13012 Biochemistry2000, 39, 13012-13025

Influence of the Axial Ligands on the Spectral Properties of P700 of Photosystem
I: A Study of Site-Directed Mutants

Ludwig Krabber¥, Eberhard SchloddérRafael Jordafi,Donatella CarboneraGiovanni Giacomett,
Hyeonmoo Leé,Andrew N. Webbel,and Wolfgang Lubitz#

Max-Volmer-Institut fu Biophysikalische Chemie und Biochemie, Technischedssita Berlin, Strasse des 17, Juni 135,
D-10623 Berlin, Germany, Dipartimento di Chimica Fisica Waisita di Pad@a, Via Loredan 2, 35131 Pada, Italy, and
Department of Plant Biology and Center for the Study of EareifEs in Photosynthesis, Arizona State démsity,
Tempe, Arizona 85287

Receied May 25, 2000; Résed Manuscript Receéd August 14, 2000

ABSTRACT:. Two histidines provide the axial ligands of the two chloroptg/{Chl a) molecules which

form the primary electron donor (P700) of photosystem | (PSI). Histidine 676 in the protein subunit
PsaA, His(A676), and histidine 656 in subunit PsaB, His(B656), were replaced in the green algae
Chlamydomnas reinhardtiy site-directed mutagenesis with nonpolar, uncharged polar, acidic, and basic
amino acid residues. Only the substitutions with uncharged polar residues led to a significant accumulation
of PSI in the thylakoid membranes. These PSI complexes were isolated and the physical properties of the
primary donor characterized. The midpoint potential of P77 00 was increased in all mutants (up to

140 mV) and showed a dependence on size and polarizability of the residues when His(B656) was
substituted. In the light-minus-dark absorbance spectra, all mutations in PsaB exhibited an additional
bleaching band at 665 nm at room temperature comparable with the published spectrum for the replacement
of His(B656) with asparagine [Webber, A. N., Su Hui, Bingham, S. EsK&l., Krabben, L., Kuhn, M.,
Jordan, R., Schlodder, E., and Lubitz, W. (198&chemistry 3512857-12863]. Substitutions of His-
(A676) showed an additional shoulder around 680 nm. In the low-temperature absorbance difference
spectra of P700/P700, a blue shift of the main bleaching band by 2 nm and some changes in the spectral
features around 660 nm were observed for mutations of His(B656) in PsaB. The analogous substitution
in PsaA showed only a shift of the main bleaching band. Similar effects of the mutations were found in
the 3P700/P700 absorbance difference spectra at low temperaflires2(K). The zero-field splitting
parameters ofP700 were not significantly changed in the mutated PSI complexes. The electron spin
density distribution of P700, determined by ENDOR spectroscopy, was only changed when His(B656)
was replaced. In all measurements, two general observations were made. (i) The replacement of His-
(B656) had a much stronger impact on the physical properties of P700 than the mutation of His(A676).
(il) The exchange of His(B656) with glutamine induces the smallest changes in the spectra or the midpoint
potential, whereas the other replacements exhibited a stronger but very similar influence on the spectroscopic
features of P700. The data provide convincing evidence that the unpaired electron in the cation radical
and the triplet state of P700 are mainly localized on the &dil the dimer which is axially coordinated

by His(B656).

Photosystem | (PSl)is part of the light-driven electron  on the stromal side across a 700 mV energy gap (for reviews,
transport chain in the chloroplasts of higher plants and greensee refsl—3). The cofactors involved in the charge separa-
algae and in photosynthetic cyanobacteria. The PSI complextion and electron-transfer process are coordinated by the PsaA
utilizes light energy to transfer electrons from plastocyanin and PsaB protein subunits, and by PsaC that binds the
on the lumenal side of the thylakoid membrane to ferredoxin terminal iron-sulfur clusters, k and k. PsaA and PsaB
are homologous proteins, each consisting of 11 transmem-
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Ficure 1: Molecular structure and IUPAC numbering scheme for
chlorophylla (Chl a).

near-unity quantum yield. P700 is a dimer of excitonically
coupled chlorophylla (Chl a) molecules, R and R,
coordinated by PsaA and PsaB. The structure of &£
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donor in PSI. From sequence comparisons and earlier
mutagenesis studies, the histidines His(A676) in subunit PsaA
and His(B656) in subunit PsaB were believed to provide the
axial coordination of P70018—21). These histidines are
located in the transmembrane spans X, which are named helix
m and m in the crystal structurelQ, 11), Very recently,

the refinement of the crystal structure of PSI fr@ynecho-
coccus elongatusat 2.5 A resolution confirmed that these
histidines are close to the two Caimolecules forming P700
(called eG and eG' in the 4 A structural model) and point
toward the Mg atoms (P. Jordan, P. Fromme, O. Klukas,
W. Saenger, H. T. Witt, and N. Krauss, personal com-
munication). We have replaced histidine 676 in the PsaA
protein subunit [His(A676)] and histidine 656 in the PsaB
subunit [His(B656)] of the green alga@hlamydomonas
reinhardtii with nonpolar, uncharged polar, acidic, and basic
amino acid residues. In the analyzed mutants, only the
substitutions with uncharged polar residues led to a signifi-
cant accumulation of PSI in the thylakoid membranes. The
modified PSI particles were isolated, and the influence of
the amino acid replacements on the following physical
properties of the primary electron donor was probed: (i) the
oxidation midpoint potential, (ii) the optical characteristics
of P700, (iii) the parameters of its triplet state, and (iv) the
spin density distribution of P708 For this endeavor, redox
titrations, optical spectroscopy as well as ADMR, EPR, and

shown in Figure 1. P700 in the lowest excited state donatesENDOR techniques have been employ28)( The influence

an electron to the primary acceptog,/2 Chla monomer.

of the introduced amino acid side chain and the distinct

Subsequent charge stabilization is achieved by electrondifferences between homologous mutations in PsaA and PsaB
transfer to a series of sequential electron acceptors. Althoughon P700 will be discussed. The results show that in the
all types of photosystems [PSII, bacterial reaction centers oxidized P700°, the unpaired electron is mainly localized
(bRCs), and RCs from green sulfur bacteria] share a similar on that half of the dimer which is coordinated by subunit

cofactor arrangement, they differ strongly in their redox

potential. Indeed, the photosystems include the redox protein
complexes with the highest oxidation and reduction power
known in biological systems, namely, PSIl and PSI, respec-

PsaB.

MATERIALS AND METHODS
Site-Directed Mutagenesis and Chloroplast Transforma-

tively. Because of these extraordinary properties, the primary tion of C. reinhardtii Oligonucleotide-mediated site-directed
electron donors have been the subject of sustained interestmutagenesis was used to introduce mutations intq#ae
In bRCs, whose structure has been refined to 2.1 A resolutionand psaB genes. FopsaB the protocol has already been

(6), the dimer consists of two bacteriochlorophylls (BChl)

described 18). For mutations inpsaA an Aurll —BanHl|

that are axially coordinated by two histidine residues from fragment from chloroplast DNA restriction enzyme fragment
the protein subunits. The spectroscopic analysis of wild-type Bam11, containing a portion gbsaAexon 3, was used as
bRCs and several mutants in the surroundings of the BChla template for mutagenesi&3). The aadAgene was then
dimer has revealed that in the oxidized state the positive blunt-end ligated into arEcoRI restriction enzyme site
charge is shared between the two BChls in the ratio of 2:1 located downstream gisaAexon 3 @3) to give the final

(7, 8). The spin distribution and also the redox potential are construct used for chloroplast transformation. Particle bom-

influenced by modification of the protein environment by
site-directed mutagenesi®) ( Although significant progress

bardment ofC. reinhardtii cells and antibiotic selection of
chloroplast transformants were performed as previously

has been made in determining the crystal structure of PSldescribed 18, 23).

(10, 11) the electronic structure of its cation radical or the

Strains and MediaStrain CC2696 ofC. reinhardtii was

localization of the triplet state is still a matter of debate. From used as the recipient of donor plasmids in the transformation
ENDOR and ESEEM experiments performed on frozen experiments as described in ré$and25. This mutant strain
solutions and single crystals of PSI, an asymmetrical spin carries the DS521 cab deficiency mutation astAdeletion

distribution ranging from 3:1 to 10:1 was derivel{-15);
even a complete localization on a single @has recently
proposed 16). In contrast, a delocalization of the unpaired
electron over both halves of the dimer with a ratio of 1:1 to
2:1 and a localization of the triplet state on one Ghiere
suggested from a recent analysis of P700, P%GMhd3P700
using vibrational spectroscopy ).

mutation @6). Comparison of the PSI complexes isolated
from strain CC2696 with PSI preparation from FUD7 or
CC125 strains showed no significant difference in the
experiments described in this work. We, therefore, refer to
these preparations without mutation as WT. Site-directed
mutants in which His-676 of subunit PsaA is replaced with
Ser are called HS(A676) and analogous for the mutants in

In this work, we address the question how the axial ligands subunit PsaB [HS(B656)] following the nomenclature in ref

of the dimer affect the physical properties of the primary

20. Cells were grown in Tris-acetate-phosphate medium
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(TAP) and high-salt medium containing acetate according ref 29. The TMPD is oxidized by the flash-induced P700
to the method described in réf7. If necessary, the media A value of 110 mM?* cm™! was obtained for WT PSI
were solidified with 2% bacto agar (Difco) and supplemented complexes at 696 nm.

with spectinomycin. Algae were grown heterotrophically at  The light-minus-dark spectra at 77 K were measured using
27°C in 15 L carboys under low-light conditions:{ xE a liquid nitrogen bath cryostat (DN 1704 from Oxford). PSI

m2s7). ~ complexes were diluted to 20M Chl in 60% glycerol, 20
Preparation of PSI Complexes from the CC2696 Strain. mp Tricine (pH 7.5), 5 mM MgCJ, and 5 mM sodium

Because of the different background strain CC2696, we haveascorbate. Two milliliters of the sample was brought into

modified the preparation of PSI complexes as follows. Cells the cryostat under an argon stream at room temperature and
from 30 L of medium were harvested during exponential gark adapted for at least 30 min. The cryostat was cooled to
growth at a density of Z 10° cells/mL with a continuous jiquid nitrogen temperature and centered in the measuring
flo_w centrifuge (CEPA) and washed two times with 50 MM peam of a CARY 5 spectrophotometer (Varian) using a
Tricine (pH 7.5) and 10 mM EDTA and resuspended in the nome-puilt cryostat holder. The dark spectrum was recorded
same buffer at a density of 2 10° cells/mL. Cells were  from 600 to 750 nm at 0.1 nm data intervals (20 nm/min)
broken using three rounds of sonification (1 min and 30 s at \yiih a spectral bandwidth of 1 nm. After 10 saturating Xe
power level 8 and with a pulse duration of 50% with @ 3 fa5hes, the light spectrum was recorded in the same way.

min break) using a Branson 450 Sonifier. The homogenate the Jight-minus-dark difference spectra reflect absorbance
was centrifugated at 20009Gor 25 min, and the crude changes due to the oxidation of P700.

thylakoids were washed in 0.5 M NaCl and 20 mM Tricine
(pH 7.5), collected at 500@0for 20 min, washed, and
resuspended in 50 mM Tricine (pH 7.5). Crude thylakoids
were frozen in liquid nitrogen and stored a80 °C until
further preparation could be carried out. To obtain PSI
particles, thylakoids corresponding to 70 g of wet cell weight
were solubilized at 4C for 90 min in 180 mL of 50 mM
Tricine (pH 7.5) containing 1%-dodecyls-p-maltoside (-
DM) and protease inhibitor cocktail (Complete from Boe-
hringer Mannheim). The solubilized thylakoids were cen-
trifuged at 50000 for 20 min. The supernatant (25 mL) was
loaded m a 5 mL 40%sucrose cushion and centrifuged at

Redox TitrationThe oxidation midpoint potentiak,) of
P700 was determined at room temperature by measuring the
magnitude of the flash-induced absorbance increase at 826
nm, associated with oxidation of P700, as a function of the
redox potential. For titrations, PSI complexes were diluted
to 20—-30uM Chlin 20 mM Tricine (pH 7.5), 100 mM KClI,

5 mM MgCl,, and 0.02%3-DM. The redox potentials were
adjusted with mixtures of ferricyanide and ferrocyanide up
to a total concentration of 8 mM. After each experiment,
the potential was measured using a combination Pt/Ag/AgCl
electrode (Schott PT5900A) which was calibrated against

36000@ for 90 min. The green band on top of the sucrose the redox.potential of a §aturated solution of quinhydrone
cushion was collected and loaded onto a size exclusion2S @ function of pH. A Knick pH-meter (PHM82) was used
column 130 cm in length and 2.5 cm in diameter (Sepharoseto regd out the redox potential. All redox potentials are given
CL6B/Pharmacia) equilibrated in 20 mM MES (pH 6.5), 1 relative to the standard hydrogen electrode (NHE).
mM EDTA, and 0.02%3-DM. At a flow rate of 1 mL/min, EPR and ENDOR Spectroscopdm X-band EPR spec-
the PSlI-containing fractions eluted after approximately 6 h trometer (Bruker ESP 300E) was used equipped with a
in a peak fraction before the light-harvesting complexes helium cryostat (Oxford A 910) and a standard rectangular
eluted. The PSI fractions were pooled and concentrated incavity (Bruker ER 4102 ST). The microwave frequency was
ultrafiltration devices with a 100 000 kDa molecular mass measured with a Hewlett-Packard 532B microwave counter
cutoff (Ultrafree/Millipore). and the magnetic field with a Bruker ER035 NMR-Teslame-
Optical Spectroscopyrhe flash-induced absorbance spec- ter. To measure P700activity in the mutants, cells from a
tra at room temperature were recorded using a laboratory-fresh culture were collected and washed three times with 50
built flash spectrometer2g). The measuring light from a ~ mM Tricine and 5 mM MgCl. The cells were incubated
55 W tungsten halogen lamp was passed through a mono-with 10 mM ferricyanide to chemically oxidize P700 or with
chromator with a spectral bandwidth of 3 nm, an optical 10 mM sodium ascorbate in the dark for 20 min to keep PSI
cuvette 1 cm in length, and a combination of interference in the reduced state. The suspensions were introduced into
and edge filters in front of a photomultiplier (EMI 9558BQ) 4 mm outer diameter EPR tubes (Wilmad 707SQ), and cells
coupled to a transient recorder (Tektronix TDS320). The were pelleted at 10@0in these tubes. The supernatant was
samples were excited by saturating Xe flashes aboutsl5 discarded, and the samples were frozen in liquid nitrogen.
in length filtered by colored glass (CS96-4 from Corning). It was ensured that the cells were in the same growth phase
Before the measurements, the PSI complexes were dilutedand that the volume in the EPR tube covered more than the
to 10 uM Chl in 20 mM Tricine (pH 7.5), 5 mM MgGl active area of the resonator. The samples containing sodium
0.02%p3-DM, 5 mM sodium ascorbate, and/1 phenazine ascorbate were first measured in the dark. After illumination
methosulfate. The time course of the absorbance changest room temperature and freezing, the light-induced signal
was fitted to an exponential decay using an algorithm that was measured. The EPR signals were recorded under
minimizes the sum of the unweighted least squares. Theidentical experimental conditions: nonsaturating microwave
concentration of P700 was calculated from the maximal power of 26uW, field modulation frequency of 100 kHz,
absorbance decrease in thgr@gion. The difference in the  field modulation depth of 0.1 mT, conversion time of 42 s,
extinction coefficients between P700 and P7Qfi the peak 20 scans, and = 20 K. The detection limit of P700 in
wavelength was determined from the flash-induced absorp-cells under our experimental conditions was=31% with
tion change ofN,N,N,N-tetramethylp-phenylenediamin di-  respect to the WT intensity with an error of 30% for each
hydrochlorid (TMPD) according to the method described in measurement.
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ENDOR measurements were performed on a Bruker ESPand HR(B656) could not be observed as the background
300E X-band EPR spectrometer with home-built ENDOR strain FUD7 contained normal amounts of light-harvesting
accessories30). A TMjigtype microwave cavity (radio  complexes.

frequency coil arrangement similar to that in &f) was Isolation of PSI from the Mutantélmost all the methods

used which provided a gooQ factor, resulting in high  gescribed in the literature for isolation of PSI use the
ENDOR sensitivity. The sample temperature was controlled g pjlization of the thylakoid membranes with detergent and
using a Bruker ER4111 VT nitrogen flow system. ENDOR 5 sgparation of the chlorophyll binding complexes after
experiments were performed on the cation radical P700 cenrifugation on a linear sucrose gradient, first reported in
of PSI complexes in frozen solution at 160 K as described ¢t 37 For mutants containing small amounts of PSI, this
previously (8, 20). Measurements were carried out at & method showed a poor or no separation of PS from the light-
chlorophyll concentration of 5 mM for WT and-#4 mM harvesting complexe$8). The yield and the purity of such

for mutants depending on the yield of PSI. P700 was yreparations were not sufficient for the characterization of

generated by continuous illumination for 1 min at ro0M ' mtants. To circumvent this problem, strain CC2696 of
temperature with a 1000 W tungsten lamp equipped with & ¢ yeinhardtii, which has a small amount of light-harvesting

water filter (8 cm path_length). and heat absorbing filter complexes and lacks the PSII comple6) was used
glasses followed by rapid freezing. together with a modified preparation method to isolate PSI
ZF-ADMR and ODMR Spectroscopy of the P700 Triplet from the mutants. After solubilization of the thylakoid
State. PSI particles were diluted to final concentrations membranes, size exclusion chromatography led to the rapid
ranging from 50 to 10@M Chl in 50 mM Tricine (pH 7.5), isolation of the PSI. This ensured a high yield and sufficient
5 mM MgCl, and 0.02%8-DM. Oxygen was removed using  purity of the PSI complexes. However, the described method
a glucose/glucose oxidase systed@)( Dithionite (20 mM)  is not recommended for strains containing normal amounts
was added to this solution under nitrogen. Glycerol was of light-harvesting complexes, since in this case a sufficient
added to a final concentration of 60% to all the samples to separation by size exclusion chromatography is not possible.
obtain a transparent glass. Before being frozen in the cryostatThe PSI-containing fraction had a ratio of-8020 Chls per
the samples were illuminated for a period of 5 min at room ps| for WT preparations. The yield of PSI complexes from
temperature under ventilation with strong white light from  the mutants HS(A676), HS(B656), HN(B656), HG(B656),
a 1000 W focused tungsten lamp filtered by water (10 cm and HC(B656) was approximately 50% of the WT amount.
path length) and additional heat absorbing filters. Via this pye to the smaller overall level of PSI, contamination by
treatment, reduction of the secondary electron acceptor, thejjght-harvesting protein complexes becomes more severe.
phylloquinone A, was achieved. When the electron transfer Therefore, the Chl to PSI ratios increased up to 300. In the
to A; is blocked, the primary radical pair, P70807, preparations from HL(A676), HC(A676), HL(B656), and
recombines with high yield to the triplet state of P700 as HF(B656), no formation of P700 was detected by means
reported previouslyd3). In a previous publication3@), the  of flash-induced absorbance difference spectroscopy, neither
same procedure was shown to induce P700 triplet formationp, thylakoids nor in the fractions after size exclusion

that could be detected by ODMR spectroscopy in thylakoids chromatography. The yield of PSI for HF(A676) was also
and PSI-200 particles (containing 200 chlorophyll molecules ot sufficient for further characterization.

per PSI) of higher plants. All the measurements were EPR Spectroscopy of P700Generated in Whole Cells.

performed at 1.7 K. The absorption-detected magnetic To investigate whether PSl is present in the preparation, and
resonance (ADMR) and the triplet-minus-singlet {7 S) whether the P700 cation radical is formed in the cells, we

microwave-induced spectra were recorded using the Iabora—measured the EPR signal of P70 whole cells of WT

tory-built apparatus described in r8s. and mutants. Although EPR is a very sensitive method for
RESULTS detecting radicals, an accurate quantitative determination is
difficult. To ensure identical experimental conditions, the

Site-Directed Mutagenesis and Characterization of the volume of cells in the EPR tubes fully covered the resonant
Mutant Phenotypeg\ll mutations except HD(B656) and HR- ~ area of the cavity. The intensity of the EPR signal was
(B656) were introduced in the CC2696 background strain obtained by double integration of the first-derivative EPR
(36). The phenotype of this strain has a decreased abundancépectrum. Since the EPR signal depends on several param-
of light-harvesting complexes (10%) and is PSIl deficient eters, which vary slightly from sample to sample, the
(26). PSI is therefore the main chlorophyll binding protein intensity can only be used as a rough estimate of the PSI
in this strain. An inspection of the phenotype by eye already abundance in the cells. Several measurements with different
indicated that the amount of PSI was reduced in the mutatedWT cell preparations showed that the intensity of the EPR
cells. The replacement of His with Leu and Phe resulted in signal was reproducible within an error of about 30%. For
a yellowish phenotype irrespective of the modified subunit each mutant, the stable radical was generated in two ways:
(PsaA or PsaB) that was chosen, indicating a very low level (i) chemical oxidation with ferricyanide to ensure the
of or no stable accumulation of PSI. The replacement by oxidation of P700 even in the case where the mutation might
Cys in PsaA showed the same phenotype. Mutants HS-block the light-driven electron transfer and (ii) trapping the
(A676), HS(B656), HN(B656), HG(B656), and HC(B656) P700" state by freezing the sample under saturating il-
accumulated PSI to a moderate level, giving rise to a green-lumination. As control for background signals ngas 2.00,
yellowish color in the cultures. Mutants containing GIln the latter sample containing ascorbate was measured prior
exhibit no observable difference with respect to the CC2696 to illumination. In no case was a significant signal detected
background strain. A change in the phenotype of HD(B656) in these dark-adapted samples.
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Table 1: PSI Abundance in the Thylakoid Membranes or Whole

Cells of PSI Mutants ofS. reinhardtii Compared with the WT 1.0 2 $
Abundance A&
type of side chain PsaA PsaB o WT 447 mV
[n]
nonpolar HL(A676) —2 HL(B656) + A HQAG76) 465 mV

HF(A676) 10-30° HF(B656) —
uncharged polar HQ(A676) 60L00 HQ(B656) 66-100
HS(A676) 40-70 HS(B656) 46-70
HC(A676) +¢ HC(B656) 4G-70
HG(B656) 46-70
HN(B656) 40-70
acidic HD(B656) +
basic HR(B656) —

® HC(B656) 583 mV L]
a2No PSI activity with either method.The amount of PSI (in % : ! L ! ! ! mp———
relative to WT) was estimated from flash-induced absorbance changes 300 350 400 450 _500 550 600 650 700
AA of thylakoids and EPR signal intensities of whole cells after potential / mV

incubation with ferricyanide as described in the Results. For the g oe2: Redox titration of the flash-induced absorption change

measurement ofAA, the cells were broken and thylakoids were 5i 856 nm in PSI complexes @&. reinhardtii The absorbance
prepared, in addition-DM was added to prevent aggregatiéf’700" increase at 826 nm is attributed to formation of PPOONT (O),

formation was only detected by EPR in cells. En = 447 mV; HQ(A676) p), HS(A676) (), and HQ(B656) ),
Em = 465 mV; HN(B656) @) and HS(B656) 1), En = 487 mV;

For WT cells, unresolved Gaussian EPR lines of 76  HG(B656) &), En, = 545 mV; and HC(B656)®), E;, = 583 mV.
0.2 T (whm) werecbiained i~ 200261 0000LT 118 2101515 1 f o messremens, Shes emeent
~ 2.0 K), consistent with 'the Vglues reported for t'he PT00  _ 1). The data for HN(BGSG?and HS(B656) were taken ?rom ref
cation radical 89). The intensity of the EPR signal for g,
samples containing ferricyanide was in all cases higher than
the intensity for illuminated samples, indicating incomplete , , o
photooxidation of P700. However, both methods lead to the With Gly and Cys, respectively, increased the midpoint
same results, when the intensities of the EPR signals of thePOtential by 100 and 140 mV, respectively.
mutants were normalized with respect to that of the WT. ~ Optical Spectroscopy at Room Temperature and 77He.
The EPR data are in good agreement with the observedOp_t'Ca| features of the primary electron donor were studied
phenotypes of the mutants and the measurements of the PSYSing absorbance difference spectroscopy. The spectra that
amount by optical flash-induced absorbance difference Were obtained represent the absorbance changes due to the
spectroscopy using thylakoid membranes. Table 1 shows thedXidation of P700 as a function of wavelength. The flash-
amounts of PSI for the mutations in PsaA and PsaB relative induced absorbance difference spectra recorded at room
to that in WT. Substitution of the histidines with acidic, basic, temperature were normalized to the same area under the
or nonpolar amino acid residues leads to a drastic decreaséurve between 650 and 720 nmfggion). Thereby, we
in the magnitude of the P700signal. The replacement with ~ @ssume that the loss of oscillator strength upon photooxi-
uncharged polar amino acid residues exhibits moderatedation of P700 is not significantly altered by the mutation.
accumulation of PSI. In the case of HC(A676), oxidation of Direct measurements of the difference of the extinction
P700 was only observed by EPR spectroscopy in whole cells,Coefficients between P700 and P708t the peak wavelength
and was not detected by absorption difference spectroscopyef the main bleaching band in WT and three mutants
using thylakoids. confirmed this assumption (not shown).

Oxidation Midpoint Potential of P706/P700. The mid- In Figure 3, the spectra of mutants HQ(A676), HS(A676),
point potential of P700/P700 is surprisingly small compared HQ(B656), and HS(B656) are compared to that of WT. For
with that of Chla in organic solvents, which is at least 200 reasons of clarity, the spectra of HN(B656), HC(B656), and
mV more positive 40). It is not clear to what extent the HG(B656) are omitted; they are virtually identical to the
structural organization of the two Calmolecules or their ~ spectrum of HS(B656). The main bleaching band centered
protein environment is responsible for this strong decrease.at 696 nm in WT dominates the spectra. The PsaA mutants,
This essential functional property of the redox couple P700 HQ(A676) and HS(A676), exhibit an additional bleaching
P700 is therefore assumed to be a characteristic and sensitiv®and around 680 nm and decreases in the amplitude of the
probe for changes of the environment of the primary donor. main bleaching band at 696 nm of 13 and 27%, respectively
Figure 2 shows the redox titration curves for all mutants (Figure 3a). Mutations HS(B656) (see Figure 3b) and HG-
studied in this study and in our previous wofd(20). The (B656) as well as HC(B656) (not shown) exhibit an
data were fitted using the one-electron Nernst equation ( additional bleaching band around 665 nm. The same feature
= 1). has previously been reported for HN(B65&p(20). In the

In all mutants, the midpoint potential is increased com- case of HQ(B656), a broad absorbance decrease is observed
pared with the value of WT (44F 6 mV). An increase of between 680 and 655 nm (Figure 3b). For all mutations, the
about 20 mV was obtained for mutations HQ(A676) and HS- additional bleaching corresponds to a decrease in the
(A676). About the same increase was measured for mutationamplitude of the main bleaching band by approximately 20%.
HQ(B656). The 40 mV increase for HN(B656) and HS  To measure the P708minus-P700 absorbance difference
(B656) was previously reported, 20) for PSI from FUD7 at low temperature (77 K), the samples were frozen in the
but was confirmed for preparations frdt reinhardtii strain presence of 5 mM sodium ascorbate in the dark. At a
CC2696 used in this work. The replacement of His-B656 temperature below 100 K, a stable charge separation

L v HS(AB76) 465 mV
+ HQ(B656) 465 mV

o
o

m HN(B656) 487 mV o
0O HS(B656) 487 mV

¥ HG(B656) 545 mV

A absorbance at 826 nm/ a. u.

o
o
—
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Ficure 3: Flash-induced absorbance difference spectra of P700 FIGURE 4. Light-minus-dark difference spectra of PSI complexes
P700 measured at room temperature. The solid line without symbolsprepared fromC. reinhardtii at 77 K. The curves were obtained
(-) represents the spectrum of the wild type (wt), and the lines by subtraction of the absorbance spectra in the dark-adapted state
with symbols represent the spectra of the mutated PSI complexesof PSI from the spectra after illumination. The spectra are
as indicated in the insets. The samples were excited by saturatingnormalized to the same bleached area between 650 and 720 nm:
flashes about 1&s in length from a Xe flash lamp. The spectra (&) mutations in PsaA and (b) mutations in PsaB.
are normalized to the same bleached area between 650 and 720
nm.

the excitonic interactions of P700 with nearby pigmedt.(

Modification of the geometry of the triplet carrying mol-
ecule(s) influences in particular the ZFS parameters which
are a measure of the distribution of the triplet st¢ibg.and

(P700°Fa ™) is induced in 80% of the PSI complexes by
actinic light. Therefore, the oxidized-minus-reduced spectrum
of P700 was obtained by subtraction of the absorbance ;
spectrum at 77 K before illumination from that after 20 Xe |E| are de';ermmed from the absorbanc_e change at the
flashes. The spectra are normalized to the same area betweelf Sonant microwave frequency at the maximum of the main
650 and 720 nm for the same reasons as described above®/€aching band, which varies slightly for the mutants.
The main features of the P70@minus-P700 absorbance ~ The |D| and [E| values obtained from the ADMR
difference spectrum at low temperatures observed with PS|measurements are summarized in Table 2. The values for
Comp]exes from WT (Figure 4, solid |ine) are the strong |D| are identical or Only Sllghtly increased (l%) in all mutants
bleaching at 696 nm and a strong absorbance increase agompared with that of WTE| is increased for the mutations
687 nm. Additionally, the spectrum exhibits smaller absor- in PsaA and for HQ(B656) by about 5.0% and decreased by
bance differences at 678, 672 (), and 666 nm+). For 2.5% for HS(B656), 5% for HN(B656) and HG(B656), and
all mutants, the main bleaching band is shifted to the blue 7.5% for HC(B656).
by approximately 2+ 0.5 nm and the width at half-minimum Microwave-Induced Triplet-Minus-Singlet (+ S) Dif-
is decreased with respect to that of WT. For mutants HS ference Spectra of P700he absorbance difference spec-
and HQ in PsaA, the magnitude of the strong bleaching at trum, obtained by amplitude modulation (33 Hz) of the
694 nm and the absorbance increase at 687 nm are smallemicrowaves at a fixed resonant frequency corresponding to
than in WT (Figure 4a). Mutations in PsaB induce, in the|D| + |E| or |D| — |E| transitions offP700, reflects the
addition to the blue shift of the main bleaching band, effects absorbance difference between P700 in its triplet state and
on the spectral features between 650 and 680 nm (Figurein its singlet ground state at 2 K. In the-@gion, the T—
4b). Mutants HG(B656), HC(B656), and HN(B656) in PsaB S spectrum of P700 froi@. reinhardtiiWT PSI preparations
exhibit spectra virtually identical to that of HS(B656). is characterized by a strong bleaching at 694.5 nm, a positive
Absorbance-Detected Magnetic Resonance in the Absencegeak at 685 nm, a weak absorbance decrease around 680
of an External Magnetic Field (ZF-ADMRIFrom the zero- nm, and an absorbance increase at 671 nm (Figure 5, solid
field splitting (ZFS) paramete®| and|E| of the triplet state line). The T— S spectra of P700 in the HQ mutants exhibit
3P700 and the T S spectrum, information can be obtained the smallest differences to the WT spectra (Figure 5, dashed
about the localization of the triplet state in the @dimer. line). In the other mutants, the position of the main bleaching
In addition, the T— S spectrum contains information about band is shifted to the blue and the width at half-minimum is
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Table 2: Comparison of the ¥ S Spectral Features and ZFS Parameters of the P700 Triplet State from WT and Mutants

features of the main absorbance changes in ZFS
bleaching bant the 650-680 nm regiof parameters
position fwhn® increase decrease 8] |E|
WT 694.5 9.0 671.0 679 0.0280 0.00395
HQ(A676) 694.5 9.0 671.0 679 0.0280 0.00410
HS(A676) 693.0 8.0 671.0 679 0.0283 0.00415
HQ(B656) 694.0 8.5 671.0 678 0.0280 0.00415
HS(B656) 694.0 7.5 663.5 676 0.0281 0.00385
HC(B656) 693.0 7.0 662.0 672 0.0282 0.00365
HG(B656) 693.0 7.0 661.5 675 0.0281 0.00375
HN(B656) 692.0 6.5 664.0 674 0.0282 0.00375

aValues for the absorption bands are in nanometefge fwhm is the full width measured at half-maximum of the main bleaching band in
nanometers. Errors aee0.5 nm for the main bleaching band and the local absorbance increase around 670-athrandor the local absorbance
decrease around 679 nfiZFS parameters are in inverse centimeters. The errorfDfoand |E| from ADMR measurements ar0.0001 and
+0.00005 cm?, respectively.
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640 660 680 700 Ficure 6: H ENDOR (electron nuclear double resonance) spectra
wavelength / nm of P700 in PSI from C. reinhardtii wild type (wt) and PsaB

mutants in frozen solution. The prominent principal components

FIGURES: T — S spectra of PSI complexes reduced with dithionite of the hfc tensor for the protons of the methyl group at position 12

and preilluminated at room temperature for 5 min. Data are taken T ; )
) - . of the chlorin ring are marked in WT and mutang®); (——) A
at the maximum of th¢D| + |E| transition according to the ZFS component (line pair’7 7) and §--) A; component (line pair's

values given in Table 3. Experimental conditions were as follows:
1.8 K. 33 Hz modulation frequency. 20 mW microwave power, 22) The spectra for HN(B656) and HS(B656) were taken from ref

and 0.1 nm scan rate. Spectra are hormalized to the same bleache

area between 620 and 720 nm: (a) mutations in PsaA and (b). dicati . h in the el . f
mutations in PsaB. indicating no major changes in the electronic structure o

P700. The individual proton hfcs were resolved Bi

ENDOR spectroscopy. Figure 6 compares the powder-type
reduced (Table 2). The spectral features on the short-ENDOR spectra obtained for P700n WT and the mutants
wavelength side of the strong bleaching band are significantly in PsaB. The spectra for HN(B656) and HS(B656) are taken
altered upon mutation in PsaB but not in PsaA. The from our previous workZ0). The largest hfcs (line pairs,9
wavelength of the absorbance increase shifts from 670 nmg gnd g, 8) in the spectrum have been assigned previously
in WT to about 664 nm in HS(B656) and HN(B656) and to (39, 44) to the-protons of the spin-carrying Chl(position
662 nm in HC(B656) and HG(B656) (see Figure 5 and Table 17; position 18 according to the IUPAC numbering of a Chl
2). a which is shown in Figure 1). They were not further

Electron Nuclear Double Resonance Spectroscopy of evaluated because of the strong line broadening which is

P700. The oxidized primary donor P700in PSI isolated difficult to simulate, although some changes in these lines
from WT and mutants has been characterized by EPR andwere found for mutations in PsaB. On the basis of the
ENDOR spectroscopy in frozen solution at 160 K. The latter analysis of ENDOR spectra of P70®btained in PSI single
method allows the detection of the electron nuclear hyperfine crystals, the second largest splittings (line pair$@nd 7,
coupling constant43). For all preparations, an unresolved 7) belong to the perpendicular and parallel hyperfine tensor
Gaussian EPR line was obtainedyat 2.0026 (not shown),  components of the CHprotons at position 2of the
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FIGURE 7: Matrix region of the'H ENDOR spectra for P700 in
PSI of PsaB mutants (Figure 6) between 13 and 16.5 MHz. Two

of the prominent line pairs are marked by dotted and dashed lines. HQ(A676)

ENDOR amplitude

\/\3/
chlorin ring (see Figure 1)39, 44). Further nested lines (3 HS(A676)

3 to B, 5) were assigned to two other axially symmetiit ! 1
hfc tensors (positions 2 and 7 in Figure 6) of the spin-carrying 430 135 140 145 150 155 16.0 165
Chlaof P700™. The remaining small hfcs have not yet been .
assigned with confidence9, 44). radio frequency / MHz

All mutants in PsaB show an increase in the hfc for the Ficure 8: 'H ENDOR spectra of P700 from the wild type and
methyl group at position 12 (Figure 6) similar to that reported PsaA mutants in frozen solution: (a) full spectral range between

; 9.0 and 20.5 MHz and (b) enlargement of the matrix region between
previously for HN(B656) and HS(B656p0). For the two 13 and 16.5 MHz. Dotted and dashed lines are added to emphasize

other methyl group tensors of the spin-carrying @h.bnly. _ the unchanged line positions.
minor changes in the hfcs were observed which lie within
the experimental error limits. Table 3: A, and A; Components of the Methyl Protons Hyperfine

The interpretation of the ENDOR spectrum of the P700 couplings in Megahertz of P700from WT and Mutants ofC.
cation radical in single crystals of PSI attributes the electron reinhardtii

spin to more than 85% to one of the two Ghimolecules A(12) A(12) A(T) A7) A(D) A2)
comprising the dimer39). In this work, no conclusive proof WT _ His 590 500 430 330 370 260
has, however, been found for the delocalization of spin psaa HQ(A676) 6.10 4.90 4.00 3.15 3.75 2.55
density onto a second Chlhalf of a P700 dimer. If there HS(A676) 6.10 500 430 330 370 2.60

were any spin on a second Chl the corresponding hfcs ~ PsaB HQ(B656) 6.40 525 450 330 375 2.65
HS(B656) 6.75 575 430 327 360 2.65

would have to.be small. The o) far unas&gned line péur; 1 HC(B656) 6.65 565 420 325 360 265
1 and 2, 2 might contain contributions of these hfcs in HG(B656) 6.80 560 432 325 390 265
addition to hfcs of protons with smaller couplings of the spin- HN(B656) 6.95 6.00 455 340 390 270

carrying Chla (39, 44). Consequently, we have more aThe error in the hfcs is0.1 MHz.® Molecular position to which
thoroughly examined possible changes caused by the mutathe CH; tensor is assigned in the spin-carrying @Hsee Figure 1) of
tions in this spectral range (Figure 7). Only slight differences P700". TheAs, value which is indicated in Figure 7 is calculated with
were found for the line shapes df 1 and 2, 2 for mutations ~ the equatiomso = Y/5(2As + Ay).
in PsaB, but the position of the maxima and minima and the
turning points remained unaffected within experimental PSI, PsaA and PsaB (His-676 of PsaA and His-656 of PsaB),
uncertainty. The ENDOR spectra of P700f PsaA mutants,  were replaced with several amino acids (Gly, Ser, Cys, Asn,
HS(A676) and HQ(A676), are all unchanged compared with GIn, Leu, Phe, Asp, and Arg). These histidines are believed
that of WT (Figure 8). The parallely)) and perpendicular  to provide the axial ligands to the two Chlmolecules,
(An) components of théH hfcs of the assigned methyl  comprising P70048—21). Indeed, the latest refinement of
tensors are summarized in Table 3. the crystal structure of PSI &. elongatusonfirmed that
the homologous histidines are pointing to the Mg atoms of
DISCUSSION the two Chla molecules constituting the dimer (P. Jordan,
In this work, a series of site-directed PSI mutants was P. Fromme, O. Klukas, W. Saenger, H. T. Witt, and N.
studied in which histidines of the two largest subunits of Krauss, personal communication).
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In all the mutants that were investigated, the abundancethe acidic amino acid Asp and the basic amino acid Arg.
of PSI complexes in the thylakoid membrane was decreasedThe amount of PSI in HR(B656) was below the detection
and the optical properties of the primary donor P700 were limit. For HD(B656), the value was extremely low; a small
significantly altered. In the following, the phenotype and the EPR signal due to P700 was observed in whole cells.
spectroscopic effects are discussed in relation to the type ofHowever, a further isolation and characterization was not
introduced amino acid residue and with respect to the possible for both mutations. Th&pvalues of about 4 and
modified subunit PsaA and PsaB. 12 for Asp and Arg, respectively, suggest that these residues

Substitution with Nonpolar Amino Acid Residudhe might be charged in the modified PSI if water from the
replacement of His(B656) and His(A676) with Leu and Phe lumenal side of the thylakoid membrane has access to these
drastically decreased the extent of stable accumulation ofside chains. However, inside a protein the surrounding
PSI complexes in the thylakoid membrane. Consequently, aresidues and, in the case of PSlI, also the cofactors strongly
further characterization was not possible in our hands. Similar influence the protonation and/or deprotonation reactions of
findings were reported by Redding et &1 for Leu mutants the amino acid side chains. Therefore, it is not clear whether
using FUD7 as a background strain. The authors reported athese residues are charged in these mutants.
decrease in the PSI activity in terms of oxygen uptake rates The volume of the side chain of Asp is smaller than that
in thylakoid membranes of these mutants, yielding values of GIn or His and comparable with those of the polar residues
as low as 5% of the control for HL(A676) and 10% for HL- which are tolerated at this position. From this point of view,
(B656). The differences between the PSI amount reportedit is hard to understand why the uncharged form should not
in ref 21 and our values might be due to a generally lower allow the formation of the PSI complex. Hence, we believe
PSI content in strain CC2696. The strong effect of the that at least for the Asp mutation the side chain is charged
mutation on the accumulation of PSI is different from that in the mutated polypeptide, perhaps only during the assembly
of the corresponding mutations in the bRCRffiodobacter process, and, therefore, prevents the stable accumulation of
sphaeroidesHL(M202) and HL(L173), in which the RC  PSI.
accumulates to moderate levet). The substitution with The side chain volume of Arg is 50% larger than that of
a bulky noncoordinating residue leads in these bRCs to theHis and may also be charged. Since no PSI was detected, it
loss of the M@" of the proximal BChla of Pggs and the cannot be clarified whether the positive charge or the volume
formation of the so-called “heterodimers” consisting of one of the residue is the reason for the failure to assemble PSI.
BChl and one bacteriopheophytin (BPhed})( This leads Substitution with Uncharged Polar (Hydrophilic) Amino
to an increased EPR line width ofd2™* and to significantly Acid ResiduesThe replacement of His with hydrophilic
larger hfcs measured by ENDORY, 60). In the case of  amino acids is moderately tolerated in terms of PSI ac-
PSI, it was observed that the line width of the EPR signal cumulation. The residue, which is most similar in size (side
of P700™ is increased in the HL mutants in thylakoidxly. chain volume) and polarity to His, namely GlIn, exhibited
This may suggest the formation of a P700 heterodimer, butthe smallest differences in the level of PSI formation
a further characterization by ENDOR spectroscopy would compared to WT. We assume that the carbonyl oxygen of
be required to clarify this point since the EPR line width GIn coordinates the Mg atom of one of the Chd molecules
can also be affected by several other parameters. constituting P700. The other residues, Gly, Ser, Asn, and

A possible explanation for the low PSI abundance in these Cys, exhibited a similar decrease in the level of accumulation
mutants might be that the arrangement of thdnelices of PSI except for the mutation to Cys in subunit PsaA, HC-
forming the reaction center unit is more rigid in PSI than in  (A676), where no PSI was detected in thylakoid membranes.
the bRC which has indeed been concluded from a compari- The reason for the stronger impact of the Cys mutation in
son of both crystal structure4®). Furthermore, the Chd PsaA on PSI assembly or stability remains unclear at the
molecule itself is less flexible than BChl as it contains one present time.
additional double bond in the porphyrin plane inring B (see  To study the influence of the axial ligands on the properties
Figure 1). Thus, the assembly of the PSI complex might be of the primary donor, the PSI mutants were analyzed by
impaired simply by the fact that the space for the incorpora- optical and magnetic resonance spectroscopy. This was only
tion of a Chl molecule is too small, when the binding pocket possible for substitutions with uncharged polar amino acid
is occupied by a large hydrophobic amino acid side chain. residues. For mutants containing nonpolar, acidic, or basic
A second possible explanation for the strong decrease in PSiside chains at the positions of His(B656) and His(A676),
concentration in the HL and HF mutants might be that they the accumulation of PSI was insufficient for further analysis.
are more susceptible to degradation either by self-oxidation Effect on the Redox Properties of P70@700 Caused
processes upon light excitation or by a higher Chl triplet by Mutation of the Axial LigandsThe redox potential is a
yield in the antenna when the trapping time is slowed by measure of the energy difference between the ground state
the mutation 47, 48). This would result in an increase in  and the oxidized (positive) state of the primary donor. The
the level of formation of singlet oxygen. The observation free energy of both states depends on the protein environ-
that the Leu mutations only enable photosynthetic growth ment. In particular, the charges, permanent dipoles, and
under anaerobic conditions may in part support this hypoth- polarizability of neighboring residues can affect the energy
esis, whereas the very slow growth rate indicates a very smalllevel of P700°, whereas the neutral ground state is influ-
amount of PSI 21). enced only to a minor extent. In the bRCs, the midpoint

Substitution with Acidic or Basic Amino Acid Residues. potential of the primary donor is 1500 mV less positive
To study the influence of potentially charged amino acids than the value for BChl in organic solvents. Plato et49) (
in the vicinity of P700 on its oxidation midpoint potential have calculated for the bRC &hodopseudomonasridis
and spectroscopic properties, His(B656) was replaced withthat the surrounding amino acid side chains stabilize the
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primary donor s, a BChlb dimer. The axial His residues  residue since the change in potential is the same for the
contribute to the stabilization by about 20%. This can be replacement of His(A676) with GIn or Ser.
explained by the electrostatic interaction between the positive We conclude, therefore, that the positive charge, and the
charge on the porphyrin rings in the oxidized state and the unpaired electron, is mainly localized og.F he effects of
lone electron pair of the imidazole ring of the histidines. the mutations are explained by changes in the electrostatic
Following that explanation, the changes in the free energy environment of this dimer half. The coordination of the donor
of the oxidized primary donor in the mutants are mostly by water in the mutated PSI complexes is not very likely.
related to the electrostatic properties, in particular the The small effect on the redox potential upon changes near
polarizability, of the substituting amino acid side chain. These P, can be explained by slight changes in the spatial or
interactions depend on the distance between the coordinatingelectronic structure of this chlorophyll that is coupled to P
ligand and the Mg. If it is assumed that this distance increasesbut does not carry any significant amount of the positive
with decreasing length of the amino acid side chain, the redoxcharge (see below).
potential is also affected by the size of the introduced amino  Optical Characterization of P70&/P700 ancfP700/P700.
acid residue. For mutations in PsaB, the increase in theThe characterization of P700 by optical spectroscopy (see
midpoint potential obviously correlates with the polarizability Figures 3-5) did not reveal strong effects on the main
and size of the introduced amino acid. The substitution by spectral features of P700 in the modified PSI complexes.
GIn leads only to a small increase in the midpoint potential. This indicates that the substitution with uncharged polar
The side chain of this amino acid is very similar in volume amino acid residues does not lead to a pheophytinization of
and polarizability to the replaced imidazole ring. The lone one of the two Chl molecules comprising P700. In this case,
pairs of the carbonyl oxygen can stabilize the positive charge a significant shift of the main bleaching band is expected
of P700" depending on the conformation of the side chain since the excitonic coupling between a @Ghdnd Phea is
in this PSI complex. Asn, which has the same functional quite different from that of two Chl molecules ). Further
group but a shorter carbon chain, is less effective due to thesupport for this assumption comes from the zero-field
longer distance between the polar groups and the porphyrinsplitting (ZFS) parameter®| and|E| of 3P700 which reflect
plane, resulting in a larger increase in the midpoint potential. the energy splittings between the triplet sublevels in a zero
The same increase in potential is observed for the substitutionmagnetic field. The ZFS parameters ¥700 of WT PSI
with Ser, which has the polar hydroxyl group to provide axial from C. reinhardtii are in good agreement with values
coordination. A much stronger impact is observed if no reported previously for different PSI preparations from plants
polarizable group is introduced as is the case for the Gly (34, 53). The values are very similar to those for the triplet
substitution. This mutation leads to an increase of 100 mV. state of monomeric CHl (|D| = 280—-305 x 10* cm ™, |E]|
An even higher value of about 140 mV was achieved by = 38-59 x 10* cm™?) (42, 53, 54). This has been taken as
replacement with Cys which cannot be explained by elec- evidence that the triplet state of P700 is mainly localized on
trostatic interactions. Therefore, we assume that in the mutantone half of the Chl dimer. On the basis of recent FTIR
HC(B656) additional structural changes have occurred due measurements, it has been also proposed thaP{@0/P700
to the large volume of the sulfur which might have changed difference spectra originate from a single Ghmolecule
the orientation of some other amino acid residues in the (17).
proximity of P700. In the mutants, the ZFS parameters were only changed to

Homologous mutations of the axial ligands in the bRC a minor extent (see Table 3), suggesting that the distribution
lead only to minor shifts of the midpoint potential of 5 mV  of the triplet state is not significantly altered and that the
for substitution with Gly, 16t 3 mV for substitution with triplet state remains on a single Chl molecule. The
Asn, and 214 3 mV for substitution with Ser50). For these unchanged T— S spectrum in the wavelength regions
mutations in the bRC, it was suggested that a water moleculebetween 450 and 650 nm and between 700 and 850 nm,
fills the cavity near the respective BChl and might provide representing mainly the triplet absorption, supports this
the axial ligand to the Mg ion (50, 52). In particular, the interpretation (not shown). It should be noted tHat and
result that was obtained for the replacement with Gly favors |E| values for Chla in vitro are solvent-dependent, and
this interpretation for the bRC. In the case of the modified changes by as much as 10% have been observed and related
PSI complexes, the axial ligation of P700 by an adventitious to the variation of the axial ligand(s) to the central Mgf
water molecule is not in line with the results of the redox Chla (42). This is in full accordance with our experiments
titration for the mutations in PsaB. In addition, the buried on PSI and underlines the conclusion that the mutations are
position of P700 in the hydrophobic core of PSI makes it not influencing the triplet state in a significant way.
rather unlikely that a water molecule is trapped in this pocket.  The interpretation of the changes observed in the optical
The primary donor in the bRC is positioned much closer to measurements of mutated PSI complexes is discussed in more
the periplasmatic surface, and the cavity of the protein detail below. The different contributions to the ¥ S
backbone harboring the cofactors is more open to the influx spectrum have been analyzed for PSI preparations from
of water than in PSIX0). plants @4, 51, 53). (i) Upon triplet formation, both excitonic

In contrast to the substitutions in PsaB, mutations HQ- absorption bands of P700 (a dimer composed of two
(A676) and HS(A676) in PsaA increase the potential of the excitonically coupled Chl molecules) are bleached. The main
primary donor only slightly by about 20 mV. These results bleaching band at 695 nm has been assigned to the disap-
show that mutations in PsaA have a smaller impact on the pearance of the low-energy excitonic band. It accounts for
midpoint potential than the substitutions in PsaB. The small the majority of the oscillator strength of P700 in thg-Q
influence of the introduced amino acid side chain in PsaA region. The position of the high-energy exciton band is a
seems to be more indirect and not dependent on the particulaccontroversial topic in the literaturés{). (ii) Upon triplet
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formation, the excitonic interaction is lost, resulting in two similar way as described above for the-TS spectrumg?7).
noninteracting Chls, one in the triplet state and one in the In addition to the latter measurement, the absorbance
singlet ground state. This gives rise to the appearance of andifference spectrum contains a strong electrochromic band
absorption band with half the oscillator strength of the dimer shift of a Chl absorbing around 688 nm in response to the
attributed to the Qtransition of the Chla which is not formation of P700". In fact, addition of one S-shaped line,
carrying the triplet state. Measurements using linear dichroic representing the electrochromic bandshift, to the-TS
ADMR favor weak positive bands at 692 nm or at 682 nm spectrum centered around 688 nm, yields good agreement
in spinach PSI as candidates for this monomer absorptionwith the P700*/P700 spectrum (not shown). Spectral features
(51). The absorption of the Chl triplet state is weak and broad in the wavelength region between 650 and 680 nm are
between 600 and 800 nrég). (iii) Changes in the absorption  attributed to changes in the interaction between P700 and
bands of neighboring Chls [e.g., accessory Chls and theneighboring Chis upon P700 formation similar to the
primary acceptor(s)] are observed in the-TS spectrum interpretation of the 7= S measurement.
because P700 in the triplet state has a different excitonic The observation that only mutations of His(B656) in PsaB
interaction with Chls in its proximity than in the singlet state. affect these features supports our assumption made from the
Spectral features in the wavelength region between 650 andresults of the midpoint potential measurements that in the
680 nm are attributed to these changes in coupl&iy. (f P700 state the unpaired electron spin is localized @n P
the triplet state is localized on only one Chl, it is mainly the In contrast to the 7 S data, the low-temperature absorption
interaction between this Chlof the dimer and the accessory spectra for all PsaB mutants, except HQ(B656), have a very
Chls or the primary acceptor(s) that is changed upon triplet similar line shape more or less independent of the amino
formation. The Chh which is not carrying the triplet is still  acid residue that replaces the histidine. Probably, the strong
in its singlet ground state after triplet formation of P700. bathochromic effect of the positive charge in the oxidized
Therefore, only minor changes in the interaction between state covers the influence of the substituted amino acid side
the other half of the dimer and neighboring Chls are expectedchain on the absorbance difference spectrum.
upon triplet formation. The localization of both, the unpaired electron and the
The T — S spectrum of PSI from WTC. reinhardtii triplet state, on Pcontradicts a recent interpretation of FTIR
resembles the features reported for different PSI preparationsstudies on the primary donor of P7007]. Breton et al.
from spinach, except for the fact that the main bleaching assigned shifts in the carbonyl region to*k&to and the
band is shifted by about 5 nm to 694.5 nm and that the 13-ester carbonyl modes to each of the two Chls comprising
feature around 682 nm, recently measured in PSI from P700 and suggested that the @Hilarboring the triplet state
spinach 84), is missing in PSI preparations and thylakoids is not carrying the major part of the electron hole in the
from the green algae. This difference with respect to higher oxidized state17). It is, however, not fully understood how
plants might be caused by variations in the amino acid the formation of the triplet state or an unpaired electron is
sequence irC. reinhardtii. Despite the fact that the amino influencing the vibrational modes on substituents of the
acid sequences in higher plants and green algae are mor@orphyrin ring. The assigned %Reto and the 1Zester
than 80% identical4, 5), the molecular surroundings of the modes can also have a dipolar interaction with the second
primary donors are slightly different. Chl a which is in proximity. This kind of influence is, of
Compared to that of WT (see Figure 5, solid line), the course, highly dependent on the orientation of the substituents
T — S spectra of the PSI mutants showed two main effects. in the binding pocket of P700. The change in vibrational
(i) The main bleaching band is slightly blue shifted and absorbance is, therefore, not a direct measure for the
narrower for PsaA and PsaB mutants. Since the position oflocalization of the triplet state or an electron spin as long as
the main bleaching band is related to the strength of the the structure of P700 and its surroundings are not resolved
excitonic coupling between the two Chls of the dimer, a blue to atomic resolution.
shift indicates that this interaction is affected by the mutation.  The oxidized-minus-reduced spectrum of P®700 at
Obviously, the excitonic coupling between the two Chls is room temperature exhibits an additional bleaching band at
changed in PsaA and PsaB mutants to the same extent. (ii665 nm for mutations in PsaB, whereas the substitution of
Changes in the spectral features between 650 and 680 nnHis(A676) in PsaA leads to an absorbance decrease around
were only observed when the mutation was introduced into 685 nm. The very pronounced effect observed for HG(B656),
subunit PsaB. If the substituted ligand influences the interac- HC(B656), HS(B656), and HN(B656) in the room-temper-
tions between Pand nearby pigments (e.g., the accessory ature absorbance difference spectra is less visible at low
Chls), it becomes primarily visible in the ¥ S spectrum  temperatures due to the superimposed electrochromic band
for the Chla carrying the triplet state. Consequently, our shifts of neighboring Chla molecules whose amplitudes
observations that only mutations in PsaB significantly alter increase strongly with decreasing temperature (not shown).
the spectral features in the wavelength region between 650The nature of the introduced amino acid side chain influences
and 680 nm lead us to the conclusion that the triplet state isthis feature only to a minor extent. The origin of the
localized on B. additional bleaching band at 665 nm is still unclear. The most
The changes in the absorption difference spectra of P700 plausible explanation is an altered excitonic interaction
P700 at low temperatures (Figure 3) are in accordance withbetween the two Chls of P700 (see also 28ffor a more
the analysis of the = S measurements: blue shift and detailed discussion).
narrowing of the main bleaching band and in addition, for  Distribution of the Electron Spin in P700 At first glance,
mutations in PsaB, distortions in the 65680 nm region. it is quite surprising that the substitution of one of the axial
The absorption difference spectrum of P70B700 at low ligands of P700 is only introducing small effects on the
temperatures of PSI complexes from WT is interpreted in a electron spin distribution of the oxidized primary donor when
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His(B656) is substituted and that no change is observed whenof the protein backbone and ring E, leading to a conformation

His(A676) is replaced with other amino acid residues.
However, the spin density on the Kfgwhich is coordinated

by the axial ligand is probably quite small &g ENDOR
measurements performed on BGiil revealed §1). This
finding is also supported by the fact that the exchange of
the central metal atom to 2h has only minor effects on
the spin distribution of the BChd and Chla cation radical

in solution (). The observed increase of a single hfc of
P700™ in the mutated PSI complexes is also not expected
for the exchange of an axial ligand. Instead, the introduced
amino acid side chain should more or less influence the hfcs
in a similar manner at least for the well-resolved proton hfcs
of the methyl groups because it is most likely positioned
above the chlorin plane. The exclusive increase of'the
hfc for the methyl group at position 12 rather indicates a
modification in the local environment of this methyl group.
To explain the distortions of the hfcs found for the substitu-

different from WT. From this point of view, the change in
the IH hfc of the methyl group at ring C indicates an
interaction of B with the protein framework of the Ctd
molecule. The change in thid hfc of the S-protons at
positions 17 and 18 of Ps is also interpreted as resulting
from a slight conformational change in the spin-carrying Chl
a (Figure 6).

Interestingly, the substitutions of His(A676) in PsaA show
no influence on the spin distribution in the ENDOR spectra.
These results corroborate the assignment oftthéfcs of
the methyl groups and of the-protons 1¥ and 18 to P,
exclusively, and confirm the interpretation of the optical
results. In other words, the spin density of P7068 mainly
localized on the Chh axially coordinated by PsaB. Ka et
al. suggested that the linepairs 1 and 2, 2 might contain
contributions of the methyl protons from the other Chl half
of P700 @9, 44, 56) which is R, according to our assignment.

tion of His(B656), we propose that the introduced residue If the replacement of His(A676) is also inducing a slight
in PsaB affects the position of the Kfgin the porphyrin displacement of B it is expected to influence these small
plane of B to some extent. Especially, the replacements by hfcs. The magnitude of this effect is, however, dependent
amino acid side chains shorter than that of His might result on the interaction of P with its environment and it is

in a small displacement of the metal ion if it is no longer therefore possible that no significant changes for the small
well-coordinated. The loss of one of the fixing points @f P hfcs of this molecule might be seen. Since the surroundings
in the protein scaffold might then result in a conformational of the two Chls are not yet known to atomic resolution, it is

change of the chlorin ring of this Chh. The optical

not possible to determine with certainty whether the unpaired

difference spectra of the mutants (see above) support thiselectron is exclusively localized o PHowever, all analyzed

interpretation as the blue shifts of the main bleaching band
indicate a change in the distance or orientation 0aRd R
relative to each other. Additional evidence for this assump-
tion comes from the small increase in the hfc at position 12
for the substitution with GIn which provides a similar ligation
as His, whereas the other substitutions of His(B656) have a
stronger impact on this hfc (Table 3 and Figure 6). Interest-

ingly, the latter cases show almost the same results in the
ENDOR measurements, although the sizes of the amino acid

side chains differ substantially (Asr Gly). We suppose
that the replacement of His with GIn still allows a ligation
of the M¢@?" of Pg, but the amino acid side chains of Asn,
Ser, Gly, and Cys do not or only weakly coordinate the
central metal ion of this Chh. Without the (strong) axial
ligation, Rs can adopt a different conformation determined
by the remaining binding partners. In this model, the
influence of the introduced amino acid side chain, which is
not ligating the Mg@* of Pg, is then small. The results from
optical spectroscopy support the minor interaction of the
particular residue with #because the difference spectra for
the substitution of His(B656) are very similar except for the
replacement with GIn (Figures-5). The increase in thiH

hfc of the methyl group at position 12 is then caused by a
movement of B or a change in its conformation. This methyl
group positioned on ring C of the chlorin macrocyle is in
proximity to exocyclic ring E. EPR and ENDOR studies on
BChl a and Chla have shown that the hfc of the methyl
group at position 12 is very sensitive to modifications of
the neighboring ring ES7—59). In PSI, the keto oxygen at
molecular position 18or the oxygen of the methyl ester
group at position 13of Chl a (Figure 1) might interact with
the environment, e.g., with nearby amino acid side chains
or with the second Chl as suggested above. A small
displacement of Pcaused by the substitution of His(B656)
with a nonligating residue might influence the interaction

properties of P700 in the mutated PSI complexes strongly
support the fact that both the unpaired electron and the triplet
state are at least very asymmetrically shared between the
two halves of the dimer and are mainly localized gntifat

is axially coordinated by His(B656).

CONCLUSIONS

Our work shows that quite a few amino acid residues can
substitute one of the axial ligands of P700 without striking
effects on the biophysical properties. We assume that for
the cases where no or only low levels of the PSI complex
were accumulated the assembly and not the function of the
photosystem was impaired. The comparison of the biophysi-
cal properties for analogous mutations in PsaA and PsaB
shows that the unpaired electron of P70@nd the triplet
state are mainly localized on the; Rhlorophyll of P700.
This is the Chla of the excitonically coupled dimer bound

to helix m and called e€ in the 4 A structural modell(Q,

11). It still remains unclear how the protein environment
adjusts the special properties of the @ladimer. In particular,

the very low midpoint potential of the primary electron donor
remains quite an enigma. However, our experiments have
shown that the surrounding amino acid side chains play a
significant role in the fine-tuning of such properties of P700.
For a further understanding of the light-induced charge
separation, a high-resolution structure of PSI is required to
identify other interaction sites of the dimer with the protein
scaffold which can be used as probes for additional muta-
genesis studies.
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