturbation of its local electric field due
represents a superposition of all of the neutral Chls and Pheogo the change in redox state 04 Q(38, 39. In addition, the
in PSII. This ratio is reasonable considering that there are absence of any signal at 559 nm indicates that the redox
about 40 Chls and 2 Pheos per PSII core compB&x (No state of cytbssg was not changed by RT illumination. In
signals were observed in difference spectra of the Chl Q general, the red wavelength region contained the sharpest
region, probably because they were too small relative to theand most well-resolved features in thea Qminus Q
noise to be detected in these experiments. However, a flatspectrum. Furthermore, its spectral complexity indicated the
baseline in difference spectra of thg @gion provided an  contribution of multiple chromophores. Therefore, we have
indication of a good subtraction in both the f@gion and focused on the @ minus Q difference spectrum in the,Q
the Q region. No Q absorbance bands were expected to be region as the subject of this paper.
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Ficure 2: Low-temperature EPR difference spectra of JOH/
KsFe(CN)-treated WT PSIl showing the GhlCart/Tyr (left
panel) and Fe(I)@ (right panel) signals. The difference spectra
are plotted as follows: RT illuminated minus nonilluminated (top
trace), RT and 77 K illuminated minus RT illuminated (middle
trace), and 77 K illuminated minus nonilluminated (bottom trace).
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Figure 3). The fact that there is a feature in the double-
difference spectrum indicates that the D1-H198Q mutation
perturbs the Qband of one of the chromophores in PSII
and, more importantly, that the absorbance band of this
chromophore is shifted by the reduction of.Q’he observa-
tion of a spectral shift in the (Jegion of D1-H198Q relative

to WT is consistent with previous studies on this same mutant
which show a perturbation of the WT spectrum gfiR both

the Soret and Qregions although the major change observed
in the Q region is a band shift from 672 to 669 nm (Diner,
B. A, Nixon, P. J., Coleman, W. J., Schlodder, E., Rappaport,
F., Lavergne, J., and Chisholm, D. A., manuscript in
preparation). The difference between thg Qminus Q
spectrum of WT and D1-H198Q was confirmed by £Hl
Car"/Qa™ minus Ch}/Car/Q, spectra which are also different

in D1-H198Q relative to WT (data not shown). These latter
spectra are not included in this paper because they contain
contributions from at least three charged species and reflect
electrostatic influences from cofactors on both the acceptor
and donor sides of PSII. Although it appears that there is
also a small shift at~670 nm in the @~ minus Q. spectrum

of D1-H198Q as compared to WT, this represents spectral
variation rather than a real mutation-induced shift as
evidenced by the absence of well-defined band shifts in the
double-difference spectrum.

If the D1-H198Q mutation shifts the absorbance of a
chromophore in only one of the Qedox states (reduced or
oxidized), then the double-difference spectrum would take
the shape of a symmetric Gaussian first-derivative-shaped
feature. On the other hand, if the D1-H198Q mutation
influences a chromophore in bothy @dox states, then the
double-difference spectrum would represent a shift of a band
shift—giving a feature with three components (Gaussian

luminated difference spectra. Inset: The double-difference spectrumSecond-derivative-shaped feature) with the symmetry of the

of D1-H198Q minus WT+) and the least-squares fit of the double-
difference spectrum (- - -).

The yields of Q~ as well as Chi*/Car", Yp*, and Yz
were confirmed by LT EPR spectroscopy (Figure 2, Table
1). The left panel of Figure 2 shows tlge= 2 region of the
EPR spectrum in which oxidized Chl, Car, and tyrosine can
be detected, and the right panel showsghe 1.83 region
where a signal from reduced.@Fe(I1)Qx ") can be detected
(40). A significant yield of Q™ is present only in the first
and third traces. There is essentially no contributisi8%o
of centers) from Chit/Carf, Yp*, or Yz in the Q™ minus
Qa spectrum (top trace). In addition, the yield ofaQ
following RT illumination is nearly the same as that obtained
by 77 K illumination alone (bottom trace). The RT/77 K
illuminated minus RT illuminated spectra (middle traces)
show the signals induced by 77 K illumination of the sample

feature depending on the relative sizes of the mutation-
induced shifts in each of the redox states af Qlearly, the
D1-H198Q minus WT double-difference spectrum is asym-
metric, resembling the latter of these cases more closely.
(Here, we make the simplifying assumption that the mutation
affects only a single chromophore.) Consequently, it was best
fit as the difference of two band shifts, each having different
shift magnitudes (inset of Figure 3). The parameters obtained
from this fit provide an approximate bandwidth for one of
the RC Chls in PSIl and also define the positions of its
absorbance band in bothyQedox states for WT and D1-
H198Q. From this analysis, it was determined that in WT
PSIl a Chl with a bandwidth~4 nm absorbs at 683.5 nm
when Q is oxidized and shifts to 682.8 nm uponaQ
reduction. In the D1-H198Q mutant, these positions are 682.8
and 681.6 nm, respectively. In the above analysis, we
considered all of the RC chromophores as monomeric species

already illuminated at RT. These spectra reflect the number yjith no significant electronic coupling among chromophores.

of centers that still contained oxidized,@and were still

capable of charge separation) after the RT illumination. Thus,

the small Chd*/Car" signal and negligible Fe(ll) & signal
indicate that only a small amount of \Q(~10—20%)
remained oxidized after the RT illumination.

To assign the individual chromophores contributing to the

Qa~ minus Q spectrum, several site-directed mutants were

compared to WT. A @ minus Q spectrum was obtained
for D1-H198Q (Figure 3), and a direct comparison to WT

This approximation enabled us to eliminate the effect of
exciton coupling on the chromophore positions and intensi-
ties. While the extent of chromophore coupling within the
PSIlI RC is still currently under debate, there is ample
experimental evidence supporting a weak coupling model
(see ref20 and references therein).

Additional information about the chromophores contribut-
ing to the Q~ minus Q spectrum was obtained from a
comparison of the @ minus Q spectra for WT and the

was made by generating a double-difference spectrum (insetmutant, D1-Q130E (Figure 4). The glutamine at position
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Ficure 4: Low-temperature optical difference spectra of JOH/
KsFe(CN)-treated WT ) and D1-Q130E (- - -) PSII in the red
wavelength region. The spectra are RT illuminated minus nonil-

luminated difference spectra. Inset: Same difference spectra in the
green wavelength region.
0.04 650 660 670 680 690 700
0.031 Wavelength (nm)
o 0.02] FiGure 6: Four-chromophore fits of absorbance changes induced
= by Qa reduction in WT (top panel) and D1-Q130E (middle panel)
£ 0014 PSII. The top two panels show the experimental speetfiaand
2 ok the least-squares fits (---), and the bottom panel shows the
< individual band shifts that comprise the least-squares fits. The band
<1 -0.014 shifts for Pheo(D2) (— -), Ba (+**), and Chl ¢ —) are the same
0021 for WT and Q130E; the band shift for Pheo(D1) is different for
' WT (thin solid line) relative to D1-Q130E (bold solid line).
-0.03 . ‘ , . . .
650 660 670 680 690 700 Because of the more complicated nature of the mutation-
Wavelength (nm) induced shifts in the @ minus Q. spectrum, the WT and

FIGURE 5: Low-temperature optical difference spectra of JOH/ D1-Q130E spectra were fit simultaneously instead of fitting
KsFe(CN)-treated WT ), D1-H118Q (---), and D2-H117Q  the double-difference spectrum. This strategy of global
(= —) PSIl in the red wavelength region. The spectra are RT analysis decreases the number of independent parameters per

illuminated minus nonilluminated difference spectra. data set (spectrum), thereby increasing the accuracy and
) ) ) ) ) confidence in each paramet@dy. In addition, this approach
D1-130 in WT is closely associated with the active (D1) gjiowed for the assignment of another chromophore that
Pheo of PSIl in an |_nteract_|on whlch is m_od|f|ed by  contributes to the @ minus Q spectrum besides Pheo-
replacement of the native residue with glutamic a@8)(  (p1). Figure 6 shows the experimental spectrum and the best
The difference between theaQminus Q. spectra for WT it for WT (top panel) and D1-Q130E (middle panel) PSII;
and D1-Q130E is significantly larger than that seen for WT e pottom panel displays the individual band shifts which,
versus D1-H198Q indicating that they @bsorbance band  \yhen summed, give the spectral fits.
of the D1-side Pheo is shifted bya@eduction and also by The procedure for assigning chromophores in PSII based
the D1-Q130E mutation. Furthermore, the C550 signal o Q,~ minus Q difference spectra was as follows. (i) The
associated with this Pheo is red-shifted 9.5 nm in D1-  (qsition and bandwidth of one Chl was determined from the
Q130E relative to W'_I' (inset of Flgure_ 4), conS|ster_1t with least-squares fit of the H198Q minus WTa Qminus Q
Pheo Q band bleaching experiments in PSB8], optical double-difference spectrum (see above). (i) The isolated
measurements of L-branch BPheo mutants in the BR(, ( pand shift centered at670 nm was fit as the difference of
and assignment of the C550 signal as originating from Pheo o Gaussians with a bandwidth of 7 nm and positions of
(38, 39. A similar shift of the Pheo Qabsorbanpe band  669.3 and 671.6 nm when Qs oxidized and reduced,
also has been observed at RT (Force, D. A., Nixon, P. J., egpectively. The chromophore responsible for this band shift
and Diner, B. A., unpublished r_esults). The broad negative yyag assigned as the inactive (D2) Pheo based on a previous
feature at-562 nm that appears in the WT spectrum (Figure jgengification of the inactive Pheo absorbance bang&io
4, inset) is not a consequence ok @duction; rather, it  nq (22), the lack of any difference between WT and D1-
represents a baseline artifact. Q130E in this region of the spectrum, and the close proximity
The assignment of chromophores contributing to the Q  of Pheo(D2) to Q. (iii) The Chl and Pheo(D2) positions
minus Q spectrum was supported by analysis af @ninus and bandwidths were fixed, and the rest of the spectrum from
Qa spectra collected from two other mutants, D1-H118Q and 650 to 700 nm was simultaneously fit for WT and D1-Q130E
D2-H117Q (Figure 5). D1-H118 and D2-H117 are the to 1, 2, or 3 band shifts. During the least-squares fitting
respective axial histidine ligands of the accessory Chls; Chl procedure, only one band shift was allowed to differ between
and Chp. Both of these mutants have spectra identical to D1-Q130E and WT corresponding to the absorbance band
WT, a characteristic that is consistent with the interpretation of Pheo(D1). After obtaining the best fits of the Qminus
that neither of the absorbance bands of Cti Chb is Qa spectra, it was determined that fits withictal of 3 band
influenced by the redox state ofaQ shifts did not reproduce the experimental spectrum as well
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Table 2: Summary of Absorbance Band Parameters for WT PSII MQ . uQ
Assigned from Four-Chromophore Least-Squares Fits ©0f Kinus / Fe(Il)
Qa Difference Spectra from WT and Mutant PSII /\
bandwidth REOY T g
chromophore Amax (NM) (Qu/Qa7) (fwhm, nm) <7\1\ /\vf,é
active Pheo(D1) 685.6/681.7-0.2) 5 i\> -, ~
inactive Pheo(D2) 669.3/671.6:0.3) 7 “/<\ BPheoy
Ba Chl 683.5/682.8 (-0.1) 4 - -y
Chr 678.8/680.240.3) 7 - P )
Chlz not shifted by Q- L-C92 . M-F119
Chlp not shifted by Q- v vBChly
Pa Chl 672/—; not shifted by Q- )
Ps Chl not shifted by Q~ spBChI spBCHI
L M
aTentatively assigned asgBChl. ? Diner, B. A., Nixon, P. J.,
Coleman, W. J., Schlodder, E., Rappaport, F., Lavergne, J., and
Chisholm, D. A., manuscript in preparation. L-E104 PBChL | 117
- il N
as the 4-band shift fits and that fits with 5 band shifts did ~ L-c2 -0
not reach a local minimum, indicating that 5 band shift fits vﬁ@“
contain too many parameters to be constrained by the Aﬁ“ MQ ™
available data. The 4-band shift fits showed a good resem- VBCh, A L P
blance to the experimental spectra and could be justified  Fe(ln) " BPheow M-F119
based on analogy to the BRC structure (Table 2). This result d REN

BChly
indicates that besides a Chl, Pheo(D2), and Pheo(D1), an ) ) Sp_
FIGURE 7: Top: Side-on view (in the membrane plane). Bottom:

additional .C.hl IS mfltx_encgq by RQreduction. . Stromal-side view (along the membrane normal) of the chromo-
The additional Chl identified from the 4-chromophore fits  phores and relevant amino acids in the BRC fremiridis (44).

was assigned a bandwidth of 7 nm. This bandwidth is within The chromophores are indicated as follows: L and M branch special

the range of values determined from other LT absorbancepair BChis (spBChl, spBChl,), L and M branch monomeric

spectra 20, 21, 42, 43and simplified our fits by reducing ~ voyeur” BChis (vBChl, vBChly), L and M branch BPheos
. S (BPheg@, BPheg), ubiquinone (UQ, analogous tas}2 menaquino-
the number of variables. The individual Chl absorbance | . (MQ. analogous to 0, and the non-heme Fe(ll) atom (Fe(ll)).

maximum obtained from the 4-chromophore fit+€.03 The amino acids are L-C92 (the homologue of D1-H118, the axial
absorbance units, a value that is in agreement with the overalligand to Ch}), M-F119 (the homologue of D2-H117, the axial
Qy absorbance maximum of the PSIl samplel(3) consid- ligand to Chp), L-E104 (the homologue of D1-Q130E), and L-H173
ering about 40 overlapping Chls per PSIl complex. The (the homologue of D1-H198).

spectral parameters and chromophore assignments obtaineg aqdition, individual chromophore absorbance bands are
from the fits of WT and D1-Q130E are summarized in Table narower at lower temperature&4j, making them more

2 . . readily resolved. Previous studies of the P6&),~ state

Of the two Pheos and two Chls comprising the @ninus have shown that spectral resolution of 77 K absorbance
Qa fits, each chromophore type has one blue-shifting and gpectra is significantly improved over RT spectra as a
one red-shifting band. The red-shifting chromophores are theconsequence of this spectral narrowirg)(

7 nm bandwidth Chl and Pheo(D2), and the blue-shifting  Rejgance of the Bacterial Reaction Center Structure
chromophores are the Chl identified from the WT/D1-H198Q evaluating the least-squares fits of the, Qminus Q

comparison and Pheo(D1). The dominant band shift in both gitference spectra and assigning deconvoluted absorbance
WT and D1-Q130E spectra is the chromophore affected by hangs to specific chromophores, it is extremely useful to take
the D1-Q130E mutation, Pheo(D1). When @ oxidized,  aqvantage of the known structural similarity between the
the Pheo(D1) absorbance band is at 685.6 nm (WT) or 686.9grc and PSII. We used the crystal structure of the BRC
nm (D1-Q130E), and whenAJs reduced the Pheo(D1) band  from R ,iridis (44) (PDB 1PRC) as a template for assessing
is blue-shifted by 3.9 nm in WT and 2.9 nm in D1-Q130E. {he |ikelihood of electrochromic interactions in PSII. Two
Thus, the effect of the D1-Q130E mutation on the @inus  yiews of the BRC chromophores including the special pair
Qa spectrum is a red-shift of the Pheo(D1) absorbance bandgcp dimer, the voyeur accessory BChls, the BPheos, and
and a slight decrease in the intensity of the Pheo(D1) bandine Q. and @ homologues (menaquinone (MQ) and

shift. ubiquinone, respectively) are presented in Figure 7. In both
views, three BRC amino acids are highlighted because of
DISCUSSION the relevance of their PSIl homologues: L-C92 and M-F119
The spectra presented in this paper combine the advantageare homologous to D1-H118 and D2-H117, respectivedy, (
of LT measurement of well-defined charge-separated statesand L-E104 is homologous to D1-Q130. The stromal side
and site-directed mutation to provide detailed information view also shows L-H173, the homologue of D1-H198. To
about individual chromophores in PSII. The use of intact aid in the comparison of chargehromophore interactions,
PSII core complexes purified by mild detergent extraction the center-to-center distances between MQ and each of the
(30) in this study ensured minimal perturbation of the RC BRC chromophores and the angles between MQ ang-the
and its chromophores during the isolation procedure. Chemi-andx-axes of the BRC chromophores were estimated from
cal treatment and 77 K measurement enabled us to trap a&he BRC coordinates; the values are summarized in Table
well-defined redox state change for the bound quinone, Q 3.
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Table 3: Summary of Distances (A) and Orientations of
Menaquinone (MQ) Relative to Each of the Chromophores in the
BRC Measured from the 2.30-A Crystal StructureRofiridis

(PDB 1PRC)

orientation orientation

distance  with with
from  respectto respectto predicted
MQ y-axig’ x-axig  shift of Q,
chromophore (Qa)° (deg) (deg) by Q'

special pair BChl (L9  28.0 —74 +27 blue
special pair BChl (M)  28.3 —56 +34 blue
voyeur BChl (Ly 23.8 =72 +68 blue
voyeur BChl (M} 30.0 +79 —88 red
BPheo (L} 14.4 +47 +82 red
BPheo (M} 23.3 +60 —55 red
L-C92 [Chk]¢ 32.8 NA NA NA
M-F119 [Chb]" 42.0 NA NA NA

aFor comparison to PSIl: MQ corresponds tg,Q-C92 is

homologous to D1-H118, M-F119 is homologous to D2-H117, L-E104
is homologous to D1-Q130E, and L-H173 is homologous to D1-H198.
b Distances were calculated from the center of the MQ ring by averaging

the distances to three nonadjacent carbons in the ¥iDgtances were

Stewart et al.

minus P680 spectra arf®680 minus P680 spectra for WT
and D1-H198Q have supported this expectation by revealing
a~3 nm blue shift of the Pabsorbance band in D1-H198Q
(669 nm) relative to WT (672 nm) (Diner, B. A., Nixon, P.
J., Coleman, W. J., Schlodder, E., Rappaport, F., Lavergne,
J., and Chisholm, D. A., manuscript in preparation). How-
ever, the Q@ minus Q spectra presented here show a very
small shift associated with the D1-H198Q mutatierQ(7
nm). In addition, theélnax of the Chl that is affected by both
D1-H198Q mutation and Qreduction is 683.5 nm rather
than 672 nm. These observations, along with the large
distance expected between, @nd R based on BRC
homology (28.0 A, Table 3), argue against the assignment
of the 683.5 nm Chl asA Interestingly, the aforementioned
studies of Diner et al. have identified a second Chl associated
with the absorbance spectrum3680 and R that absorbs

at 682-684 nm and is assigned to the D1-side monomeric
accessory Chl, B Because of the closer proximity of the
L-branch voyeur BChl to MQ, the previous assignment of

measured from the magnesium in the center of the BChl rings. B, at 682-684 nm, and the observation that B associated
d Distances were estimated to the center of the BPheo macrocycles byyith Pa, we assign B as the~4-nm-wide absorbance band

averaging the distances to the four pyrrole nitrogé&iBistances were
estimated to the center of the Glnhacrocycle by using the sulfur atom

of L-C92, which is expected to be in a comparable position to the

nitrogen of D1-H118 that serves as the axial ligand to,CHbistances
were estimated to the center of the gMhacrocycle by using the

average of the distances to the C3 and C5 positions of the phenylalanine

that absorbs at 683.5 nm when @ oxidized.

The assignment of Bbased on changes induced by the
D1-H198Q mutation requires that there is a secondary effect
of this mutation on the B Chl in addition to the effect on

ring of M-F119. These carbon atoms, four atoms away from the protein the Px Chl which i_S q.ir.eC“y ligated by D]:-H198_ There are
backbone, are expected to be in comparable positions to the nitrogenat least two possibilities that can explain this observation.

of D2-H117, which serves as the axial ligand to £KlAngles were
measured between the center of MQ Filagd they-axis orx-axis of
each chromophofaising the center of the BChl or BPheo ring as the
vertex of the angle. Orientations of tlgeaxis in which Q was closer
to ring Il and orientations of theg-axis in which Q was closer to ring
IV were arbitrarily assigned as positive angleé$he y-axis was

One explanation is that the P680 Chis are excitonically
coupled such that there is overlap between the electronic
transitions of R and B.. If this is the case, then the

absorbance profile of both chromophores would be expected
to be perturbed by the D1-H198Q mutation, although the

approximated as a vector between the pyrrole nitrogens of rings | and extent to which R is affected would depend on the strength

Ill, and thex-axis was approximated as a vector between the pyrrole . . .
nitrogens of rings 1l and IV The predicted Qband shift directions of the exciton coupling. Alternatively, the secondary effect

were determined using the measured orientation of MQ relative to the Of the mlftation on R may be a consequence of structural
y-axis of each chromophore as described inI@f A positive angle perturbation of the protein that affects not only IBut also

indicates that MQ is closer to ring Ill, and a negative angle indicates B,, leading to a large shift of theaRabsorbance band and a

that MQ is closer to ring I.

Chromophore AssignmeniBhe comparison of £ minus

small shift of the B absorbance band.
The fact that the D1-Q130E mutation changes thé&hd

Qa spectra lacking contributions from oxidized electron in the Q™ minus Q spectrum relative to WT confirms that
donors for WT and several site-directed mutants of PSII Pheo(D1) is affected by the reduction o QGiorgi et al.
makes possible a straightforward identification of chro- Showed that the D1-Q130E mutation affects the Pheo(D1)
mophores that are influenced by the redox state gf Q Qxabsorbance band via a 2.5-nm red sl#8)(and this Pheo
Specifically, at least one Chl and one Pheo are influencedis expected to be very close to Qr'able 3) so the interaction
by the negative charge on,@s evidenced by mutation- between Q™ and Pheo(D1) is not surprising. By utilizing
induced shifts of their absorbance bands i @ninus Q simultaneous least-squares fits of WT and D1-Q13QE Q
spectra of D1-H198Q and D1-Q130E. In the case of the Chl, minus Q. spectra and including the parameters obtained for
the shift induced by the D1-H198Q mutation is a subtle Ba and Pheo(D2), we were able to identify and assign the
change from the WT @ minus Q spectrum, but the absorbance bands of Pheo(D1) and another Chl associated
perturbation is readily apparent in the double-difference with the PSII RC (Table 2). Our spectral analysis shows that
spectrum. The double-difference spectrum is an isolated the mutation-induced red shift of the Pheo(D1) lfand is
representation of the effect of the mutation on the responseparalleled by a red shift of the (band. The difference
of this Chl to the redox state of Qas such, this spectrum between the Pheo(D1) absorbance band in WT versus D1-
contains information about the position and shape of the Chl Q130E may represent a subtle change in the electronic
absorbance band that can be extracted from least-squares fitsnvironment around Pheo(D1) caused by the mutation. The
of the spectrum. Q to E mutation probably changes the hydrogen-bonding
Because the D1-H198Q mutation replaces a histidine thatinteraction between the BD4130 amino acid and Pheo(D1).
is homologous to the axial ligand of the L-branch special Both of these factors would be expected to influence the
pair BChl, the expected identity of the Chl influenced by interaction of Pheo(D1) with Qin its oxidized and reduced
this mutation is the D1-side monomeric core Chl, Recent forms. This phenomenon reflects an interesting electronic
LT (5 and 120 K) optical experiments examining P680 and/or structural modification of PSII that is relevant to the
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efficiency of charge separatior2d) and requires further  agrees with that predicted based on the orientation of BRC
study. chromophores (Table 3).

The fourth chromophore that is perturbed by a negative Despite the consistencies between the BRC structure and
charge on Q is a red-shifting Chl absorbing at 678.8 nm. the observed band shifts in PSII, there are some differences
The possible assignments for this Chl are the remaining chisthat indicate variati(_)n between the different types of reaction
in the PSII RC core [P, Ps, Bs, Chk, or Chb] or an centers. A comparison ?f MQminus MQ spectra for the
additional Chl at the perimeter of the D1/D2 complex in close BRC (45, 49 with the Q" minus Q. spectrum reveals that
enough proximity to Q to be influenced by @ reduction. the dominant band shifts in the two spectra have opposite
The identity of the 678.8-nm Chl is not likely to be a Chl in directionality: the main band shift in PSll is a blue shift of
CP47 based on the positions of the CP47 Chl electron Pheo(D1) while the dominant band shift in the BRC is a red
densities assigned in the 8-A structure of the CP47 &g, ( Shift of one or both of the BPheos. Interestingly, tha€gion
The assignment of a CP43 Chl cannot be ruled out from the Pand shift corresponding to Pheo(D1) is a blue shift, but the
CP47 RC structure, but a CP43 orientation symmetric to & Pand shift for Pheo(D2) is a red shift (Force, D. A., and
CP47 would also put the closest CP43 Chl a significant D[ner, B A., unpublished “?S“'ts)- Thus, the shift d|rec_t|on—
distance away from Q Assuming homology to the BRC alities in the Q and Q regions are the same for a given
and based on distance alone, £ahd Chp are the least Pheo within PSII. Another difference between PSIl and the
likely of the RC Chils to be affected by.Q: the homologues BRC is that, n the_MQ minus M.Q spectrum, band shifts
of the amino acids that ligate GHChlp are 32.8/42.0 A from from the spec!al pair BChis contribute more to th_e spectrum
MQ (Table 3). Furthermore, mutants in which the £8hlp thal: batn:j shifts of.the voi/el;r Blgshlllgs(' 4?]: Th'BS ('js n
axial ligands are perturbed (D1-H118Q/D2-H117Q) do not contr%st Ot O;Jhr assignments for i n Wd ich dn dBB
show a difference in their £ minus Q. spectra relative to co? r| “t?bot N C\T'f'mlnlills Q. spectrum and Pand R do
WT (Figure 5). Similarly, the absence of a shifting band at not contribute signiticantly.

; . There are several factors that may explain the spectral
672 nm in the D1-H198Q £ minus Q spectrum rules out ) o=
P as a candidate. Becausg B expected to be in close differences between PSIl and the BRC. One possibility is

- I : : that the orientations of the chromophores diverge between
roximity to P, and to have a similar distance with respect . . .
Fo On, ityseen?s unlikely that Pis the fourth chromopho?e the BRC and PSII, an interpretation that has be(_an_applled
affected by Q reduction. In the BRC, the remaining RC before to the Pheos "’.md“@ PSII 20, 23). Such vanappns
BChl, the M-branch voyeur BChI, is slightly farther from would change the orientation of chromophorgt@nsition

: ; dipoles with respect to £, giving rise to band shifts with
MQ. than thg special pair BChlS.’ thus; Boes not appear to different intensities or directionality relative to the BRC. This
be ideally situated for interaction with Q. On the other . ) .
. . influence may contribute to the different responses pf P
hand, a distance betweeg and B,) and Q predicted based . ) '
. ., and the L-branch special pair BChl toAMQ reduction
on the BRC structure may be flawed given that the axial because Pand R, are known to have a different position
ligands of the voyeur BChls are not conserved in PS)I ( P

. ; L than the special pair BChl42), and a different orientation
A difference in the positions of the voyeur BChls angd/B  ._ . Do o
Bs relative to the quinones2@) could result in a stronger is likely (12, 23. Another possibility is that the Qransition

Bs-Ox- interaction in PSII. One factor favoring the assign- dipoles for the PSII Chls are different from those of the BRC
BTA ¢ he fourth ch h hgft d b 9N BChls (19). If this is true, then the distribution of electron
;Te]ilz::ti%n?z t?{:: 1Ea§t tﬁ;trtit 5(1:1 romopnhore dS II ? h ylgg. density within the chlorin rings in the ground and excited

. t supports a mo el of the N states would be different in PSII versus the BRC and would
which symmetry plays a S|gn|f|cant role: the four chromo- lead to different sensitivities of the chromophores to nearby
phores sh!fted by Qre_ducnon would be both PheosaB charged species. In addition, local differences in the dielectric
and Bs, with each pair related by 2-fold symmetry. We

. ; . constant of the protein medium are likely to contribute
igtuaglt\i/c?rlly assign B as the second Chl shifted by.Q because changes in dielectric strength modulate the magni-

tude of electrochromic band shifts. In fact, it has been shown
In general, the chromophore assignments are consistenthat the active and inactive BPheo branches in the BRC
with a structure of the PSII RC that is similar to that of the display significant asymmetry: the effective dielectric
BRC. For example, the dominant band shift contributing to constant along the L-branch of the BRC is significantly
the Qi” minus Q. spectrum corresponds to Pheo(D1), the higher than that of the M-branch, resulting in smaller
chromophore which is expected to be the closest{@mqu electrochromic shifts of the L-branch chromophorég)(
the most strongly influenced by Qeduction based on the  Combined with a different position forf&han the M-branch
BRC structure (Table 3). Similarly, the band shift of Pheo- voyeur BChl (see above), a low dielectric betweenadd
(D2) has a significant contribution to theaQ minus Q Qa could explain the significant shift of thesB), absorbance
spectrum, and the homologous BPheo is the second closesband upon @ reduction.
chromophore to MQ in the BRC. Bis also influenced by While Qa~ minus Q spectra for WT and D1-Q130E were
Qa reduction, and its homolog, the L-branch voyeur BChl, fit and explained best using a blue-shifting Pheo(D1) as
is the third closest chromophore to MQ. The absence of andescribed in detail above, the spectra could be fit reasonably
influence of Q™ on Py revealed using the D1-H198Q mutant  well by using a red-shifting Pheo(D1) model. However, this
is consistent with a position relative ton@hat is similar to latter model is not favored because it requires a large
that found between the L-branch special pair Chl and MQ: difference between the band shift magnitudes for Pheo(D1)
the large distance relative to MQ predicts a weak electro- in WT versus D1-Q130E. Such variation is difficult to justify
chromic interaction betweemRnd Q.. Also, the band shift  given the subtle nature of the D1-Q130E mutation and the
direction observed for three of the four PSIlI chromophores fact that WT and D1-Q130E show,®@and shifts that are
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very similar in magnitude. In addition, the red-shifting Pheo- ~ Some groups have used the directionality af nduced
(D1) model required a weak interaction between Pheo(D1) electrochromic shifts to argue in favor of or against similar
and Q~, an unlikely scenario given their expected close placement of the Pheos and BPheos relative farQPSl|
proximity. and the BRC 23, 54. However, most descriptions ofaQ
Comparison to Preious Assignmentdn the presence of  minus Q difference spectra report only one or two electro-
neutral Q, the two Pheos have absorbance maxima at 669.3chromic shifts 20, 21, 23, 38, 39, 45, 46, p4The data
and 685.6 nm. These positions are consistent with previouspresented here show thaiy @eduction induces both blue
assignments. The photochemically inactive Pheo moleculeand red shifts, and it is clear that a charge gnaQers the
was estimated to absorb at 611 nm 2), and other groups  absorbance bands of more than one chromophore in PSII.
have suggested that one of the Pheos in PSII absorbs at aboutherefore, it is important to identify all of the affected
670 nm @4, 25, 48, 49 The photochemically active Pheo chromophores and to consider the known chromophore
has been assigned to be in the range of wavelengths betweestoichiometry differences between the complexes when
680 and 685 nmZQ, 20, 22, 23, 5652), so our assignment  evaluating the structural implications of spectral band shifts.

is at the upper end of this range. The identification of R at 683.5 nm is an assignment that
Despite the general agreement between our assignmentsas little basis for comparison because most efforts to identify
and others, there are several factors that may explain whyRC chromophore bands have focused on the P680 Chls, the
some previous studies have differed. One issue is the impactPheos and the accessory Chls ligated by D1-H118 and D2-
of sample preparation on spectral assignment. In fact, thisH117. However, efforts to assign low energy bands (682
has been presented as an explanation for the wide range 0684 nm) have been quite common, so several comments are
absorbance band assignments obtained from D1/DBégyt  warranted. Our assignment of B in reasonable agreement
preparationsZ0). The detergent treatments used to prepare with the work of Konermann et al., which simulated the
these stripped-down complexes by removing antenna proteingemperature dependence of the Rgs@ectrum and proposed
may have a significant impact on the absorbance bands ofan accessory Chl at 682.3 nm at 1024(55. On the other
the core chromophores by perturbing the chromophore hand, the R assignment is in contrast to studies of detergent-
environment within the protein. There is evidence of-€b4 treated PSII, which suggest that a 684 nm band corresponds
nm blue shift of P680 upon conversion from intact PSII to to a labile Chl at the exterior of the RQ&) or Chl, (56),
isolated D1/D2/cybsss complexes, and it has been suggested and it differs from studies which suggest that long wave-
that the low-energy~684 nm) bands contributing to D1/ |ength (~683 nm) Chls in some D1/D2/c{kso preparations
D2/cyt bsse spectra may actually represent the residual represent contaminating antenna Chls that were not com-
fraction of centers that remain as intact P2W0)( Similarly, pletely removed during the PSII isolation procedu?d)(
the Q band of P680 may be perturbed by the harsh chemical while our results do not exclude the possibility that more
treatment used to produce doubly reduced(Q0). These  than one Chl in the RC absorbs-a684 nm, they do show
arguments reinforce the importance of considering the that if only one Chlin the RC absorbsa684 nm it can be
individual PSII preparation and treatment used for chro- assigned to B.
mophore assignments. The PSlI core complexes used inthis ¢ apsorhance bands and cofactor interactions assigned
work consist of the RC complex plus additional associated j, yhis paper have implications for previous interpretations
proteins. In these preparations, the CP43 and CPA7 proteéingy pg strycture and chromophore orientations. In general,
are likely to have a role in stabilizing the RC and preserving g \york supports a structural model of PSII that is similar
the native protein environment of RC core chromophores. to the BRC. In particular, it appears that there are voyeur-
In some previ0u§ as_signments of electrochromic spectra, iy accessory Chls in PSII that are not €lar Chb, an
there have been simplifying assumptions about the number,ggessment that is consistent with the consensus that there
and Amax 0f chromophores contributing to various spectra. 5. six rather than four Chls per D1/D2/dyso complex
For example, in one study of electrochromic band shifts of 3—6, 56). This work, therefore, strengthens the assignment
PSIl it was assumed that a total of four chromophores are ¢ . onomeric accessory Chls in the 8-A structure of PSII
influenced by redox changes onQY'z, and the Mn cluster ot correspond to the monomeric BChls of the BRC,
(23. While these assumptions rendered the spectral fits 5thoygh their positions and/or orientations in PSII may be
tractable, they de-emphasized the expected symmetry of thegjighily different from those in the BRC. Also, the observa-
D1 and D2 Pheos and are not consistent with our finding {5 that Chy and Chy are not influenced by the redox state
that both Pheos are influenced by a redox changesat Q 4 3, supports the model of cyclic electron transfer in PSII
Similarly, a Q™ minus Q. spectrum obtained by Velthuys j, \which the electron acceptor §Rand donor (Chi) sides
which displays remarkable similarity to the WT.Qminus 56 separated by more than one electron-transfer step and
Qa spectrum presented here was simulated with only one 4.4 bridged by the redox-active mediator, byds (57—59).

Chl and one Pheo absorbance bab8)(In light of the  1hq jgentification of an effect on both Pheos, Bnd another
observations of this paper, the assignment of only two - in PSII due to the charge onaQdemonstrates the

chromophores affected by AQreduction is certainly an  gensitivity of the PSII absorbance profile to redox changes
underestimation. In other studies, some chromophore posi-5 4 electron-transfer reactions within the RC

tions have been restricted to ranges of previously determined

values @4). Again, this approach decreases the number of FyTURE PERSPECTIVES

variables in fits but limits the independence of assignments

from previous work. In this study, we have avoided assump- The survey of redox-induced spectral features presented
tions about the contributing chromophores prior to the here demonstrates that there is a significant amount of
identification of absorbance bands from spectral fits. structural and spectroscopic information to be obtained by
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the application of optical difference spectroscopy to site- Cracken, J., and Babcock, G. T. (1998jrr. Opin. Chem.
directed mutants of PSII. Despite extensive study, none of _ Biol. 2, 244-252.
the Q absorbance bands of Chis and Pheos in PSII had been 19- Hanson, L. K., Fajer, J., Thompson, M. A., and Zemer, M. C.

. . . (1987)J. Am. Chem. Soc. 108728-4730.
unambiguously assigned, and LT optical spectroscopy of 54 Hillmann, B., Brettel, K., van Mieghem, F., Kamlowski, A.,

various redox states provides a means of assigning some of  Rutherford, A. W., and Schlodder, E. (19F8pchemistry 34
these components. The application of this technique to the 4814-4827.

many existing site-directed mutants of PSéspecially 21. Hillmann, B., and Schlodder, E. (19%5ipchim. Biophys. Acta
mutants in which the binding environments of RC chro- 1231, 76-88.

. : 22. Mimuro, M., Tomo, T., Nishimura, Y., Yamazaki, I., and
mophores are perturbedavill enable the assignment of all Satoh, K. (1995Biochim. Biophys. Acta 12381—88.

of the chromophores and provide important insights into the 23, Mulkidjanian, A. Y., Cherepanov, D. A., Haumann, M., and
interactions between the cofactors in PSII. Junge, W. (1996Biochemistry 353093-3107. _

The case presented in this paper is limited to providing 24-550”8‘%“_%2”2: L., and Holzwarth, A. R. (199B)ochemistry
information about chromophores whose absorbance bands ' :

. 25. Braun, P., Greenberg, B. M., and Scherz, A. (1®806them-
are influenced by the redox state ok, Qout the approach istry 29 1037&103897_ (1905

utilized is shown to be generally very useful for assigning 26. Chang, H.-C., Jankowiak, R., Reddy, N. R. S., Yocum, C. F.,
individual absorbance bands that are part of a complex group Picorel, R., Seibert, M., and Small, G. J. (1994Phys. Chem.
of overlapping bands. This strategy will certainly be produc- 98, 7725-7735.

tive in the future to examine difference spectra of other redox 2/ Williams, J. G. K. (1988Methods Enzymol. 16766-778.

. . . 28. Giorgi, L. B., Nixon, P. J., Merry, S. A. P., Joseph, D. M.,
states such aszYminus Yz, Yp* minus Yp, Qg™ minus @, Durrant, J. R., De Las Rivas, J., Barber, J., Porter, G., and
Chlz" minus Ch}, and Car minus Car in conjunction with Klug, D. R. (1996)J. Biol. Chem. 2712093-2101.
site-directed mutants and our ever-increasing structural 29. Nixon, P. J., Trost, J. T., and Diner, B. A. (19®89chemistry
insight to elucidate the absorbance profile of PSII. 31, 10859-10871. _ _
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